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Lakes and rivers in the Baikal ecoregion of central Asia provide particularly interesting models to assess the emer-
gence and maintenance of species diversity, as they display strong contrasts in the composition of their aquatic ver-
tebrate communities. Here, we used RAD-seq to study the recent evolutionary history of five fish species from Lake
Hovsgol in Mongolia. This ancient lake was probably recolonized from its outlet following the Last Glacial Maximum,
and harbours only ten native fish species. We detected substantial genetic differentiation between the lake and the
putative ancestral refuge river in five species but we also found that these species have experienced different popula-
tion dynamics. Some species appear to have colonized the lake after the Last Glacial Maximum, while others harbour
levels of genetic differentiation consistent with the presence of refugia in the lake that could have persisted during
glacial maxima or suggestive of colonization from a distinct source. We further demonstrated that fish species have
experienced different levels of gene flow following colonization of the lake, suggesting that ecology and habitat use
have had a substantial impact on the differentiation of lake populations.

ADDITIONAL KEYWORDS: Baikal ecoregion — fish communities — Lake Hovsgol — population genomics — RAD-seq.

INTRODUCTION

The study of island biota has been crucial to our under-
standing of how colonization and subsequent competi-
tion among colonist species shape local communities
(Warren et al., 2015). Lakes are similar to islands
in the way that they can be colonized and exchange
migrants with nearby populations. Isolated islands
and lakes are expected to display species communi-
ties that are divergent from their continental coun-
terparts, with opportunities for in situ diversification
(Keller et al., 2013). This process can occur quickly in
fish populations, with multiple well-known examples
provided by cichlid fishes in several lakes of Africa and
Central America (Elmer et al., 2010). At the same time,
continuous immigration from a continental (or equiva-
lent) source can prevent local adaptation (Kawecki &
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Ebert, 2004). At the scale of communities, comparative
population genetics can quantify the extent to which
multiple species share the same recent history and
can help to identify processes that promote or prevent
local differentiation, such as time of colonization, local
adaptation, behaviour, dispersal abilities or generation
times (Vellend, 2005). It also provides much needed
insights on the relative roles of drift and selection in
shaping divergence between populations.

We investigated the early stage of differentiation in
fish species that have colonized Lake Hovsgol since the
Last Glacial Maximum (LGM). Lake Hovsgol (Khovsgol
Nuur) is a rift lake located in northern Mongolia and
is one of the world’s oldest, largest and most unusual
freshwater bodies (Goulden et al., 2006). Lake Hovsgol
belongs to the same watershed as Lake Baikal. Its
outlet is the origin of the lengthy Eg River, a tributary
of the Selenga River, which enters Lake Baikal, situated
about 200 km east of Hovsgol. Despite its age and size,
Hovsgol harbours fewer than 400 species and only ~20
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endemics (Karabanov et al., 2004). This low level of
diversity is in contrast to that of Lake Baikal, one of
the world’s most biodiverse lakes, with more than half
of its 2500 animal species and 30% of its plant species
being endemic to it (Moore et al., 2009). Although Lake
Hovsgol is estimated to be between 2 and 5 Myr old,
its biota is thought to be of recent origin due to the
glacial history of the region. Sediment analyses from
a single core in Lake Hovsgol suggest that during the
LGM, diatoms, chrysophyte cysts, sponge spicules and
zooplankton remains did not accumulate (Karabanov
et al., 2004). Karabanov et al. interpreted the
absence of these remains as an indication of a drastic
lowering of photosynthetic production and, perhaps, the
collapse of the lake’s ecosystem. Moreover, lake levels
probably fell as much as 200 m during the LGM (Fedotov
et al., 2002). Starting from ~12000 to 13000 years BP,
the planktonic communities redeveloped and primary
production increased, as shown by the composition of
Holocene sediments (Karabanov et al., 2004). From this
perspective, Lake Hovsgol can be considered equivalent
to a recently formed island colonized from a reservoir of
diversity (in this case, the Eg River), with opportunities
for continuous genetic exchange between source and
sink populations.

Only ten native fish species are known from Lake
Hovsgol (Sideleva, 2006; Ahrenstorff et al., 2012; Young
et al., 2015) while one species has been introduced. An
additional 12 fish species occur in the nearby Selenge
River, but are not known from Lake Hovsgol. Despite
the low diversity of fish species in the lake, the native
species are distributed across eight genera and seven
families. This shows that there is considerable phylo-
genetic diversity, and associated morphological, eco-
logical and life history variation within its ichthyofauna,
which makes this a functionally diverse fish community.
Most of the current fish community of Hovsgol probably
arrived after the deglaciation and subsequent warming
of the lake. The post-glacial lake has only minor tribu-
taries that were probably too small and ice covered to
have served as refugia, and thus it is believed that the
lake was recolonized from its outlet waters (Karabanov
et al., 2004). However, it remains possible that isolated
bays in the lake served as refugia, where divergence
from other lake populations could have occurred.

Given these uncertainties, we decided to test
whether the level of differentiation between fish popu-
lations from the lake and the river was consistent with
a single post-glacial episode of re-colonization or if the
lake acted as a refugium for some species. We collected
samples of five fish species that occur both in the Eg
River and one of its main tributaries, the Uur River, as
well as in Lake Hovsgol. We used thousands of single
nucleotide polymorphisms (SNPs) obtained from dou-
ble digest restriction site associated DNA sequencing
(ddRAD-seq) to infer the genetic structure of those

species from both river and lake populations. We found
that the amount of gene flow between lake and river as
well as the timing of re-colonization of the lake differs
substantially among taxa, suggesting that the appar-
ently simple fish community of Lake Hovsgol is the
result of heterogeneous colonization processes.

MATERIALS AND METHODS
SAMPLING

We collected tissue samples of five fish species
from nine localities in Lake Hovsgol and the Eg
and Uur Rivers in July 2011 (Fig. 1 and Supporting
Information, Table S1). The other five species repre-
sented in the lake were not analysed because we failed
to collect sufficient samples from both the lake and the
river. The five species are representative of four fami-
lies: a Cyprinidae, the Eurasian minnow (Phoxinus
phoxinus), a Nemacheilidae, the Siberian stone loach
(Barbatula toni), a Lotidae, the burbot (Lota lota), and
two Salmonidae, the lenok (Brachymystax lenok) and
the grayling (Thymallus arcticus nigrescens). Graylings
from Lake Hovsgol are thought to be a different subspe-
cies (Thymallus arcticus nigrescens) from those in the
rivers (T. arcticus baicalensis) and are morphologically
distinct (Knizhin et al., 2006). We used a combination
of gill netting, seining, electrofishing and angling to col-
lect fish samples. When possible, at least eight individ-
uals were caught per species and location. Pectoral fin
clippings were obtained immediately after capture and
preserved in 95% ethanol. Fish collections were con-
ducted under an approved Institutional Animal Care
and Use Committee (IACUC) protocol from Rutgers
University (11-005) and permits from the Mongolian
Ministry of Nature, Environment, and Tourism.

DNA EXTRACTION, DDRAD-SEQ LIBRARY
PREPARATION AND SEQUENCING

We initially digested the tissue samples in 500 pL of
cell lysis buffer, proteinase K and RNase A for 12 h
at 56 °C. We then extracted genomic DNA from the
digested tissue samples with the use of Serapure
beads (Rohland & Reich, 2012) at a 1:1 volume. After
extraction, we measured DNA concentration with a
High Sensitivity Assay kit on a Qubit fluorometer (Life
Technologies).

We obtained SNPs from across the genome for each
sample with the use of ddRAD-seq (Peterson et al.,
2012). We digested DNA with the enzymes SbfI and
Mspl for 7 h at 37 °C with the 10x CutSmart buffer
(Thermo Scientific). We then used Serapure beads to
purify the DNA fragments before ligation of the bar-
coded Illumina adaptors (Table S2). We multiplexed all
samples into a single sequencing lane with the use of

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, 125, 115-125

6102 Joquialdag 0z uo 1sanb Aq G961L.50G/S | L/1/SZ L AOBISqE-9]O1E/UBBUUIOIG/WOD dNO"DIWSPEOE//:SANY WOI) PApEOjUMOQ


http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/bly083#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/bly083#supplementary-data

GENETIC DIVERSITY OF A LAKE FISH COMMUNITY 117

Species Localities
Lake - River
‘Burbot 1245| 67,89
(Lota lota)
| Arctic Grayling 1,3,4 6,7,9
: \| (Thymallus articus)
& \ Lenok 124 | 67,9
i\_-// ) |(Brachymystax lenok)
fo~—0 >
> LY
40 ,,99 < g VH\\ R Eurasian Minnow 1 6
3 ¢ \ | (Phoxinus phoxinus)
7N ’ :
. S | cp—
N . Stone Loach 1 | 69
y \ one Loacl S
\(/v o 0 \/‘5\ (Barbatula toni)
4 { ) S T
] P _//f—\ v \ ) /
91 \ o \ N ’_\</ /
\ > \. \ ) \ b
BN\ (o
., S T e
= /\(’-\ \ L\) \} \":I f’l( ?_//
il Y Oy Y .
&l ‘fwl ¢ \'\.w%_{/ﬁ /1/6
A7 lake Baika1"<7/*>" s er
=== Russia / 67 |
s ey o N % \]
I “’8/ ~
< o . -~ 1 .9 ) vd / %
5 " Uulanbaatar e 3 ‘ p) ( )
i . . ' ; | _’/r’/ /_/\/)\ \ (
\ ~.. Mongolia ; G =
. N pd :~J\ Q/ N /
—Tmot - \ \.\_ \ (
I it >/

Figure 1. Map of collecting localities in Lake Hovsgol and rivers, with an inset showing the lake relative to Mongolia and

Lake Baikal.

eight barcodes and 12 Illumina indexes. We pooled each
column of barcoded samples and performed size selec-
tion on a Pippin Prep system (Sage Science), selecting
for DNA fragments between 450 and 550 bp. We then
amplified the pooled samples and attached Illumina’s
indexes by performing a PCR with Illumina’s indexed
primers. Before sequencing we used a Bioanalyzer 7500
high sensitivity DNA chip (Agilent) to determine the dis-
tribution of the fragment sizes amplified as well as their
concentration. We pooled all libraries and sequenced
them on an Illumina HiSeq 2500 with paired-end reads
at the Genome Core Facility of the New York University
Abu Dhabi, United Arab Emirates.

RAD-SEQ ASSEMBLY AND SNP CALLING

We assembled paired reads into contigs for each species
using the Stacks (v1.40) pipeline (Catchen et al., 2011).

We removed reads with more than 15 consecutive nucle-
otides with low-quality calls (Phred score < 10). Paired
reads were then concatenated and used for RAD-seq
assembly, using the default setting. We then obtained
VCF files using the populations module in Stacks,
requiring no more than 70% missing data in each popu-
lation. The resulting VCF files were further filtered with
the use of VCFTOOLS (Danecek et al., 2011) to only
include SNPs with at least 60% of covered individuals
and a minimum sequencing depth of 6x for each geno-
type. Prior to filtering with VCFTOOLS, we excluded
individuals of two species (burbot and stone loach) with
high levels of missing data (more than 80%). We then
converted the resulting VCF files into STRUCTURE and
Arlequin formats using PGDSpider (Lischer & Excoffier,
2012). All Illumina raw sequence data are available at
the NCBI Sequence Read Archive accessioned under
Bioproject ID RINA476399 and SRA ID SRP150668.
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POPULATION STRUCTURE

We estimated relatedness between samples using the
network-based approach implemented in Splitstree4
(Huson & Bryant, 2006). This approach is based on
reticulation and is therefore more suited to character-
ize structure and evolutionary relationships when gene
flow or incomplete lineage sorting is high. We confirmed
the existence of population structure with the software
STRUCTURE (Pritchard et al., 2000). This method clus-
ters individuals into a predefined number of populations
without any a priori assumption about assignment.
Our goal was to confirm the existence of a detectable
genetic differentiation between the two environments
(river and lake) without any information about the
origin of individuals. We therefore tested a maximum
number of three clusters (K = 1-3). For each species we
tested the likelihood for individuals to be assigned to
K genetic clusters using the admixture model and cor-
related allele frequencies in STRUCTURE. We ran ten
replicates for each value of K.

DESCRIPTIVE STATISTICS

Multiple factors can impact the sharing of alleles
between populations, including time since divergence,
changes in population size and migration rates. We
therefore explored how genetic diversity was parti-
tioned between the two sampled localities for each
species. We computed measures of differentiation (F,),
nucleotide diversity per segregating site, and the rela-
tive proportion of fixed and shared polymorphisms in
Arlequin (Excoffier & Lischer, 2010). We then assessed
significance for F, in Arlequin by comparing observed
values to those obtained from 10000 permutations. We
also computed Tajima’s D (Tajima, 1989) over all poly-
morphic sites in VCFTOOLS (Danecek et al., 2011).
Tajima’s D is sensitive to changes in population size,
with negative values as a result of a recent expansion,
while positive values can be expected after a bottle-
neck in population size.

COALESCENT SIMULATIONS

Genetic structure between populations is impacted by
gene flow and incomplete lineage sorting, both of which
increase the number of shared alleles. Recent methodo-
logical improvements have made it possible to estimate
at genome-wide scales the most likely combination of
gene flow and demographic events that lead to a given
allele frequency spectrum (Gutenkunst et al., 2009;
Wegmann et al., 2010; Excoffier et al., 2013). To fur-
ther characterize the extent of isolation between river
and lake populations, we estimated parameters for an
isolation-with-migration model for each of the five spe-
cies. We used the likelihood framework implemented in
fastsimcoal2.5 (Excoffier & Foll, 2011; Excoffier et al.,

2013), which is based on the allele frequency spectrum
(AFS). The method estimates the most likely set of
parameters explaining an observed AF'S by performing
coalescent simulations. The model included six param-
eters, including the splitting time between populations,
two migration rates, and effective population sizes for
current and ancestral populations. Instead of consider-
ing only loci covered in all individuals, we projected the
AFS down in each population to increase the number
of segregating sites, with the use of a custom python
script (available at https://github.com/isaacovercast/
easySFS, accessed on 2 July 2018). We obtained param-
eters with the highest likelihood after 40 cycles of the
algorithm, starting with 50000 coalescent simulations
per cycle, and ending with 100000 simulations. We rep-
licated this procedure 50 times, and retained the set of
parameters with the highest final likelihood as the best
point estimate. We estimated 95% confidence intervals
(CIs) using a parametric bootstrap procedure, creating
100 pseudo-observed AF'S using the set of parameters
estimated from the actual dataset and repeating the
estimation procedure on these datasets.

RESULTS

We performed ddRAD-seq on five species of fish from
Lake Hovsgol and its tributary Eg and Uur rivers. The
number of usable read pairs per individual ranged
from 869 to 3566346 with an average of 1117824
(SD = 792682). After filtering, the mean depth of cov-
erage for the remaining SNPs was 44x per individual
(SD = 20). The final dataset included between 497 and
7569 SNPs for each species, with a number of assembled
polymorphic loci ranging from 277 to 5285 (Table S3).

POPULATION STRUCTURE, DIVERSITY AND
DIFFERENTIATION

Visual examination of the Splitstree networks (Fig. 2)
clearly shows that individuals from the lake and from
the river group according to their habitat. The net-
works also suggest that the level of differentiation
between lake and river populations was higher for
grayling than for the other species, which is consistent
with the morphological differences previously reported
(Knizhin et al., 2006). STRUCTURE analyses assigned
individuals to clusters that matched sampling location
for four of the five species that we surveyed, with the
exception of lenok (Fig. 3). For stone loach and Eurasian
minnow, the favoured number of genetic clusters was
3, due to the high relatedness between two individuals.
Removing one individual of the pair gave a clustering
of two genetic clusters, consistent with the localities of
origin. We confirmed the differences in genetic struc-
ture among species by calculating F, (Table 1). The
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Figure 2. Network analysis obtained from Splitstree for the five species. The scale represents the average number of

nucleotide differences per site.

highest level of differentiation was found in grayling,
while genetic structure was less pronounced for bur-
bot and stone loach, while the lowest, yet significant,
level of differentiation was found in Eurasian minnow
and the lenok. These analyses clearly demonstrate a
substantial level of differentiation between lake and
river for all five species, but reveal important differ-
ences among them.

Nucleotide diversity and number of private segre-
gating sites for populations in Lake Hovsgol were
lower than in populations of the Eg/Uur Rivers in four
out of the five species (Table 1). This suggests a lower
effective population size for those four species in the
lake compared to the rivers. The only exception to this
pattern was populations of grayling, which displayed
a higher diversity in the lake than in the rivers. In
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Figure 3. STRUCTURE analyses for the five species at K = 2 or 3. Vertical bars correspond to one individual and proportion
of colour represents inferred probability of belonging to a cluster.

all species and populations Tajima’s D was close to 0,
which is consistent with an absence of strong bottle-
necks or population expansion in recent times.

GENE FLOW AND TIME SINCE DIVERGENCE

To assess whether the generally low genetic differ-
entiation between lake and river populations across
species was due to a recent split between lake and

river or to an older split followed by high gene flow, we
performed coalescence analyses using the likelihood
framework implemented in fastsimcoal2.5. The results
(Fig. 4) were consistent with the descriptive analyses
above, with grayling, burbot and stone loach display-
ing low gene flow (2N, m < 0.5) between the rivers and
lake populations. We observed the opposite pattern
for lenok and Eurasian minnow, which displayed a
low F,. For all except one species (grayling), effective
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Table 1. Summary statistics for the two populations and the five species studied

Grayling Burbot Stone loach Minnow Lenok
Fg, 0.1927%#%* 0.130%** 0.123%*%* 0.057+%* 0.029%*%*
Nucleotide diversity (H) 0.133 0.096 0.154 0.112 0.118
Nucleotide diversity (EU) 0.090 0.180 0.167 0.119 0.142
Private polymorphism (H) 2780 61 658 1408 1950
Private polymorphism (EU) 1338 293 1856 1955 2914
Shared polymorphisms 1410 134 1817 1529 2631
Tajima’s D (H) -0.550 0.627 0.753 0.068 -0.074
Tajima’s D (EU) 0.444 0.548 0.444 -0.212 -0.412

Significance levels were assessed through 10000 permutations; *P < 0.05; **P < 0.01; ***P < 0.001. H, Lake Hovsgol; EU, Eg/Uur rivers.
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Figure 4. Parametric bootstrap replicates for parameters estimated under an isolation-with-migration model for the five
species. Point estimates obtained from the observed dataset are indicated by a red dot. Parameters are scaled by muta-
tion rate: population sizes are in units of 4N _u, with N_ the diploid population size and p the mutation rate per nucleotide
per generation. Effective migration rates are given in number of gene copies exchanged per generation (2N m, with m the
migration rate per generation). H, Lake Hovsgol; EU, Eg/Uur rivers.

population sizes were lower in the lake than in the riv- To determine whether divergence times between pop-
ers, as suggested by their lower nucleotide diversity ulations were consistent with a re-colonization follow-
and number of private alleles (Table 1). ing the LGM, we used previously estimated mutation
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Table 2. Time since divergence estimated in years; mutation rates were obtained from previous studies on related species from the same family

References References (generation time
and fecundity)

Lower Upper
bound

Time

Lower bound Upper bound Mutation Generation

Time estimate
(calibrated)

Species

time (years) (years) bound (mutation rate)

rate

(95% CI)

(95% CI)

(95% CI)

(95% CI)

(per year)

(Dulmaa 1999; Sideleva et al.,

46191.55 35159.98 55716.33 (Créte-

4.5

1.21E-09

0.000251994 0.000191812  0.000303956

Grayling

2006; Tsogtsaikhan et al.,

2017)
(Podlesnyi, 1958; Dulmaa,

Lafreniére

etal.,2012)

8847.49 (Malmstrgm

1268.35

3165.06

0.000101282 4.05872E-05 0.00028312 5.00E-09 6.4

Burbot

1999)
(Breder & Rosen, 1966;

etal.,2016)

9245.24 20075.44 (Xuet al.,2014)

13036.18

1

7.05E-05 3.51E-09

3.24508E-05

Stone loach  0.000045757

Barluenga & Meyer, 2005)

(Mills & Eloranta, 1985;

31062.90 25870.85 36234.93 (Xuetal.,2014)

2.6

3.51E-09

0.00028348 0.000236097  0.00033068

Minnow

Sideleva et al., 2006;

Kottelat & Freyhof, 2007)

(Sideleva et al., 2006;

13268.12 10283.56 14337.19 (Créte-

1.21E-09 8

0.000128681 9.97352E-05  0.000139049

Lenok

Tsogtsaikhan et al., 2017)

Lafreniere

etal.,2012)

rates and generation times to translate parameters
into demographic units (Table 2). These are probably
overestimates because they are based either on diver-
gence at slowly evolving exonic markers (Xu et al., 2014;
Malmstrom et al., 2016) or on deep phylogenies for which
mutation rate estimates tend to be biased downwards
(Crete-Lafreniere et al., 2012). Nevertheless, point esti-
mates of divergence times differ considerably among spe-
cies, and the absence of overlap in confidence intervals
suggests that fish species have colonized the lake at dif-
ferent times. For three species (stone loach, burbot and
lenok), the divergence time estimates between river and
lake are consistent with colonization of the lake after the
LGM. However, for the European minnow and the gray-
ling, the divergence time pre-dates the LGM by approxi-
mately 15-30 kyr, and the confidence intervals do not
overlap with the LGM.

DISCUSSION

Genetic analyses of five of the ten native fishes of Lake
Hovsgol provide insight into the history of post-Pleistocene
colonization of the lake. Our results can be summarized
as follows: (1) there is significant genetic differentiation
between lake and river populations in all species; (2) col-
onization of burbot and stone loach in the lake probably
occurred after the LGM (3.1 kyr for burbot and 13 kyr for
stone loach) and was followed by low gene flow between
river and lake populations; (3) in lenok, the colonization
also occurred after the LGM (13 kyr), but high levels of
gene flow between river and lake populations resulted
in the lowest level of genetic differentiation among the
species analysed; and (4) in grayling and possibly min-
now, the differentiation between lake and river is not con-
sistent with a post-glacial colonization of the lake from
the Eg/Uur rivers, as the coalescent estimates are older
than the LGM (31 and 46 kyr, respectively). Altogether,
our results suggest two main differences among fish spe-
cies in Lake Hovsgol: in the time of divergence between
lake and river populations and in the amount of gene flow
between populations from the two habitats.

HETEROGENEOUS DIVERGENCE AMONG SPECIES FROM
THE SAME FISH COMMUNITY

Our results suggest two pulses of differentiation: one
that is consistent with a colonization of the lake after
the LGM (in burbot, stone loach and lenok) and one
that pre-dates the LGM by 15-30 kyr (in minnow and
grayling). Assuming our mutation rates and genera-
tion times are accurate, two distinct models, a two-steps
model and a two-sources model, can explain this pat-
tern. In the two-steps model, two waves of colonization of
Lake Hovsgol occurred, a first one more than 30 kya and
a second that began ~13 kya. This model suggests that
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the species that first colonized the lake (minnow and
grayling) remained isolated in the lake during the LGM
in refugia. This model is identical to the one proposed
to explain the persistence of a high level of endemism
in Lake Baikal despite the instability of the lake habi-
tat during the glacial and inter-glacial episodes of the
Pleistocene (Kamaltynov, 1999; Karabanov et al., 2001).
However, the ecosystem of Lake Hovsgol seems to have
been much more impacted by glacial episodes than that
of Lake Baikal (Karabanov et al., 2004). It is believed
that the lacustrine habitat of Lake Hovsgol collapsed
completely during the LGM, as suggested by analysis of
sedimentary sections. The persistence of refugia in the
lake does not seem likely, but additional analyses may
be necessary to confirm the complete collapse of the lake
habitat proposed by Karabanov et al. (2004).

The two-sources model posits that the lake was colo-
nized after the LGM but from two distinct sources. The
recent divergence time between lake and river popula-
tions of burbot, lenok and stone loach is consistent with
a colonization of the lake from the Eg/Uur Rivers after
the LGM. It is interesting to note that the colonization
of the lake by two species (the loach and lenok) seems to
be concomitant with the development of planktonic com-
munities and the increase in primary production ~13 kya
(Karabanov et al., 2004). We propose that the colonization
of the lake by the minnow and the grayling occurred from
other source populations than those in the Eg/Uur Rivers.
Under this scenario, we hypothesize the existence of min-
now and grayling populations that were isolated from
the Eg/Uur populations for 30 to 45 kyr. Although the
Eg/Uur watershed is one of the major feeders of the lake,
other rivers, as well as small neighbouring lakes, could
have contributed to the colonization of the lake 13 kya.
This hypothesis will need to be tested on a geographically
wider sampling of the fish species analysed here.

LIFE HISTORY TRAITS AND GENE FLOW

The different fish species studied exhibit striking differ-
ences in the level of gene flow between lake and river.
The minnow and lenok show a high level of gene flow
while the other three species seem to exchange very
few migrants. We propose that these differences are
related to the ecology of the species and in particular
to the distribution of species at the level of microhabi-
tats (Dieckmann et al., 1999). Generalist species that
are distributed continuously in the river should exhibit
a higher gene flow between river and lake, compared to
specialist species restricted to some microhabitats in the
river. Much of the Eg River is pool and riffle habitat and
the five fish species are not dispersed similarly along the
length of the river. For instance, burbot is restricted to
deep, slow moving pools in the river and hence has a
punctuated distribution (Froese & Pauly, 2018). Not sur-
prisingly, the estimated level of gene flow for this species

is relatively low (Fig. 4). Similarly, the stone loach, which
inhabits shallow riverbeds where the fish can partially
burrow in the gravel, may have a discontinuous distri-
bution, thus limiting their dispersal and subsequent
gene flow. In contrast, the lenok prefers deeper, fast
flowing water, typically at the heads or tailouts of pools,
which could facilitate gene flow. The Eurasian minnow
has a continuous distribution along the rivers, which is
consistent with the high gene flow detected here. This
species is an ecological generalist, living in pools and
shallow eddies along faster flowing waters.

The grayling seems to contradict this model as it
shares the same habitat preference as the lenok in the
river, yet exhibits limited levels of gene flow. The gray-
ling was the only one to show higher genetic diversity in
Lake Hovsgol than in the rivers. This is consistent with a
relatively larger effective population size in the lake, the
opposite of what was seen in the other species. Moreover,
grayling have shown differentiation within the lake,
evolving a pelagic form with high gill raker counts (used
for suspension feeding), and a more omnivorous littoral
form with fewer gill rakers (K. Olson et al., in prepar-
ation). Additionally, effective migration rates for gray-
ling between the lake and the river were asymmetrical,
with higher river-to-lake than lake-to-river migration,
as might be expected given life history specialization
in the lake. This finding is supported by observations
of the riverine subspecies (7. arcticus baicalensis) cap-
tured within Lake Hovsgol near its outlet, but no obser-
vations of the lake subspecies (T. arcticus nigrescens)
captured within the river. This suggests the possibility
that a river-dwelling grayling would experience a similar
trophic niche in the littoral zone of the lake as to that in
the river, while pelagic grayling of the lake would be at
a disadvantage when migrating into the river. The lake
may therefore have acted as a sink for gene flow and pos-
sibly provides better conditions to sustain a large popu-
lation, facilitating the accumulation of genetic diversity
compared to nearby rivers. Our results also suggest
incipient niche specialization in the lake that may be
facilitated by low gene flow. The high estimate for time
since divergence for the grayling may indicate that dif-
ferentiation took place before the recolonization of the
lake, and calls for more detailed studies at the scale of
the range of this species to identify potential refugia and
sources for this population. In that case, river and lake
populations would be in secondary contact, making this
species an interesting model to assess how ecology and
reproductive isolation facilitate speciation.

Our genetic comparison is limited by design to spe-
cies that occur in both Lake Hovsgol and its outlet. An
interesting related ecological question not amenable to
genetic analysis is why some fish species found in the
river have not colonized the lake, given the success of
other species. For instance, northern pike (Esox lucius)
is found throughout the Eg and Selenga Rivers and also
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in Lake Baikal, but not in Hovsgol (Sideleva, 2006). This
reinforces the importance of the ecological suitability of
the potentially colonizable waters for individual species,
a factor that probably shifts with environmental condi-
tions across millennia. In the northern pike, it may be
that the food web of this ultra-oligotrophic lake is pres-
ently insufficient to support such a large apex predator.

CONCLUSIONS

Lake Hovsgol, although geologically old, is a newly
available habitat whose fish communities have not yet
reached equilibrium. Our results show that a commu-
nity of species that differ in their ability to migrate and
diversify colonized this new ‘island’ in recent times. By
contrasting the demographic history of the five fish spe-
cies, we identified possible historical and ecological fac-
tors affecting the level of genetic differentiation between
lake and river populations. Both our results and previ-
ous morphological studies suggest that, at least for gray-
lings, isolation-by-ecology may have already taken place.
Future genome-wide studies should focus on additional
localities at a broader spatial scale to clearly assess the
origin of colonization and quantify population structure
along neighbouring rivers and lakes. Ultimately, this
should lead to the quantification of biotic and abiotic
mechanisms that drive local adaptation.
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