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Abstract

The overharvesting of fish stocks has led to populational declines, both in numbers and

physical conditions. Additionally, larger individuals are under stronger pressure, as it is a

commercially desirable trait and due to the size-selectivity of fishing gear. When the targeted

traits have underlying genetic variability and are heritable, then exploitation could be

detected via genetic changes through a process known as fisheries-induced evolution (FIE).

Despite the decrease of fishing pressure, the Eastern Baltic (EB) cod has shown a decreasing

size at maturity and no signs of recovery. Therefore, this study aimed to assess the temporal

trends in the mitogenome diversity of EB cod and to scan for genomic evidence of FIE. From

five time points (1996, 2002, 2008, 2014, 2019), 117 sequences (respectively: 31, 22, 24, 20,

and 20 individuals) were compared to neighboring Atlantic cod populations (Western Baltic:

22 sequences, and North sea: 24) and a paleontological group (14 sequences), regarding

genetic diversity indices, differentiation and genetic relationships. Variant annotation and

allele frequency trends were also analyzed. The EB cod mitogenome has maintained stable

nucleotide and haplotype diversities for the past 23 years. A weak differentiation between the

Baltic populations and the outgroups was detected. Haplotype data captured signals from past

expansion events, when the full haplotypic diversity migrated into the Baltic sea around 10

kya. SNPs annotation and allelic frequencies suggest that functional constraints, varying

mutation rates, and a high effective population size are the strongest drivers of maintained

polymorphisms within the population over the time considered, rather than fisheries pressure.

Hence, mtDNA appears to not have enough power to detect short time scale changes, but it

still is a useful marker for deep history information. Therefore, fisheries management could

use the mitogenome to establish population baselines in order to support better management

actions. Ultimately, the apparent lack of selection in the mtDNA does not exclude the impact

of fisheries, but rather that stock recovery will not be hindered by mitochondrial diversity

loss.

Keywords: Fisheries-induced evolution, Atlantic cod, mitogenome, Baltic sea, population

genetics.
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Introduction

Fisheries-induced evolution.

Humans have been exploiting wild fish populations even before modern fishing

practices (Erlandson & Rick, 2010). Nevertheless, the potential role of fisheries in the

evolution of wild populations was not acknowledged for a long time (Stokes & Law, 2000),

despite it being a topic of discussion for decades already (Handford et al., 1977; Law & Grey,

1989; Ricker, 1981). The harvest of wild populations has the potential to cause genetic

changes even when it’s not selective, since its intensity and prolonged duration increase

mortality rates, which then selects for earlier maturation (Law, 2007; Swain &  Benoît, 2015).

Even so, fisheries are seldom non-selective, as it usually targets certain desired phenotypes

(e.g. larger individuals) or the most available fish seasonally and/or spatially (Andersen et al.,

2012). If such artificial selection is capable of changing gene frequencies, it could induce

adaptive evolution of the population against predation, in this case harvesting by humans, a

process now known as fisheries-induced evolution (FIE) (Heino et al., 2015). FIE, therefore,

takes place when the specific traits that render fish more vulnerable to fisheries have a

genetic basis (i.e. are heritable) and feature population-level variability (Heino et al., 2013;

Heino et al., 2015).

According to life-history theory, higher mortality rates of adult individuals favors

early maturation of the population and/or allocation of energy to reproduction rather than

somatic growth (Law, 2000; Stearns et al., 2000). Consequently, when the larger fish are

under strong selective pressure by fisheries, the population shifts towards smaller sizes and

earlier maturity due to induced changes in growth rates (Heino & Godø, 2002). For instance,

Mollet et al. (2007) found supporting evidence that the exploitation of the North Sea sole

(Solea solea) has been playing a role in the decrease in age and size-at-maturation of the

stock. Moreover, the selection for larger fish also affects other phenotypic traits, such as

average size (Bianchi et al., 2000; Ricker, 1981; Uusi-Heikkilä et al., 2015), physical

conditions (Eero et al., 2015), and diverse physiological and behavioral characteristics

(Sbragaglia et al., 2021; Tillotson & Quinn, 2018; Walsh et al., 2006) in exploited stocks.

How harvesting exactly affects wild populations is dependent on the specific life-history

characteristics and harvesting regimes on the stock, therefore exact predictions should be

done on a case by case basis (Enberg et al., 2012; Poos et al., 2011). Beyond population

life-history characteristics, FIE can also lead to effects in population structure and dynamics

(Kuparinen & Merilä, 2007), lower fitness in their natural environment (Heino et al., 2013),
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and/or even bring maladaptive traits that could hinder the recovery of the population (Walsh

et al., 2006).

Given that life‐history, morphological, and behavioral characteristics can be tied to

genetic traits that render them heritable, it is reasonable to expect that fisheries will lead to

evolutionary changes (Guerra et al., 2020; Law, 2007; Petrou et al., 2021; Young et al.,

2020). Using genetic markers from modern and historical samples of Icelandic cod (Gadus

morhua), Jakobsdóttir et al. (2011) detected long-term temporal declines of the Pan Iᵇᵇ

genotype, coherent with changes in the patterns of exploitation which resulted in the

disappearance of older cod individuals. Similarly, an overall decrease of the vgll3*L allele,

associated with late maturity, was found in an Atlantic salmon (Salmo salar) population

found in the Teno river, mainly driven by indirect effects of overharvesting their prey species,

the capelin (Mallotus villosus) (Czorlich et al., 2022). Similar findings have been reported for

other exploited populations, such as cod (Therkildsen et al., 2013), salmon (Consuegra et al.,

2005), snapper (Hauser et al., 2002), and Mediterranean swordfish (Righi et al., 2020).

Genetic diversity seems to be decreasing overall in overfished populations, especially in

those with smaller effective population size, low gene flow, and overlapping generations

(Pinsky & Palumbi, 2014). Considering that marine fish populations commonly present an

effective population size much smaller than the census size (Hauser et al., 2002), even

populations with large spawning stock biomasses are endangered of losing genetic diversity,

adaptability, and population persistence (Frankham et al., 2002).

Changes in genetic diversity have the potential to magnify consequences from

overfishing and ecological challenges, as these are very slow to reverse if there is no strong

pressure to counteract the harvest selection (de Roos, 2006; Loder, 2005). Thus, it becomes

relevant to assess if fisheries overexploitation is leading to a loss in genetic diversity since

this is the basis for adaptation and individual fitness (Frankham et al., 2002; Reed &

Frankham, 2003). Consequently, a decrease in genetic diversity increases the risk of

extinction (Frankham, 2005; Spielman et al., 2004), decreases the recovery potential of

stocks, and reduces biological productivity (Olsen et al., 2004; Ryman et al., 1995; Walsh et

al., 2006). Moreover, if such losses are accompanied by unmanaged exploitation of fish with

specific traits, the population risks entering a state of irreversible collapse (Kuparinen et al.,

2014), especially when additionally paired with ecological processes, such as Allee effects

(Winter et al., 2020), environmental fluctuations, demographic stochasticity, etc (Wootton &

Pfister, 2013). The Allee effect in depleted fish populations, for instance, could explain the
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lack of recovery of the stocks even after substantial fishing reductions, as it has been

observed for a cod population off the coast of Canada (Hutchings & Reynolds, 2004).

The Eastern Baltic Cod.

The Atlantic cod (Gadus morhua) is one of the most economically important species

for fisheries in the North Atlantic, with more than 100 years of research (Marteinsdóttir &

Rose, 2019). This species became the dominant predatory fish of the continental shelf of the

northern seas and currently has 26 recognized stocks, with potentially more reproductive

units (Marteinsdóttir & Rose, 2019). Two of these stocks are found in the Baltic Sea: the

Western Baltic (WB) cod and the Eastern Baltic (EB) cod. These populations differ from

other Atlantic populations because they live in a brackish, semi-enclosed sea with a

horizontal gradient of salinity that decreases towards the northeastern areas

(Snoeijs-Leijonmalm et al., 2017). The Baltic Sea also presents a strong vertical salinity

gradient due to the surface riverine inflow (low salinity) and the bottom inflow from the

North Sea (high salinity), creating hypoxic, eventually anoxic, waters at the bottom

(Snoeijs-Leijonmalm et al., 2017). Therefore, the Baltic cod, in particular the EB stock, has

adapted to a low salinity environment prone to hypoxic conditions, and consequently

developed a relationship between the unique environmental conditions and its recruitment

and distribution (Righton & Metcalfe, 2019). The EB cod is considered a separate population

from WB cod due to a limited geographical overlap (Neuenfeldt et al., 2013; Righton &

Metcalfe, 2019), in which individuals of both stocks co-occur in the Arkona basin while

genetic exchange among them is rarely detected (Hemmer-Hansen et al., 2019). Their genetic

isolation is due partly to their reproductive isolation caused by a mismatched spawning

season and partly due to the egg characteristics of the EB cod, which are locally adapted to

their habitat (Nielsen et al., 2001).

The EB cod was overexploited for decades until the closure of fisheries in 2019,

leading to the decline in fishing mortality (ICES, 2019b). Despite that, the stock hasn’t been

recovering as expected, as there has been an absence of larger cod adults, decline of spawning

stock biomass, continuous decline of physical conditions, and a limited range of distribution

(Eero et al., 2015; ICES, 2019b). Considering that the Baltic ecosystem is currently subject to

a strong multi-factorial stress (Reusch et al., 2018), the EB cod population is being

continuously exposed to stressful conditions due to climate change, nutrient loading, regime

shifts, and deoxygenation (Carstensen et al., 2014; Casini et al., 2009; Mackenzie et al.,

2007; Meier et al., 2019). These environmental factors pose ecological challenges to the
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population through the deterioration of its spawning grounds, the expansion of hypoxic

conditions, the increased consumption of its eggs by sprat and herring, and the disruption of

food webs (Casini et al., 2009; Casini et al., 2016; Köster et al., 2005; Limburg & Casini,

2019). One aspect of special concern is the rise in egg mortality due to the expansion of

anoxic conditions. The low salinity of the Baltic causes eggs to have negative buoyancy and

sink; if the eggs sink into a hypoxic or anoxic zone, mortality will be severe (Chabot &

Claireaux, 2019). The production of eggs with enough buoyancy to float above these areas is

dependent on parental characteristics, in particular related to the larger and older females in

good physical conditions (Vallin & Nissling, 2000).

It is possible that genetic diversity declines may have occurred alongside the

demographic and phenotypic decreases, as reported in cod populations of the southern Gulf

(Swain et al., 2007). If similar losses of genetic diversity are occurring in the EB cod, it could

become an additional obstacle in the stock recovery. When losing genetic diversity, the

population loses adaptive potential, becoming more susceptible to extinction risks and less

resilient to environmental shocks (e.g. climate change) and increased fisheries (Winter et al.,

2020). As one of the most economically important stocks in Baltic Sea fisheries (ICES

2019a), an assessment and monitoring of their genetic diversity is vital for fisheries

management of this exploited population.

Mitochondrial DNA.

One commonly used methodology to assess genetic variation is the analysis of

mitochondrial DNA (mtDNA) diversity. Animal mtDNA has been used as a genetic marker

due to its inheritance in “blocks” (i.e haplotypes), high mutation-fixation rate, limited repair

ability, higher gene conservation, elevated copy numbers per cell, small genome size, etc

(Desalle et al., 2017; Hartl & Clark, 1997; Harrison, 1989; Wan et al., 2004). Moreover, the

maternal inheritance of mtDNA presents another advantage in this study. The survival of eggs

in future hypoxic/anoxic conditions is dependent on the presence of larger female adults

(Vallin & Nissling, 2000), which are also an ideal target to fisheries due to their larger sizes.

Therefore, a bottleneck effect would likely leave signatures in the mitogenome. The unique

set of characteristics of the mtDNA enable a higher resolution of evolutionary and

demographic processes within a few generations than other genetic markers (Desalle et al.,

2017; Nyström et al., 2006; van der Valk et al., 2018; Xenikoudakis et al., 2015). In

population ecology, mtDNA can be a powerful tool as it provides information on population

structure and differentiation, phylogeography, demographic history, and diversity (Ganbold et
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al., 2020; Gariboldi et al., 2016; Jørgensen et al., 2018; Skurikhina et al., 2018; van der Valk

et al., 2018).

Furthermore, analysis of long-term temporal trends in mtDNA diversity presents a

unique opportunity to complement the population data, since the information from single

time points may be biased by long-term temporal fluctuations, life-history traits,

demographics, or even by genetic purging (Hedrick & Garcia-Dorado, 2016; Lage &

Kornfield, 2006; Romiguier et al., 2014). Therefore, fisheries management of the EB Cod

will greatly benefit from obtaining information on current and past mtDNA diversity and its

temporal trends. This will help clarify if genetic variation is declining and whether fisheries

play a role in it, which would eventually enable us to predict any potential extinction risks

that are relevant to the future of fishing industries.

Study objectives.

Overharvesting populations has been correlated to the decay of genetic diversity

(Pinsky & Palumbi, 2014). Therefore, if the EB cod is under a strong size-selective pressure

from FIE, their genetic diversity might be in decline as well. Despite evidence for decreased

individual length and physical conditions (ICES, 2019b), there is not enough genomic data

available to support an evolutionary response in this population. Preliminary data on our

sampled population indicates a decline in phenotypic traits as well, such as a decreasing trend

of average length over time (Fig. 1), and the disappearance of large cod individuals in more

recent years (Fig. 2). In order to assess if there are any mitochondrial DNA changes during

the last 23 years, five different time points were analyzed for diversity, differentiation, and

demographic history. Two neighboring populations, from the North Sea and Western Baltic,

as well as an outgroup composed of paleontological specimens, were used as reference

points. Additionally, single nucleotide polymorphisms (SNPs) in EB cod were used to scan

for signatures of selection, through variant annotation and temporal trends analyses.

This study aims to expand the knowledge on the mitogenome of the EB cod

population while also supporting the long-term monitoring programs of the Baltic Sea. By

improving our knowledge on the current state of the stock, better informed management and

conservation decisions can be drawn, which then can guarantee the future of the population.

Moreover, in a broader sense, the analysis of long-term temporal trends also aids the process

of understanding the mechanisms of FIE and how, and/or if, we can detect its signatures of

selection through mitochondrial markers.
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Figure 1. Mean length (cm) of sampled Eastern Baltic cod individuals caught in the

Bornholm basin from 1996 to 2019. Dots indicate the mean value for the year and the

connecting lines indicate trends. Black: average between males and females; red: average for

females; blue: average for males.

Figure 2. Count of fish individuals in length classes (cm) of sampled Eastern Baltic cod

caught in Bornholm basin in the five time points selected for the study. Dashed lines indicate

the mean value for each year.
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Material & methods

Sampling. Genetic material was extracted from archived cod otoliths (1996 - 2012) and fin

clips (2012 - 2019) collected at the annual Alkor cruise research expeditions in the Baltic Sea.

From five time points (1996, 2002, 2008, 2014, and 2019), at least 20 mature individuals

were randomly chosen to be analyzed. Within each sampling group, a balanced sex ratio was

maintained.

DNA extraction and sequencing.

Otoliths. To avoid cross-contamination, any tools (e.g. forceps) utilized to manipulate the

otoliths were cleaned with ethanol 70%  and then sterilized in a Bunsen burner. Each otolith

was incubated for around 12h in a tissue lysis solution (950 µL of lysis buffer + 50 µL of

proteinase K) at 40 ºC. After incubation, the lysate solution was centrifuged at 700 RPM for 2

minutes in order to be separated from suspended solid particles (pellets). The resulting

solution was separated from the pellets and centrifuged at 14.000 RCF for 3 minutes in

Millipore 30 KDA columns with filters. Then, the filters were reversed in new, clean

Millipore collection tubes, and centrifuged again at 1000 RCF for 2 minutes. The resulting

concentrated extract was collected and purified using Qiagen QIAquick® PCR Purification

Kit. The purified solution went through two more incubations at 55 ºC after adding an elution

buffer (40 µL and 20 µL, before each incubation). Then, 2 µL of extracted material were

analyzed in a Qubit® 2.0 Fluorometer (Thermo Fisher) in order to measure their DNA

concentration. Lastly, the material was frozen at -20 ºC until sequencing, and the remaining

otolith was rinsed with Milli-Q® water and stored in a new paper bag.

Microsatellite analysis. The samples went through microsatellite analysis to check for

cross-contamination. First, for the PCR protocol, a master mix was prepared by mixing 400

µL of primer mix, 5 µL of each of eight primers (40 µL total), 960 µL of RNase-free water,

and 500 µL of Qiagen Multiplex® PCR Master Mix. In a 96-well plate and with a stepper

pipette, 9 µL of the master mix was added to each well, and then 1 µL of DNA sample was

mixed in. The plate was sealed, vortexed, and centrifuged for one minute. Then, it was placed

on a PCR Cycler with a cover following a pre-set program: a) initial denaturation at 96 ºC for

15 minutes; b) 27 cycles of denaturation at 94 ºC for 30 seconds + annealing at 57 ºC for

three minutes + extension at 72 ºC for one minute; c) final extension at 60 ºC for 30 minutes.
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When ready, in a new 96-well plate, 9 µL of a Hi-Di™ mix (one aliquot of Hi-Di™

Formamid - Thermo Fisher Applied Biosystems™ + 25 µL of GeneScan™ LIZ dye Size

standard™ - Thermo Fisher Applied Biosystems™) was added to each well and mixed in

with 1 µL of the PCR product. The plate was covered, centrifuged, and was put in a

thermocycler for denaturation at 95 ºC for two minutes. Afterwards, the plate was inserted in

the genetic analyzer (Thermo Fisher Applied Biosystems™ ABI PRISM® 3100 Genetic

Analyzer) for capillary electrophoresis. Any samples presenting multiple peaks, a sign of

potential cross-contamination, were excluded from further analysis.

Fin clips. For the years 2014 and 2019, DNA material was extracted from fin clips. One fin

clip per individual had a small section cut (up to 25 mg) with clean, sterilized scissors, and

incubated up to two hours at 56 ºC in lysis solution (180 µL of buffer ATL + 20µL of

proteinase K). After the incubation period, DNA extraction was done following all the steps

in the protocol Purification of Total DNA from Animal Tissues (DNeasy 96 Protocol) for the

Qiagen DNeasy® Blood & Tissue Kits. The resulting material was then frozen at -20 ºC until

sequencing.

Sequencing. Extracted DNA material went through whole-genome resequencing aiming for

an average depth of 15x. Using Illumina DNA Prep® kit (Illumina, San Diego, USA), a pilot

sequence run for 16 individuals from the 1996 population was performed by the Ancient

DNA Laboratory at the Institute of Clinical Molecular Biology (IKMB) on an Illumina 6000

S4 Flowcell. Library preparation of the remaining otolith samples (15 additional otoliths from

1996; 22 otoliths from 2002; 24 otoliths from 2008) was performed at the Norwegian

sequencing center using Illumina Nextera® DNA Library Preparation kit (Illumina, San

Diego, USA). The finclip samples (20 finclips from 2014; 20 finclips from 2019) were

prepared using the Illumina DNA Prep® kit (Illumina, San Diego, USA), and sequenced on

an Illumina 6000 S4 Flowcell (Illumina, San Diego, USA) with 2x150 bp

paired-end-sequencing, at the Competence Centre for Genomic Analysis (CCGA) Kiel.

Bioinformatics and variant calling. A visual workflow of how the sequences were prepared

for downstream analyses can be seen in Figure 3.

Preparation of sequences. Raw sequence reads of the temporal populations were converted to

BAM files using GATK (McKenna et al., 2010) FastqToSam v. 4.0.12 command line. The
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resulting unmapped sequences had their Illumina adapters marked using GATK

MarkIlluminaAdapters v. 4.0.3. Individuals from the 1996 population which had more than

one sequence run were combined into one single sequence for further analysis, using

samtools (Li et al., 2009) merge v.1.10. Sequences were then mapped against the Atlantic cod

reference mitochondrial genome (GenBank: X99772.1 by Johansen & Bakke, 1996), using

bwa-mem v. 0.7.17 (Li, 2013) and indexed with samtools index v.1.10. Alignment files were

further processed by removing duplicate and unmapped reads, following GATK Picard

v.2.27.5 and samtools view v.1.10 pipelines, respectively. The resulting alignment files went

through quality control with GATK Picard toolkit and qualimap bamqc v.2.2.2a

(García-Alcalde et al., 2012), and were then visually inspected in the Integrative Genomic

Viewer (IGV) software v.2.10.3 (Thorvaldsdóttir et al., 2013).

To compare the diversity indices of EB Cod, three outside Atlantic Cod populations

(henceforth referred as “outgroups”) were chosen for comparison: 22 samples from the

Western Baltic (WB) (Barth et al., 2019), 24 from the North Sea (NS), and 14 ancient (AN)

samples from Haithabu and Schleswig paleontological sites (Martínez-Garcia et al., 2021).

Sequences from WB were obtained from raw reads and had the same mapping and filtering

steps as previously done for EB. Samples from NS and AN were obtained already processed

and filtered, and were then treated to be compatible with our EB samples: first, to standardize

headers and read group names in BAM files, a samtools view and sed pipeline were used,

followed by indexing with samtools index. Then, all non-mitochondrial reads were filtered

out with bamtools split v.2.5.1 (Barnett et al., 2011) followed by visual inspection with

samtools idxstats v.1.18.3.

Variant calling. Variant calling was performed simultaneously with all temporal and outgroup

populations using GATK HaplotypeCaller v.4.1.4.1, with ploidy set to 1, and gVCF files

were created through GATK GenomicsDBImport v.4.0.10.0 and GenotypeGVCFs v.4.0.1.2.

Single nucleotide polymorphism (SNPs) variants were then filtered with bcftools query v.1.15

(Danecek et al.

For each individual in the EB and WB populations, consensus sequences were built using

bcftools consensus v.1.15, aligned using MAFFT online tool (Katoh et al., 2019), and

visually inspected in Aliview v. 1.0 software (Larsson, 2014).

11



Figure 3. Bioinformatics pipeline used to prepare the sequences for downstream analyses.

Bold letters indicate which toolkit or software was used. Colors indicate the type of file:

yellow = fastq; green = BAM/SAM; red = VCF/gVCF; grey = FASTA; blue = diverse. * and

** indicate the starting point for EB and WB cod, respectively.

Mitochondrial genome diversity in Atlantic cod.

Mitochondrial genetic diversity. In DnaSP v.6 (Rozas et al., 2017), SNPs and Indels were

used to measure the genetic diversity in each population through the following diversity

indices: number of haplotypes (H) and haplotype diversity (Hd), nucleotide diversity (π),

number of polymorphic sites with (S) and without (S*) singletons, and pairwise nucleotide

differences (k). Additionally, to determine whether the variations are under neutral evolution,

the neutrality tests Tajima’s D (TD) (p < 0.05) and Fu’s Fs (F) (p < 0.02) were calculated,

also in Dnasp v.6.

Population differentiation. Genetic differentiation between populations were measured

through Wright’s F statistic ( ) and interpopulation nucleotide diversity ( ). The𝐹
𝑆𝑇

δ
𝑆𝑇

dissimilarity between populations based on the values of  and   was then visualized through a

Principal Component Analysis (PCoA) plot created in R x64 4.1.2. Additionally, pairwise

genetic distances ( ) between temporal populations and outgroups (100 permutations,π
𝑃𝑊
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1000 permutations for Mantel test) were calculated using Arlequin 3.5 (Excoffier & Lischer,

2010).

Haplotype analysis. To assess the genetic relationships between populations, haplotype

networks were generated in PopArt v. 1.7 (Leigh & Bryant, 2015), using a median-joining

network algorithm. Two networks were generated: one for the whole mitogenome of

temporal and outgroup populations, and one only with EB haplotypes for better visualization.

Mitochondrial genome diversity in Eastern Baltic cod.

Genetic differentiation. To assess variation between different time points, an analysis of

molecular variance (AMOVA) with 1000 permutations was done in Arlequin 3.5.

Variant annotation. In order to determine whether the SNPs from EB cod are located in

coding (CDS) or non-coding (NC) regions, an annotation file for the Atlantic cod

mitogenome was generated using MITOS web server (Bernt et al., 2013). Variant annotation

was then performed using bedtools intersect v.2.30.0 (Quinlan, 2014). The total number of

occurrences of SNPs per gene was standardized as the number of variants per 100 bp and

then plotted with R x64 4.1.2. Then, allele frequencies (AF) of variants were plotted per year,

divided between CDS and NC regions, also in R x64 4.1.2.

Results

Sequencing and variant calling. A total of 117 samples were obtained from the temporal

populations: 31 sequences for 1996 (female:male ratio of 1:0.72); 22 for 2002 (1:1.2); 24 for

2008 (1:1.18); 20 for 2014 (1:1); 20 for 2019 (1:1.2). Phred-scaled mean mapping quality

was 59.6 with a mean mapping coverage of 157X. The 22 individuals from the WB

population (1:1.2) had a mean mapping quality of 59.87, and a mean coverage of 206X.

Variant calling after filtering, for all 177 individuals from the temporal and outside

populations, found 949 variants: 914 SNPs and 35 indels. When considering only the EB cod

populations, 546 variants were found, of which 466 are SNPs and 80 are indels. Singleton

variants composed a considerable part of polymorphic sites for all populations analyzed

(Table 1). Nevertheless, they were included in the genetic diversity indices analysis due to the

high mapping quality (mean MQ: 59.72) and read depth (mean RD per site: 57326).
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Mitochondrial genome diversity in Atlantic cod. All the populations analyzed had an

expressive presence of unique haplotypes and no changes in diversity over time, despite

slight differences between Baltic cod and the outgroups. Across temporal populations, a total

of 114 haplotypes were found, associated with high haplotype diversity values (Hd = 1.00),

with 2008 being slightly lower (Hd = 0.98) (Table 1). Outgroups also presented high

haplotype diversity (Hd = 1.00). High levels of Hd are compatible with the high proportion of

singleton variants (between 43 - 65% of total polymorphic sites). Nucleotide diversity was

the same for WB and temporal populations (π = 0.002), with exception of the time point 2008

when it decreased slightly (π = 0.001) (Table 1). For AN and NS, it was estimated to be

higher: π = 0.004 and π = 0.003, respectively (Table 1). When analyzed by pairwise

nucleotide differences (k) the same pattern is observed, in which the 2008 population presents

the lowest value (k = 25.27), while AN has the highest (k = 62.10) (Table 1).

Tests of neutrality indicated an excess of rare alleles in all populations. Tajima's D

(TD) yielded negative values for all populations analyzed, although only 2008 (TD = -1.81; p

= 0.017) and NS (TD = -1.85; p = 0.015) have statistically significant results (Table 1).

Similarly, Fu’s Fs was negative for all populations analyzed, but only 1996 (F = -9.108; p =

0.003) and 2002 (F = -5.10; p = 0.015) were statistically significant (Table 1).

Pairwise comparisons of genetic differentiation and indicated lowδ
𝑆𝑇

𝐹
𝑆𝑇

differentiation overall. Values of ranged between 0.00002 and 0.00017, and the higherδ
𝑆𝑇

values were found mostly in comparisons between the AN population and 1996 ( =δ
𝑆𝑇

0.00012); 2008 ( = 0.00015); 2014 ( = 0.00016); and NS ( = 0.00012). According toδ
𝑆𝑇

δ
𝑆𝑇

δ
𝑆𝑇

values, there is a very weak genetic structuring between the populations, ranging between𝐹
𝑆𝑇

0.00 and 0.09. Lack of genetic structure ( = 0.00) concentrated mostly in pairwise𝐹
𝑆𝑇

comparisons between temporal populations, but not for those including 2008, where some

structuring was detected (0.01 - 0.04). The difference is slightly more expressive between

2008 and AN ( = 0.05), and NS ( = 0.09). When analyzing the PCoA results,𝐹
𝑆𝑇

𝐹
𝑆𝑇

populations from 1996, 2002, and 2019 have low dissimilarity, for both indices (Figure 4).

Populations with higher dissimilarity are 2008, AN, and NS, for both indices (Figure 4).
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1996 2002 2008 2014 2019 AN WB NS

N 31 22 24 20 20 14 22 24

SR 1:0.72 1:1.2 1:1.18 1:1 1:1 N/A 1:1.2 N/A

H 31 22 21 20 20 14 22 24

Hd 1.00 1.00 0.98 1.00 1.00 1.00 1.00 1.00

S 244 176 179 201 176 303 192 343

S* 111 101 67 87 84 107 72 119

π 0.002 0.002 0.001 0.002 0.002 0.004 0.002 0.003

k 41.82 38.6 25.27 43.87 37.17 62.10 34.20 49.76

TD -1.22 -0.82 -1.81* -0.94 -1.04 -1.57 -1.43 -1.85*

F -9.108** -5.10** -2.82 -3.78 -4.38 -1.08 -5.66 -4.83

Table 1. Estimates of genetic diversity statistics for temporal populations of the Eastern

Baltic cod (1996 to 2019) and outgroups (AN: ancient; WB: Western Baltic; NS: North Sea),

using SNPs and Indels. N: sample size; SR: sex ratio (female:male); H: number of

haplotypes; Hd: haplotype diversity; S: number of polymorphic sites; S*: number of

polymorphic sites excluding singletons; π: nucleotide diversity; k: average number of

pairwise nucleotide differences; TD: Tajima's D; F: Fu's Fs. Significant values of neutrality

test are marked as * (p < 0.05) and ** (p < 0.02). Sex ratio for AN and NS were not available

(N/A).
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Figure 4. Genetic differentiation between temporal populations of the Eastern Baltic cod

(1996: EB96; 2002: EB02; 2008: EB08; 2014: EB14; 2019: EB19) and outgroups (AN:

ancient; WB: Western Baltic; NS: North Sea). Left: interpopulation nucleotide diversity ( );δ
𝑆𝑇

right: Wright’s F statistic ( ).𝐹
𝑆𝑇

Population pairwise nucleotide differences ( ) indicate that temporal populationsπ
𝑃𝑊

do not differ significantly amongst themselves (except between 1996 and 2008) and WB cod.

The variation is higher when compared to the outgroups. The differences were higher

between AN and all other analyzed populations, while 2008 and NS shared the most similar

values (Table 2). Statistically significant  comparisons (p-value < 0.05) were found between

AN and 1996 (2.82), 2008 (3.39), 2014 (3.15), and NS (1.87); between 2008 and 1996 (1.6),

and NS (3.99).

The haplotype genealogy does not show a strong differentiation between populations,

neither temporally or spatially (Fig. 5 & 6). A limited structuring is seen between Baltic

samples (both WB and EB) and NS and AN samples (Fig. 5). Haplotypes from the outgroups

AN and NS are majorly concentrated in between clusters, including one exclusive middle

branch, but with no shared haplotypes. The only shared haplotypes are those from the Baltic

populations, including WB. Even when considering only temporal populations, there is

limited structuring (Fig. 6). Almost all nodes are composed of a single haplotype, indicating
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the presence of many unique haplotypes. Exceptionally, there are three nodes with shared

haplotypes of specimens from 2008, 2002, and 2014; 2002 and 2008; and 1996 and 2008.

Populations 1996 2002 2008 2014 2019 AN WB NS

1996 61.63 49.80 47.68 53.31 49.73 66.16 49.67 58.18

2002 0.00 38.51 35.67 40.64 38.25 54.01 37.74 46.30

2008 1.60* 1.16 30.52 38.40 35.65 51.18 34.45 45.27

2014 0.65 0.00 1.30 43.68 41.80 57.52 41.42 48.62

2019 0.00 0.00 0.60 0.17 39.58 54.31 37.58 46.96

AN 2.82* 2.22 3.39* 3.15* 1.99 65.05 52.65 60.42

WB 0.14 0.00 0.48 0.86 0.00 1.40 37.44 45.99

NS 1.34 1.02 3.99* 0.76 1.15 1.87* 1.25 52.04

Table 2. Population pairwise differences ( ) between temporal populations of the Easternπ
𝑃𝑊

Baltic cod (1996 to 2019) and outside populations (AN: ancient; WB: Western Baltic; NS:

North Sea). Diagonal elements: average differences within populations; above diagonal

elements: average differences between populations; below diagonal elements: standardized

average differences. Significant p-values are marked with * (p-value < 0.05).
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Figure 5. Haplotype median-joining network of temporal populations of Eastern Baltic cod

(dark green: 1996; light green: 2002; pink: 2008; lilac: 2014; yellow: 2019) and outgroups

(red: Western Baltic (WB); grey: Ancient; cyan: North Sea (N Sea)). Black dots represent

median consensus sequences in between clusters. Mutation steps are shown in parenthesis.
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Figure 6. Haplotype median-joining network of temporal populations of Eastern Baltic cod

(dark green: 1996; light green: 2002; pink: 2008; lilac: 2014; yellow: 2019). Black dots

represent median consensus sequences in between clusters. Mutation steps are shown in

parenthesis.

Mitochondrial genome diversity in Eastern Baltic cod. There were no detectable changes

in genetic diversity over time in the EB cod population. AMOVA results (Table 3) indicated

that the largest source of variation is within populations (99.37%) rather than between

populations of different years (0.63%). Such lack of genetic differentiation between years is

also supported by a low fixation index = 0.006. Accordingly, AMOVA results were not𝐹
𝑆𝑇

statistically significant (p-value > 0.05).
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Source of

variation

df Sum of

squares

Variance % of variation

Among

populations

4 101.26 0.12 0.63

Within

populations

112 2470.76 22.06 99.37

Total 116 2572.02 22.20 100

Fixation Index FST: 0.006

Table 3. Analysis of Molecular Variance (AMOVA) between and within temporal

populations of the Eastern Baltic cod (p-value > 0.05). df: degrees of freedom.

To verify whether specific genomic regions are under selective pressure, the location

of the SNPs in the mtDNA was analyzed. The occurrence of variants was higher in certain

regions, although no significant pattern indicative of selection was found. SNPs annotation of

EB cod populations resulted in 354 variants located in CDS regions and the remaining 112 in

the NC region. SNPs sites in CDS regions were distributed mostly at the genes NADH2 (44),

NAD4 (40), ND5 (76), and CYTB (43), while ATP8 (2) and NAD4L (3) presented the lowest

distributions (Figure 7). This distribution pattern was consistent throughout the years. In NC

regions, the majority of SNPs were found in the Control region (CR) (30), 16S-rRNA (26),

and 12S-rRNA (22) (Figure 8).
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Figure 7. SNPs frequencies per coding (CDS) region in all temporal Eastern Baltic cod

populations. Number of variants is standardized per 100 bp.

Figure 8. SNPs frequencies per non-coding (NC) region in all temporal Eastern Baltic cod

populations. Number of variants is standardized per 100 bp.
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An additional analysis of temporal trends of allele frequencies was done in order to

verify if specific loci are under long term selective pressures. Allele frequencies of SNPs

showed a few fixed variants, both in CDS (Figure 9) and NC (Figure 10) regions. In CDS,

fixed alleles were mostly in genes associated with the first protein complex of the respiratory

chain (NADH: ubiquinone oxidoreductase, or Complex I); the Cytochrome c oxidase

(Complex IV); the Cytochrome b region; and with ATP6. In NC, fixed alleles were found in

the regions of the 16S-rRNA; the tRNA-Gln; and the tRNA-Glu. Additionally, allele

frequencies of some SNPs showed a distinct pattern of sudden changes between 2002 and

2008, followed by a return to previous values from 2014 onwards. In CDS, such changes

were found mostly in Complex I, followed by Cytochrome b and ATP6. In NC, the changes

are found mostly in the CR and intergenic spaces.

Figure 9. Temporal trends of allele frequencies of SNPs located in coding (CDS) regions of

Eastern Baltic cod temporal populations (red: 1996; yellow: 2002; green: 2008; blue: 2014;

pink: 2019).
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Figure 10. Temporal trends of allele frequencies of SNPs located in non-coding (NC) regions

(excluding intergenic variants) of Eastern Baltic cod temporal populations (red: 1996; yellow:

2002; green: 2008; blue: 2014; pink: 2019).

To verify that the sudden allele frequency changes in 2008 were not caused by

sequencing artifacts and/or lower data quality, a new quality control check was done only for

the consensus sequences from 2008. Phred-score mapping quality had a minimum of 48.99

and an average of 59.92 (Figure 11), while read depth had a minimum of 6604X and a mean

of 39434X (Figure 12). Given that all measures are within the threshold of high confidence

calls, the data was kept in the study.
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Figure 11. Density distribution of RMS (root mean square) Phred-score mapping quality of

all 2008 consensus sequences. Mean (red line): 59.92.

Figure 12. Read depth of SNPs for all 2008 consensus sequences. Mean (red line): 39433X.
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Discussion

Genetic diversity and demographic history.

Here, temporal data of Eastern Baltic cod was compared to three outgroups of

Atlantic cod in order to verify whether fishing pressures have impacted mitochondrial DNA

diversity over the last 23 years. The EB cod has maintained stable mtDNA diversity levels

between 1996 and 2019, with no significant changes in either of the analyzed indices.

Temporal stability of genetic diversity despite intense harvesting has already been reported in

nuclear markers and at the genome level of Atlantic cod, suggesting that wild populations are

responding to overfishing through phenotypic plasticity and/or by maintaining high effective

population sizes ( ) (Pinsky et al., 2021; Therkildsen et al., 2010). The of fish stocks can𝑁
𝑒

𝑁
𝑒

remain high despite declines in biomass (Poulsen et al., 2005; Therkildsen et al., 2010), given

that it can take hundreds of generations for the decrease to be reflected in (Hauser &𝑁
𝑒

Carvalho, 2008). Consequently, the effects could take even longer to be detected in the

genome of species with high , especially when considering only a single locus, such as the𝑁
𝑒

mtDNA (Karlsen et al., 2014; Kersten et al., 2021). The stability of mitogenomic diversity in

exploited stocks is also seen in other populations with high estimates, for instance in the𝑁
𝑒

Pacific herring (Moss et al., 2016) and the blue jack mackerel (Moreira et al., 2019).

Furthermore, the EB cod diversity indices are comparable to those found in the

Western Baltic population, yet slightly lower when compared to the North Sea and ancient

specimens. The higher variation in paleontological samples, nevertheless, has to be carefully

interpreted, as the higher diversity levels might be an artifact caused by a mix of populations

in this sub-sample. The decrease in diversity between the North sea and the Baltic, however,

has been described for many populations, especially when considering mtDNA as a marker

(Johannesson & Andre, 2006). Ecologically marginal environments, such as the Baltic Sea,

often house populations that are peripheral to their species’ main distribution (Johannesson &

Andre, 2006). Genetic diversity assessments in peripheral populations have shown that these

represent lower genetic variation compared to their main population (David & Wright, 2017;

Schwartz et al., 2003) and tend to reveal some level of differentiation (Yamaguchi et al.,

2010). In support of that, population differentiation analyses indicate the presence of a weak

structuring between all populations, in particular separating the Baltic populations from the

AN and NS groups. Although most marine fish populations have been considered to be in a
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state of panmixia due to a lack of physical barriers and high dispersal potential (Craig et al.,

2007; Roberts & Ayre, 2010; Pan et al., 2020), increasing evidence supporting local

adaptation despite gene flow have challenged this assumption (Limborg et al., 2012; Milano

et al., 2014; Nielsen et al., 2009; Therkildsen et al., 2013). Johannesson & Andre (2006) have

found that the major driver of differentiation between Baltic and Atlantic populations is the

selection of adaptive traits favorable in the unique conditions of the Baltic. For instance, the

salinity and oxygen conditions have driven the adaptation of reproductive traits in EB cod

(Andersen et al., 2009; Kijewska et al., 2016), resulting in the production of larger and lighter

eggs that are neutrally buoyant in the low salinity waters of the eastern Baltic, and therefore

preventing them from sinking into the hypoxic layers (Vallin & Nissling, 2000). As a

consequence, divergent selection acting on reproductive traits and spawning season has risen

as an efficient barrier to gene flow. Such adaptations have already been linked to genetic

divergences in the genome of Baltic cod (Barth et al., 2017; Berg at al., 2015; Nielsen et al.,

2009; Wenne et al., 2020), and are regarded as evidence that local adaptation is driving an

ongoing process of differentiation (Berg at al., 2015). Although this conclusion supports

other findings of weak population structuring in mtDNA between EB, WB and NS

(Martinez-García et al., 2021; Nielsen et al., 2005; Wenne et al., 2020), the signals of

population structuring are stronger in the nuclear genome (Árnason & Halldórsdóttir, 2015;

Berg et al., 2016; O'Leary et al., 2007). This disparity suggests that the driver behind the

variation in mitochondria is not the same as in the nuclear genome.

In order to elucidate whether this variation is evolving neutrally or under selective

forces, the neutrality tests Tajima’s D (TD) and Fu’s Fs (F) were utilized in this study. All the

populations presented negative values, indicating an excess of low frequency polymorphisms,

a result usually associated with selective sweeps (Fu, 1997; Tajima, 1989). A selective sweep

takes place when a new advantageous polymorphism eliminates and/or reduces variation in

linked neutral sites (Nielsen et al., 2005), consequently lowering nucleotide diversity and

increasing the frequency of rare alleles (Fu, 1997; Smith & Haigh, 1974; Tajima, 1989).

However, demographic forces (e.g. bottlenecks, population expansions) also affect genetic

diversity and produce similar deviations from neutrality (Fu & Li, 1993; Jensen et al., 2005;

Ramírez-Soriano et al., 2008; Tajima, 1989; Williamson et al., 2005). Previous studies have

shown evidence that the mitogenome of Atlantic cod appears to be under neutral evolution

(Marshall et al., 2009), thus our results are most likely indicators of a population expansion.

Most Atlantic cod mtDNA lineages, including the NS population, have their time of origin
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around 100–150 kya, in a period associated with a series of population expansions

(Martinez-Garcia et al., 2021) driven by  major climatic events (Bigg et al., 2008; Lait et al.,

2018). The Baltic mitochondrial lineage has appeared around 10 kya, alongside the most

recent population expansion of Atlantic cod (Martinez-Garcia et al., 2021). The time of origin

of this lineage is in agreement with the development of the Baltic sea and the probable origin

of the Baltic cod. A passageway to the Kattegat was formed between the Ancylus Lake and

the North Sea, giving rise to the Littorina Sea, the predecessor of the Baltic Sea (Björck,

1995). At this time, many marine species invaded the Littorina Sea, including the Atlantic

cod (Schmölcke, 2006). Therefore, it is likely that the deviation of neutrality of the EB cod

mitogenome is reflecting the expansion event that gave origin to the Baltic population. This

supports mtDNA as a useful marker for deep history information, but likely can not reflect

shorter time scale changes, such as the one considered in this study.

The common demographic history between the outgroups and EB cod can also be

visualized through the relationship between their haplotypes. Even though haplotypes from

all the populations are closely related (e.g. few mutation steps in between nodes, shallow

topology), the haplotypes from the NS and AN specimens are majorly concentrated in

between the Baltic clusters rather than completely mixing in. The central location of AN and

NS, therefore, suggests that the full haplotypic diversity of north Atlantic cod migrated into

the Baltic, followed later by a gain of variants in the Baltic populations, driving their

haplotypes to the tips of the branches. Omland et al. (2006) have described this network

topology as an intermediate stage of divergence, or “intermediate polyphyly”, which has been

found in other populations going through processes of divergence (Peters et al., 2005, Robalo

et al., 2020). Populations that share a common evolutionary origin tend to carry similar

haplotypes, but novel haplotypes are usually not shared (Castelloe & Templeton, 1994;

Moore et al., 2013; Omland et al., 2006; Städler et al., 2005). Only three nodes share

haplotypes and these are exclusive from the Baltic populations. Each population presents a

high frequency of singleton variants (from 43% to 65% of the polymorphic sites), which

gives origin to many unique haplotypes and consequently increases the haplotype diversity .

As a result, the network has no central or highly abundant haplotype. This shallow network

topology is common in mtDNA genealogies of fish due to its hyperdiversity, mostly driven

by the high mutation rates of the Control region (Robalo et al., 2020).
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So far, this study has gathered evidence of a stable mitogenomic diversity, weak

differentiation, and signatures of past demographic events. Additionally, it has highlighted the

presence of unique haplotypes in the Baltic sea, suggesting that this environment houses

valuable lineages for the cod mitogenome.

Polymorphisms in the Eastern Baltic cod.

According to the AMOVA, the variation found in the EB cod temporal populations

was attributed mostly to differences between individuals within the same population rather

than between populations. Considering the high numbers of unique haplotypes caused by the

expressive presence of singletons, it is expected that the intrapopulation variation would be

high. The combination of stable genetic diversity levels with weak genetic differentiation are

characteristic of populations connected through high gene flow (Ferreira et al., 2017; Miller

et al., 2009; van de Putte et al., 2012). Given that our temporal populations are reproductively

connected, low to no genetic differentiation was expected.

The location in which such variations are occurring can indicate the presence of

selective pressures acting upon specific traits of the genome, since analyses of specific genic

regions may yield a different result than full mitogenome scans (Feutry et al., 2015; Jensen et

al., 2018) due to varying rates of mutation, functional constraints, etc (Duchêne et al., 2011;

Ho & Lanfear, 2010; Subramanian et al., 2009). The majority of the variation found in the

EB cod mitogenome was found in coding (CDS) regions rather than non-coding (NC)

regions. The genes with highest SNPs occurrences were those from the  first protein complex

of the respiratory chain, the Complex I: ND5, NADH2, NAD4, followed by Cytochrome B

and the Cytochrome c oxidase. This is a pattern already described in the literature (Jørgensen

et al., 2018; Marshall et al., 2009), and it has been attributed to differing mutation rates

caused by the strand-asymmetric replication of the mitochondria (Marshall et al., 2009). The

circular mitochondrial DNA is composed of a heavy strand (H-strand) and a light strand

(L-strand), based on their different guanine compositions (Tanaka & Ozawa, 1994). The

replication process takes place in two parts, starting at different times from different origins

of replication: one for the H-strand ( ) and one for the L-strand ( ). Replication starts at𝑂
𝐻

𝑂
𝐿

, located within the Control region of mitochondria, displacing the parental H-strand while𝑂
𝐻
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the process progresses towards . Once the replication fork passes through , the𝑂
𝐿

𝑂
𝐿

replication of the L-strand starts, then displacing the parental L-strand (Tanaka & Ozawa,

1994). A consequence of this mode of replication is that different regions of the genome are

exposed as a single-strand for different lengths of time, hence providing a potential source of

mutational damage (Bielawski & Gold, 2002; Sanchez-Contreras et al., 2021). The two

regions exposed as single-strand for the longest periods are those immediately downstream of

(CYTB, ND6, ND5, and ND4) and upstream of  (ND1 and ND2). In other words, the regions

with the highest frequency of polymorphisms.

In NC regions, the occurrence of polymorphisms is less frequent compared to CDS.

Although occurrences seem to be equivalent when standardized to 100bp, tRNA regions

presented one to zero SNPs in total, indicating this region to be highly conserved in the

mtDNA, as also proposed by Jørgensen et al. (2018). The 12S-rRNA and 16S-rRNA genes

presented intermediate frequencies of SNPs in total numbers, a trend already observed in

gadidae species by Marshall et al. (2009). These regions are considered to be conserved in

mitochondria, with slower evolutionary rates than the rest of the mitogenome (Di Finizio et

al., 2007; Palumbi, 1996). Amongst the NC regions, the Control region presented the highest

total values of SNPs. This region has been considered a hypervariable region due to reduced

constraints, which accelerates its mutation rate in comparison to the rest of mtDNA (Cui et

al., 2009; Brown, 1985; Zhao et al., 2006). Therefore, the location and frequency of SNPs

found in this study, both in NC and CDS, suggest that the polymorphisms in EB cod are

linked to functional constraints of the mitochondrial DNA rather than to selective forces.

The absence of selection signatures in any specific region points towards neutral

evolution in the EB cod mitogenome. A dN/dS analysis could perform better at detecting

evolutionary pressures in coding genes, nevertheless the presence of sequences from only one

species in this study would violate the assumptions of dN/dS, thus this analysis was not done.

Nevertheless, future studies should consider incorporating sequences from closely related

species of G. morhua in order to detect selective pressures. However, previous studies have

concluded, through dN/dS, that the Atlantic cod mitogenome is under neutral evolution

(Marshall et al., 2009). Moreover, the same patterns of polymorphism occurrences were

found as in this study, which further supports our conclusion of a lack of relevant selective

forces. Therefore, variant annotation analysis of the mtDNA of EB cod does not support a

hypothesis of directional selection.
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The temporal analysis of allele frequency changes has shown sudden oscillations

between time points. Although one could argue that either a very strong selective pressure or

demographic event took place around the early 2000s, the timespan of these changes is likely

too short to be reflected in the mtDNA. These sudden shifts were probably caused by other

factors. For instance, temporal instability could be an effect caused by the sampling design of

this study and the age-structured characteristic of the EB cod population. Multiple spawners,

such as the Atlantic cod (Hutchings et al., 1999), present age-structured populations due to

the presence of cohorts of individuals with different birth years spawning in the same season

(Gotelli, 2008). In this given situation, temporal analysis of allelic frequencies (as well as

estimation of effective population size, ) become sensitive to the sampling design.𝑁
𝑒

Sampling only individuals from a given age class or treating the population as a

homogeneous unit (and, by consequence, randomly sampling the whole population) skews

the allelic frequencies since each cohort contributes differently to the data (Waples & Yokota,

2007). Given that we randomly sampled individuals based on their sexual maturity, the year

they were caught (rather than the year they were born), and not considering an extensive

sampling amongst age groups, it is possible that the sudden shifts in frequencies are being

driven by a generation overlap of the cohorts rather than selective pressures. At the time this

study was done, there was no data on the age of the individuals analyzed, therefore this

information was not taken into account in the study design. Currently, the specimens’ age

data is available, thus this information may be incorporated in future studies in order to avoid

the effects of generation overlap.

Another plausible explanation is the time scale used in this study. Although mtDNA is

considered a fast evolving molecule (Desalle et al., 2017), a 23 years time frame might not be

long enough to understand long term temporal trends and to differentiate between oscillations

caused by directional selection and those caused by genetic drift. Short-term changes in the

strength and direction of selection are expected, and might even be the norm rather than the

exception in short timescales (Bell, 2010; Kingsolver & Diamond, 2011; Therkildsen et al.,

2013), particularly in a dynamic and stochastic habitat such as marine environments. Thus, a

fast change in selection pressures might be driving the sudden oscillations in allele

frequencies observed here. However, it is also possible that the oscillations are simply due to

genetic drift, particularly since the oscillating sites are within the medium frequency range (

), and that such shifts could be within normality throughout the evolutionary history of≃  0. 5

EB cod. To disentangle the effects of selection from the effects of drift (or even demographic
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events) has been a challenge for evolutionary genetics, and a problem usually approached via

nuclear markers (Bassitta et al., 2021; Buffalo & Coop, 2020). Then, for future FIE studies,

not only a longer time window might be needed, but also the inclusion of nuclear markers

data should also be considered in order to properly interpret what is driving the temporal

trends of allele frequencies.

Fisheries-induced evolution in the mitogenome of Eastern Baltic cod.

Although this study has not detected signs of contemporary genetic decline caused by

fishing pressure over EB cod, the use of mtDNA as a molecular marker brings information on

the genetic relationships with related populations and their past demographic history. The

detailed analyses of genomic regions and allele frequencies supported the hypothesis of

neutral evolution in the mitogenome, indicating that the polymorphisms found are linked to

functional constraints, expansion events, and genetic drift.

Despite the lack of signatures of selection driven by fisheries, the information in this

study still provides important insights for FIE studies. Fisheries-induced evolution is a broad

term for the microevolutionary changes a population goes through caused by overharvesting

of stocks based on phenotypes tied to heritable genetic traits (Heino et al., 2015) . The

monitoring of genetic diversity and its temporal trends, then, becomes vital for proper

management of populations under pressure, in order to avoid their total collapse. The goal of

fish stocks management is to secure sustainable production long term, while also promoting

socio-economic well-being (Valenzuela-Quiñonez et al., 2016). In this context, genomics

becomes a useful tool by providing insights of possible evolutionary forces that drive

temporal-spatial heterogeneity, thus allowing proper assessment of the evolutionary potential

and preservation of the evolutionary legacy of exploited stocks (Valenzuela-Quiñonez et al.,

2016). Yet, patterns of genetic diversity integrate effects accumulated over the evolutionary

path of a species, thus it is not always easy to differentiate past demographic forces and

selective pressures from current fishing pressure (Therkildsen et al., 2013). Mitochondrial

DNA can then be used as a marker to help elucidate such questions. For instance, due to its

smaller effective population size, mtDNA has the potential to preserve signals of

demographic events, in a timespan relevant to fisheries, that cannot leave footprints on the

larger effective population size of nuclear markers (Eytan & Hellberg, 2010). Hence, the
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information provided in this study can be integrated into baseline estimates by using

pre-harvest parameters as reference points to management (Marty et al., 2015).

Conclusion

This study highlights the stability of the mitogenome diversity in EB cod despite a

marked decline in numbers and physical conditions of the stock throughout the past decades.

Moreover, it highlights that mtDNA stores information from past demographic events, such

as the expansion of Atlantic cod into the Baltic sea. From then, polymorphisms were

maintained by varying mutation rates within the molecule and a high effective population

size. The apparent low impact that fisheries had over mitogenomic diversity does not imply

that fishing has zero impact over the population, but rather that the variation in mtDNA is

more closely linked to demographic processes and functional constraints of the molecule than

contemporary selective forces, such as FIE. This characteristic, however, places the mtDNA

as a useful tool for management decisions by, for instance, establishing pre-harvest

parameters that can be incorporated into the decision-making processes. Therefore, fisheries

management and conservation decisions can still benefit from the information stored in the

mitogenome. Ultimately, our evidence suggests that the recovery of the Eastern Baltic cod

population will not be constrained by the loss of mitochondrial genome diversity.
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