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Summary The novel machine learning technique Random Forest (RF) was used to test if the genetic
differentiationofpopulationsofmarine speciesmayberelatedtoanyofthekeyenvironmentalvariables
known to shape species distributions. The studywas performed in North and Baltic Sea characterized by
strong gradients of environmental factors and almost continuous distributions of Mytilus mussel
populations. Assessment of the species identity was performed using four nuclear DNA markers, and
previouslypublished singlenucleotidepolymorphism(SNP)data. Ageneral patternof clinevariationwas
observedwith increasingMytilus trossulus sharetowardstheeasternBalticSea.Averageallele sharerose
to 61% in Höga Kusten, Gulf of Bothnia. All Baltic Sea samples revealed a strong introgression ofMytilus
edulis and a limited introgression of M. trossulus through the Danish Straits.

The studied environmental variables described 67 and 68% of the variability in the allele frequencies
ofM. edulis andM. trossulus. Salinity defined over 50% of the variability in the gene frequencies of the
studied Mytilus spp. populations. Changes along this environmental gradient were not gradual but
instead a significant shift from gene dominance was found at a salinity of 12 PSU. Water temperature
and the trophic status of the sea area had only moderate association with the gene frequencies. The
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1. Introduction

Global climate changes and human economic activities, such
as aquaculture and maritime transport, influence geographic
distribution of marine species (Bach et al., 2018; Bosch et al.,
2018; Gardner et al., 2016; Wenne, 2018). Extending knowl-
edge on processes shaping species distribution will enable
elaboration of adequate models for future forecasting.
Changes to biodiversity and species distribution can be
caused by biological or environmental factors, e.g. food
availability, alterations in temperature, salinity, oxygen con-
tent in water, ocean circulation or depth (Banks et al., 2010;
Silliman et al., 2011; Watson et al., 2011). Population genetic
methods are tools for quantification of the genetic compo-
nent of biodiversity. Studies of correlations between genetic
diversity and spatial differentiation of factors along a broad
range of environmental gradients can extend our understand-
ing of species distribution changes (Riddle et al., 2008). This
can be achieved through analyses of the linkage between
these environmental variables and frequencies of genes in
populations.

In comparison with other parts of the Atlantic Ocean, the
Baltic Sea is a semi-enclosed reservoir characterized by
marginal environments (Johannesson and André, 2006; Poc-
wierz-Kotus et al., 2014). Its salinity decreases in the North-
East direction and strongly influences distribution and diver-
sity of pelagic and benthic assemblages (Grabowska et al.,
2015; Kijewska et al., 2009, 2016; Malachowicz et al., 2015;
Vuorinen et al., 2015). Fauna of the Baltic is a mixture of
fresh-water and marine species including Mytilus (Wenner-
ström et al., 2013).Mytilusmussels have widely been used as
an indicator of environmental quality and recently for mon-
itoring of global climate changes (Dowd and Somero, 2013;
Lesser, 2016; Li et al., 2015; Michaelidis et al., 2014).
Morphologically similar species of Mytilus can hybridize in
areas where their populations merge (Larraín et al., 2018;
Wenne et al., 2016; Zbawicka et al., 2018). This impeded an
identification of Mytilus species, their hybrids and backcross
progenies, using classic methodology and justified using
molecular markers. In the Baltic, Mytilus mussels have been
used to study the effects of water acidification (Thomsen and
Melzner, 2010), genotoxicity induced by oil spills (Barsiene
et al., 2012), accumulation, the effects of pharmaceuticals
(Ericson et al., 2010), and the accumulation of a variety of
other chemical compounds and metals (Albalat et al., 2002;
Bjork and Gilek, 1997; Dabrowska et al., 2017; Hoher et al.,
2012; Kopecka et al., 2006; Larsson et al., 2018; Nyberg
et al., 2015; Pempkowiak et al., 2006; Piwoni-Piórewicz
et al., 2017; Potrykus et al., 2003; Protasowicki et al.,
2008; Szefer et al., 2002; Szefer and Szefer, 1990; Szefer
and Wenne, 1987; Szymczak-Zyla et al., 2006). Mytilus spp.

have several ecologically important features including
water filtration and providing a link between the benthos
and the pelagic zones by cycling nutrients and organic
matter (Kautsky and Evans, 1987). In the Baltic, mussel
farms have been set up for the purpose of mitigating eutro-
phication processes (Ozoliņa, 2017; Petersen et al., 2014).
Commercial mussel farming and harvesting for human con-
sumption operate in Limfjörd, Denmark, Sweden and in Kiel
Bight, Germany (Bergströmet al., 2017; Larsen and Riisgård,
2016; Utermann et al., 2018). Therefore, knowledge of the
genetic composition of local populations of Mytilus can be
useful not only for monitoring but also for the mariculture
industry.

Mytilus populations in the Baltic have been studied with
allozymes, nuclear DNA markers and sequences of mitochon-
drial (mt) DNA (Larsson et al., 2017; Rawson and Hilbish,
1998; Väinölä and Hvilsom, 1991; Zbawicka et al., 2007,
2014b). MtDNA of Mytilus is characterized by doubly unipar-
ental inheritance, recombination and length polymorphism
in the Baltic populations, which makes surveys of population
differentiation more complex (Filipowicz et al., 2008; Zba-
wicka et al., 2003a,b). In the case of some nuclear DNA
markers, polymorphism identified with, for example, e.g.
PCR Amplified Fragment Length Polymorphism depends on
reaction conditions and is not always reproducible (Cuéllar-
Pinzón et al., 2016). New markers based on single nucleotide
polymorphisms have been discovered by Zbawicka et al.
(2012, 2014a). The reported studies highlighted the hybrid
status of the Baltic Mytilus spp. populations with differential
introgression power of selected genetic features. The Baltic
populations of Mytilus spp. were established after the gla-
ciation period during the Holocene and have retained unique
characteristics compared to populations from other geo-
graphic areas (Kijewski et al., 2006; Smietanka et al.,
2013; Väinölä and Strelkov, 2011; Wennerström et al.,
2013). A steep salinity gradient was expected to act as a
barrier between the North and Baltic Seas and result in an
elevated mortality of larvae passing this barrier by means of
currents (Gilg and Hilbish, 2003). Nonetheless, the influence
of water circulation has been found to shape the genetic
composition of the Mytilus spp. populations within the Baltic
Sea and between the North and Baltic Seas (Larsson et al.,
2017). Besides oceanographic connectivity and larval drift,
local environmental conditions were expected to account for
local adaptation and population differentiation (Valladares
et al., 2014). A large array of environmental variables such as
water temperature, flow velocity, food availability, either
separately or interactively were considered as factors shap-
ing the distribution and potential differentiation patterns of
Mytilus spp. populations (Kotta et al., 2015). Salinity has
been reported as an environmental factor significantly influ-

obtained results showed that the novel machine learning technique can be successfully used for
finding correlations between genetic differentiation of populations and environmental variables and
for defining the functional form of these linkages.
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encing Mytilus shell variation across European and Arctic
coasts (Telesca et al., 2018).

Commonly used statistical modelling may not be the most
successful way to understand relationships between environ-
mental variables and population genetics, as it starts by
assuming an appropriate data model, and model parameters
are then estimated from the data. Due to the lack of a solid
understanding of how the external environment shapes the
genetic composition of the Mytilus spp. populations being
modelled, the predictive performance of these models would
be expected to be moderate. Machine learning could provide
a novel theoretical framework where modelling is seen as a
sophisticated tool to improve our understanding of the rela-
tionship between environment and biota. In contrast,
machine learning avoids starting with a data model, and
rather uses an algorithm to learn the relationship between
the response and its predictors (Hastie et al., 2009).

As with machine learning, the Random Forest (RF) method
copes with different non-linear relationships, which are
common in ecological data but difficult to analyse using more
classic methods. The RF generates a large number of regres-
sion trees, each calibrated on a bootstrap sample of the
original data (Breiman, 2001). Each node is split using a
subset of randomly selected predictors and the tree is grown
to the largest possible extent without pre-running. For pre-
dicting the value of a new data point, the data are run
through each of the trees in the forest and each tree provides
a value. The model prediction is then calculated as the
average value over the predictions of all the trees in the
forest. Recently, the RF has been applied to assignment
analysis from population genetic data (Sylvester et al.,
2018). There are other effective machine learning techni-
ques such as Boosted Regression Trees and Maximum Entropy
(Elith et al., 2006, 2008). All these methods belong to the
same family of statistical models and therefore yield more or
less similar results. The RF modelling is very efficient with a
small sample size and this property makes this technique
highly suitable for the current study.

The aim of this paper was to use random forest (RF) as the
modelling algorithm to assess the relative contribution of
natural environmental drivers in the allele frequencies in
populations of marine species. North and Baltic Sea transects
were used as an example because of known strong environ-
mental gradients and almost continuous geographic distribu-
tions of Mytilus populations. Assessment of the species
identity was made using four nuclear DNA markers in con-
junction with already published single nucleotide polymorph-
ism (SNP) data specific to the Mytilus species.

2. Material and methods

2.1. Environmental variables

The environmental layers used in the modelling (see below
the section of statistical analyses) were produced from
simulations of a coupled physical-biogeochemical model of
the Baltic Sea (Meier et al., 2012). The model produced
physical, chemical and biological data layers: annual average
of salinity and current velocity, summer average of tempera-
ture and chlorophyll-a, winter average of nitrate (NO3) and
phosphate (PO4). Annual and seasonal means were calculated

for the periods 1978—2007. In addition to the RCO-SCOBI data
layers, depth and wave exposure (simplified wave model)
data were also used as modelling input variables. Depth data
were acquired from the Baltic Sea Bathymetry Database
(Baltic Sea Hydrographic Commission 2013). The simplified
wave model is a surface wave exposure model that incorpo-
rates shoreline topography, fetch and wind data together
with empirically derived algorithms to mimic diffraction
(Isæus, 2004).

2.2. Sampling

Mytilus spp. samples consisting of 1466 individuals in total
were collected from 32 sites in a transition from the south-
eastern North Sea to the northeastern Baltic Sea mostly in
2008—2009 (Fig. 1 and Table 1). Three samples were col-
lected in 2007, 2 in 2010 and 1 in 2011. The studied indivi-
duals varied in size from 1.5 to 8 cm. Prior to DNA extraction,
mussels were frozen at �708C or preserved in 96% ethanol.

2.3. Molecular methods

For DNA extraction, pieces of gill tissue �3 mm � 3 mm
were dissected and processed with the CTAB method of
Hoarau et al. (2002). After precipitation in isopropyl alcohol,
total DNA was suspended in deionized water. Four nuclear
DNA markers, which tentatively diagnostically differentiate
the Mytilus taxa in their North Atlantic and North Pacific
range were analysed. A segment of gene coding an adhesive
protein of byssus (Glu-50) has been characterized by diag-
nostic PCR products length differences among three studied
taxa: M. edulis, M. trossulus and M. galloprovincialis (Inoue
et al., 1995; Kijewski et al., 2009). Diagnostic differences
between M. trossulus and the other two taxa in the internal
transcribed spacer (ITS) regions between the 18S and 28S
rDNA genes were detected with the restriction enzyme HhaI
digestion (Heath et al., 1995; Kijewski et al., 2009). The EFbis
marker is an intron in the elongation factor 1 a (Bierne et al.,
2003) with double digestion RFLP variation diagnostic
between M. trossulus, M. edulis and M. galloprovincialis
(Kijewski et al., 2009, 2006). A taxonomic discrepancy in a
sequence of acrosomal sperm protein (Riginos et al., 2006)
was exposed using a set of 5 primers in PCR reaction asmarker
M7 (Kijewski et al., 2009). Amplicons and restriction frag-
ments (HhaI digestion of ITS, HhaI + RsaI digestion of EFbis)
were separated by electrophoresis in 3% NuSieve GTG agar-
ose gels in TBE buffer and visualized with ethidium bromide.

2.4. Statistical analyses

Nuclear markers were scored for each individual and taxon-
specific allele composition was described for each sample.
Deviations from the random association of alleles within loci
(Hardy—Weinberg equilibrium, HWE) were computed with
the use of Arlequin 3.5.2.2 (Excoffier et al., 2005). The
statistical significance of disequilibria was tested with the
Markov chain. Genetic structure was analysed primarily by
Structure 2.3 software (Pritchard et al., 2000), where Baye-
sian algorithm estimates the most plausible number of
genetic clusters by 4 runs for K range from 1 to 10 with a
length of the burn-in period of 500 000 and 15M MCMC
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Figure 1 Map showing locations of sampling sites and genetic composition of the studied populations of Mytilus mussels. The pie
charts visualise the frequency of taxon-specific alleles identified with 2 nuclear DNA markers: EFbis (a) and Glu-50 (b) and 26 SNPs (c).
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iterations after burn-in. The Evanno method highlights which
number of clusters is the most probable by estimating the
maximum value of DK (Evanno et al., 2005). The results of
each run were compiled with the use of Structure Harvester
v0.6.94 (Earl and vonHoldt, 2012). The different runs of the
selected Kwere averaged in CLUMPP version 1.1.2 (Jakobsson
and Rosenberg, 2007). Principal Coordinate Analysis (PCoA)
was performed using the procedure implemented in GenAlEx
6.502 on the matrix of individual genotypes (Peakall and
Smouse, 2012). The M7 reads were removed from this analysis
due to lack of genotyping results for KOL, MDZ and MEB
samples and the PCoA was conducted for three markers only.
Two structure assessments obtained with Structure and PCoA
were tested further by hierarchical w-/F-statistics using the
AMOVA program Arlequin 3.5.2.2 (Excoffier et al., 2005) with
fixation indices estimated overall (FST), between groups of
populations (FCT), within groups (FSC) and FST pairwise.
Significance was assessed by 9999 permutations of the ori-
ginal data matrix.

The package “randomForest” (Breiman and Cutler, 2015)
was used to run RF models in the statistical software R 3.2.2
(The R Foundation for Statistical Computing 2015). Two main
parameters can be set in RF models: the number of predictor
variables to be randomly selected at each node (mtry) and
the number of trees in a forest (ntree). The parameter mtry
was set to the square root of the number of predictor
variables as suggested by Liaw and Wiener (2002) for the
classification model, and ntree was set to 1000, as 500 trees
usually yield stable results. The importance of predictor
variables in the model was assessed using the internal
method of the package “randomForest” (mean decrease in

accuracy) using 10 permutations (Breiman and Cutler, 2015).
Partial dependence plots (sensu Friedman, 2001) were pro-
duced using partialPlot function in “randomForest” to illus-
trate the dependence of model predictions on individual
covariates. In general, a regression function will depend
on many predictor variables. Partial dependence is the
dependence of the probability of presence on one predictor
variable after averaging out the effects of the other predictor
variables in the model. The y-axis represents the modelled
marginal effect on a response variable. Negative values (in
the y-axis) mean that the positive class is less likely for that
value of the independent variable (x-axis) according to the
model. Positive values mean that the positive class is more
likely for that value of the independent variable. Zero implies
no average impact on class probability according to the
model. In this study, allele frequencies of the M. edulis,
M. trossulus andM. galloprovincialis specific nuclear markers
were modelled along key environmental variables. Addition-
ally, the frequency of twenty-six outlier SNP markers char-
acteristic to M. trossulus, based on the already published
results by Zbawicka et al. (2014a), were included in the
analysis (Table S1). Eighty-four SNPs were genotyped in
630 specimens from the Baltic Sea, Belt Sea, Kattegat and
North Sea using the Sequenom MassARRAY iPLEX genotyping
platform. Sixty SNPs were polymorphic. Based on FST outlier
analysis, 26 SNPs were significantly involved in the differ-
entiation between the Baltic Sea and Danish Straits (Zba-
wicka et al., 2014a). Separate RF models were built for each
Mytilus species.

Multicollinearity can be an issue with the RF modelling
when answering if and when environmental variables are of

[(_)TD$FIG]

Figure 1 (Continued ).
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ecological interest. Thus, prior to modelling, the Pearson
correlation analysis between all environmental variables was
run in order to avoid situations of including highly correlated
variables into the modelling. The correlation analysis showed
that most variables were only weakly intercorrelated at
r < 0.5. However, winter average nitrate and current velo-
city were positively correlated (r = 0.73, p < 0.001). Never-
theless, these values were far below the critical threshold
when collinearity begins to severely distort model estimation
and subsequent prediction (Dormann et al., 2013).

3. Results and discussion

Mussels from 32 samples from the Baltic Sea, Sound, Great Belt,
Little Belt, Kattegat, Limfjord, Skagerrak, North Sea and Wad-
den Sea (salinity gradient ranging from 3 to 34 PSU) were
assayed for nuclear markers Glu-50, ITS, EFbis and M7 (Fig. 1

and Table 1). Already published results of the genotyping of
3 samples collected in 1995 from the southern Baltic (KOL, MDZ
andMEB) for Glu-50, ITS and EFbismarkers were also included in
further analyses (Kijewski et al., 2006, 2011). These 4 markers
differed in sensitivity ofMytilus spp. discrimination.Noneof the
samples was identified as pureM. edulis orM. trossuluswith all
markers, however for three samples (Wadden Sea, Augusten-
borg andHalse Fjord) genetic composition across all the studied
loci was over 95%M. edulis. A general pattern of cline variation
was observed, with increasing M. trossulus share towards the
eastern Baltic Sea, but average allele share rose to 61% in Höga
Kusten (Bothnian Sea). All Baltic Sea samples revealed a strong
introgression of M. edulis and a limited introgression of M.
trossulus through the Danish Straits. A higher frequency of M.
trossulus genes was reported in populations from the Gulf of
Finland and Bothnian Sea as identified using an 8-locus allozyme
character set (VäinöläandStrelkov,2011). SNPanalysis revealed

Table 1 Geographic localization of sampling sites. Allelic share of Mytilus edulis, Mytilus galloprovincialis and Mytilus trossulus
for the studied genetic markers: Glu-5, Ef-bis, M7 and ITS. Samples marked with an asterisk were genotyped only with Glu-5, EF-bis
and ITS markers by Kijewski et al. (2011). Frequencies of M. trossulus genes were used in RF model.

Sample Coordinates Salinity Average allelic share over loci

Name Localization N E ppt n M. edulis M. galloprovincialis M. trossulus

WAD Wadden Sea 5383708.9200N 6856025.4900E 29.48 48 0.98 0.01 0.01
AUG Augustenborg 5485702.0000N 985000.0000E 17.44 39 0.97 0 0.03
VEN Venø Bight 56829054.0000N 883801.0000E 32.67 48 0.94 0.05 0.01
SYL Sylt 54854055.1400N 8814043.6300E 31.23 15 0.92 0.06 0.02
KAA Kaas Breding 56839032.0000N 8842015.0000E 32.31 48 0.89 0 0.11
LOG Løgstør Breding 56857037.0000N 982017.0000E 24.31 48 0.83 0 0.17
RIS Riso 5584201.4400N 1285032.1100E 17.63 45 0.81 0.01 0.18
ARH Århus 56811033.0000N 10821012.0000E 20.88 48 0.8 0 0.2
GIL Gileleje 5687043.0000N 12816013.0000E 15.66 48 0.78 0.01 0.22
LYN Lynetten 5688030.0000N 12816060.0000E 15.62 48 0.77 0 0.23
HOR Hornbæk 5685054.9000N 12827049.0900E 15.79 47 0.76 0 0.24
TJA Tjarnö 58851034.6500N 1186043.2900E 24.10 48 0.76 0.01 0.23
KUL Kulhuse 5585605.0000N 11854010.0000E 17.27 48 0.75 0.02 0.22
ODD Odden 55859017.0000N 1181802.0000E 15.90 47 0.75 0.01 0.24
HAL Halse Fjord 588701.4800N 11849046.3400E 22.82 40 0.75 0 0.25
LAR Larvik Fjord 5980054.5900N 1083048.1800E 34.48 40 0.74 0 0.26
LYS Lysekill 5881604.3800N 11826043.3600E 23.54 48 0.73 0.04 0.22
EGH Egholm 55815049.4200N 1181101.7700E 13.67 48 0.71 0.04 0.25
GDB Zatoka Gdańska 54831049.8800N 18856035.6700E 6.58 45 0.71 0.01 0.28
STA Stavanger 5885809.9800N 5845058.1500E 20.00 48 0.71 0.01 0.28
VEJ Vejrø 5580043.6000N 1182101.7400E 13.42 47 0.7 0.02 0.28
ORE Ore 54853034.0000N 1284050.0000E 10.13 68 0.69 0.03 0.28
GED Gedser 54833045.0000N 11858027.0000E 9.58 48 0.62 0.01 0.38
MEB * Mecklemburg 5483032.0400N 11825028.9200E 11.80 63 0.6 0 0.4
HJE Hjelm 54854047.9900N 12824045.2900E 8.16 48 0.56 0 0.44
KOI Kõiguste Bay 58813059.2400N 238207.8300E 5.21 47 0.55 0 0.45
KOP Kopli Bay 5982800.6100N 2484001.7400E 4.23 47 0.54 0.02 0.44
GOT Gotland 5782701.2500N 18858015.3200E 6.40 48 0.52 0.01 0.47
HGO Hgona 59839049.9100N 268008.7200E 3.34 48 0.49 0 0.51
KRA Krassi shallow 59820023.3400N 23846020.7900E 4.50 47 0.49 0 0.51
KOL * Kołobrzeg 54811019.9200N 15833041.8100E 7.24 41 0.49 0 0.51
ASK Askö 5981905.6200N 1985031.2900E 5.29 48 0.48 0 0.52
UME Umeå 63836015.6200N 20838023.6600E 2.97 48 0.45 0 0.55
MDZ * Międzyzdroje 53858036.8400N 14827036.0000E 6.70 51 0.44 0 0.56
HOG Höga Kusten 62853039.9700N 18848020.4900E 4.10 28 0.39 0 0.61
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up to 76% of M. trossulus characteristic alleles in Höga Kusten
(Zbawicka et al., 2014a), which was used in this study.

The frequency ofM. edulis allele at the codominant Glu-50

locus varied across populations from 1 in the Wadden Sea,
Jutland Peninsula to 0.45 in the Bothnian Bay (Table S2A). The
M. trossulus specific alleles at EFbis marker were distributed
across all analysed samples except Augustenborg sample
where 100% of M. edulis alleles were observed. Average
share of M. trossulus alleles over all samples was 77% and
5 populations from inner Baltic (Gdańsk Bay, Gotland, Höga
Kusten, Kopli Bay) and Vejrø in Smålandsfarvandet, the Great
Belt, were monomorphic with M. trossulus alleles
(Table S2B). The acrosomal sperm protein M7 in this study
displays moderate M. edulis specific alleles share with max-
imum (100%) in the northern entrance to the Sound (Horn-
bæk, Gileleje) and Limfjord (Kås Bredning). Minimum M.
edulis allele frequency (40%) was noted with this marker
in Askö in the central Baltic Sea (Table S2C).

Introgression of M. edulis alleles in the Baltic Sea was
strong for the ITS marker. Most populations from the Danish
coast and Tjärnö were monomorphic with M. edulis. The
minimum frequency of M. edulis was observed in Kõiguste
Bay, Estonia (66%) (Table S2D). Clinal differentiation in allele
frequencies at Glu-50, EFbis, M7 and ITS loci have been also
reported in populations of Mytilus from Sounds and South-
Western Baltic by Kijewski et al. (2006), Stuckas et al. (2009,
2017) and Väinölä and Strelkov(2011). The higher percentage
of M. edulis characteristic alleles in sample GDB in compar-
ison with populations from the central Baltic Sea in the

present study and from the shallow site in the Gdańsk Bay
presented in Kijewski et al. (2011) can be explained by the
different origin of mussels from a deeper site (50 m).

The Bayesian clustering implemented in STRUCTURE for
3 and 4 markers identified two genetic clusters (K = 2)
corresponding to M. edulis and M. trossulus, as expected.
Three groups of samples could be distinguished. The first
group (6 samples) with q values above 0.7 for M. edulis
cluster (North Sea and northern Danish Straits), The second
(18 samples) with values from about 0.6 to 0.2, indicating a
high gene admixture (mainly in the Danish Straits), and the
last group (11 samples) with q values below 0.2 covering the
southern and central Baltic. The result reflects the geogra-
phical structure of sampling, with a barrier south to Zeland
Island, this being similar to results based on SNP (Zbawicka
et al., 2014a). The inner Baltic group consisted of samples
representing 11 populations, including Gedser and Hjelm
from Lolland, Falster and Møn Islands. The PCoA analysis
reveals a similar split of populations into three groups along
the 1st axis, confirmed with the AMOVA analysis (Fig. 2).

The large-scale patterns of Mytilus spp. populations are
highly complex and driven by multiple environmental fac-
tors. Earlier studies have suggested that direct environmen-
tal and resource gradients define the large-scale distribution
pattern of Mytilus spp. (e.g. Kotta et al., 2015). Direct
environmental gradients represent features that have a
direct physiological impact on growth but are not consumed,
whereas resource gradients are substances being consumed.
The most important direct environmental gradients for Myti-

[(Figure_2)TD$FIG]

Figure 2 Scatterplot of samples constructed for 3 nuclear DNAmarkers (EFbis, Glu-50and ITS). The axes represent the contribution of
inertia of the data matrix as an analogue of the total variance in allelic frequencies. Filled triangles— samples from the North Sea (high
share ofMytilus edulis genes), open squares— samples from transition zone, filled squares— samples from inner and eastern Baltic with
higher Mytilus trossulus share.
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lus spp. are salinity and water exchange and within a favour-
able distribution range of these direct environmental vari-
ables, resource gradients in interaction with direct
environmental factors are expected to modulate the pat-
terns of populations. The RF modelling of the allele frequen-
cies of M. edulis and M. trossulus along environmental
gradients described 67 and 68% of the variability in the
respective gene frequencies. The model of M. galloprovin-
cialis was insignificant and explained only 5% of its allele
frequency. The analysis identified strong variability of allele
frequencies of Mytilus spp. populations along the studied
environmental gradients. The most significant source of
variation was salinity and to a lesser degree, temperature.
The responses of salinity and temperature were not gradual
but a clear discontinuity in the allele frequencies was
observed at salinity 12 PSU and temperature 168C (around
the eastern islands of Falster and Moen) (Fig. 3). It is impor-
tant to note that the current statistical analyses involved
only arithmetic means of environmental variables and these
threshold limits only infer that variability in both salinity and
temperature may be behind the current allele frequencies of
Mytilus spp. The ecological meaning of the observed relation-
ships between environmental variables and the biota is not
always obvious and it is as plausible that local salinity and/or
temperature minima define the observed patterns of allele
frequencies. However, due to high covariation of natural
gradients of the minima, means and maxima, their individual
effects cannot be separated. Similarly, twenty-six SNP
included in the RF analysis were significantly involved in

the differentiation between mussels from the North Sea
and Baltic area, showing very sharp differences in frequen-
cies forming clines at the Baltic Sea entrance (Zbawicka
et al., 2014a). These SNPs based on FST outlier analysis have
been identified as outliers and could be under selection of
salinity stress.

Water nutrients, exposure to waves and chlorophyll-a, all
contributed to the models but their effects were notably
lower compared to the effects of salinity and temperature.
As salinity and temperature were not intercorrelated with
the other studied environmental variables then the observed
high contributions of salinity and temperature in the RF
models suggest their significance in shaping the allele fre-
quencies of Mytilus spp. in the North and Baltic Seas. The
existing salinity gradient is much more stable compared to
the patterns of factors such as wind and food availability
resulting in a strong selection pressure over a centennial-
scale. Moreover, as opposed to other environmental gradients
(such as exposure to waves and food availability) salinity
values are always suboptimal forMytilus spp. in the Baltic Sea
basin. The situation may change in the near future as salinity
values are expected to be dramatically changed by current
climate change influences (BACC, 2015).

This study characterized the geographical distribution
pattern of Mytilus mussels in the Baltic Sea, Danish Straits
and eastern shore of North Sea in terms of PCR species-
specific markers. The blue mussels in the Baltic Sea appeared
as an established hybrid swarm containing relics of boreal M.
trossulus under a strong introgression of Atlantic M. edulis

[(Figure_3)TD$FIG]

Figure 3 The plots computed in the Random Forest show the relative logit contribution of the variable on the class probability from
the perspective of the model. Marginal effect of a variable on response, based on salinity gradient and average frequency of taxon-
specific (Mytilus trossulus) alleles for EFbis, Glu-50, ITS and M7 markers and 26 SNPs.
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(Väinölä and Strelkov, 2011). The genetic structure of the
Mytilus spp. transition zone in the Danish Straits is main-
tained by water currents and also larvae dispersal and water
salinity (Larsson et al., 2017; Stuckas et al., 2017; Väinölä
and Strelkov, 2011). Our data analysis with Bayesian cluster-
ing method STRUCTURE displays a prevalent barrier to gene
flow in Falster and Lolland Islands. However PCoA analysis
displayed a pattern with distinct samples from the North Sea,
and another group split into group east — north from Got-
land, and from Gdansk Bay to Stavanger. These spatial
positions reflect the main division into the Baltic area and
the Danish Straits and larval dispersal pattern across the
transition zone (Fraïsse et al., 2016; Stuckas et al., 2017).
Salinity and temperature are critical aspects in the marginal
habitat of the Baltic Sea, setting the limits for the distribu-
tion of various species (Bonsdorff and Pearson, 1999). This
study demonstrated multigene clines at the Baltic Sea
entrance and the main barrier to gene flow in Mytilus
populations in the area of the south Danish Islands Falster
and Lolland.

The generic result of this study is that salinity appeared to
define over 50% of the variability in the gene frequencies of
the studied Mytilus spp. populations. Changes along this
environmental gradient are not gradual but instead, a sig-
nificant shift from gene dominance was found at a salinity of
12 PSU. Other environmental gradients involved water tem-
perature and trophic status of the sea area but these envir-
onmental gradients had only moderate linkage with the gene
frequencies. Surprisingly, the gradients that define the avail-
ability of food resources (e.g. water chlorophyll-a and expo-
sure to waves) were nearly insignificant. However, causalities
remain to be determined as the observed gene frequencies
along the studied environmental gradients were based on
correlations, and multiple possible mechanisms not involved
with the current study may have influenced these frequen-
cies. Despite these limitations, the results presented here
have helped to understand how the gene frequencies of
Mytilus spp. were distributed along environmental gradients
on a regional scale. As the study involved the most important
environmental gradients known to shape distribution of
Mytilus spp. populations at large scales, the results may have
pointed to potential reasoning for causation. The study
identified strong interregional variability and showed that
patterns of gene frequencies ofMytilus spp. were primarily a
function of water salinity. However, M. trossulus is known to
be tolerant to lowered salinity (Qiu et al., 2002; Yaroslavt-
seva and Sergeeva, 2005), the responsible genetic back-
ground still remains unclear (Lockwood and Somero, 2011).

4. Conclusions

This study demonstrated that the novel machine learning
technique random forest can be successfully used for finding
correlation between genetic differentiation of populations
and environmental variables. Populations of the mussels
Mytilus in the Baltic Sea were used as a model. The genetic
differentiation of populations was assayed using 4 known
Mytilus taxa-specific nuclear DNA markers and published
single nucleotide polymorphism markers. Strong genetic dif-
ferentiation in allele frequencies was correlated with envir-
onmental factors along the North Sea— inner Baltic transect.

Environmental gradients explained large variability in the
studied allele frequencies with salinity contributing the most
to observed genetic differences.
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