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1 | INTRODUCTION

Genetic diversity is the foundation of all overarching levels of bio-
logical diversity, from species to entire ecosystems. While the im-
portance of safeguarding biodiversity is recognized in science and
policy [most notably by the UN Convention on Biological Diversity
(CBD; www.cbd.int)], implementations of these policies lag behind
(Bruford et al., 2017; Hoban et al., 2013). This is particularly acute
for genetic diversity, for which systematic mapping and monitor-
ing programmes have been lacking (Laikre et al., 2010; Vernesi
et al., 2008).

As of late, conditions for safeguarding gene-level diversity are
changing for the better, following intense work to develop sugges-
tions for systematic assessment of genetic diversity for global use
(Hoban et al., 2020, 2022; Hoban, Bruford, et al., 2021; Hoban, Paz-
Vinas, et al., 2021; Hvilsom et al., 2022; Kershaw et al., 2022; Laikre
et al., 2020, 2021; O'Brien et al., 2022). The CBD recently presented
a ‘post-2020’ global biodiversity framework, which makes commit-
ments to support genetic diversity, including metrics to monitor tem-
poral trends in genetic diversity (CBD, 2022a, 2022b). Additionally,
some countries have initiated programmes for national monitoring
of genetic diversity using DNA-based techniques (Switzerland &
Sweden; Andersson et al., 2022; Hvilsom et al., 2022; Johannesson &
Laikre, 2020; O'Brien et al., 2022; Posledovich et al., 2021a, 2021b).

In Sweden, a science management collaboration involving the
Swedish Agency for Marine and Water Management (SWAM) devel-
oped a programme for monitoring genetic diversity over contem-
porary time frames using DNA-based techniques. Temporal trends
in genetic diversity are summarized in so-called indicators and
three new indicators are included in the programme (Johannesson
& Laikre, 2020, 2022): (i) genetic diversity within populations (in-
dicator AH), (i) the effective population size (indicator N,) and (iii)
genetic diversity between populations (indicator AFg;). These in-
dicators are based on metrics identified as essential biodiversity
variables (EBVs) for genetic diversity (Hoban et al., 2022) and are
closely linked to indicators proposed in the CBD context (Hoban
et al., 2020). The CBD Headline indicator A.4 - the proportion of
populations within species with an effective population size (N,)
>500, is here directly assessed using genome-wide data from which
we estimate N,. Similarly, the presently applied AF¢; indicator in-
cludes quantification of the maintenance of populations similar to
the CBD complementary indicator that assesses the proportion of
populations within species maintained (CBD, 2022b). However, both
of those CBD indicators can also be assessed without DNA data
(Hoban et al., 2023; see O'Brien et al., 2022 for a comparison among
these and other indicators). The three, presently used, DNA-based
indicators developed with SWAM for national use in Sweden were
first applied with DNA data by Andersson et al. (2022) using a panel
of 96 SNPs. Here, we assess these indicators using whole genome
sequencing (WGS) data.

Monitoring conducted with data generated by modern DNA tech-
niques, e.g. WGS, is so far mainly represented by highly threatened
and extinct species and extended time frames (Dussex et al., 2021;

Palkopoulou et al., 2015; Von Seth et al., 2021). The benefit of WGS
data is that it provides vast numbers of loci expected to increase
statistical power to detect adaptive change and subtle population
divergence, the latter of which is particularly relevant to studies over
short time frames, e.g. in monitoring (Allendorf et al., 2010; Garner
et al., 2016; Schwartz et al., 2007). Additional genetic monitoring of
wild species, using WGS data, and over evolutionarily short (a few
generations) time frames is therefore warranted (Elmer, 2016; Jorde
et al., 2018). We presently monitor wild populations of brown trout
(Salmo trutta) over contemporary time using WGS data.

The brown trout is of interest not only due to its cultural and eco-
logical value, but also because a range of anthropogenic stressors
threaten the genetic integrity and variability of its wild populations
(Ayllon et al., 2006; Bekkevold et al., 2020). The species exhibits
a propensity to form genetically distinct populations (Andersson,
Jansson, et al., 2017; Bekkevold et al., 2020), making it particularly
suitable for monitoring diversity between populations (indicator
AF¢p; Andersson et al., 2022). Furthermore, alpine populations such
as those presently studied may be especially affected by climate
change, and should be prioritized in monitoring (Urban, 2018).

Specifically, this study monitors genetic diversity using WGS of
pooled samples and of individuals from wild populations in tempo-
rally stratified samples (from the 1970s and 2010s), covering four
decades (roughly six generations). We study brown trout inhabiting
alpine mountain lakes in protected areas in Sweden, some of which
are part of an ongoing long-term monitoring programme initiated in
the 1970s (Andersson, Jansson, et al., 2017; Andersson, Johansson,
et al.,, 2017; Charlier et al., 2011, 2012; Jorde & Ryman, 1996;
Kurland et al., 2019, 2022; Palm et al., 2003; Palmé et al., 2013). The
study is conducted in association with science management collab-
orative work with SWAM (Andersson et al., 2022; Johannesson &
Laikre, 2020). Our objectives are to (i) study temporal patterns of
genome-wide diversity within and between populations of brown
trout, (i) apply the new indicators AH, AF¢; and N, to quantify and
evaluate trends in genetic change and (iii) identify indications of se-
lection over time.

2 | MATERIALS AND METHODS
2.1 | Lakessampled

We studied temporal genetic variation in brown trout populations
from the mid-late 1970s to the 2010s, corresponding to c. six
brown trout generations (Palmé et al., 2013), in eight freshwater
lakes located in remote mountain areas in the County of Jamtland,
central Sweden (Figure 1, Table 1). The lakes are located in the
uppermost part of water systems that drain into either of rivers
Angermanilven or Indalsilven that both empty into the Baltic Sea
c. 400km from the sampling sites (Figure 1). The lakes vary in size
and degree of isolation (Table 1, Figure 1). We study two metapop-
ulations with creeks potentially enabling genetic exchange among
the three lakes: one containing small lakes (below 0.1km?) and the
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FIGURE 1 Geographic location of the eight lakes monitored for genetic diversity. Red dots in the middle map indicate locations of the
two sampled metapopulations (& three lakes each) and two single lakes (cf. Table 1). Numbers within the middle map designate close ups of
each lake system. Metapopulation 1 contains lakes Daimanjaure (DJ), Daimanjappe N (DN) and Daimanjappe S (DS) and metapopulation 2
lakes Blanktjarnen (BT), Grubbvattnet (GV) and Nils-Jonsa (NJ). Arrows next to the rivers indicate the direction of water flow. The lakes are
located in the uppermost part of water systems that drain into either of river Angermanilven or river Indalsilven, as indicated.

other larger (c. 0.1-3 km?). Two single lakes are also included: one
large (c. 60km? in size) and one small (c. 3km? in size). All three
lakes within metapopulation 1 are located above the tree line
(>700 m elevation), while the rest of the lakes are found below. All
four study systems (metapopulations 1 and 2, single lakes 1 and
2) are located in different protected areas (Table 1) that are also
within indigenous Sami land, remotely located and difficult to ac-
cess. Fishing in these lakes is prohibited or restricted and stocking
or transferals are not allowed.

2.2 | DNAsolation, library
preparation and sequencing

DNA from 50 individuals per lake and point in time were combined
at equal concentrations for pooled sequencing (Pool-seq). Two in-
dividuals per lake and point in time were randomly selected among
the n=50 per population pool for individual whole genome se-
quencing (IWGS). Tissue samples from fish are stored in a frozen
tissue bank at the Department of Zoology, Stockholm University.
Genomic DNA was extracted from muscle tissue from all individuals

using KingFisher Cell and Tissue DNA Kit (Thermo Scientific, MA,
USA). DNA samples were sent to the Swedish National Genomics
Infrastructure (NGI) at the Science of Life Laboratory (SciLifeLab),
Stockholm, Sweden. The NGI conducted the construction of lllumina
TruSeq PCR-free libraries with an average insert size of 350bp fol-
lowed by the sequencing of paired end reads with 150bp in length

on a NovaSeq6000 instrument.

2.3 | Read processing and variant calling:
Pool-seq data

Quality of raw sequence reads were assessed in FastQC v0.11.5
(Leggett et al., 2013) and MultiQC v1.5 (Ewels et al., 2016).
Low-quality bases (phred score <20) and lllumina adapters were
trimmed using BBDuk as implemented in BBTools v38.08 (http://
sourceforge.net/projects/bbmap/) before mapping to the brown
trout assembly (https://www.ncbi.nlm.nih.gov/assembly/GCF_
901001165.1/) using BWA v0.7.17 (Li, 2013; Li & Durbin, 2009).
The resulting bam files were sorted, merged and filtered for paired
reads using SAMtools v1.8 (Li et al., 2009). Quality of bam files
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TABLE 1 Eight sampled lakes with information regarding location, protected area, lake size and elevation and sample sizes (n) at two points in time (1970s-1980s and 2010s) for WGS of

pools (Pool-seq) and individuals.

n present
(pools,

Sampling
year

n past
(pools,

Location WGS84 dec

Sampling year

past

Average

Lake size
(km?)

Elevation
(MASL)

Main river
drainage

Lake

individuals)

present

individuals)

depth (m)

East

North

Lake

Protected area

system

Metapopulation 1

Angermanilven

KURLAND ET AL.

0.13 1976 50,2 2017 50,2

0.04
0.02

14.4733458 792

14.497232

65.00533

Daimanjaure

Skaarnja Nature

50, 2 2017 50, 2

1976-77
1976-77

800 NA

800

64.990932
64.986787

Daimanjappe N

Reserve

2017 42,2

50, 2

NA

14.499173

Daimanjappe S

Metapopulation 2

2 2012 50, 2

50,
48,2

1980
1976
1976

0.08
0.34
2.98

670
697
565

14.643692

Blanktjarnen 64.035795

Indalsalven

Hotagen Nature

50, 2

2017

14.665005
14.498902

64.015819

Grubbvattnet

Reserve, N2000:

SE0720199

2018 50, 2

50, 2

12

63.999264

Nils-Jonsa

Single lakes

1977 50, 2 2017 50, 2

12

3.00

527

15.187384

64.663516

Saxvattnet

Angermanilven

Saxvattnet Nature

Reserve
Annsjon N2000

1976 50,2 2017 50,2

13

57.00

525

12.565338

63.26016

Annsjon

Indalsalven

SE0720282

Note: Populations within metapopulation 1 are above the tree line.

was assured using flagstat (SAMtools v1.8) and Qualimap v2.2.1
(Garcia-Alcalde et al., 2012). Variant calling was conducted in
SAMtools using minimum mapping and base quality scores of 20
for each SNP and with an active base alignment quality (BAQ) op-
tion to avoid false SNPs caused by misalighments. We used the
‘identify-genomic-indel-regions.pl’ script of PoPoolation2 v1.201
(Kofler, Pandey, et al., 2011) to remove insertions/deletions (indel)
and error-prone regions 5bp upstream and downstream flank-
ing indels from the mpileup file and to convert the mpileup file
to synchronized format for downstream analyses. VCF files were
created from bam files using BCFools v.1.10 (Li et al., 2009) by
calling and genotyping raw site variants in the software's mpileup
and call algorithms, using default settings. These variants were
compared with those called in the estimation of allele frequencies
in PoPoolation2 v1.201 (Kofler, Pandey, et al., 2011), only keep-
ing bi-allelic variants found in both files to account for duplicated
genomic regions present in salmonid genomes (Lien et al., 2016).
The loci were then controlled for mapping quality, number of
high-quality bases, read positional bias, base quality bias and
mapping quality versus strand bias, before filtering for mapping
quality 100. This final set of SNPs was annotated in SnpEff v.5.0
(Cingolani et al., 2012).

2.4 | Read processing and variant calling:
IWGS data

Sequenced reads from two individuals per lake and point in time were
aligned against the brown trout reference assembly using BWA mem
v0.7.17 (BWA; Li & Durbin, 2009) and sorted using SAMtools v1.8
(Li et al., 2009). PICARD v2.10.3 (broadinstitute.github.io/picard) was
used to merge bam files for each individual and to mark PCR dupli-
cates. Quality of bam files was assessed with Qualimap v2.2.1 (Garcia-
Alcalde et al., 2012). HaplotypeCaller from the Genome Analysis
ToolKit (GATK) v3.8 (McKenna et al., 2010) was used to generate indi-
vidual genomic variant call format files (gVCFs), and joint genotyping of
all brown trout samples was performed with GATK GenotypeGVCFs.
We applied a hard filter approach using GATK's VariantFiltration tool
to filter out low-quality variants; separately for SNPs (QD <2.0, MQ
<40.0, FS >10.0, MQRankSum <-5.0, ReadPosRankSum <-5.0,
SOR >5.0) and indels (QD <2.0, FS >10.0, ReadPosRankSum <-5.0,
SOR >5.0) in accordance with GATK Best Practices recommenda-
tions (gatk.broadinstitute.org; DePristo et al., 2011). VCFtools v0.1
(Danecek et al., 2011) was used to retain bi-allelic SNPs with a minor
allele frequency 20.01 and a mean depth of coverage 5X-50X, as well
as removing variants from un-assigned scaffolds. The joint VCF file
was annotated in BCFtools v1.8 (Li et al., 2009).

2.5 | Population genetic diversity

We based most of our measures of population genetic diversity on our
Pool-seq data due to the small sample size of IWGS data (n=2 per lake
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and point in time). IWGS data were primarily used to estimate metrics
not possible for Pool-seq data, e.g. inbreeding (Fy,,) and mutational

load, and in some instances to complement our Pool-seq data.

2.5.1 | Genetic diversity within populations

Diversity within population pools was estimated in PoPoolation v1.2.2
(Kofler, Orozco-terWengel, et al., 2011) as heterozygosity (HP), nucleotide
diversity (r; Tajima & Tajima, 1983) and Watterson's © (Watterson, 1975).
Estimates of diversity from Pool-seq data are sensitive to sequencing
errors and variation in coverage (Kofler, Pandey, et al., 2011). Inflated
coverage over homologous regions is particularly pertinent to partially
tetraploid salmonid genomes. Therefore, we took particular precaution
by first sub-sampling mpileup files per pool to uniform depths using
the ‘subsample-pileup.pl’ script implemented in PoPoolation v1.2.2
(Kurland et al., 2019; Saha et al., 2022). The ‘variance-sliding.pl’ script
of PoPoolation v1.2.2 was used to estimate = and 6. To further avoid
coverage biased diversity estimates, estimations were performed for
non-overlapping 5 kilo base pair (kb) windows across the assembly, with
a minor allele count of 2 for a SNP to be called and applying the same
depth thresholds as for the sub-sampling. Finally, only windows covered
to 280% with data within the depth thresholds were used.

Allele frequencies per population pool were calculated using the
‘snp-frequency-diff.pl’ script of Popoolation2 v1.201 (Kofler, Pandey,
et al.,, 2011), and reformatted to reflect the number of reads corre-
sponding to the most (major) and least (minor) abundant alleles (ny,,,
and ny,,) across all populations using a custom script available upon
request. Heterozygosity per population pool (H,) was calculated ac-
cording to Rubin et al. (2010). Since PoPoolation2 has no option to
estimate allele frequencies within windows, allele frequencies and H,
were calculated per variant site.

For measures z, Watterson's © and H,, tests for normality of residu-
als and homogeneity of variances were conducted with Shapiro-Wilks
tests and by visualizing the distribution of quantiles in a QQ plot and
were rejected for all three metrics (p <.05). Independence of diversity
metrics across lakes and time were therefore tested using non-para-
metric Kruskal-Wallis tests. Pairwise significance tests within lakes
over time and between pairs of lakes were performed using non-para-
metric Wilcoxon signed rank sum tests. All statistical testing was per-
formed in Rv4.0.3 (R Core Team, 2020). For genome-wide comparisons
of diversity metrics 7z, © and H,,, we use a significance level of «=0.05,
and as a comparison, a=1x 108 which corresponds to a=0.05 cor-
rected for genome size, in this case the c. 300,000 windows underlying

our Pool-seq diversity estimates (Pruisscher et al., 2018).

2.5.2 | Genetic diversity between populations

Genetic diversity among population pools was estimated as Fq;
(Karlsson et al., 2007; Nei, 1973) using the ‘fst-sliding.pl’ script of
PoPoolation2. A minor allele count of 3 and 20-150X depth of cov-
erage was used as threshold for variant calling in order to remove
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paralogous regions (inflated coverage) and regions represented by a
small number of individuals (Kofler, Orozco-terWengel, et al., 2011;
their Appendix S1). We used non-overlapping 1bp and 5kb win-
dows, respectively, the latter to minimize stochastic errors linked
with small window sizes (Kofler, Pandey, et al., 2011) and only in-
cluding windows with coverage data 280%. We report Nei's Fo; un-
less stated otherwise. A dendrogram was constructed to illustrate
genetic relationship among all 16 brown trout pools. Allele frequen-
cies per pool obtained from PoPoolation2 were used as input for
TreeMix v1.12 (Pickrell & Pritchard, 2012) to generate a maximum
likelihood phylogeny. We used blocks of 5000 SNPs (total 5764
blocks=28,816,918 SNPs) as input for TreeMix; the result was visu-
alized in Mega X (Kumar et al., 2018).

2.6 | Effective population size

Effective population size (N,) was estimated for each lake with the
temporal method using the software TempoFs (Jorde & Ryman, 1995,
1996, 2007). This method measures the variance in allele frequen-
cies between two time points; variance effective size (N,). We as-
sumed a generation time of 6.8years, as previously estimated for
brown trout in these areas (Palmé et al., 2013). Based on the number
of years between sampling occasions for separate lakes (cf. Table 1)
this translates into a c. six generation interval over which N, was
estimated. TempoFs was run using a random subset of loci from the
Pool-seq data (n=150,000) extracted with a minimum of 10kb dis-
tance from one another to avoid linkage.

2.7 | Inbreeding

Inbreeding was estimated per individual using the IWGS data as
the summed length of ‘runs of homozygosity’ (ROH; Gomez-Raya
et al., 2015; Kardos et al., 2016; Magi et al., 2014). Homozygosity
was determined for 1000kb (1 Mb) overlapping windows. As sug-
gested for low-coverage data like ours (Ceballos et al., 2018), the
minimum length of a ROH was set to 300kb which must contain
at least 50 SNPs and a maximum of three heterozygous genotypes
per window were allowed. ROH were estimated for each individual
and then categorized into two ROH length classes to reflect differ-
ent demographic histories: between 300kb and 1Mb for deeper
co-ancestry and >1Mb to reflect recent inbreeding. The genomic
inbreeding coefficient based on ROH (F.,,) was estimated as the
sum of the length of all ROH per individual as a proportion of the
total autosomal SNP coverage (c. 2.37 Gb). Total SNP coverage was
calculated per individual.

2.8 | Mutational load

We identified mutational load by estimating the number of del-
eterious mutations in each individual from the IWGS dataset.
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Additional filters were implemented in order to avoid biased
genotype calls. First, repetitive regions within the brown trout
reference assembly were identified with RepeatMasker (Smit
et al., 2017) and RepeatModeler (Smit & Hubley, 2015), and all
variants within these regions were excluded from the SNP data-
set. We only retained loci genotyped in all samples and of these,
heterozygote variants were kept if the allelic balance (ratio of
alternative/reference supporting reads) was between 0.2 and 0.8
(as in Diez-del-Molino et al., 2020). We performed six separate
estimations of mutational load (runs) in order to allow stringent
comparison of SNPs. Two runs allow spatial comparisons be-
tween lakes, each at a separate point in time: (i) all samples from
the 1970s (n=16) and (ii) all samples from 2017 (n=16). We ran
four additional runs to allow temporal comparisons within each
lake system, including all lakes and time points sampled from
(iii) metapopulation 1 (n=12), (iv) metapopulation 2 (n=12), (v)
Saxvattnet (n=4) and (vi) Annsjén (n=4). Finally, for each run,
variants fixed in all individuals were excluded since they are not
informative of differences in mutational load among samples.
All variant effects were annotated using SNPeff v.4.3 (Cingolani
etal., 2012).

2.9 | Indicators

Temporal trends in genetic diversity are summarized in indica-
tors for genetic diversity, as recently suggested for national use
in Sweden to systematically assess population genetic health
(Johannesson & Laikre, 2020). Here, we follow the guidance for
application provided by Andersson et al. (2022). In brief, the first
two indicators, AH and N, reflect temporal changes in within-pop-
ulation genetic diversity, while the third, AF¢;, concerns change
among populations. For the indicator AH, we use nucleotide di-
versity, Watterson's © and heterozygosity from Pool-seq data as
well as inbreeding based on IWGS data (above) to calculate Az, AO,
AHp and AFq,,. The effective population size - N, - indicator was
assessed using N,,, estimated with TempoFs from Pool-seq data
(above). The final indicator, AF¢;, regards the degree of population
retention and temporal change in divergence between populations
and is here applied to the two metapopulations based on F¢ esti-
mates between lakes within systems from Pool-seq data (above),
assessed at each of the two points in time. AF¢; is obtained by
comparing present F¢; to past Fg..

Threshold values for indicators are set to evaluate rates of
change in accordance with Andersson et al. (2022) and are described
in Appendix S3. In brief, three indicator signals are given depending
on the occurrence of statistically significant changes of specific mag-
nitudes which are translated to ‘traffic lights’ signal of green="‘ac-
ceptable’, yellow=‘warning’ or red='‘alarm’. Testing for statistical
significance of observed changes in all measures was performed in
non-parametric Wilcoxon matched paired tests in R v4.0.3 (R Core
Team, 2020).

2.10 | Identifying signatures of selection over time

2.10.1 | Temporal selection inferred from
Pool-seq data

In an attempt to detect selection over microevolutionary time, we
identified genomic regions exhibiting marked change in allele fre-

quency within lakes over c. six generations in two approaches.

Over time in parallel across all lakes

First, we utilize the vastness of our sample size (eight lakes) in a
SNP-based approach to identify shared genes potentially under
selection over time within all lakes. Because stochastic processes
are unlikely to affect the same genomic regions simultaneously, we
identified potentially adaptive SNPs as those showing consistent
directional change in allele frequency across all lakes. We tested
for parallelism in allele frequency change using PoolFregDiff
(Wiberg et al., 2017). This programme uses a generalized linear
model with a quasibinomial error distribution (qGLM) which pro-
vides lower false positive rate than the Cochran-Mantel-Haenszel
test commonly used in Pool-seq studies of temporal replicates
(Garcia-Elfring et al., 2021; Wiberg et al., 2017). We categorized
outlier SNPs as those showing significant parallel allele frequency
change in all lakes.

To gain insight into potential traits under selection, outlier SNPs
were investigated for functional enrichment compared to the rest
of the genome in a gene set enrichment analysis (GSEA). This was
performed on outlier SNPs within protein coding regions, as iden-
tified in the GFF. We looked for enrichment on the molecular func-
tion and biological process level using TopGO v.2.36.0 (Alexa &
Rahnenfiihrer, 2018). Functional gene ontology (GO) annotation of
the brown trout genome was performed using EggNOG v5.0 web in-
terface as described in Saha et al. (2022). Data were further filtered
and visualized using Revigo (Supek et al., 2011) and treemaps were
drawn in R version 4.0.0 (R Core Team, 2020).

Over time within lake systems

A second approach identified genes putatively under selection
within lakes and lake systems by combining measures of divergence
and diversity (Kjeerner-Semb et al.,, 2016; Kurland et al., 2022). F;
was used to capture significant allele frequency change within each
lake over time. We assume that most loci behave neutrally while
overly differentiated loci are shaped by selection and may be located
at the tail end of the F; distribution. This approach avoids tenuous
assumptions of demographic history, yet risks including false posi-
tives (Akey et al., 2002). Thus, since selection is expected to reduce
variation, low levels of nucleotide diversity (z) among later samples
were used to corroborate temporal selection inferred from F ;. We
employed a window-based approach to avoid increased stochas-
tic error rates associated with small window size (Kofler, Orozco-
terWengel, et al., 2011; Kurland et al., 2019). Outlier windows were
defined as those exhibiting marked temporal divergence within a
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lake (above 95th percentile of F;) and simultaneously low diversity
within that same lake for the second time point (below 20th percen-
tile of x), for each lake. We then quantified the extent of overlap of
these outliers between lakes using UpsetR package in R (Conway
et al., 2017), for all windows and for windows within coding regions
of genes (identified in the GFF). We focused on regions unique to
lakes or lake systems.

In summary, we identified candidates of selection from SNPs
showing significant allele frequency change in (i) all lakes as identi-
fied by PoolFreqDiff and (ii) within lake systems as identified by Fq;
and z. Functional impact of all outlier SNPs were obtained from the
VCF annotated in SnpEff (Cingolani et al., 2012).

2.10.2 |
IWGS data

Verifying temporal selection with

We used the individual level data to corroborate our findings of
temporal selection in Pool-seq data. SNP genotypes within genes
putatively under selection identified from Pool-seq data were
sought using WGS data of individuals. VCFtools v0.1.16 (Danecek
et al., 2011) was used to create a genotype matrix for candidate
genes which was then transposed using a custom script (github.
com/nimarafati/vcftools). Individuals were clustered according to
similarity between genotypes within candidate genes in the R pack-
age pheatmap (Kolde & Kolde, 2015).

We also screened the candidates of selection from Pool-seq
data for genetic differentiation in haplotype distances (i.e. haplo-
type differentiation) as implemented in HaploDistScan (Pettersson
et al., 2017). The VCF file containing all samples was converted to
beagle format using Beagle v5.1 (Browning & Browning, 2007). We
scanned within 5kb windows allowing a minimum of five SNPs per

window.

(@)

0.004

Finally, in an effort to identify genomic patterns of selection
surrounding candidate regions of temporal selection identified
from Pool-seq data, we scanned the IWGS data for runs of homo-
zygosity (ROH) associated with the candidates using detectRUNS
(Biscarini et al., 2019). To do so, ped and map formats were cre-
ated from the VCEF file containing all samples using BCFtools v1.14
(Li, 2011) and VCFtools v0.1.16. We looked for ROH using a sliding
window approach in detectRUNS using window size set to 10bp,
minimum length of a ROH 1 kb, with at least 1 SNP per 50kb and at
least 100 SNPs per ROH and otherwise default settings (Biscarini
etal., 2019).

3 | RESULTS

3.1 | Data processing

Sequencing and mapping success of Pool-seq and IWGS data are
summarized in Appendix S1. Average depth of coverage per pool is
78X (SD=6.12) and 11X (SD=1.48) for IWGS data (Tables S1 and
S2).

3.2 | Population genetic diversity

Genome-wide diversity per population pool varies among lakes and
time points for measures of nucleotide diversity and Watterson's
O (Kruskal-Wallis test; z; H=184,847, df=15, p<2.2e-16, ©O;
H=201,070, df=15, p<2.2e-16). Lowest values of z, © and H;, are
observed in lakes within metapopulation 1 above the tree line (lakes
Daimanjaure, Daimanjappe N, Daimanjappe S) and highest within
metapopulation 2 (lakes Blanktjirnen, Grubbvattnet, Nils-Jonsa;

Figure 2, Appendix S2).

lake and time point (past and present).

Box plots of nucleotide diversity and 0.004
Watterson's theta estimated from Pool- 0.003
seq data. Changes in diversity over time

within lakes are significant (see Table S4

© 0.002
for statistical testing details). Boxes fall 0.001
within the interquartile range where the 0.000

0.003
= 0.002
0.001
FIGURE 2 Genome-wide diversity per 0.000 Time
(b)

BH Past
B8 Present

median is represented by a horizontal &° S
. . . 3 &
line and whiskers denote minimum and & é‘\{ﬁ
o .
maximum values (past=1970s-1980s, N 3

O'D
present=2010s; Table 1).
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Grubbvattnet present

— Annsjon past

Annsjon present
(b)
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Grubbvattnet past
Grubbvattnet present
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Saxvattnet past
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Annsjén past
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FIGURE 3 Genetic relationships among brown trout populations from eight lakes and two time points (past=1970s-1980s;
present=2010s (Table 1). (a) Dendrogram constructed using data from Pool-seq. TreeMix analysis was conducted assuming no migration
between lakes. The scale indicates the proportion of genetic divergence per unit length of the branch (indicated by the scale length). (b)

Heatmap of pairwise F between all lakes and time points (Table S5).

Generally, genetic structuring among lakes agrees with geo-
graphic proximity (Figure 3). F¢; among lakes within the same
water system ranges from 0.01 to 0.21, and among lakes of dif-
ferent systems between 0.13 and 0.23 in present-day samples
(Table Sé). Spatial differentiation between lakes exceeds tempo-
ral divergence (Fgy; range=0.01-0.04, mean=0.02, SD=0.0094)
within lakes, in most cases (Figure 3, Table S6). The exception is
divergence between lakes Daimanjappe N and Daimanjappe S,

which is of the same magnitude as temporal divergence within
each lake - suggesting extensive gene flow between the two. Lake
Daimanjaure, which belongs to the same metapopulation, clusters
separately from Daimanjappe N and Daimanjappe S, suggesting
limited gene flow to and from this lake (Figure 3). The PCA and
dendrogram from IWGS data reflect the same patterns of pop-
ulation differentiation as seen using Pool-seq data (Figure S1,
Appendix S3). Estimates of variance effective population size (N,
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from Pool-seq data are low, ranging from 18 (Grubbvattnet) to 75
(Nils-Jonsa; Table 2).

3.3 | Inbreeding and mutational load

Inbreeding (F,,) exceeds 10% in all lakes and time points (Figure 4,
Appendix S3). Fpq,, is not normally distributed (Shapiro-Wilks test;
W=0.92, p=.02). There is significant difference in F,.,, between
lakes including both time points (Kruskal-Wallis test; H=27, df=15,
p=.03). Highest F.,, of approximately 25% is observed in the most

TABLE 2 Estimates of variance effective population sizes (NeV)
by TempoFs (Jorde & Ryman, 2007) using 150,000 SNPs from Pool-
seq data.

Lake Ny (95% CI)
Daimanjaure 53 (52, 54)
Daimanjappe N 65 (63, 66)
Daimanjappe S 52 (51, 53)
Blanktjarnen 34 (33, 35)
Grubbvattnet 18 (18, 18)
Nils-Jonsa 75 (74,77)
Saxvattnet 39 (38, 39)
Annsjon 71 (70,72)
Note: 95% Confidence intervals are given in brackets.
0.3
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northern lakes Daimanjaure, Daimanjappe N and Daimanjappe S in
metapopulation 1, found above the tree line (Figure 4, Table S8).
Comparably low Fq,, (c. 17%) is found in lakes within metapopula-
tion 2.

Generally, a major fraction of ROH include short ROH fragments
(<1Mb). Long ROH fragments (>1 Mb), reflecting recent inbreeding,
are retrieved from all samples, but ROH exceeding 2Mb are only
found in three individuals, all from metapopulation 1; one of the indi-
viduals from Daimanjappe N and another from Daimanjappe S, both
sampled in the 1970s, as well as one individual sampled in the 2010s
in Daimanjaure (Figure 4, Table S8).

Population levels of highly deleterious mutations (loss of func-
tion, LOF) are depicted in Figure 5. We conducted six separate
comparisons so as not to lose too much data (Section 2.8) and exact
LOF values among Figures 5a-f are therefore not meaningful. We
note, however, that among lakes sampled in the past, the high-
est LOF is observed in Annsjén and lowest values in Saxvattnet
(Figure 5a). Among present samples, highest values are observed
in metapopulation 1; lakes Daimanjaure, Daimanjappe N and
Daimanjappe S (Figure 5b). With respect to changes within lakes
over time, mutational load seems, generally, to have increased in
lakes within the two metapopulations, most notably within lake
Nils-Jonsa (Figure 5c,d). Only Daimanjaure of metapopulation 1
exhibits lower LOF in the present samples than in the past ones.
Reduced LOF over time are observed in lakes Saxvattnet and

Annsjén (Figure 5e,f).

0.21
I
o
14
(T
0.01
A S S N S N S N N
L RN GRS RN RE RG]
Sl g EgaFa
FIGURE 4 Inbreeding estimated as the L ¢ QQQ’ > é‘zb o &8 A;,}‘ Q&}' § g Aq‘,\‘ Q&; & S
average proportion of the genome in runs _éb ~Q‘\b g{" QQQ’ ,':\‘\"’ QQQ’ ,:\s?\ q§ S A,‘{;‘ gj § & A;,}“ 'Vg é@\
of homozygosity (Fg,,) using individual Q‘l? .6@ ,\@m 'é\z’ ,\év q}g Q}q’ 3? c5~° S < gf @ & X
~
whole genome sequencing data from each be Qq’ .\éb Q(v $ ®q, O@ < @
of two individuals per lake sampled at Q(D Q{D

two time points. Estimates are shown for
short (300kb-1Mb; blue) and long (>1 Mb;
orange) ROH segments.

B >1Mb [ 0.3-1Mb
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FIGURE 5 Mutational load within lakes. Mutational load is estimated as the number of loss-of-function (LOF) variants within each
individual (IGWS data) in six separate runs. Two runs compare spatial trends among (a) past and (b) present samples. Four runs compare
temporal trends within each (c, d) metapopulation and (e, f) single lake. Dots correspond to the number of LOF variants per sample, box
plots represent first and third quantiles and average values of LOF for samples within the same lake and/or time period in each run. Beware

truncated and different y-axes.

3.4 | Temporal trends in diversity

The general temporal trends for population genetic diversity are that
7, © and H,, decrease within the three lakes within metapopulation
1 and single, small, lake Saxvattnet, but increase in lakes belong-
ing to metapopulation 2 and single, large, lake Annsjén (Figure 2,
Appendix S2).

Generally, we observe little change in divergence between
lakes over time (Figure 3b). Within metapopulations, pairwise

F¢; decreases over time within metapopulation 2 (Appendix S2,
Table S5). In metapopulation 1, F¢; increases when comparing lake
Daimanjaure to either of the other two lakes but remains unchanged
between Daimanjappe N and Daimanjappe S - again suggesting
gene flow between these latter two lakes and limited exchange to
Daimanjaure.

Highest temporal differentiation (F¢;) is observed within lake
Grubbvattnet in metapopulation 2 (F;;=0.045) indicating strik-
ingly higher allele frequency change over time than any other lake
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(Table 3, Figure 6). Lake Saxvattnet also shows a relatively high tem-
poral Fo; (F4r=0.027). F.; over time within each of the lakes belong-
ing to metapopulation 1 is low in comparison (Fs;=0.017). Lowest
temporal divergence is observed within lake Nils-Jonsa of metapop-
ulation 2 (F;;=0.014; Table 3, Figure 6é).

Fron is lower in all present-day samples compared to the his-
toric ones (Figure 4; Wilcoxon signed rank test; W=186, p=.03).
No change within lake over time is, however, statistically significant
(Table S8).

TABLE 3 Allele frequency change over time within lakes.

Lake Fs (95% ClI)

0.017 (0.0169, 0.0170)
0.015 (0.0153, 0.0154)
0.018 (0.0175, 0.0176)
0.021 (0.0211, 0.0212)

Daimanjaure
Daimanjappe N
Daimanjappe S

Blanktjarnen

Grubbvattnet 0.043 (0.0426, 0.0428)
Nils-Jonsa 0.014 (0.0142, 0.0143)
Saxvattnet 0.022 (0.0223, 0.0224)
Annsjon 0.017 (0.0174, 0.0175)

Note: Lake-wise Fq is based on Pool-seq data. 95% Confidence
intervals are given in brackets.
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3.5 | Indicators

Indicator classifications are depicted in Figure 7 (for details, see
Appendix S4, Table S9 for estimates and p-values from statisti-
cal tests). The within population genetic diversity indicator, AH,
shows consistent decrease in all measures included for Pool-
seq data in the lakes of metapopulation 1 (lakes Daimanjaure,
Daimanjappe N, Daimanjappe S) as well as for lake Saxvattnet also
located in the northern part of the sampled area (Figure 1).
Declines are of a magnitude to result in warning signals in two
lakes (Daimanjappe S, Saxvattnet). In contrast, we find trends of
increase in metapopulation 2 (Blanktjarnen, Grubbvattnet, Nils-
Jonsa) and in lake Annsjon. None of the temporal comparisons of
Fron are significant (Figure 7a, Table S9). The N, indicator is clas-
sified as ‘Warning’ and ‘Alarm’ as N, <50 or 50 <N,,, <500 in all
cases (Table 2, Figure 7a).

The indicator for between-population genetic diversity, AFg,,
is deemed acceptable for both metapopulations (Figure 7b).
Firstly, observed changes in gene flow within metapopulations 1
and 2, respectively, lie within acceptable ranges (Appendix S4).
Additionally, both metapopulations are classified as ‘Acceptable’
with regard to the number of populations that remained over time
(i.e. all three).

kil Eﬂ{ﬁ}ltcﬂﬂ i mu }ltltil( ittii lhh mum
lﬂlll{ﬂfﬁ nl l““ ﬂﬂl m i did i Lt
nnmm u i It siiling

Chromosome

FIGURE 6 Changeinallele frequency (F¢;) over time within each lake using Pool-seq data. F¢; was estimated within 5kb windows, here
represented by a dot each. Chromosomes are presented in order 1-40 and windows mapped to each chromosome in alternating shades of

green. The dashed line represents the average temporal F¢; per lake.
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(a) Genetic diversity within populations
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(b) Genetic diversity between populations within metapopulations

Metapopulation 1
Lakes Daimanjaure, Daimanjappe N, Daimanjappe S

Metapopulation 2
Lakes Blanktjdrnen, Grubbvattnet, Nils-Jonsa
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3.6 | Signatures of selection over time
3.6.1 | Temporal selection in parallel across all lakes

First, to detect common changes acting across all lakes over time,

candidates of selection are identified from SNPs exhibiting signifi-

cant temporal change in allele frequency in all lakes; 106,983 such

SNPs are identified. Average temporal change within lakes for these

FIGURE 7 Geneticindicator
classifications for brown trout populations
from eight lakes. Genetic diversity (a)
within and (b) between populations. The
coloured circles indicate the following
classifications; green="acceptable’,

yellow ="‘warning’ and red="alarm’.
Arrows inside circles show the direction
of change, with horizontal arrows
meaning apparent stability (no change);
filled arrows indicate that the change is
statistically significant (using approaches
suggested by Johannesson & Laikre, 2020,
and further developed and applied in
Andersson et al., 2022). See Appendix

S1 and Appendix S2 for details and
calculations respectively.

FIGURE 8 Putative selective sweep
over the six generations studied in lake
Grubbvattnet on chromosome 9. (a)
Pairwise F¢; estimated between the two
time points from Pool-seq data using SNP-
based F¢; calculations. The dark and light
blue dots indicate SNPs with F¢; values
above the top 99.5th distribution of F,
of which light blue ones lie within 5kb

of coding regions. Arrows indicate three
genes overlapping non-synonymous SNPs.
(b) Genotypes within each of the three
genes for the four individuals sampled
from this lake - two individuals from the
past (1976; Table 1) and two individuals
from the present (2017). Roman numerals
denote individuals sampled at each

time point. The x-axis denotes genome
coordinates within each gene. Cell colours
denote SNP genotypes: homozygotes for
the reference (red; SS) and alternative
allele (yellow; AA), heterozygotes (blue;
SA). Two samples are included from each
lake and point in time.

SNPs is F¢;=0.006 (SD=0.009), none of the SNPs have become
fixed in any population, and the by far highest temporal F; based
on these SNPs is found within lake Grubbvattnet with temporal
F¢;=0.04 (just as for the genome-wide F¢; results).

The gene functions present among these 106,983 SNPs reveal
several superclusters that show an enrichment of higher F; in genes
involved with several key processes (GSEA analysis), e.g. presynaptic
activity, tyrosine phosphatase signalling pathways and SAM domain
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binding (Figure S2). Further, a total of 2318 SNPs (c. 2%) are pre-
dicted to be within coding regions and these are mostly intergenic
or intronic (Figure S3a). The functional category exhibiting highest
Fsr is the one in which variants mutate a stop codon and encom-
passes four disruptive SNPs (Figure S3a). Three gene models overlap
these SNPs (Table S10). In one of the genes (vps18), the disruptive
(stop gained) mutation is located c. 800bp from the start of the
gene and is flanked by two non-synonymous SNPs that also exhibit
parallel allele frequency change in time across all lakes. Vps18 regu-
lates skin pigmentation in other brown trout (Djurdjevic et al., 2019;
Sivka et al., 2013). Here, genotypes within individually sequenced
samples were obtained for this gene and the dendrogram based
on these does not mirror the dendrogram from the whole genome
(Figure S3b, cf. Figure 3a). Instead, populations are scrambled with
respect to geography and lake system. However, no apparent clus-
tering of time is either observed.

Of the SNPs exhibiting parallel change in time across all lakes,
we also identify genes overlapping those encoding missense muta-
tions (Figure S3a). Fifty-seven missense SNPs are identified, over-
lapped by 37 genes. Three genes contain a minimum of three SNPs
(Table S10), of which two are described in Atlantic salmon (Salmo
salar): loc115173703 which is predicted to encode protocadherin
gamma-C5-like possibly linked to immunity (Dettleff et al., 2017) and
loc115192652 which encodes plexin-b2-like, previously reported as
possibly under selection in domesticated Canadian populations of
Atlantic salmon (Lépez et al., 2019).

3.6.2 | Temporal selection within lakes

We combined measures of F¢; over time within lakes and temporal
changes in = within lakes to identify signatures of temporal selec-
tion acting within lakes. Windows (17,644, 5kb in size) are identified
as candidates of temporal selection within any lake, of which most
(12,567) fall within 5kb of coding regions. A majority of these win-
dows are unique to a single lake, most of them to lakes Annsjén or
Nils-Jonsa (Figure S4). We focus on selection acting within metapop-
ulations; finding 54 uniquely shared windows between Daimanjappe
N and Daimanjappe S in metapopulation 1 within protein coding re-
gions, of which 26 contain non-synonymous SNPs, overlapped by six
genes. The protein predictions for these are as far as we know not
described in fish (Table S11).

Candidates of selection unique to lakes belonging to meta-
population 2 are identified, namely five windows in coding re-
gions uniquely shared between lakes Blanktjarnen, Grubbvattnet
and Nils-Jonsa (Table S12). These windows are overlapped by
seven genes, of which three are described in fish: tsn associated
with sperm quality in rainbow trout (Oncorhynchus mykiss; Nynca
et al.,, 2014), loc115151923 which is near a SNP involved in immune
response in brown trout (Ahmad et al., 2018) and meat tender-
ness in rainbow trout (Ali et al., 2019), and loc115195360 which is
implied in immune response in stickleback (Gasterosteus aculeatus;
Fuess et al., 2021).
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For the gene candidates of selection within either metapopula-
tion, dendrograms based on genotypes from IWGS data show no

discernible temporal or spatial pattern (not shown).

3.6.3 | Suggested selective sweep in lake
Grubbvattnet

A region of strong divergence over time is observed on chromo-
some 9 in lake Grubbvattnet (Figure 8). This region exhibits higher
density of SNPs with marked temporal differentiation (above 99.5th
percentile of F¢ within this lake) in coding regions compared to the
genome-wide average, suggesting a selective sweep (Figure 8a).
A total of 20 missense mutations are found here, overlapped by
seven genes (Table S13). Two of these are described in teleost fish:
loc115200043 which is an immune effector described in Atlantic
salmon (Salmo salar; Robinson et al., 2021) and loc115199627 which
has functions related to seminal fluid composition in rainbow trout
and common carp (Cyprinus carpio; Shaliutina-Kolesova et al., 2016).
An additional gene, adgrd1, may have a sex-specific expression; it
regulates oviductal fluid in mammals (Bianchi et al., 2021) and is
linked to sex-specific response to hypoxia in medaka (Oryzias mel-
astigma; Lai et al., 2020).

Genotypes within individually sequenced fish from lake
Grubbvattnet were sought for these seven genes. Genotypes within
three genes, including adgrdl, exhibit temporal differentiation
among time points (Figure 8b). In four other genes, no differentiation
is discerned (not shown).

We are unable to find regions of outstanding genetic differentia-
tion based on genotype frequencies (haplotype differentiation) with
IWGS data with HaploDistScan and detectRuns for any region or
chromosome surrounding candidates of selection, nor when scan-

ning the full genome (not shown).

4 | DISCUSSION

Here, wild brown trout populations in eight mountain lakes are ge-
netically characterized in temporally separated samples spanning
over four decades (corresponding to c. six trout generations), in a
novel attempt to monitor genetic variation using genome-wide data.
Present results show temporal trends in diversity (nucleotide diver-
sity, Watterson's © and heterozygosity) with an overall decrease in
the northern most metapopulation (located above the tree line) and
the northernmost single lake, while the larger metapopulation (lo-
cated below the tree line) and the largest single lake show increase
in genetic diversity. The populations do not seem to be hampered
by inbreeding effects, as inbreeding (Fyp,;; spanning 10%-30%) is
mostly represented by ancient (<1 Mb) runs of homozygosity and we
observe little change in mutational load. However, lower levels of
genetic diversity and higher levels of inbreeding are observed in the
above tree line metapopulation and continued monitoring is there-
fore important.
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We apply indicators for genetic diversity recently adopted
for national use in Sweden. Proposed threshold values for these
indicators generally show acceptable maintenance of genetic di-
versity within (indicator AH) and between (AF;) populations, but
with warnings exhibited for AH in two lakes. Local effective pop-
ulation sizes (indicator N,) are too small, with all lakes below the
acceptable level 500 required for our present indicator as well as
the CBD Headline Indicator A.4 of the new Kunming-Montreal
Global Biodiversity Monitoring Framework (CBD, 2022b), which
also uses N> 500 as a critical threshold for assuring populations
of adequate size to maintain adaptive potential (CBD, 2022a). The
low N, observed here suggest that the studied populations may
be genetically vulnerable, highlighting the need for continued
protection of large, interconnected systems for their long-term
viability.

Neutral and putatively adaptive loci suitable for the ongoing
elaboration of monitoring programmes of genetic diversity within
this species are identified. We identify putative parallel selection
across all lakes within a gene pertaining to skin pigmentation as well
as candidates of selection unique to specific lakes and lake systems
involved in reproduction and immunity. We identify one lake in
particular (Grubbvattnet), where selection seems to be particularly
proponent.

Overall, this study demonstrates the benefit of WGS data for

monitoring wild populations over contemporary time frames.

4.1 | Population genetic diversity

Genome-wide diversity per population pool ranges between
7=0.001-0.002, ©=0.0009-0.0010 and H,=0.06-0.09 in the
studied populations (Figure 2, Appendix S2). This is comparable
to previous genomic observations from brown trout populations
inhabiting the same geographic area (Kurland et al., 2019, 2022;
Saha et al., 2022), yet lower than observed in French populations
(z=0.004-0.005; Leitwein et al., 2016).

The smallest and northern most populations within the
three lakes belonging to metapopulation 1, found above the
tree line, exhibit the lowest diversity (z, © and Hp) and the high-
est inbreeding (Fpo,) of all populations. Diversity decreases
over time within these populations while between popula-
tion divergence (F¢;) increases, suggesting that gene flow has
been reduced which is expected to result in reduced diversity
within populations due to restricted population size. Reduced
variation may also be expected at range margins, e.g. if lim-
ited gene flow to marginal population results in small, isolated
populations prone to drift (e.g. Kawecki, 2008). These find-
ings indicate that these populations are particularly sensitive
and warrant particular focus in continued monitoring efforts.
Conversely, recent literature has highlighted populations which
flourish despite restricted genetic diversity, e.g. when the

number of founders is limited (Kinziger et al., 2021; Kurland

et al., 2022), and demonstrating local adaptations (Willoughby
et al., 2018), suggesting that low levels of genetic diversity are

not inevitably negative.

4.2 | Effective population size (N,)

Evidence of significant change in allele frequencies within lakes is
found over the c. six generations studied. Temporal, genome-wide F¢;
within lakes averages 0.02, ranging from 0.01 in Nils-Jonsa to 0.04
in Grubbvattnet (Table 3, Figure 6). These allele frequency shifts are
reflected in exceedingly small measures of N,; most lakes exhibit
Ng, < 50. Further, N, is not correlated to diversity (m;r?=.01,t=0.22,
p=.84). At the same time, several lakes retain genetic diversity over
time or even show increased diversity (e.g. lakes of metapopulation
2 and Lake Annsjén). However, the N, estimates we obtain are ex-
pected to reflect local effective sizes in isolation (Ryman et al., 2019).
Metapopulation structure governs the rate at which genetic diversity is
maintained in a population, suggesting that if connectivity is disrupted
this will result in rapid genetic diversity loss (Kurland et al., 2023;
Laikre et al., 2016). All of the present lakes are connected to nearby
ones, even the single lakes are connected via creeks to other water
bodies. In cases such as these, where gene flow does occur, local N,
underestimates the actual rate of inbreeding (Ryman et al., 2019).

4.3 | Inbreeding and mutational load

Inbreeding (Fro,,) exceeds 10% in all lakes over time, but little evi-
dence of recent inbreeding is found, since a majority of the runs of
homozygosity (ROH) are below 1Mb and longest ROH (>2Mb) are
identified in only a few individuals (Figure 4, Table S8). In comparison,
D'Ambrosio et al. (2019) find stretches exceeding 10 Mb in domestic
lines of rainbow trout (O. mykiss). Our comparable lack of recent in-
breeding again suggests gene flow between the studied populations.
The 1970s samples show no obvious spatial trend in genetic load,
but for present-day samples we observe a tendency for above tree line
lakes to have higher LOF (Figure 5a,b). However, differences are small and
little to no temporal change in mutational load is observed in most lakes
(Figure 5c-f), which may be due to small samples sizes (Diez-del-Molino
et al., 2020). Further sampling of genomes from present populations is
needed to fully link their genome variability with population viability.

4.4 | Selection over time

We find allele frequencies for SNPs exhibiting levels of temporal dif-
ferentiation above what is expected for neutrality, including parallel
shifts across all eight lakes and those unique to specific lakes. This
finding is striking, given the narrow time frame and limited genetic
diversity, including small effective population sizes, suggesting drift

may be proponent within the studied populations.
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441 | Parallel allele frequency shifts across
all lakes

The observed significant allele frequency change acting in parallel
across all eight lakes, possibly suggests directional selection having
occurred over the present sampling period. Of the identified SNPs,
those within coding regions are enriched for GO terms associated to
presynaptic activity (Figure S2). Genes regulating immunity as well
as skin pigmentation are also implied (Table S10). One gene, vps18,
is a candidate for labyrinthine skin pattern in the sister taxon mar-
ble trout (Sebastiscus marmoratus; Sivka et al., 2013), the expression
of which also results in different pigmentation intensity in marble
and brown trout by (Djurdjevi¢ et al., 2019). Skin coloration and pat-
tern are among the most diverse phenotypical characteristics of
salmonid fishes, playing important roles in the survival of animals
and suggested to be among the driving forces of speciation (Braasch
et al., 2007). If the observed parallel allele frequency shifts are ex-
plained by selection, identified SNPs may exhibit local adaptive im-
portance to these lakes. However, for individual genomes, we find
no temporal clustering of individual samples in the past as compared
to present-day individuals within this gene as expected given the
contention of parallel change over time. Neither is temporal differ-
entiation supported in cluster analyses of individuals from separate
lakes (not shown). This may in part be due to the small sample size of
individual genomes per lake and time point. Further validation of the
putatively adaptive role of this gene, e.g. through environmental as-
sociation studies, is needed to validate our hypothesis of directional

selection.

4.4.2 | Selection within lakes and lake systems

Lake Grubbvattnet stands out in measures of temporal change; ex-
hibiting lowest N, (N, = 18, Table 2) and highest temporal F¢; (c. 0.05,
Table 3), suggesting marked change in allele frequencies. We also ob-
serve a region of marked temporal divergence within Grubbvattnet,
suggesting a putatively selective sweep. Two of the seven genes
identified encode reproductive traits and one immunity (Figure 8a,
Table S13). This lake belongs to metapopulation 2, and for the genes
that are potentially under selection in this lake system, reproduc-
tive and immune traits are also predicted (Table S12). It is therefore
possible that we have detected local selective pressures unique to
this lake system. Further validation of potential fitness effects of the
present candidates for local adaptation is required to test our hy-
pothesis. However, variation surrounding genes regulating immunity
and reproduction are associated with fine-scale local adaptation in
salmonids (Pritchard et al., 2018), and may fluctuate over short time
frames (Fraser et al., 2011; Kjaerner-Semb et al., 2016). Additionally,
reproductive success has even been linked to genotypes in immune
genes in salmonids (Fraser et al., 2011; Gessner et al., 2017).

Our definitions of candidates of selection are highly con-
servative, which lends strength to the contention of selection.
However, separating selection from drift in natural settings and
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over microevolutionary time frames is challenging (e.g. reviewed by
Hoban et al., 2016). Inference of selection from measures of diver-
gence between populations is susceptible to false signals of selec-
tion as divergence patterns are also shaped by population ancestry
and genome characteristics, e.g. linkage disequilibrium (LD). For
instance, local inflations in differentiation may be due to reduced
diversity in regions shaped by recombination (e.g. surrounding cen-
tromeres) or increased background selection (e.g. in regions with
high gene density; Jacobs et al., 2020). Although recombination is
prevalent in other brown trout populations (Leitwein et al., 2016), it
is most likely not a prominent disturbance in the current study, given
so few generations. In addition, our scans for selection utilize sam-
ples from the same lake taken at different points in time which may
involve comparing descendant fish genomes to those from preced-
ing generations. However, we err on the side of caution and continu-

ously described our candidates of selection as candidates.

4.5 | Comparing Pool-seq to IWGS

Generally, we find agreement between Pool-seq and IWGS data for
genome-wide patterns of diversity and divergence when compar-
ing between lakes. However, temporal trends captured by Pool-seq
data are not reflected in the individuals, neither genome wide nor
for regions surrounding our candidates of selection. The discrepancy
between pooled and individual samples may be due to the fact that
the two individuals sampled per time point and lake for IWGS data
are inadequate to reflect subtle shifts in allele frequency. For Pool-
seq data, c. 50 individuals were sampled which should give accurate
allele frequency estimates (Schlétterer et al., 2014). An increasing
body of research demonstrates that even small changes in allele
frequency can be detected using Pool-seq (Lima & Willett, 2018).
Additional explanations for incongruence between Pool-seq and
IWGS data for putatively adaptive regions include no real underlying
selection (i.e. SNPs are false positives) and that selective differences
are highly polygenic.

4.6 | Indicators

Our results suggest that continued protection of large, intercon-
nected systems is crucial for the long-term viability of presently
studied populations. This contention is based on findings using
newly formulated indicators for genetic monitoring in Sweden
(Johannesson & Laikre, 2020). Most prominently, effective popu-
lation sizes of the studied populations are well below suggested
thresholds (N, <50 and 50<N,,>500), and all lakes are marked
with ‘warning’ or ‘alarm’. While these estimates reflect N, under
isolation and therefore over-estimate the actual rate of inbreeding
with migration (Ryman et al., 2019), they suggest a vulnerability to
genetic erosion if the lakes should become isolated.

The presently studied lakes were also monitored by Andersson
et al. (2022) using a 96 SNP panel. We generally find our indicator
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assessments to agree with theirs, though some discrepancies exist.
In some cases, direct comparisons are not possible, as Andersson
et al. (2022) consider genetic clusters within lakes, while we focus
exclusively on population pools sampled from lakes (the SNP array
generates genotype data, while Pool-seq regards allele frequencies
for all populations pooled within a lake). However, we generally ob-
serve more cases exhibiting significant temporal changes in diversity
when using Pool-seq data than the SNP array (Figure 7 cf. Andersson
et al., 2022; Figure 6). This is not completely unexpected, given the
added statistical power provided by increased number of neutral
loci in WGS (Allendorf et al., 2010; Garner et al., 2016; Schwartz
etal., 2007).

In particular, differences occur between the N, estimates in our
study and those in Andersson et al. (2022). Our N, estimates are
based on 150,000 random, putatively unlinked SNPs from Pool-seq
data and are consistently lower than those based on the 96 SNP
array (cf. Andersson et al., 2022). There are several likely reasons
for these deviations. First, Andersson et al. (2022) assess N, of ge-
netic clusters identified from the 96 SNP data within lakes, while we
assess N, after pooling all individuals from each lake. Because the
clusters do not occur in equal frequency in the samples from the two
separate time points, we expect allele frequency shifts in our pres-
ent data that are not due to genetic drift but due to sampling effects.
Further, we suggest an additional sample variance to be present in
the Pool-seq data due to sample sizes not being exactly 50 genomes,
only approximately 50. Such sample variance might also inflate esti-
mation of allele frequency differences over time, thus reducing N,
(cf. Figure S5). However, further analyses are needed to fully under-
stand these potential effects and we plan to return to this topic in
forthcoming work.

No indicator for adaptive genetic diversity has of yet been
suggested, but present findings suggest that selective changes
can be detected even over a few generations (see also Enbody
et al.,, 2023). In fact, we identify temporal, putatively selective
change in multiple genes likely involved in local adaptation and
speciation in salmonid fishes (Djurdjevi¢ et al., 2019; Pritchard
et al., 2018; Sivka et al., 2013). Thus, WGS data, including from
Pool-seq, can contribute valuable information not possible to de-
tect with traditional markers (such as microsatellites or limited
numbers of SNPs) for contemporary monitoring purposes. WGS
data also contributes information on rates of inbreeding and ge-
netic load (Diez-del-Molino et al., 2018); costlier individual WGS
is then needed, however, and sample sizes in the present case
(only n=2 per sampling lake and locality) are clearly too small. We
intend to continue investigating the benefit of WGS for conser-
vation genetics monitoring and management, including compari-
sons of indicator values from different approaches which is highly
warranted.
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management.
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