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ABSTRACT 

Sadler, Daniel 
So long and thanks for all the fish: Fisheries erode adaptive potential 
Jyväskylä: University of Jyväskylä, 2024, 58 p. 
(JYU Dissertations 
ISSN 2489-9003; 777) 
ISBN 978-952-86-0139-5 (PDF) 
Diss. 

Fisheries not only deplete fish populations but are size-selective, removing the 
largest individuals in the population. The effects of directional selection are little 
known compared to bottlenecks and loss of diversity associated with 
overharvesting. This directional selection for body size can lead to loss of 
genomic and phenotypic diversity, leading to a loss of adaptive potential. To 
alleviate population loss, fisheries may halt harvesting to allow for population 
recovery. It is unknown whether a period of recovery prevents further genomic 
divergence and loss of adaptive potential. To address these questions, I used a 
model zebrafish system that had been exposed to five generations of size-
selective harvesting, followed by ten generations of recovery. Two lines had 
experienced directional selection for either large or small body size, whilst one 
line was subject to random removal of individuals. I used a combination of 
molecular approaches and a long-term experimental study system to (1) 
determine the genomic change after an overharvesting event, and whether 
directional selection exacerbates such change, (2) whether a period of recovery 
prevents further genomic divergence, and (3) how directional selection interacts 
with exposure to thermal stress to influence physiology, life history, behaviour, 
genomic markers, and skin microbiota. I found that the change in genomic 
architecture depended on the direction of selection after harvesting and was 
stochastic between line replicates. Furthermore, I found that despite a recovery 
period, genomic architecture continues to change and genomic diversity 
decrease. Moreover, I found that directional selection increases susceptibility to 
thermal stress, decreasing fitness based on phenotypic measurements and 
genomic markers. I also find that a legacy of directional selection does not 
influence skin microbiota. Taken together, a legacy of directional selection can 
alter genomic architecture, and degrade adaptive potential of a population, 
reducing fitness of individuals. Crucially, I find that direction of selection does 
not matter as much as the act of selection itself, and that a balanced harvesting 
approach may be the optimum strategy to manage fisheries. 
 
Keywords: Directional selection; fitness components; fisheries; multiple 
stressors; population genomics; size-selection; thermal stress 
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Sadler, Daniel 
Kokoon kohdistuva kalastus heikentää kalojen adaptiivista potentiaalia  
Jyväskylä: Jyväskylän yliopisto, 2024, 58 s. 
(JYU Dissertations 
ISSN 2489-9003; 777) 
ISBN 978-952-86-0139-5 (PDF) 
Diss. 

Kalastus poistaa suuria määriä ja useimmiten isoja kaloja populaatiosta, koska 
kalastajat suosivat suuria yksilöitä. Tätä kutsutaan suuntaavaksi kalastusvalin-
naksi ja sen vaikutuksista kalapopulaatioihin tiedetään vasta vähän. Kokoon 
kohdistuva suuntaava valinta saattaa vähentää perinnöllistä ja ilmiasuvaihtelua 
populaatiossa, mikä puolestaan saattaa vähentää populaation kykyä sopeutua 
muutoksiin. Kun kalakannan koko pienenee, kalastus voidaan kieltää, jotta po-
pulaatio toipuisi. Ei kuitenkaan tiedetä, tapahtuuko toipumista ja miten kalas-
tuksen lopettaminen vaikuttaa populaation kykyyn sopeutua muutoksiin. Käy-
tin kokeellisia seeprakalapopulaatioita (Danio rerio) ymmärtääkseni kokoon koh-
distuvan kalastuksen ja kalastuksen lopettamisen vaikutuksia kalapopulaatioi-
hin. Populaatiot oli viiden sukupolven ajan altistettu kokoon kohdistuvalle kalas-
tukselle, jonka jälkeen niiden oli annettu toipua kymmenen sukupolven ajan. Ko-
koon kohdistuva valinta suosi joko suurta tai pientä kokoa tai populaatiosta pois-
tettiin satunnaisen kokoisia kaloja. Tutkin (1) kalastuksen aiheuttamia muutoksia 
perimässä ja etenkin vertailin muutoksia suuntaavan valinnan ja satunnaisesti 
valittujen linjojen välillä, (2) muutoksia perimässä, kun kalastus lopetettiin ja (3) 
millaisia vaikutuksia suuntaavalla valinnalla yhdessä lämpötilastressin kanssa 
oli kalojen elinkierto-ominaisuuksiin, fysiologiaan, käyttäytymiseen, perimään ja 
ihon mikrobistoon. Muutokset perimässä riippuivat valinnan suunnasta ja niissä 
oli satunnaisuutta. Kalastuksen lopettamisen jälkeen perimä muuttui edelleen ja 
perinnöllinen vaihtelu väheni. Populaatiot, jotka altistuivat suuntaavalle valin-
nalle, olivat herkempiä lämpötilastressille. Suuntaava valinta ei vaikuttanut kalo-
jen ihon mikrobistoon. Väitöskirjani osoittaa, että suuntaava valinta voi vaikuttaa 
populaatioiden perimään ja vähentää populaation kykyä sopeutua muutoksiin 
sekä yksilöiden kelpoisuutta. Kokoon kohdistuvan valinnan suunnalla ei niin-
kään ole vaikutusta, vaan itse valinnalla. Täten kokoon kohdistumaton valinta 
saattaa olla ihanteellisempi strategia kalastuksen säätelyssä, kuin kokoon kohdis-
tuva. 
 
Avainsanat: Kalastus; kelpoisuuden mittaaminen, kokoon kohdistuva valinta; 
lämpötilastressi; moninaiset stressitekijät; populaatiogenomiikka; suuntaava va-
linta. 
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On the rich coasts of South Africa, we find the meeting point of two oceans; 
Atlantic and Indian. It is also the collision point of the Benguela and Agulhas 
currents which drive nutrient productivity through upwelling, driving huge 
productivity for the marine ecosystem. This region of the world is also crucially 
important for us, as it is the birthplace of us all; the cradle of humankind (Dirks 
and Berger, 2013). Theory suggests that access to the rich fatty acids of coastal 
fish kick-started the evolution of human intelligence, but at the very least it 
ignited the human desire to exploit our oceans. From the development of simple 
bone hooks used by early hominids, to woven nets of the ancient Egyptians, to 
today’s industrial use of long lines, trawlers and factory ships, humans have 
always exploited resources from the seas to stock their larders. However, with 
the advent of the industrial revolution, exploitation of these stocks has increased 
exponentially, becoming unsustainable through overharvesting. Indeed, capture 
fishing provides 90 million tonnes of food per annum, representing some 17 % of 
global animal protein consumed by humans (FAO, 2022). However, the 
percentage of fish stocks that are sustainably caught has reduced from 90 % in 
1990 to 65 % in 2019 (FAO, 2022), leading to overharvesting of world fish stocks. 
Overharvesting can lead to drastic population declines, with some worst-case 
predictions suggesting that fish stocks may become exhausted by 2050 (Worm et 
al., 2006; Worm 2016). Indeed, in many coastal areas around the world, 
populations of large vertebrates including sharks, rays and cod are functionally 
extinct due to severe overharvesting events (Jackson et al., 2001).  

Rapid population declines as a result of overharvesting can cause a loss of 
genetic (Marty et al., 2015; Pinsky and Palumbi, 2014; Sadler et al., 2023; 
Therkildsen et al., 2019) and phenotypic variation (Olsen et al., 2009; Therkildsen 
et al., 2019). Alongside such population loss, fisheries are often size-selective, 
removing the largest, and therefore most economically valuable fish in the 
population (Jørgensen et al., 2007; Law, 2007; Lewin et al., 2006). The effect of 

1 INTRODUCTION  

1.1 Overharvesting and its evolutionary consequences 
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overharvesting is well studied, especially on commercially important fish such 
as cod (Hutchinson et al., 2003; Therkildsen et al., 2010; Pinsky et al., 2021) and 
herring (Trochta et al., 2020). However, these studies often focus on the loss of 
genetic and phenotypic diversity caused by the bottleneck effect of 
overharvesting, ignoring the more subtle and understudied effects of directional 
selection. 

Selection on a population can be (1) stabilising, whereby a population stabilises 
around a non-extreme mean phenotype, (2) disruptive, where extreme 
phenotypes are favoured over mean, often driving distinct populations (e.g., a 
population with very large and very small body size) and (3) directional (i.e., 
size-selective fishing) where the act of selecting for an extreme phenotype (e.g., 
large body size), causes allele frequency to shift, favouring the new phenotype. 
Directional selection may magnify any effects of phenotypic and genomic 
changes than expected under a simple reduction in population size alone 
(random selection). Directional selection can drive a faster loss of genetic 
diversity compared with population loss alone (Frankham, 2012), as it favours a 
specific phenotype and causes a directional shift in allele frequency (Quinn et al., 
2007; but see Pinsky et al., 2021). Such directional selection on body size can drive 
evolutionary change towards specific phenotypic traits that correlate with size 
(Conover and Munch, 2002; Uusi-Heikkilä et al., 2015), such as faster juvenile 
growth rate, earlier age at maturation, and altered behaviour (Olsen et al., 2004; 
Mollet et al., 2007; van Wijk et al., 2013; Uusi-Heikkilä et al., 2015; Therkildsen et 
al., 2019). It is therefore crucial to understand not only the phenotypic and 
genomic effects of population loss (overharvesting), but also how directional 
selection (size-selective harvesting) could magnify the effects of overharvesting 
and what are its consequences on fitness. 

An alternative fishing strategy to size-selective harvesting is balanced 
harvesting in which a quota of the targeted species is removed but without 
regard to a particular trait, such as body size (Zhou et al., 2010). Balanced 
harvesting is predicted to be more sustainable than harvesting involving 
directional selection on exploited populations, as balanced harvesting may 
maintain phenotypic diversity (Garcia et al., 2012). However, the efficacy of 
balanced harvesting to mediate effects of directional selection is currently 
unknown (Zhou et al., 2019) and needs to be carefully studied. 

I examine the overlooked influence of directional selection and how that 
compares to bottlenecks and loss of diversity alone. I used selection lines of 
zebrafish (Danio rerio) which have been exposed to directional selection for body-
size (small- or large-selection) or random-selection which is analogous to 
balanced harvesting. Using this model system, I aimed to determine whether 
directional selection and direction of such selection (small- or large-) exacerbated 
loss of fitness compared to population loss alone (random-selection). 

1.1.1 What selection should we select? 
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Fisheries management may close a fishery when a population becomes severely 
depleted to allow for population recovery. A moratorium is then put in place, 
whereby fish are not permitted to be harvested during this period. Cessation of 
harvesting may facilitate restoration of genetic and phenotypic diversity and halt 
the effects of directional selection which may have magnified loss of phenotypic 
and genomic diversity during overharvesting (Frankham, 2012). Similarly, 
marine protected areas (MPA) can be implicated to halt fishing in certain areas 
(analogous to a moratorium). Evidence suggests phenotypic responses to 
protection by MPA’s (i.e., no harvesting) differed from non-protected areas 
(harvested) with cod (Gadus morhua) having greater phenotypic fitness in MPA’s 
(Moland et al., 2013). However, overharvesting may have reached beyond a 
tipping point, eroding diversity to such an extent that individuals cannot return 
to the pre-harvested phenotypic and genomic architecture (Walsh et al., 2006; 
Pinsky and Palumbi, 2014; Dakos et al., 2019). Legacy effects of population loss 
and directional selection may persist in the population, suggesting populations 
may never fully recover. It is difficult to empirically study the phenotypic and 
genomic recovery of a population as many fished populations have such a long 
generation time (e.g., tuna), and many other biological and environmental 
variables can influence the severity of the effect of fisheries (Sadler et al., 2023). 
Furthermore, we seldom have phenotypic or genomic data of natural 
populations before harvesting.  

It has been predicted that triple the generations of harvesting is needed for 
phenotypic recovery (e.g., four generations of harvesting would need 12 
generations of recovery as per Conover et al., 2009). However, directional 
selection can drive more severe phenotypic differences associated with growth 
rate compared to population loss alone, even after a period of recovery (Conover 
et al., 2009). As such, phenotypic fitness may be affected by legacy effects of 
directional selection, meaning even if a population experienced a cessation of 
harvesting, it may not be enough to allow phenotypic recovery. 

Despite some knowledge of phenotypic recovery in experimental 
populations, little is known about the possibility of genomic recovery of a 
population. Evidence suggests that genomic recovery is much slower than 
phenotypic recovery in populations that have experienced bottlenecks (Adams 
and Edmands, 2023). Even less work has been done on genomic recovery of 
populations exposed to directional selection except some work on bighorn sheep 
(Miller et al., 2012). However, to the best of my knowledge no research has been 
done on genomic recovery in the context of fisheries.  

The recovery potential of a population’s genomic architecture is currently 
unknown and could potentially follow one of three patterns (Fig. 1). (1) genomic 
stability: after recovery, genomic architecture stabilises, remaining the same as 
pre-recovery, due to lack of directional selection, (2) genomic divergence: after 

1.2 Does halting harvesting allow for phenotypic and genomic 
recovery? 
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recovery, genomic architecture continues to diverge (from the structure prior to 
overharvesting) due to assortative mating, and genetic drift, (e.g., in bacteria 
Papadopoulos et al., 1999), and (3) genomic convergence: after recovery genomic 
architecture begins to converge back to its original structure prior to overharvest 
due to recombination and/or selection for low frequency alleles. How genomic 
architecture changes after a period of recovery likely relies on the interplay of 
inbreeding, assortative mating and other selective pressures in the absence of any 
immigration. Moreover, the length of a moratorium and the intensity of initial 
selection regime will influence a population’s ability to fully recover. A 
moratorium may therefore not be enough to stimulate a full phenotypic recovery 
and prevent further genomic divergence. 

Using the aforementioned selection lines of zebrafish (small-, large- and 
random-selected), I can quantify the changes in genomic architecture that occur 
after a period of recovery (i.e., cessation of harvesting). 
 

 

FIGURE 1 Overview of the three possible types of change in genomic architecture that 
occur in fish stocks that experience a period of overharvesting and then 
recovery (cessation of harvesting representative of a moratorium): (a) genomic 
convergence, (b) genomic stability, and (c) genomic divergence. Coloured fish 
represent different combinations of genotypes. (II). 

Vulnerability of populations after a period of size-selective harvesting is poorly 
known. We do not know whether legacy effects of harvesting persist on genomic 

1.3 Loss of genomic diversity and adaptive potential 
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and phenotypic traits even after many generations of recovery. Population loss 
alone will likely increase susceptibility to future environmental stressors through 
random loss of adaptive alleles (Thompson et al., 2019; Petrou et al., 2021), as well 
as a reduction in phenotypic (Anderson et al., 2008; Morrongiello et al., 2019) and 
genomic (Pinsky and Palumbi, 2014) diversity. Directional selection may lead to 
further reductions in genomic and phenotypic diversity (Marty et al., 2015; Groth 
et al., 2018; Therkildsen et al., 2019). As high genomic and phenotypic diversity 
allows for an adaptive response to a change in environment (Pörtner and Farrell, 
2008), a loss of phenotypic and genomic diversity from directional size-selective 
fishing is expected to associate with increased vulnerability to environmental 
stressors (Anderson et al., 2008; Morrongiello et al., 2019).  

Population recovery through a moratorium may mitigate loss of adaptive 
potential caused by overharvesting. However, genomic and phenotypic recovery 
may be extremely slow due to long generation times of fish species (Heino, 1998; 
Allendorf et al., 2008). Additionally, mutations cannot be relied on as a source of 
new genetic variation as generation times are too long and fish populations too 
small, so humans will likely overharvest populations before mutation becomes 
relevant. Directional size-selection can leave a legacy effect on populations for 
many generations without harvesting, leading to increased susceptibility to 
environmental stressors (Conover and Munch 2002; Morrongiello et al., 2019). It 
is therefore crucial to understand how a period of recovery (i.e., cessation of 
harvesting) influences genomic architecture and whether it influences 
susceptibility to other coinciding environmental stressors. 

I was able to examine how directional selection on body size influences 
genomic architecture and diversity between founder population (pre-fishing) 
and harvested populations to determine how genomic architecture may change 
depending on selection regime (I). Additionally, I was able to determine change 
in genomic architecture following a recovery period (II). Moreover, I examined 
how adaptive potential is affected by exposing the recovered population to a 
novel stressor (III–V). 

We live in an era of unprecedented environmental change, driving the sixth mass 
extinction (Ceballos et al, 2015; Cowie et al., 2022). Aquatic systems are under 
increasing stress from a plethora of environmental stressors including habitat 
destruction (Walker and Kendrick, 1998), climate change induced warming 
(Thomas et al., 2004; Craig, 2012; Poloczanska et al., 2016), ocean acidification 
(Caldeira and Wickett, 2003), pollution (Young et al., 2016) and overharvesting 
(Scheffer et al., 2005). A high level of environmental stress can influence a species’ 
physiology, life history, behaviour, and overall population dynamics. 
Environmental stressors do not act in isolation, rather, the natural environment 
is multifaceted, and it is therefore important to consider the interaction of these 
stressors. Multiple stressors can act synergistically or antagonistically on a 

1.4 Multiple stressors in a changing world 
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population to drive changes in population structure and ecology. For example, 
thermal stress from climate change can cause oxygen depletion, increased pH, 
and ocean acidification, resulting in a multifaceted complex stressor. Organisms 
can respond to environmental stressors through acclimation and adaption 
(DeMarche et al., 2019). However, adaption and acclimation to multiple stressors 
is difficult to quantify, as selective pressures on a trait can be opposing. For 
example, one stressor may favour large body size, whilst a second stressor 
favours small body size when acting independently of each other, so it is difficult 
to predict the outcome. High genetic variation is important for a population’s 
persistence as it can increase adaptive potential to environmental stress (Lande 
and Shannon, 1996; Thompson et al., 2019; Petrou et al., 2021). A benefit of high 
genetic diversity is genetic redundancy, in which different genes produce the 
same phenotype, resulting in different pathways to the same functions (Barghi et 
al., 2019). As such, population loss and directional selection may reduce genetic 
redundancy through the loss of diversity. 

As overharvested populations may also experience human-induced 
changes in their environment, an important question arises: how does an 
overharvested population exposed to directional selection interact with an 
environmental stressor and how does this affect fitness? Arguably the most 
important of these environmental stressors in the aquatic realm is thermal stress 
driven by climate change (Planque et al., 2010; Wootton et al., 2021).  

I was able to tackle the interaction between directional size selective 
harvesting and thermal stress, to better understand how these two major 
stressors in the aquatic realm influence fitness. Studying the interaction between 
size-selective fisheries and environmental stressors is challenging in natural 
environments, therefore it is crucial to utilise laboratory studies such as the one 
presented here to shed light on the interaction of multiple stressors. 

Climate change is leading to long-term warming of the environment (Parmesan 
and Yohe, 2003; Mittelbach et al., 2007) and temperatures are predicted to 
continue rising (Pörtner et al., 2019). Climate change is also causing more extreme 
weather scenarios (e.g., heatwaves), leading to sea surface temperature increases 
of 2–4°C and sometimes > +5°C (Oliver et al., 2018; Sen Gupta et al., 2020). 
Additionally, climate change may cause an increase in cold winters (Williams et 
al., 2015) which can drive fish deaths worldwide (Gunter, 1951; Pörtner and Peck 
2010). Aquatic species such as fish can cope with thermal stress by (1) short-term 
acclimation, (2) long-term adaptation, or (3) migration towards more optimal 
temperatures (Dahms and Killen, 2023). 

Thermal stress from long-term warming and extreme weather events will 
likely exceed thermal limits of fish physiology (Perry et al., 2010; Hollowed et al., 
2013), negatively affecting growth (Boltaña et al., 2017), reproduction (Pankhurst 
and Munday, 2011), metabolic function (Clarke and Fraser, 2004; Seebacher et al., 
2014), and behaviour (Neubauer and Andersen, 2019). One interesting prediction 
is that elevated temperature will select for fast growth and small adult body size 

1.4.1 Thermal stress as an environmental stressor 
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following the temperature size rule (TSR; Atkinson, 1994). Following the TSR, 
directional selection for small body size (as in fisheries) may act in synergy with 
thermal stress also selecting for small body size (Audzijonyte et al., 2016). It is 
therefore crucial to understand how the interaction of directional selection 
induced by fisheries and thermal stress affects fitness. 

There are many different definitions of biological fitness, but the most useful is 
fitness being an organism’s survivability and reproductive success, as well as the 
subsequent reproductive success of their offspring (Orr, 2009). It is rarely possible 
to track fitness across many generations, particularly in vertebrates, so here I use 
fitness components (Hutchings, 2021). In fish, relevant fitness components 
include: (1) life history traits such as growth rate (Ahti et al., 2020), reproduction 
(Jonsson and Jonsson, 2019; Alix et al., 2020), metabolic rate (Killen et al., 2016) 
and, behaviour (Biro et al., 2010; Neubauer and Andersen, 2019), (2) genomic 
markers including telomeres, rDNA and mtDNA (Monaghan and Haussmann, 
2006; Näslund et al., 2015; Wilbourn et al., 2018; Filograna et al., 2021) and (3) 
microbiota composition (Koskella et al., 2017). 

Arguably the most important markers of fitness relate to an organism’s 
physiology and life history that directly influence survivability and reproductive 
success. Life history theory indicates that reduced survivability will lead to 
earlier maturation and increased fecundity (Gadgil and Bossert 1970; Law, 1979) 
demonstrated in both experimental (Uusi-Heikkilä et al., 2015) and field (Reznick 
et al., 1990) systems. Such life-history traits including growth, maturation age, 
and fecundity are also severely affected by both directional size-selection 
(Conover and Munch, 2002; van Wijk et al., 2013; Uusi-Heikkilä et al., 2015) and 
thermal stress (Atkinson 1994; Pörtner and Farrell, 2008). However, the possible 
interaction of directional selection and thermal stress is understudied. 
Directional selection and thermal stress (following the TSR) can both select for 
small body size in fish. Therefore, these stressors may act in synergy to magnify 
such selection towards smaller body size and altered growth rate, along with 
other associated phenotypic traits. The combined effects of directional selection 
and thermal stress are unpredictable, but may negatively affect fitness (Planque 
et al., 2010; Rouyer et al., 2012; Wootton et al., 2021).  

Metabolic rate is also a critical component of fitness (Killen et al., 2016) and 
is positively correlated with temperature in ectotherms (Clarke and Fraser, 2004; 
Seebacher et al., 2014; Morgan et al., 2022). However, beyond a critical 
temperature outside the thermal niche of an organism, metabolic rate starts to 
decline (Schulte et al., 2011; Schulte, 2015). Moreover, metabolic rate is strongly 
associated with body size (Urbina and Glover, 2013; Kraskura et al., 2023), as a 

1.5 Fitness components 

1.5.1 Life history, physiology, and behaviour 
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result, directional selection for body size may drive differences in metabolic rate. 
As such it may be expected that thermal stress and directional size-selection 
interact to drive alterations in metabolic rate and other physiological functions. 

Behaviour is an important aspect of an organism’s biology and interlinked 
with physiology and life history. Crucially, organisms can alter their behaviour 
almost immediately following an interaction with a stressor, and behaviour is 
highly plastic compared with morphological and physiological traits (Mousseau 
and Roff, 1987; Duckworth, 2009). Thermal stress and fisheries stress can 
independently alter exploration, boldness, activity, and feeding behaviour 
(Walsh et al., 2006; Uusi-Heikkilä et al., 2015; Neubauer and Andersen, 2019; 
Pilakouta et al., 2023). The interplay of these stressors is complex to predict and 
could cause decreased fitness at least in some cases. For example, an increase in 
boldness and exploration could increase catchability, magnifying the effect of 
overharvesting on fitness. 

Using the selection lines of zebrafish, I was able to expose these fish to 
thermal stress of ±6°C compared to an ambient control treatment. This allowed 
me to examine how the legacy of directional selection and thermal stress 
interacted and potentially affected phenotypic traits (III). 

Directional selection (i.e., size-selection) impacts diversity at single-copy regions 
such as microsatellite loci (van Wijk et al., 2013) or SNPs within and among 
protein-coding regions (Therkildsen et al., 2019; Sadler et al., 2023). However, the 
impact of size-selective harvesting on other types of genomic changes, such as 
variation in copy number, is not known. What is known however, is that some 
genomic regions exhibit variation in their copy number when exposed to 
environmental stress. These regions include: telomeric DNA (Kotrschal et al., 
2007; Simide et al., 2016), ribosomal RNA cassette (rDNA; Kobayashi, 2011; Salim 
and Gerton, 2019), and mitochondrial DNA (mtDNA; Bateson, 2016). 

In vertebrates, telomeres are tandem repeats of TTAGGG capping the end 
of linear chromosomes (Zakian, 2012). Environmental stress affect telomeres by 
causing short telomeres and/or an accelerated rate of telomere attrition (von 
Zglinicki, 2002; Kotrschal et al., 2007; Monaghan, 2010; Reichert and Stier, 2017; 
Barnes et al., 2019) unless repaired, for example by telomerase (Aubert and 
Lansdorp, 2008; Webb et al., 2013). As telomere shortening is associated with cell 
senescence, telomere length can reduce fitness in some animals (Monaghan and 
Haussmann, 2006; Horn et al., 2010; Näslund et al., 2015; Wilbourn et al., 2018). 
The effect of environmental stress on telomere length is well studied (Chatelain 
et al., 2020), but it is unknown how directional selection for body size may affect 
telomere length. As telomeres shorten with growth (cell division; Allsopp et al., 
1995), directional selection on body size (and indirectly on growth rate) could be 
expected to accelerate telomere attrition, and thermal stress may magnify such 
effects. 

Ribosomal DNA is comprised of tandem arrays of the rRNA cassette (18S, 
5.8S, and 28S rRNA loci). Transcription of rDNA is necessary for ribogenesis and 

1.5.2 Telomere and copy number variation 
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protein synthesis. Like telomere length, rDNA is sensitive to environmental 
stress, causing variation in copy number (Kobayashi, 2011; Paredes et al., 2011; 
Salim et al., 2017; Jernfors et al., 2021). Though not as well studied as telomeres, 
rDNA could be an emerging fitness marker, representing an environmental 
sensor that may regulate response to environmental cues (Kwan et al., 2013; Jack 
et al., 2015; Salim and Gerton, 2019; Symonová, 2019). How thermal stress 
influences rDNA copy number is little studied, and to my knowledge no other 
study has examined the effect of an environmental stressor on rDNA copy 
number in teleosts. As rDNA copy number, is sensitive to cell division 
(Kobayashi, 2014), directional selection on body size could affect rDNA copy 
number variation. Alongside directional selection, thermal stress may have an 
additive effect on rDNA copy number variation, which may lead to reductions 
in fitness. 

Mitochondria contain their own genome; mitochondrial DNA (mtDNA) 
which have essential metabolic roles, notably, mitochondria are described as the 
powerhouse of the cell, supplying most of a cells energy requirements (Filograna 
et al., 2021). Content of mtDNA, like telomeres and rDNA can vary with age 
(Hartmann et al., 2011), growth rate (Quéméneur et al., 2022), and environmental 
stress (Chung and Schulte, 2020; Kesäniemi et al., 2020). Reduction in mtDNA 
content can result in increased cellular malfunction and disease, hence, could 
drive a reduction in fitness (Clay Montier et al., 2009; Reznik et al., 2016). 
Mitochondrial DNA is another understudied genomic marker, with only one 
other study examining the effect of temperature on mtDNA content in teleosts, 
finding an increase in mtDNA content in stickleback (Gasterosteus aculeatus) eggs 
at warmer temperatures (Kim et al., 2023). As mtDNA content is associated with 
growth rate, directional selection for body size is expected to affect mtDNA 
content, which may be amplified by thermal stress. 

These genomic regions are correlated, affecting each other, for example, 
telomeres have been linked with mitochondrial content (Metcalfe and Olsson, 
2022), so it is important to understand interrelatedness of these markers. As each 
of these genomic regions are associated with growth and are sensitive to 
environmental stress, I was able to examine the interaction of these regions 
within the context of size-selective fisheries and thermal stress (IV), an area 
previously unexplored. 

Beyond the phenotype and genotype of an organism, environmental stressors 
can also alter associated microbial communities, which can be crucial for host 
fitness (Koskella et al., 2017). The microbiota represents all microorganisms 
including bacteria, archaea, and fungi at a particular site on an organism (e.g., 
gut microbiota) or habitat (e.g., soil microbiota). The microbiota is associated 
with the health of a host species by interacting with host immune system 
(Guardiola et al., 2014; Yu et al., 2021; Wang et al., 2023), also commensal bacteria 
in the microbiota may help protect the host against pathogens (Balcázar et al., 
2007). Alterations in the microbiota can increase incidence of disease (Ghosh et 

1.5.3 Beyond the host: the microbiota 
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al., 2022) and mortality (Mohammed and Arias 2015; Gomez and Primm 2021). 
Hence, an intact microbiota is crucial for health and fitness of the host. 

In fish, the skin microbiota is particularly important as it is associated with 
immune defence, protecting fish against pathogens through competition and 
acting alongside the innate immune system within the mucosal layer (Balcázar et 
al., 2007; Sanford and Gallo, 2013; Guardiola et al., 2014). Comparatively little is 
known about how the skin microbiota of fish can shift in response to 
environmental stress compared to, for example, gut microbiota (Gomez and 
Primm, 2021). Some studies suggest environmental stress can disrupt abundance 
and diversity of skin microbiota communities (Krotman et al., 2020). For example, 
salinity (Schmidt et al., 2015; Lokesh and Kiron, 2016), hypoxia (Wang et al., 
2021), and temperature (Huyben et al., 2018; Ghosh et al., 2022) have been shown 
to influence fish skin microbiota diversity and abundance. Dysbiosis of the skin 
microbiota can reduce fitness and increase the prevalence of key fish pathogens 
such as Vibrio spp. (Neuman et al., 2016). Host genotype strongly influences 
recruitment of the microbiota (Boutin et al., 2014), raising the potential that 
directional selection may influence recruitment through, for example, selective 
sweeps. Thus, directional size-selection and thermal stress may therefore interact 
driving a reduction in fitness through disruption of the microbiota and the 
promotion of pathogen causing microbes. 

I was able to use the thermal stress experiment to additionally explore how 
a legacy of directional selection and contemporary thermal stress influenced skin 
microbiota (V). Exploring the microbiota in this context allowed me to examine 
fitness beyond the phenotype to quantify change in a highly dynamic system. 

The model organism in the experiments is the zebrafish (Danio rerio). Zebrafish 
are a freshwater cyprinid fish from India, found in a range of habitats from 
flooded rice fields to narrow streams and large rivers such as the Ganges (Neff et 
al., 2020).  

Zebrafish were selected as a model organism as early as the 1960s, used as 
a research subject in toxicology, biomedical science, and evolutionary biology 
(Grunwald and Eisen, 2002). The zebrafish is an ideal model species due to its 
short generation time, ability to breed all year round, high number of offspring 
produced and ease of maintenance (Grunwald and Eisen, 2002). Additionally, 
zebrafish has a well-annotated, well studied genome (Howe et al., 2013), and it 
has been utilised as a genetic model for decades. 

Although used in a variety of research fields, zebrafish as a fisheries model 
has only been developed in recent years. Indeed, the current lines used in the 
present study are from Uusi-Heikkilä et al., (2015) original study demonstrating 
the effect of size-selective harvesting on genetic and phenotypic traits of 
zebrafish. Although other studies have been run on other teleosts including 
Atlantic silversides (Conover and Munch 2002), guppies (van Wijk et al., 2013), 

1.6 Zebrafish as a model of size-selective fisheries 
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and pike (Edeline et al., 2007), these zebrafish lines have the advantage of being 
long running (almost 20 years) and having a well-annotated genome meaning 
their populations genetics can be analysed at a high resolution.  

Zebrafish used in these experiments were of wild origin from the West 
Bengal region of India (Uusi-Heikkilä et al., 2010). After the founder population 
(F0) was collected and acclimated in the laboratory, they were exposed to three 
selection regimes: (1) small-selected (experiencing directional selection for small 
body size, typical of size-selective fisheries targeting the largest individuals), (2) 
large-selected (experiencing directional selection for large body size) and (3) 
random-selected (experiencing no directional selection, the control line). This 
study design allowed me to compare directional selection (large- and small-
selected) against a reduction in population size alone (random-selected). Fish 
were harvested for five generations (F1–F6) after which fish were shown to 
phenotypically differ (Uusi-Heikkilä et al., 2015). I took DNA samples from these 
fish for whole genome sequencing to assess the genomic differences among the 
selection lines (I). After five generations of harvesting, fish populations were left 
to recover (no harvesting) for ten generations (twice the length of harvesting), at 
which point I again took DNA samples for whole genome sequencing to 
determine genomic differences among the selection lines after recovery (II). I 
then conducted a thermal stress experiment to assess the interaction of a legacy 
of directional size-selection and thermal stress exposing fish to three separate 
temperature treatments: 28°C (ambient, the standard temperature they are kept 
in the lab), 34°C (elevated temperature) and 22°C (low temperature). During the 
thermal experiment, I monitored fish physiological, behavioural and life history 
traits (III). From these same fish in the thermal experiment, I also collected DNA 
to study the effect of directional selection and thermal stress on telomere length, 
mtDNA content, and rDNA copy number variation (IV), and took skin samples 
to study differences in their skin microbiota (V). 

My aim was to better understand how (1) size-selective harvesting (i.e., 
directional selection) influences the genomic architecture of exploited 
populations, (2) whether cessation of harvesting allows for genomic recovery, 
and (3) whether directional selection interacts with a novel environmental 
stressor (thermal stress) to influence fitness. The fitness components I used 
include phenotypic traits (life-history, physiological, and behavioural traits), 
genomic markers, and host skin microbiota.  
Specifically, I will address the following research questions (Fig. 2): 
  

1.7 Objectives 
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I. Does size-selective harvesting influence the genomic architecture of a 
population? 

II. Does cessation of harvesting after an overharvesting event prevent 
further genomic divergence? 

III. Does directional selection (i.e., size-selective harvesting) magnify the 
effects of thermal stress on phenotypic traits? 

IV. How does the interaction of directional selection and thermal stress 
influence genomic regions associated with stress? 

V. Does directional selection and thermal stress influence the skin 
microbiota; a marker of host fitness 

FIGURE 2 Overview of the research objectives of the thesis (I–V indicate manuscripts). 
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The zebrafish founder population was exposed to three size-selection regimes 
over five generations: small-selected (75 % of the largest fish were removed, 
leaving the smallest fish in the spawning stocks; simulating typical size-selective 
fisheries), large-selected (75 % of the smallest fish were removed, leaving the 
largest fish in spawning stocks; the opposite directional selection regime), and 
random-selected (75 % randomly chosen fish were kept in spawning stocks; Fig. 
3). Each line had two replicates with a population size of 450 individuals each. 
Populations were exposed to harvesting stress for five generations and DNA 
samples kept for later processing (I). The selection lines were allowed to recover 
for 10 generations (twice the harvesting length) where no harvesting took place 
(Fig. 3), after which DNA samples were taken (II), and a thermal stress 
experiment was conducted (III–V).  

All fish used for the experiments were euthanised from the selection experiment 
then frozen for DNA extraction (–80°C). Genomic DNA was extracted from 
dissected muscle tissue from founder (I), harvested (I) and recovered (II) fish 
using a modified salt extraction method to extract genomic DNA (Aljanabi and 
Martinez, 1997). Genomic DNA was extracted for qPCR of biomarkers (IV) using 
Qiagen DNeasy Blood and Tissue kit according to manufacturers instructions. 
DNA was collected from skin swab samples and three 150 ml water samples per 
tank which was filtered through 0.22 µm membranes. Subsequent DNA from the 
swabs and water samples was extracted for amplicon sequencing (V) using a 
Qiagen DNeasy PowerSoil Pro Kit. Sequencing of the genomic DNA was 
conducted by Novogene Illumina Novoseq 6000 using whole genome 
sequencing of 150 base paired end reads (I, II) and 250 paired end reads for the 

2 METHODS 

2.1 Harvesting and subsequent recovery 

2.2 DNA processing 
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amplification of the V3–V4 region of the 16S ribosomal RNA (rRNA) in bacteria 
(V).  
 
 
 
 

 

FIGURE 3 Overview of harvesting regime. F0 represents founder population from West 
Bengal which after generation of acclimation in the lab were harvested (F6; 75 % 
removed, 25 % left in the spawning stock) according to three harvest regimes 
(large-selected, random-selected, and small-selected) with two replicates per 
line. Selection lines were then allowed to recover (no harvesting) for ten 
generations (F16). 

 

Raw reads were filtered for adapters and quality using fastp v. 0.2 (Chen et al., 
2018). Sequences were mapped against the reference genome (Zebrafish GRCz11; 
Howe et al., 2021) using bwa mem v. 1.10 (Li and Durbin, 2010). Data was 
processed through a custom pipeline explained fully in manuscripts. Briefly, SNP 
were called and filtered using bcftools (Li, 2011). Number of SNPs called varied 
between the studies, full details in the manuscripts. Finally, SNPs were annotated 
with snpEff (Cingolani et al., 2012). Genomic diversity was calculated as effective 
population size (Ne), nucleotide diversity and nucleotide polymorphism (%). 
  

2.3 Whole genome sequencing processing 
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Fish from each selection line replicate were exposed to three different thermal 
stress treatments: low (22°C), ambient (28°C), and elevated (34°C) for a total of 
250 days (Fig. 4). Ambient temperature (28°C) had been the standard rearing 
temperature in the laboratory, acting as the control temperature. Elevated 
temperature (+6°C from the ambient temperature) is representative of 
temperature increase from extreme weather events (Oliver et al., 2018; Sen Gupta 
et al., 2020). Whilst –6°C from ambient temperature was representative of 
potential cold snaps and allowed an observation of the full range of responses. 
The range of temperatures used are representative of thermal stress in zebrafish 
(Åsheim et al., 2020; Morgan et al., 2022). To be able to collect individual data for 
the fish in the experiment, prior to the thermal experiment, all fish were tagged 
with visible implant tags (VIE; Northwest Marine Technologies, 162 Shaw Island, 
WA, USA). 360 individuals were chosen at random from the selection line 
replicates for the experiment (n=20 per selection line replicate, per temperature 
treatment). The same fish were consistently used across phenotypic and 
behavioural assays as well for the genomic markers and microbiota.  Fish were 
acclimated at 28°C for two weeks, after which the temperature was altered by 
±1°C per day for six days according to temperature treatment. Full details of the 
thermal experiment and measured phenotypic traits are described in III. 
 

 

FIGURE 4 Overview of the thermal stress experiment lasting 250 days and covering a 
variety of phenotypic traits including (A) growth, (B) metabolic rate, (C) 
reproduction, (D) feeding behaviour, (E) exploration, (F) boldness, and (G) 
CTmax. 

 
 

2.4 Thermal experiment 
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Fish were put under anesthesia (2-phenoloxyethanol, 1.5 % concentration), and 
standard length (SL) and wet mass (WM) of each fish were recorded weekly. Fish 
were individually identified by their VIE, and then photographed (against 
millimeter paper for scale) using a Canon EOS 90D DSLR Camera affixed with a 
Sigma 105 mm DG Macro HSM lens. ImageJ was used to measure the subsequent 
images to obtain SL (Schneider et al., 2012). An analytical balance was used to 
weigh fish to obtain WM (Mettler AE240). Weekly growth rate and specific 
growth rate were calculated. Specific growth rate was calculated as follows: 

 
(ln final length (or weight) – ln initial length (or weight)/days × 100) 

Fish were subsetted (n = 12 per selection line replicate per temperature treatment) 
and paired in 1 l breeding boxes attached to 3.5 l tanks (one male and one female). 
Spawning occurred for one week (seven days). At the end of the spawning 
period, eggs were collected and quantified fertilised, unfertilised, and dead eggs. 
Mean number of eggs per breeding fish pair were used to calculate fecundity. 
Using a microscope (Olympus SZ61 with a SC50 camera mount) SL of egg, egg 
yolk, and larvae was measured. Eggs were incubated at the same thermal stress 
treatment their parents experienced until larvae hatched.  

A subset of fish (n = 10 per selection line replicate per temperature treatment) 
were taken to calculate metabolic rate. WM and SL were taken to adjust metabolic 
rate for mass. Fish were placed in acrylic cylindrical chambers for the 
intermittent-flow respirometer (Loligo® Systems, SY21020, Viborg, Denmark). 
The respirometer chambers were submerged in water and kept at the same 
temperature as the corresponding experimental temperature. Oxygen 
consumption was measured using the OXY-4 mini oxygen meter system and 
AutoResp-software (Loligo Systems, Viborg, Denmark). Mass-specific 
respiration rates (mgO2 h−1) were obtained by dividing the individual respiration 
rates by individual mass (g WM). Standard metabolic rate (SMR) and maximum 
metabolic rate (MMR) were calculated based on the oxygen consumption. MMR 
was defined as the handling stress induced maximum metabolic rate which has 
been previously shown to be equivalent of true maximum metabolic rate of fish 
(Karjalainen et al., 1995). Absolute aerobic scope (AAS) was also calculated 
(MMR–SMR). 

Exploration, boldness and feeding behaviour were measured in a subset of fish 
(n = 10 per selection line replicate per temperature treatment). Behavioural trials 

2.4.1 Growth rate 

2.4.2 Reproductive success 

2.4.3 Metabolic rate 

2.4.4 Behaviour 
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were conducted in 30 l glass tank, which had been split into two distinct sections. 
One section was covered and acted as a refuge; in contrast, the other section 
contained stones, plastic plants and bright coloured tiles. Fish were placed in the 
refuge compartment for 10 minutes. The divider was then lifted which allowed 
the fish to explore the other section (a novel environment) for 20 minutes. 
Exploration was quantified as time spent exploring a new environment (Le Roy 
et al., 2021). Boldness was quantified as time taken to emerge (Krause et al., 1998). 
Feeding behaviour was recorded by adding flake food. Feeding behaviour was 
quantified based on the frequency at which individuals consumed food from 
surface of the water as well as the latency time for the fish to begin feeding. These 
behaviour proxies were filmed at two angles (above and in front of the tank) 
using a GoPro 7 Silver and a Canon EOS 90D. The behavioural data generated 
included: exploration time (s), number of emergences, time of first emergence (s), 
feeding frequency, probability to feed, and time of first feed (s). 

A subsample of fish (n = 6 per selection line replicate per temperature treatment) 
were placed in a 20 l glass tank attached to a Lauda E100 1.6Kw heater. Water 
temperature at the beginning of the experiment was the same as the 
corresponding rearing temperature. Water temperature was increased by 
0.3°C min-1 (Åsheim et al., 2020). Individuals were removed after they had 
experienced loss of equilibrium for three seconds (Becker and Genoway, 1979). 
This temperature was recorded as CTmax. Thermal scope was also calculated 
(CTmax –rearing temperature). 

At the end of the thermal experiment, all fish were euthanized with 2-
phenoloxyethanol and stored at –20°C. Extracted DNA (described previously; 
Section 2.2) was then used for qPCR on a CFX96 thermal cycler (BioRad). Each 
reaction contained 20 ng DNA, 0.3 µM of each primer and 10 µl of iQ SYBR green 
supermix (BioRad). A negative control (the same standard DNA) and a serial 
dilution (1:2 from 80 ng/µl) to calculate qPCR efficiency was also included. 
Relative telomere length (RTL) was assessed by using standard vertebrate 
telomere primers (tel1, tel2; Cawthon et al., 2002) and the single copy gene (SCG; 
Moore and Whitmore, 2014) c-fos. rDNA copy number was measured using 18S 
rDNA primer (Tao et al., 2020) and the SCG. mtDNA copy number was 
calculated by comparing mtDNA against a nuclear target (Hunter et al., 2010). 
Full details of the qPCR primers (for each locus and for the SCG) are in IV. 
Relative copy number (RCN) or RTL were calculated per sample using: 
 

RCN or RTL = E(target)(Ct GS – Ct SAMPLE) / E(control)(Ct GS – Ct SAMPLE) 
 

Where E(target) and E(control) are the qPCR efficiencies of the target (i.e., 
telomere, rDNA, and mtDNA) and the single copy gene respectively. CtGS and 

2.4.5 Critical thermal maximum (CTmax) 

2.4.6 Genomic markers of stress 
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CtSAMPLE are the critical cycle thresholds for the golden standard and sample 
DNAs, respectively (Cawthon, 2002; Pfaffl, 2001). 

DNA extraction protocol and sequencing are described in section 2.2. Sequence 
data was processed using QIIME2 (Bolyen et al., 2019). Chimeras were removed 
using UCHIME (Edgar et al., 2011). Taxonomy was assigned using amplicon 
sequence variants (ASVs) on the SILVA v.132 database (Yilmaz et al., 2014). Low 
abundance and unassigned ASVs were removed as well as ASVs classified as 
mitochondria, chloroplasts, or Archaea. Low frequency ASVs (<10 reads) were 
removed. The resulting output was then loaded into R for further analysis 
(Section 2.5.3). 

All statistics were performed using R 4.1.2 (R Core Team, 2022) within the CSC 
computing cluster. 

To visualise shifts in genomic architecture a principal component analysis was 
conducted, basing principal components on Cattell’s graphical rule (Cattell, 1966) 
and broken stick method (Jackson, 1993). To quantify the differences in genomic 
architecture between small- and large-selected lines against the random-selected 
line the diffstat statistic was used (Turner et al., 2011). Outliers were detected 
using PCAdapt (Luu et al., 2017) and latent factor mixed model (LFMM; Frichot 
et al., 2013). The final set of outliers was required to be present in both outlier 
analyses for downstream analyses. Gene ontology enrichments were generated 
with the final set of outlier SNPs using Gene Ontology Enrichment analysis and 
Visualization tool (GOrilla; Eden et al., 2009) (I), and TopGO (Alexa and 
Rahnenfuhrer, 2023) (II). 

Linear mixed models (LMM) and generalized linear mixed models (GLMM) 
were used to analyse the effect of thermal treatment and selection line on life 
history (growth and reproduction), physiological (SMR, MMR, AAS, CTmax), 
behavioural traits (boldness, exploration, and feeding behaviour) and genomic 
markers of stress (telomeres, rDNA, and mtDNA). Temperature treatment, 
selection line and their interaction were used as fixed effects. Selection line 
replicate and rearing tank were used as random effects in the model. For growth 
(weight and length) A log-log in the model was used to consider the non-linearity 

2.4.7 Microbiota sampling 

2.5 Statistical analysis 

2.5.1 Shifts in genomic architecture (I, II) 

2.5.2 Thermal stress experiment: life history, physiology, behaviour, and 
genomic markers of stress (III, IV) 
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of growth and measuring time as a fixed effect and the individual as a random 
effect. Analyses used the lmer, glmer and functions within the lme4 package (Bates 
et al., 2015) and lmertest within the lmerTest package (Kuznetsova et al., 2017). 
Post hoc pairwise comparisons of significant interactions were made using Tukey 
contrasts with emmeans function within the emmeans package (Lenth et al., 2018). 
Pearson’s correlation was assessed between pairs of relative telomere length, 
rDNA copy number and mtDNA content within each treatment using cor.test 
within GGally (Schloerke et al., 2024).  

Permutational multivariate analysis of variance (PERMANOVA) was 
performed to test for individual variation in multivariate phenotypic responses 
to treatments (temperature treatment and selection line). Pairwise Gower 
distances were calculated using vegdist within the vegan package (Oksanen et al., 
2013) to take into account the differences in scale between variables. The matrices 
produced were used in PERMANOVAs run for 9999 permutations using adonis2 
within the vegan package Principal component analysis (PCA) was used to 
visualise the multivariate phenotypes. 

Negative controls were used to remove potential decontaminants within the 
sample data using decontam (Davis et al., 2018) and read lengths below 200 were 
removed before import into phyloseq (McMurdie and Holmes, 2013). Alpha 
diversity was calculated using observed richness and Shannons index. 
Significant differences between alpha diversity were calculated using Kruskal-
Wallis and Wilcoxons test. Beta diversity was estimated using BrayCurtis, 
Jaccards and Unifrac (weighted and unweighted). Differences amongst 
individuals were visualised using PCoA and significant differences calculated 
using permutation multivariate analysis of variance (PERMANOVA) in adonis2 
within the vegan package (Oksanen et al., 2013). Temperature and selection line 
were set as fixed factors and tank as a random factor in the PERMANOVA model. 
Beta dispersion and permutation test was used to determine significant 
differences in dispersion. To calculate differential expression amongst taxa 
ANCOM-BC2 (Lin and Peddada, 2024) and DESeq2 (Love et al., 2014) were used. 
Random forest analysis was used to assess predictive outcome of taxa structure 
and determine abundance of discriminative taxa. Finally, FEAST (Shenhav et al., 
2019) was used to assess uptake of microbial community from the water column. 

2.5.3 Thermal stress experiment: microbiota (V) 
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Genomic architecture shifted and genomic diversity decreased after 
overharvesting, diverging from the population prior to overharvesting, i.e. 
founder population (I). Surprisingly, although the genomic architecture differed 
between selection lines, the extent genomic diversity decreased did not. Through 
a period of recovery (cessation of harvesting), genomic architecture continued to 
diverge, and genomic diversity continued to decrease, suggesting no genomic 
stability or genomic recovery despite ten generations of no harvesting (II). When 
assessing whether adaptive potential eroded with size-selection directional 
selection (i.e., small- and large-selected) magnified the effect of an environmental 
stressor (thermal stress) compared to population loss alone (random-selection) 
on life history and physiological traits, but not behaviour (III). Moreover, a 
similar pattern was observed in genomic markers that are indicators of stress, as 
directional selection reduced rDNA copy number and relative telomere length. 
Whilst thermal stress increased mtDNA content regardless of selection pressure, 
acting as a stress marker for high temperature (IV). Finally, thermal stress caused 
a shift in microbial communities on the fish skin, but surprisingly, only had a 
mild effect. A mild effect may suggest that fish skin microbiota is relatively 
resilient, although thermal stress potentially promoted the colonisation of 
pathogenic bacteria (V). 

Taken together, these five manuscripts investigate how a legacy of size-
selective harvesting affects genomic architecture to influence susceptibility to 
thermal stress, altering a plethora of fitness components. 
  

3 RESULTS AND DISCUSSION 

3.1 Key findings 
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Size-selective harvesting led to substantial shifts in genomic architecture 
following directional selection (Fig. 5).  
 

 

FIGURE 5 Principal component analysis based on random subset of one million SNPs 
amongst zebrafish models of size-selection. Selection lines include: (1) founder 
population, (2) large-selected replicates (LS1, LS2), (3) random-selected 
replicates (RS1, RS2), and (4) small-selected replicates (SS1, SS2). PC1 and PC2 
explained 3.5 % and 2.5 % of the variation, respectively. Points indicate 
individuals. Ellipses are 95 % confidence intervals around the mean and 
highlight selection-line replicates and the founder population. (I). 

Moreover, genomic diversity decreased compared to the founder 
population, as expected following a severe bottleneck event (in this case 75 % 
harvesting rate) and evidenced in previous studies on overharvesting (see Pinsky 

3.2 Overharvesting causes a shift in genomic architecture and loss 
of genetic diversity (I) 
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and Palumbi, 2014 for meta-analysis). Specifically, a reduction of nucleotide 
polymorphism (%) and effective population size was observed. Surprisingly, 
although genomic diversity declined in all selection lines compared to the 
founder population, it did not differ between selection lines. As zebrafish are a 
model organism with a high-resolution reference genome (Howe et al., 2013), 
high quality gene ontology enrichments were obtained. 212, 76 and 65 
significantly enriched terms in small-, large-, and random-selected lines, 
respectively were observed. Within these, a large suite of gene ontology terms 
associated with the nervous system in large-selected fish, potentially 
corresponding with differences in behavioural traits across the lines previously 
shown (Uusi-Heikkilä et al., 2015; Sbragaglia et al., 2019). Overharvesting 
(population loss) and directional selection (small- and large-selected) drive a 
change in genomic architecture and subsequent loss of genomic diversity, 
leading to different gene ontogenies between the line replicates. Furthermore, 
there is stochasticity between the line replicates despite being exposed to the 
same selection pressure, making the effects of size-selective harvesting on 
genomic architecture unpredictable. Whilst genomic change and loss of genomic 
diversity is perhaps unsurprising after a 75 % population decline, it is important 
to highlight that divergence of fish experiencing directional selection (as in size-
selective fisheries) from fish experiencing random selection is worrying as it 
suggests that genomic changes might occur in contemporary time scales also in 
exploited natural populations. 

Although the impacts of cessation of harvesting have been assessed at the 
phenotypic level (e.g., Conover et al., 2009), they have not been assessed at the 
genomic level. Genomic shifts after 10 generations of recovery were dependent 
on prior size-selective pressure. Small-selected fish showed signs of genomic 
divergence and reduced variation (Fig. 6a,b). Random-selected fish showed the 
greatest genomic differentiation from post harvesting to post recovery and 
evidence of genomic divergence (Fig. 6c,d). In contrast, in one replicate the large-
selected fish remained stable in their genomic architecture (LS1: Fig. 6e) whilst 
the other replicate converged back towards the pre-harvest state in the other 
replicate (LS2; Fig. 6f). It therefore seems that change in genomic architecture 
after a period of recovery can be unpredictable. Moreover, genomic diversity 
continued to decline during recovery period in all selection line replicates except 
LS1, which showed stability in genomic architecture.  

As with (I) the highly annotated zebrafish genome was used to obtain high 
quality gene ontologies. After a period of recovery, gene ontologies were shown 
to be associated with bone morphogenesis and cartilage development in the fish 
exposed to directional selection, but not in those exposed to random selection. 

3.3 Cessation of harvesting does not prevent further population 
divergence (II) 
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Interestingly, this could correspond with the differences in growth rate and adult 
body size between fish experiencing directional selection and random-selection 
(III).  
 

 

FIGURE 6 Principal component analysis of five generations of (size-selectively) harvested 
(H) zebrafish compared to recovered (R) individuals (after 10 generations of no 
harvesting) in small-selected (a, b), random-selected (c,d), and large-selected 
(e,f) replicates. PC1 and PC2 explained 3.4 and 2.5 % of the variation, 
respectively. Ellipses are 95 % confidence intervals around the mean and 
highlight selection-line replicates. (II). 

That the selection-line replicates can differ, demonstrates the possibility of 
different evolutionary trajectories despite experiencing the same selective 
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pressure. It also demonstrates the importance of genetic redundancy as a 
mechanism to buffer against anthropogenic pressures (Barghi et al., 2019). 

Directional selection (i.e., large- and small-selected) exacerbated a population’s 
vulnerability to extreme and rapid thermal stress. Random-selected fish 
exhibited a differential shift in multivariate phenotype (Pigliucci and Preston, 
2004) compared to fish experiencing directional selection (Fig. 7). Moreover, 
growth rate is a crucial component of fitness (Ahti et al., 2021), and is indirectly 
selected for during overharvesting (Uusi-Heikkilä et al., 2015). Here, growth rate 
was higher in random-selected lines at low and ambient temperature, but not at 
high temperatures where all lines had an equally low growth rate. Contrary to 
expectations, fish did not follow the temperature size rule (Atkinson, 1994) as 
both large- and small-selected fish had similar phenotypic responses to 
suboptimal temperatures.  
 
 

 

FIGURE 7 Principal Component Analysis of multiple measured traits of the zebrafish 
model of size-selection with 95 % confidence intervals across (a) selection lines 
and, (b) temperature treatments. Contributions to principal component space 
shown in biplot (c). Lengths of lines indicate distance of each individual from 
respective group centroid. (III). 

3.4 Thermal stress acts in tandem with size-selection (III) 
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Reproduction is another key component of fitness, although there was little 
difference between the selection lines in reproductive performance. Elevated 
temperature caused the cessation of any reproduction likely due to the extreme 
thermal stress on energetic requirements. Such energetic requirements can be 
quantified using metabolic rate. Here, there was a significant difference in 
metabolic rate, whereby metabolic rate was highest at ambient temperature and 
for random-selected lines. However, noticeably, metabolic rate was lower at 
elevated temperatures and the effect sizes were small, potentially evidence of 
metabolic acclimation occurring to the rearing temperature during the long-term 
experimental period (Sandblom et al., 2014; Pilakouta et al., 2020).  

Behavioural response to thermal stress depended on the type of directional 
selection, small-selected fish were less bold, consistent with previous work on the 
same fish lines (Sbragaglia et al., 2019; Uusi-Heikkilä et al., 2015). Current results 
suggest that behavioural responses to altered temperatures act differently than 
other phenotypic responses and are more dependent on the direction of selection, 
potentially due to the high plasticity of behavioural traits (Mousseau and Roff, 
1987; Duckworth, 2009).  

Overall, random-selected fish (i.e., no directional selection for body size) 
had the highest phenotypic variability in response to thermal stress (Fig. 7). As 
such, directional selection may magnify loss of phenotypic diversity through 
selective sweeps and hitchhiking on covarying traits. Crucially, the direction of 
size-selection (small- or large-selection) appears less important than the act of 
directional selection alone. 

Directional selection (both small- and large-selected lines) caused a reduction in 
relative telomere length and rDNA copy number, but not mtDNA content, 
compared with random-selection (absence of size-selection; Fig. 8). In contrast, 
mtDNA content was increased at elevated temperature, whilst thermal stress did 
not influence rDNA copy number or relative telomere length (Fig. 8). 

Loss of genetic diversity (Therkildsen et al., 2010; Pinsky and Palumbi, 2014; 
Sadler et al., 2023) and potentially inbreeding (Hoarau et al., 2005; O’Leary et al., 
2013) is expected in many overharvested fish stocks (see also I). Such directional 
selection may be driving a faster loss of genetic diversity compared to random 
selection (Frankham, 2012). Inbreeding is thought to affect telomere length 
(Bebbington et al., 2016; Pepke and Eisenberg, 2022; but see Olsson et al., 2022), 
as such, it may be a driving mechanism of short telomeres. However, differences 
in inbreeding coefficient in (I) or (II), meaning other factors may be more 
important such as differences in growth rate. Short relative telomere length was 
associated with directional selection on body size, which corresponds with 
directionally selected fish having lower growth rates and reaching a smaller adult 
body size than random-selected fish (III). It could therefore be speculated that 
fish under directional selection are less capable of telomere maintenance. 

3.5 Directional selection and thermal stress influence genomic 
markers of stress (IV) 
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Ribosomal DNA copy number was also reduced in fish experiencing 
directional selection (Fig. 8). As with the telomeres, inbreeding/reductions in 
population size could drive differences in rDNA copy number (Veiko et al., 2007). 
Indeed, rDNA copy number and relative telomere length were positively 
correlated, suggesting these regions could be sensitive to similar stressors 
(Valeeva et al., 2023). rDNA is sensitive to environmental variation (Kobayashi, 
2011; Paredes et al., 2011; Salim et al., 2017; Jernfors et al., 2021), it was therefore 
surprising to see no influence of thermal stress on rDNA copy number.  

The lack of association between mtDNA content and selection may be 
expected in some cases, as mitochondria have a separate genome and 
mitochondrial mass is dynamic (e.g. independent of cell division; Ding et al., 
2021). Mitochondrial DNA content was strongly associated with high 
temperature, potentially corresponding with an increase in mitochondrial 
content (Lee and Wei, 2000) and metabolic rate (Clarke and Fraser, 2004; Johansen 
and Jones, 2011). mtDNA content is also important as it associates with reactive 
oxygen species (Abele et al., 2002; Olsson et al., 2018; Metcalfe and Olsson, 2022) 
that can damage telomeres (von Zglinicki et al., 2002; Reichert and Stier 2017; 
Barnes et al., 2019) and rDNA (Kobayashi and Sasaki, 2017). 
 

 

FIGURE 8 Variation in genomic markers of stress amongst size-selection lines: small-
selected (SS), random-selected (RS), and large-selected (LS) zebrafish lines 
between the three temperature treatments (22°C, 28°C, and 34°C). (a) 18S 
rDNA copy number, (b) relative telomere length (RTL), and (c) mtDNA 
content. Data are shown as individual observations per fish (dots) and the 
mean with standard errors within each treatment combination. (IV). 



37 

 

Overall, it seems that directional selection for body size has a greater effect 
on rDNA and telomeres than population loss alone (random-selection). Whilst 
mtDNA content is driven by the increase of thermal stress. Crucially, rDNA copy 
number and telomere length follow a similar pattern to III, as regardless of 
direction (small- or large-selection), directional selection erodes fitness to a 
similar extent compared to random selection. 

Thermal stress can disrupt the microbiota of aquatic species (Huyben et al., 2018; 
Ghosh et al., 2022), affecting composition and diversity of the host microbiota. 
Additionally, thermal stress may increase pathogenic taxa, potentially leading to 
a reduction in host fitness (Grice and Segre, 2011; Gomez and Primm, 2021). Here, 
an increase in thermal stress (cold and warm) caused a mild shift in beta diversity 
(Fig. 9), but not beta dispersion following other studies (Li et al., 2023). Indeed, 
the fact there was only a small effect size, and no change in alpha diversity or 
dispersion may be indicative of resilience to thermal stress, demonstrating the 
flexibility of the fish skin microbiota. However, thermal stress (cold and warm) 
increased the prevalence of pathogenic bacteria such as Vibrio and Carnobacterium 
which may lead to decreased fitness under future climatic scenarios.  

 

 

FIGURE 9 Variation in beta diversity of zebrafish between thermal treatments (22°C, 28°C 
and 34°C). (a) beta diversity using Jaccards distance and, (b) beta diversity 
using Bray-Curtis distance. Points represent individuals within each treatment, 
and ellipses represent 95 % confidence intervals. (V). 

Interestingly, in contrast to Boutin et al., (2014) who found a strong effect of 
genotype on microbiota recruitment, here, there was no effect of selection line on 

3.6 Thermal stress but not directional selection influence fish skin 
microbiota (V) 



38 

vulnerability to microbiota dysbiosis under thermal stress. As the skin microbiota 
is in constant contact with the surrounding environment, any environmental 
change likely has a much more overarching effect on microbiota composition 
than genomic differences among the selection lines (Woodhams et al., 2020). 
Though there was no differentiation in microbiota composition and diversity 
between lines, the lines are still different in their genomic architecture (I, II). 
Differences in genomic architecture may mean that immune response was 
different between the selection lines (although not measured), leading to 
increased/decreased susceptibility to disease from the uptake of opportunistic 
pathogens under thermal stress. 
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Although my data provide an insight into directional selection for body size and 
its interaction with thermal stress, there are still limitations to the extent I am able 
to draw broader conclusions, to better inform fisheries management and guide 
future research.  

A key component that I do not include is a completely unfished line (i.e., no 
population decline at all) which would allow a baseline alongside population loss 
alone (random-selection) to compare the effects of size-selection. Previous 
evidence had showed that growth rate was decreased in a harvested vs 
unharvested line (Silliman, 1975), but most studies exclude such a baseline. It 
would therefore be prudent to assess how an unfished line compares with those 
that have experienced population loss and directional selection to understand the 
magnitude of change. Additionally, an unfished population would allow us to 
disentangle any effects of domestication caused by long term laboratory 
experiments. Such domestication effects could be caused by differences in 
laboratory conditions (i.e., a change in institute), though comparisons between 
the selection lines experiencing directional selection and the random selected 
(i.e., the control line) circumvents this issue to some extent.  

As with Conover and Munch (2002), I was also only able to maintain two 
replicates per selection line, which gave some idea of stochasticity between lines 
experiencing the same treatment. However, it would be insightful to have more 
line replicates to see if this stochasticity is maintained, for example, if I could 
maintain ten lines per selection regime, would all line replicates show different 
evolutionary trajectories? Moreover, additional lines may disentangle any 
potential maladaptation effects caused by the laboratory set up and spawning 
regime. Such parallelism would be interesting to study, but likely only feasible 
in organisms such as Drosophila, Daphnia and yeasts that require much less 
laboratory space. 

Here I used low-coverage whole genome sequencing as a tool to examine 
the effects of overharvesting and size-selective fishing (Therkildsen et al., 2019; 
Lou et al., 2021). However, low-coverage calling does have its limitations, for 
example, ability to call heterozygotes and to quantify inbreeding is reduced, and 

4 LIMITATIONS AND FUTURE DIRECTIONS 
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there is a lack of ability to study structural rearrangement. That I did not find 
differences in genomic diversity between selection lines may be explained by the 
low-coverage in this instance. This could potentially be solved using a mix of 
long and short read genomic sequencing (e.g., Mérot et al., 2022) to get a higher 
resolution look into genomic architecture. Whole genome analyses remain 
underutilised in a fisheries context, with a large research gap, particularly in wild 
populations to assess the current and past state of genomic architecture of fish 
populations.  

For the thermal stress experiment, I took DNA samples for telomeres, 
rDNA, mtDNA, and skin microbiota at the end of the experiment. However, if I 
had more time and resources, it would be interesting to examine the longitudinal 
change of these fitness components. Due to the difficulty using non-destructive 
sampling such as blood (e.g., Olsson et al., 2018), I was not able to determine 
starting telomere lengths and could not quantify rate of erosion to see whether 
all fish had similar length telomeres at hatching or whether telomere 
maintenance/repair differed longitudinally. Nevertheless, short telomeres are a 
known biomarker for stress, and likely associated with a reduction in fitness 
(Näslund et al., 2015; Bateson 2016; Wilbourn et al., 2018). 

No other study has assessed the change in genomic architecture after a 
period of recovery following an overharvesting event. Though my results are 
insightful, they pave way for the next step, which would be to assess genomic 
recovery in wild populations, for example, a comparison between fishing 
grounds and a marine protected area. Additionally, I observe genomic changes 
in an isolated population with no influx of genetic material, whilst in a natural 
environment genomic recovery may be hastened through immigration and 
genetic rescue (Chevin et al., 2013; Whiteley et al., 2015). However, new 
genotypes from immigration would depend on the composition and 
reproductive success of the new individuals, meaning genomic recovery may still 
not occur even with high gene flow. Though a critical question, integrating 
immigration into a laboratory study of vertebrates remains a challenge. 

My data provide new knowledge of the effects of directional selection on 
adaptive potential across many fitness components. Yet it is a mere starting point 
to understand how humankind are shaping the aquatic system and how future 
stressors will shape the aquatic world. 
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Overharvesting has the capacity to be destructive, physically decimating 
landscapes, and causing unprecedented population declines. Size-selection (i.e., 
directional selection) exacerbates phenotypic and genomic changes resulting from 
fisheries (Therkildsen et al., 2019; Uusi-Heikkilä et al., 2017, 2015). A strategy for 
coping with a fisheries crash is to halt harvesting and impose a moratorium. Here, 
I show that despite cessation of harvesting for 10 generations and subsequent 
phenotypic recovery (van Dijk et al., unpublished), a moratorium does not allow 
genomic recovery in the absence of new gene flow (i.e., immigration from refugia), 
which no other study has examined (II). As such, it is likely that differences in 
genomic architecture persist or indeed continue to differentiate after intensive 
harvesting events, which can lead to reductions in adaptive potential and 
subsequent vulnerability to other environmental stressors. Indeed, here after 
exposing the selection lines to a novel stressor (thermal stress), lines exposed to 
directional selection had lower fitness (in terms of body size and growth) (III) and 
altered genomic fitness markers (IV). Crucially, previous studies have focused on 
how overharvesting causes loss of diversity through bottlenecks and population 
loss, whilst here I show evidence that directional selection has a key impact. 
Additionally, direction of selection appears to be less important than the act of 
directional selection itself. Evidently the process of size-selection is detrimental, 
and I provide evidence that balanced harvesting (random-selected) may be a better 
strategy of fishing than the typical size-based fishing. Though these data show 
some worrying patterns, there is perhaps some hope in the microbiota, as it 
remains resilient to prior selective pressure, as well as thermal stress (V), and as 
microbiota can be directly related to fish fitness, this could be a beneficial buffer 
mechanism under future climatic scenarios. 

Although I answer crucial questions related to state of our natural world, I 
generate even more questions and open new research avenues for future studies 
to pursue. Even though the aquatic world looks bleak in the face of the ravenous 
hunger of humankind, perhaps, in the light of evolution, and a little human 
intervention, some hope can be maintained for the state of future fish 
populations. 

5 CONCLUSIONS 



42 

Acknowledgements 

Starting life in a new country in March 2020 should had been an exciting new 
start, but a global pandemic subdued that somewhat. Luckily I had a good 
network of support, not only from friends and family back in the UK, but also 
my supervisors and new colleagues in Jyväskylä. Silva and Phill have been 
excellent supervisors, supporting my every idea, perhaps to an extent where we 
ended up with *too* many projects… But in the end through their expertise, we 
managed to get through most of my ideas until the money ran out (We may be 
spending some years getting the papers all out). Silva is perhaps the most 
enthusiastic Finn in existence and always is eager to hear me out and help, in fact 
both Silva and Phill even ended up in the laboratory on several occasions to help 
with methods! I am grateful to have such excellent supervisors and look forward 
to carrying on collaborations in the future. 

I am grateful for Neil Metcalfe for agreeing to be my honourable opponent, 
and I look forward to the insightful discussion we will have, especially after 
following your work since undergraduate. Thanks also to my two examiners, 
that I am sure will provide inciteful feedback following their review: Esben Olsen 
and John Morrongiello.  

My journey into biology started at a young age, and many people have 
helped me along the way. I see the start of my academic journey starting during 
my A-levels, where perhaps I didn’t perform the best, and may have dropped 
out if it wasn’t for the intervention of my friends, especially Sam to fight my 
corner. After which my true journey into marine ecology began at the University 
of Plymouth where I met a truly supportive cohort that remain some of my best 
friends to this day, so thanks Harry, Jord, George, Matt, Ryan, Chris, Deryk, Lisa, 
Meg and Izzi. Deryk even brought it upon himself to follow me to Finland and 
live with me for six months as he also started his PhD during a global pandemic, 
thanks for being an excellent flatmate, and I look forward to seeing your thesis 
very soon. I would also like to thank my first academic supervisor Tony Knights 
for suggesting the publication of my first paper, and subsequent continuation on 
to my Masters. During my tenure as a masters student and subsequent research 
assistant role, my laboratory group were inspiring and ultimately persuaded me 
that I wanted to pursue a PhD and a career in academia, so special thanks to Stew 
Plaistow, Franzi Brunner, Ian Wilson, Steve Price and Alan Reynolds. 

To my co-authors that have made all this research possible, thanks Silva, 
Phill, Tiina Sävilammi, Stephan van Dijk and Juha Karjalainen. Thanks to the 
zebrafish team for support, guidance, and intellectual input. Without Tiina, I 
think I will still be figuring out how to do bioinformatics! Special thanks to my 
fellow PhD student in our group Stephan for the hours upon hours of laboratory 
work and assistance with zebrafish husbandry. Breeding zebrafish is not as easy 
as it sounds. I would also like to thank Noora Kinnunen for her assistance with 
molecular work.  

Thank you to all the technical staff who have the innate ability to know 
exactly where everything is and how even machines unused for many years 



43 

 

work. Specifically, thanks to Emma Pajunen, Mervi Koistinen and Sari 
Viinikainen, without which I would still be trying to locate the PCR machine. I 
also want to thank all other collaborators we have visited and formulated ideas 
with, with special thanks to Fredrik Jutfelt and Shaun Killen. I also want to thank 
the CSC team for use of their computing system and excellent technical support. 

To my family who supported me from when I first pointed to all the animals 
in the aquarium demanding to work with them when I was older. I want to thank 
my parents and sister for their loving support, and I appreciate the effort they 
put in to pretend to be as interested in science as I am! I also want to thank Bert 
and Ernie for reminding me take breaks during the writing process to give them 
food and walks.  

Finally, to my loving wife Meg who managed to tolerate my stress induced 
rants and provided constant support throughout the years. I look forward to 
continuing this journey of life with you. 
 



44 

REFERENCES 

Abele D., Heise K., Pörtner H.O. & Puntarulo S. 2002. Temperature-dependence 
of mitochondrial function and production of reactive oxygen species in the 
intertidal mud clam Mya arenaria. J. Exp. Biol. 205: 1831–1841. 

Adams N.E. & Edmands S. 2023. Genomic recovery lags behind demographic 
recovery in bottlenecked populations of the Channel Island fox, Urocyon 
littoralis. Mol. Ecol. 32: 4151–4164.  

Ahti P.A., Kuparinen A. & Uusi-Heikkilä S. 2020. Size does matter — the eco-
evolutionary effects of changing body size in fish. Environ. Rev. 28: 311–
324. 

Alexa A. & Rahnenführer J. 2023. topGO: Enrichment analysis for gene ontology. 
doi:10.18129/B9.bioc.topGO, R package version 2.54.0. 

Alix M., Kjesbu O.S. & Anderson K.C. 2020. From gametogenesis to spawning: 
How climate-driven warming affects teleost reproductive biology. J. Fish. 
Biol.97: 607–632. 

Aljanabi S.M. & Martinez I. 1997. Universal and rapid salt-extraction of high 
quality genomic DNA for PCR-based techniques. Nucleic Acids Res. 25: 
4692–4693. 

Allendorf F.W., England P.R., Luikart G., Ritchie P.A. & Ryman N. 2008. Genetic 
effects of harvest on wild animal populations. Trends Ecol. Evol. 23: 327–
337. 

Allsopp R.C., Chang E., Kashefi-Aazam M., Rogaev E.I., Piatyszek M.A., Shay 
J.W. & Harley C.B. 1995. Telomere shortening is associated with cell 
division in vitro and in vivo. Exp. Cell Res. 220: 194–200. 

Anderson S.J., Conrad K.F., Gillman M.P., Woiwod I.P. & Freeland J.R. 2008. 
Phenotypic changes and reduced genetic diversity have accompanied the 
rapid decline of the garden tiger moth (Arctia caja) in the U.K. Ecol. 
Entomol. 33: 638–645. 

Åsheim E.R., Andreassen A.H., Morgan R. & Jutfelt F. 2020. Rapid-warming 
tolerance correlates with tolerance to slow warming but not growth at 
non-optimal temperatures in zebrafish. J. Exp. Biol. 223, jeb229195. 

Atkinson D. 1994. Temperature and organism size: a biological law for 
ectotherms? Adv. Ecol. Res. 25: 1–58. 

Aubert G. & Lansdorp P.M. 2008. Telomeres and Aging. Physiol. Rev. 88: 557–579. 
Audzijonyte A., Fulton E., Haddon M., Helidoniotis F., Hobday A.J., Kuparinen 

A., Morrongiello J., Smith A.D., Upston J. & Waples R.S. 2016. Trends and 
management implications of human-influenced life-history changes in 
marine ectotherms. Fish Fish. 17: 1005–1028. 

Balcázar J.L., Vendrell D., de Blas I., Ruiz-Zarzuela I., Gironés O. & Múzquiz J.L. 
2007. In vitro competitive adhesion and production of antagonistic 
compounds by lactic acid bacteria against fish pathogens. Vet. Microbiol. 
122: 373–380. 



45 

 

Barghi N., Tobler R., Nolte V., Jakšić A.M., Mallard F., Otte K.A., Dolezal M., Taus 
T., Kofler R. & Schlötterer C. 2019. Genetic redundancy fuels polygenic 
adaptation in Drosophila. PLoS Biol. 17, e3000128. 

Barnes R.P., Fouquerel E. & Opresko P.L. 2019. The impact of oxidative DNA 
damage and stress on telomere homeostasis. Mech. Ageing Dev. 177: 37–45. 

Bates D., Mächler M., Bolker B. & Walker S. 2015. Fitting linear mixed-effects 
models using lme4. J. Stat. Softw. 67: 1–48. 

Bateson M. 2016. Cumulative stress in research animals: Telomere attrition as a 
biomarker in a welfare context? BioEssays 38: 201–212. 

Bebbington K., Spurgin L.G., Fairfield E.A., Dugdale H.L., Komdeur J., Burke T. 
& Richardson D.S. 2016. Telomere length reveals cumulative individual 
and transgenerational inbreeding effects in a passerine bird. Mol. Ecol. 25: 
2949–2960. 

Becker C.D. & Genoway R.G. 1979. Evaluation of the critical thermal maximum 
for determining thermal tolerance of freshwater fish. Environ. Biol. Fishes 
4: 245–256. 

Biro P.A., Beckmann C. & Stamps J.A. 2010. Small within-day increases in 
temperature affects boldness and alters personality in coral reef fish. Proc. 
R. Soc. B 277: 71–77. 

Boltaña S., Sanhueza N., Aguilar A., Gallardo-Escarate C., Arriagada G., Valdes 
J.A., Soto D. & Quiñones R.A. 2017. Influences of thermal environment on 
fish growth. Ecol. Evol. 7: 6814–6825. 

Bolyen E., Rideout J.R., Dillon M.R., Bokulich N.A., Abnet C.C., Al-Ghalith G.A., 
Alexander H., Alm E.J., Arumugam M., Asnicar F., Bai Y., Bisanz J.E., 
Bittinger K., Brejnrod A., Brislawn C.J., Brown C.T., Callahan B.J., 
Caraballo-Rodríguez A.M., Chase J., Cope E.K., Da Silva R., Diener C., 
Dorrestein P.C., Douglas G.M., Durall D.M., Duvallet C., Edwardson C.F., 
Ernst M., Estaki M., Fouquier J., Gauglitz J.M., Gibbons S.M., Gibson D.L., 
Gonzalez A., Gorlick K., Guo J., Hillmann B., Holmes S., Holste H., 
Huttenhower C., Huttley G.A., Janssen S., Jarmusch A.K., Jiang L., Kaehler 
B.D., Kang K.B., Keefe C.R., Keim P., Kelley S.T., Knights D., Koester I., 
Kosciolek T., Kreps J., Langille M.G.I., Lee J., Ley R., Liu Y.-X., Loftfield E., 
Lozupone C., Maher M., Marotz C., Martin B.D., McDonald D., McIver 
L.J., Melnik A.V., Metcalf J.L., Morgan S.C., Morton J.T., Naimey A.T., 
Navas-Molina J.A., Nothias L.F., Orchanian S.B., Pearson T., Peoples S.L., 
Petras D., Preuss M.L., Pruesse E., Rasmussen L.B., Rivers A., Robeson 
M.S., Rosenthal P., Segata N., Shaffer M., Shiffer A., Sinha R., Song S.J., 
Spear J.R., Swafford A.D., Thompson L.R., Torres P.J., Trinh P., Tripathi 
A., Turnbaugh P.J., Ul-Hasan S., Hooft J.J.J. van der, Vargas F., Vázquez-
Baeza Y., Vogtmann E., et al. 2019. Reproducible, interactive, scalable and 
extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37: 
852–857. 

Boutin S., Sauvage C., Bernatchez L., Audet C. & Derome N. 2014. Inter 
individual variations of the fish skin microbiota: host genetics basis of 
mutualism? PLoS ONE 9, e102649. 



46 

Caldeira K. & Wickett M.E. 2003. Oceanography: anthropogenic carbon and 
ocean pH. Nature 425: 365. 

Cattell R.B. 1966. The Scree Test For The Number Of Factors. Multivar. Behav. 
Res. 1: 245–276. 

Cawthon R.M. 2002. Telomere measurement by quantitative PCR. Nucleic Acids 
Res. 30, e47. 

Ceballos G., Ehrlich P.R., Barnosky A.D., García A., Pringle R.M. & Palmer T.M. 
2015. Accelerated modern human–induced species losses: Entering the 
sixth mass extinction. Sci. Adv. 1, e1400253. 

Chatelain M., Drobniak S.M. & Szulkin M. 2020. The association between 
stressors and telomeres in non-human vertebrates: a meta-analysis. Ecol. 
Lett. 23: 381–398. 

Chen S., Zhou Y., Chen Y. & Gu J. 2018. fastp: an ultra-fast all-in-one FASTQ 
preprocessor. Bioinformatics 34: i884–i890. 

Chevin L.M., Gallet R., Gomulkiewicz R., Holt R.D. & Fellous S. 2013. Phenotypic 
plasticity in evolutionary rescue experiments. Philos. Trans. R. Soc. B 368, 
20120089.  

Chung D.J. & Schulte P.M. 2020. Mitochondria and the thermal limits of 
ectotherms. J. Exp. Biol. 223, jeb227801. 

Cingolani P., Platts A., Wang L.L., Coon M., Nguyen T., Wang L., Land S.J., Lu 
X. & Ruden D.M. 2012. A program for annotating and predicting the 
effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome 
of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 6: 80–92. 

Clarke A. & Fraser K.P.P. 2004. Why does metabolism scale with temperature? 
Funct. Ecol. 18: 243–251. 

Clay Montier L.L., Deng J.J. & Bai Y. 2009. Number matters: control of 
mammalian mitochondrial DNA copy number. J. Genet. Genom. 36: 125–
131. 

Conover D.O. & Munch S.B. 2002. Sustaining fisheries yields over evolutionary 
time scales. Science 297: 94–96. 

Conover D.O., Munch S.B. & Arnott S.A. 2009. Reversal of evolutionary 
downsizing caused by selective harvest of large fish. Proc. R. Soc. B 276: 
2015–2020. 

Cowie R.H., Bouchet P. & Fontaine B. 2022. The sixth mass extinction: fact, fiction 
or speculation? Biol. Rev. 97: 640–663. 

Craig R.K. 2012. Marine biodiversity, climate change, and governance of the 
oceans. Diversity 4: 224–238. 

Dahms C. & Killen S.S. 2023. Temperature change effects on marine fish range 
shifts: A meta-analysis of ecological and methodological predictors. Glob. 
Change Biol. 29: 4459–4479. 

Dakos V., Matthews B., Hendry A.P., Levine J., Loeuille N., Norberg J., Nosil P., 
Scheffer M. & De Meester L. 2019. Ecosystem tipping points in an evolving 
world. Nat. Ecol. Evol. 3: 355–362. 



47 

 

Davis N.M., Proctor D.M., Holmes S.P., Relman D.A. & Callahan B.J. 2018. Simple 
statistical identification and removal of contaminant sequences in marker-
gene and metagenomics data. Microbiome 6, 226. 

DeMarche M.L., Doak D.F. & Morris W.F. 2019. Incorporating local adaptation 
into forecasts of species’ distribution and abundance under climate 
change. Glob. Change Biol. 25: 775–793. 

Ding Q., Qi Y. & Tsang S.-Y. 2021. Mitochondrial biogenesis, mitochondrial 
dynamics, and mitophagy in the maturation of cardiomyocytes. Cells 10, 
2463. 

Dirks P.H.G.M. & Berger L.R. 2013. Hominin-bearing caves and landscape 
dynamics in the cradle of humankind, South Africa. J. Afr. Earth Sci. 78: 
109–131. 

Duckworth R.A. 2009. The role of behavior in evolution: a search for mechanism. 
Evol. Ecol. 23: 513–531. 

Edeline E., Carlson S.M., Stige L.C., Winfield I.J., Fletcher J.M., James J.B., Haugen 
T.O., Vøllestad L.A. & Stenseth N.C. 2007. Trait changes in a harvested 
population are driven by a dynamic tug-of-war between natural and 
harvest selection. Proc. Natl. Acad. Sci. U.S.A. 104: 15799–15804. 

Eden E., Navon R., Steinfeld I., Lipson D. & Yakhini Z. 2009. GOrilla: a tool for 
discovery and visualization of enriched GO terms in ranked gene lists. 
BMC Bioinform. 10, 48. 

Edgar R.C., Haas B.J., Clemente J.C., Quince C. & Knight R. 2011. UCHIME 
improves sensitivity and speed of chimera detection. Bioinformatics 27: 
2194–2200. 

FAO. 2022. The State of World Fisheries and Aquaculture 2022: Towards Blue 
Transformation. FAO, Rome, Italy. 

Filograna R., Mennuni M., Alsina D. & Larsson N.-G. 2021. Mitochondrial DNA 
copy number in human disease: the more the better? FEBS Lett. 595: 976–
1002. 

Frankham R. 2012. How closely does genetic diversity in finite populations 
conform to predictions of neutral theory? Large deficits in regions of low 
recombination. Heredity 108: 167–178. 

Frichot E., Schoville SD., Bouchard G., & François O. 2013. Testing for 
associations between loci and environmental gradients using latent factor 
mixed models. Mol. Biol. Evol. 30: 1687–99. 

Gadgil M. & Bossert W.H. 1970. Life Historical Consequences of Natural 
Selection. Am. Nat. 104: 1–24. 

Garcia S.M., Kolding J., Rice J., Rochet M.-J., Zhou S., Arimoto T., Beyer J.E., 
Borges L., Bundy A., Dunn D., Fulton E.A., Hall M., Heino M., Law R., 
Makino M., Rijnsdorp A.D., Simard F. & Smith A.D.M. 2012. 
Conservation. Reconsidering the consequences of selective fisheries. 
Science 335: 1045–1047. 

Ghosh S.K., Wong M.K.-S., Hyodo S., Goto S. & Hamasaki K. 2022. Temperature 
modulation alters the gut and skin microbial profiles of chum salmon 
(Oncorhynchus keta). Front. Mar. Sci. 9, 1027621. 



48 

Gomez J.A. & Primm T.P. 2021. A slimy business: the future of fish skin 
microbiome studies. Microb. Ecol. 82: 275–287. 

Grice E.A. & Segre J.A. 2011. The skin microbiome. Nat. Rev. Microbiol. 9: 244–253. 
Groth B.R., Huang Y., Monette M.J. & Pool J.E. 2018. Directional selection reduces 

developmental canalization against genetic and environmental 
perturbations in Drosophila wings. Evolution 72: 1708–1715. 

Grunwald D.J. & Eisen J.S. 2002. Headwaters of the zebrafish — emergence of a 
new model vertebrate. Nat. Rev. Genet. 3: 717–724. 

Guardiola F.A., Cuesta A., Abellán E., Meseguer J. & Esteban M.A. 2014. 
Comparative analysis of the humoral immunity of skin mucus from 
several marine teleost fish. Fish Shellfish Immunol. 40: 24–31. 

Gunter G. 1951. Destruction of fishes and other organisms on the South Texas 
coast by the cold wave of January 28-February 3, 1951. Ecology 32: 731–736. 

Hartmann N., Reichwald K., Wittig I., Dröse S., Schmeisser S., Lück C., Hahn C., 
Graf M., Gausmann U., Terzibasi E., Cellerino A., Ristow M., Brandt U., 
Platzer M. & Englert C. 2011. Mitochondrial DNA copy number and 
function decrease with age in the short-lived fish Nothobranchius furzeri. 
Aging Cell 10: 824–831. 

Heino M. 1998. Management of evolving fish stocks. Can. J. Fish. Aquat. Sci. 55: 
1971–1982. 

Hoarau G., Boon E., Jongma D.N., Ferber S., Palsson J., Van der Veer H.W., 
Rijnsdorp A.D., Stam W.T. & Olsen J.L. 2005. Low effective population size 
and evidence for inbreeding in an overexploited flatfish, plaice 
(Pleuronectes platessa L.). Proc. R. Soc. B 272: 497–503. 

Hollowed A.B., Barange M., Beamish R.J., Brander K., Cochrane K., Drinkwater 
K., Foreman M.G.G., Hare J.A., Holt J., Ito S., Kim S., King J.R., Loeng H., 
MacKenzie B.R., Mueter F.J., Okey T.A., Peck M.A., Radchenko V.I., Rice 
J.C., Schirripa M.J., Yatsu A. & Yamanaka Y. 2013. Projected impacts of 
climate change on marine fish and fisheries. ICES J. Mar. Sci. 70: 1023–1037. 

Horn T., Robertson B.C. & Gemmell N.J. 2010. The use of telomere length in 
ecology and evolutionary biology. Heredity 105: 497–506. 

Howe K., Chow W., Collins J., Pelan S., Pointon D.-L., Sims Y., Torrance J., Tracey 
A. & Wood J. 2021. Significantly improving the quality of genome 
assemblies through curation. GigaScience 10, giaa153. 

Howe K., Clark M.D., Torroja C.F., Torrance J., Berthelot C., Muffato M., Collins 
J.E., Humphray S., McLaren K., Matthews L., McLaren S., Sealy I., 
Caccamo M., Churcher C., Scott C., Barrett J.C., Koch R., Rauch G.-J., 
White S., Chow W., Kilian B., Quintais L.T., Guerra-Assunção J.A., Zhou 
Y., Gu Y., Yen J., Vogel J.-H., Eyre T., Redmond S., Banerjee R., Chi J., Fu 
B., Langley E., Maguire S.F., Laird G.K., Lloyd D., Kenyon E., Donaldson 
S., Sehra H., Almeida-King J., Loveland J., Trevanion S., Jones M., Quail 
M., Willey D., Hunt A., Burton J., Sims S., McLay K., Plumb B., Davis J., 
Clee C., Oliver K., Clark R., Riddle C., Elliott D., Threadgold G., Harden 
G., Ware D., Begum S., Mortimore B., Kerry G., Heath P., Phillimore B., 
Tracey A., Corby N., Dunn M., Johnson C., Wood J., Clark S., Pelan S., 
Griffiths G., Smith M., Glithero R., Howden P., Barker N., Lloyd C., 



49 

 

Stevens C., Harley J., Holt K., Panagiotidis G., Lovell J., Beasley H., 
Henderson C., Gordon D., Auger K., Wright D., Collins J., Raisen C., Dyer 
L., Leung K., Robertson L., Ambridge K., Leongamornlert D., McGuire S., 
Gilderthorp R., Griffiths C., Manthravadi D., et al. 2013. The zebrafish 
reference genome sequence and its relationship to the human genome. 
Nature 496: 498–503. 

Hunter S.E., Jung D., Di Giulio R.T. & Meyer J.N. 2010. The QPCR assay for 
analysis of mitochondrial DNA damage, repair, and relative copy number. 
Methods 51: 444–451. 

Hutchings J.A. 2021. A Primer of Life Histories: Ecology, Evolution, and Application. 
Oxford University Press. 

Hutchinson W.F., Oosterhout C. van, Rogers S.I. & Carvalho G.R. 2003. Temporal 
analysis of archived samples indicates marked genetic changes in 
declining North Sea cod (Gadus morhua). Proc. R. Soc. B 270: 2125–2132. 

Huyben D., Sun L., Moccia R., Kiessling A., Dicksved J. & Lundh T. 2018. Dietary 
live yeast and increased water temperature influence the gut microbiota 
of rainbow trout. J. Appl. Microbiol. 124: 1377–1392. 

Jack C.V., Cruz C., Hull R.M., Keller M.A., Ralser M. & Houseley J. 2015. 
Regulation of ribosomal DNA amplification by the TOR pathway. Proc. 
Natl. Acad. Sci. U.S.A. 112: 9674–9679. 

Jackson D.A. 1993. Stopping Rules in Principal Components Analysis: A 
Comparison of Heuristical and Statistical Approaches. Ecology 74: 2204–
2214. 

Jackson J.B.C., Kirby M.X., Berger W.H., Bjorndal K.A., Botsford L.W., Bourque 
B.J., Bradbury R.H., Cooke R., Erlandson J., Estes J.A., Hughes T.P., 
Kidwell S., Lange C.B., Lenihan H.S., Pandolfi J.M., Peterson C.H., Steneck 
R.S., Tegner M.J. & Warner R.R. 2001. Historical overfishing and the recent 
collapse of coastal ecosystems. Science 293: 629–637. 

Jernfors T., Danforth J., Kesäniemi J., Lavrinienko A., Tukalenko E., Fajkus J., 
Dvořáčková M., Mappes T. & Watts P.C. 2021. Expansion of rDNA and 
pericentromere satellite repeats in the genomes of bank voles Myodes 
glareolus exposed to environmental radionuclides. Ecol. Evol. 11: 8754–
8767. 

Johansen J.L. & Jones G.P. 2011. Increasing ocean temperature reduces the 
metabolic performance and swimming ability of coral reef damselfishes. 
Glob. Change Biol. 17: 2971–2979. 

Jonsson B. & Jonsson N. 2019. Phenotypic plasticity and epigenetics of fish: 
embryo temperature affects later-developing lift-history traits. Aquat. Biol. 
28: 21–32. 

Jørgensen C., Enberg K., Dunlop E.S., Arlinghaus R., Boukal D.S., Brander K., 
Ernande B., Gårdmark A.G., Johnston F., Matsumura S., Pardoe H., Raab 
K., Silva A., Vainikka A., Dieckmann U., Heino M. & Rijnsdorp A.D. 2007. 
Ecology: managing evolving fish stocks. Science 318: 1247–1248. 

Karjalainen J., Huuskonen H. & Medgysey N. 1995. Differences in metabolic rates 
during the early life history of vendace Coregonus albula [L.] and whitefish 
C.lavaretus [L.]. Pol. Arch. Hydrobiol. 42: 247–256. 



50 

Kesäniemi J., Lavrinienko A., Tukalenko E., Moutinho A.F., Mappes T., Møller 
A.P., Mousseau T.A. & Watts P.C. 2020. Exposure to environmental 
radionuclides alters mitochondrial DNA maintenance in a wild rodent. 
Evol. Ecol. 34: 163–174. 

Killen S.S., Glazier D.S., Rezende E.L., Clark T.D., Atkinson D., Willener A.S.T. & 
Halsey L.G. 2016. Ecological influences and morphological correlates of 
resting and maximal metabolic rates across teleost fish species. Am. Nat. 
187: 592–606. 

Kim S.-Y., Chiara V., Álvarez-Quintero N., Silva A. da & Velando A. 2023. 
Maternal effect senescence via reduced DNA repair ability in the three-
spined stickleback. Mol. Ecol. 32: 4648–4659. 

Kobayashi T. 2011. Regulation of ribosomal RNA gene copy number and its role 
in modulating genome integrity and evolutionary adaptability in yeast. 
Cell Mol. Life Sci. 68: 1395–1403. 

Kobayashi T. 2014. Ribosomal RNA gene repeats, their stability and cellular 
senescence. Proc. Jpn. Acad. B 90: 119–129. 

Kobayashi T. & Sasaki M. 2017. Ribosomal DNA stability is supported by many 
‘buffer genes’—introduction to the yeast rDNA stability database. FEMS 
Yeast Res. 17, fox001. 

Koskella B., Hall L.J. & Metcalf C.J.E. 2017. The microbiome beyond the horizon 
of ecological and evolutionary theory. Nat. Ecol. Evol. 1: 1606–1615. 

Kotrschal A., Ilmonen P. & Penn D.J. 2007. Stress impacts telomere dynamics. 
Biol. Lett. 3: 128–130. 

Kraskura K., Hardison E.A. & Eliason E.J. 2023. Body size and temperature affect 
metabolic and cardiac thermal tolerance in fish. Sci. Rep. 13, 17900. 

Krause J., Loader S.P., McDermott J. & Ruxton G.D. 1998. Refuge use by fish as a 
function of body length–related metabolic expenditure and predation 
risks. Proc. R. Soc. B 265: 2373–2379. 

Krotman Y., Yergaliyev T.M., Alexander Shani R., Avrahami Y. & Szitenberg A. 
2020. Dissecting the factors shaping fish skin microbiomes in a 
heterogeneous inland water system. Microbiome 8, 9. 

Kuznetsova A., Brockhoff P.B. & Christensen R.H.B. 2017. lmerTest Package: tests 
in linear mixed effects models. J. Stat. Softw. 82: 1–26. 

Kwan E.X., Foss E.J., Tsuchiyama S., Alvino G.M., Kruglyak L., Kaeberlein M., 
Raghuraman M.K., Brewer B.J., Kennedy B.K. & Bedalov A. 2013. A 
natural polymorphism in rDNA replication origins links origin activation 
with calorie restriction and lifespan. PLoS Genet. 9, e1003329. 

Lande R. & Shannon S. 1996. The role of genetic variation in adaptation and 
population persistence in a changing environment. Evolution 50: 434–437. 

Law R. 1979. Optimal Life Histories Under Age-Specific Predation. Am. Nat. 114: 
399–417. 

Law R. 2007. Fisheries-induced evolution: present status and future directions. 
Mar. Ecol. Prog. Ser. 335: 271–277. 

Le Roy A., Mazué G.P.F., Metcalfe N.B. & Seebacher F. 2021. Diet and 
temperature modify the relationship between energy use and ATP 



51 

 

production to influence behavior in zebrafish (Danio rerio). Ecol. Evol. 11: 
9791–9803. 

Lenth R., Singmann H., Love J., Buerkner P., & Herve, M. 2018. Package 
“Emmeans”. R package version 4.0-3.  

Lee H.C. & Wei Y.H. 2000. Mitochondrial role in life and death of the cell. Journal 
of Biomed. Sci. 7: 2–15. 

Lewin W.-C., Arlinghaus R. & Mehner T. 2006. Documented and potential 
biological impacts of recreational fishing: insights for management and 
conservation. Rev. Fish. Sci. 14: 305–367. 

Li H. 2011. A statistical framework for SNP calling, mutation discovery, 
association mapping and population genetical parameter estimation from 
sequencing data. Bioinformatics 27: 2987–2993. 

Li H. & Durbin R. 2010. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics 26: 589–595. 

Li J., Bates K.A., Hoang K.L., Hector T.E., Knowles S.C.L. & King K.C. 2023. 
Experimental temperatures shape host microbiome diversity and 
composition. Glob. Change Biol. 29: 41–56. 

Lin H. & Peddada S.D. 2024. Multigroup analysis of compositions of 
microbiomes with covariate adjustments and repeated measures. Nat. 
Methods 21: 83–91. 

Lokesh J. & Kiron V. 2016. Transition from freshwater to seawater reshapes the 
skin-associated microbiota of Atlantic salmon. Sci. Rep. 6, 19707. 

Lou J., Yu S., Feng L., Guo X., Wang M., Branco A.T., Li T. & Lemos B. 2021. 
Environmentally induced ribosomal DNA (rDNA) instability in human 
cells and populations exposed to hexavalent chromium [Cr (VI)]. Environ. 
Int. 153, 106525. 

Love M.I., Huber W. & Anders S. 2014. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15: 550. 

Luu K., Bazin E. & Blum M.G.B. 2017. pcadapt: an R package to perform genome 
scans for selection based on principal component analysis. Mol. Ecol. 
Resour. 17: 67–77. 

Marty L., Dieckmann U. & Ernande B. 2015. Fisheries-induced neutral and 
adaptive evolution in exploited fish populations and consequences for 
their adaptive potential. Evol. Appl. 8: 47–63. 

McMurdie P.J. & Holmes S. 2013. phyloseq: An R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS ONE 8, 
e61217. 

Mérot C., Stenløkk K.S.R., Venney C., Laporte M., Moser M., Normandeau E., 
Árnyasi M., Kent M., Rougeux C., Flynn J.M., Lien S. & Bernatchez L. 2023. 
Genome assembly, structural variants, and genetic differentiation 
between lake whitefish young species pairs (Coregonus sp.) with long and 
short reads. Mol. Ecol. 32: 1458–1477. 

Metcalfe N.B. & Olsson M. 2022. How telomere dynamics are influenced by the 
balance between mitochondrial efficiency, reactive oxygen species 
production and DNA damage. Mol. Ecol. 31: 6040–6052. 



52 

Miller J.M., Poissant J., Hogg J.T. & Coltman D.W. 2012. Genomic consequences 
of genetic rescue in an insular population of bighorn sheep (Ovis 
canadensis). Mol. Ecol. 21: 1583–1596. 

Mittelbach G.G., Schemske D.W., Cornell H.V., Allen A.P., Brown J.M., Bush 
M.B., Harrison S.P., Hurlbert A.H., Knowlton N., Lessios H.A., McCain 
C.M., McCune A.R., McDade L.A., McPeek M.A., Near T.J., Price T.D., 
Ricklefs R.E., Roy K., Sax D.F., Schluter D., Sobel J.M. & Turelli M. 2007. 
Evolution and the latitudinal diversity gradient: speciation, extinction and 
biogeography. Ecol. Lett. 10: 315–331. 

Mohammed H.H. & Arias C.R. 2015. Potassium permanganate elicits a shift of 
the external fish microbiome and increases host susceptibility to 
columnaris disease. Vet. Res. 46, 82. 

Moland E., Olsen E.M., Knutsen H., Garrigou P., Espeland S.H., Kleiven A.R., 
André C. & Knutsen J.A. 2013. Lobster and cod benefit from small-scale 
northern marine protected areas: inference from an empirical before–after 
control-impact study. Proc. R. Soc. B 280, 20122679. 

Mollet F.M., Kraak S.B.M. & Rijnsdorp A.D. 2007. Fisheries-induced evolutionary 
changes in maturation reaction norms in North Sea sole Solea solea. Mar. 
Ecol. Prog. Ser. 351: 189–199. 

Monaghan P. 2010. Telomeres and life histories: the long and the short of it. Ann. 
N. Y. Acad. Sci. 1206: 130–142. 

Monaghan P. & Haussmann M.F. 2006. Do telomere dynamics link lifestyle and 
lifespan? Trends Ecol. Evol. 21: 47–53. 

Moore H.A. & Whitmore D. 2014. Circadian rhythmicity and light sensitivity of 
the zebrafish brain. PLoS ONE 9, e86176. 

Morgan R., Andreassen A.H., Åsheim E.R., Finnøen M.H., Dresler G., Brembu T., 
Loh A., Miest J.J. & Jutfelt F. 2022. Reduced physiological plasticity in a 
fish adapted to stable temperatures. Proc. Natl. Acad. Sci. U.S.A. 119, 
e2201919119. 

Morrongiello J.R., Sweetman P.C. & Thresher R.E. 2019. Fishing constrains 
phenotypic responses of marine fish to climate variability. J. Anim Ecol. 88: 
1645–1656. 

Mousseau T.A. & Roff D.A. 1987. Natural selection and the heritability of fitness 
components. Heredity 59: 181–197. 

Näslund J., Pauliny A., Blomqvist D. & Johnsson J.I. 2015. Telomere dynamics in 
wild brown trout: effects of compensatory growth and early growth 
investment. Oecologia 177: 1221–1230. 

Neff E.P. 2020. Where the wild zebrafish are. Lab Anim. 49: 305–309. 
Neuman C., Hatje E., Zarkasi K.Z., Smullen R., Bowman J.P. & Katouli M. 2016. 

The effect of diet and environmental temperature on the faecal microbiota 
of farmed Tasmanian Atlantic Salmon (Salmo salar L.). Aquac. Res. 47: 660–
672. 

Oksanen J., Blanchet G., Friendly M., Kindt R., Legendre P., McGlinn D., Minchin 
P.R., O’Hara R.B., Simpson G.L., Solymos M., Stevens H.H., Szoecs E. & 
Wagner H. 2013. Package vegan: community ecology package. R package 
version 2.3-1. 



53 

 

O’Leary S.J., Hice L.A., Feldheim K.A., Frisk M.G., McElroy A.E., Fast M.D. & 
Chapman D.D. 2013. Severe inbreeding and small effective number of 
breeders in a formerly abundant marine fish. PLoS ONE 8, e66126. 

Oliver E.C.J., Donat M.G., Burrows M.T., Moore P.J., Smale D.A., Alexander L.V., 
Benthuysen J.A., Feng M., Sen Gupta A., Hobday A.J., Holbrook N.J., 
Perkins-Kirkpatrick S.E., Scannell H.A., Straub S.C. & Wernberg T. 2018. 
Longer and more frequent marine heatwaves over the past century. Nat. 
Comm. 9, 1324. 

Olsen E.M., Carlson S.M., Gjøsaeter J. & Stenseth N.C. 2009. Nine decades of 
decreasing phenotypic variability in Atlantic cod. Ecol. Lett. 12: 622–631. 

Olsen E.M., Heino M., Lilly G.R., Morgan M.J., Brattey J., Ernande B. & 
Dieckmann U. 2004. Maturation trends indicative of rapid evolution 
preceded the collapse of northern cod. Nature 428: 932–935. 

Olsson M., Friesen C.R., Rollings N., Sudyka J., Lindsay W., Whittington C.M. & 
Wilson M. 2018. Long-term effects of superoxide and DNA repair on 
lizard telomeres. Mol. Ecol. 27: 5154–5164. 

Olsson M., Bererhi B., Miller E., Schwartz T., Rollings N., Lindsay W. & Wapstra 
E. 2022. Inbreeding effects on telomeres in hatchling sand lizards (Lacerta 
agilis): An optimal family affair? Mol. Ecol. 31: 6605–6616. 

Orr H.A. 2009. Fitness and its role in evolutionary genetics. Nat. Rev. Genet. 10: 
531–539. 

Pankhurst N.W. & Munday P.L. 2011. Effects of climate change on fish 
reproduction and early life history stages. Mar. Freshw. Res. 62: 1015–1026. 

Papadopoulos D., Schneider D., Meier-Eiss J., Arber W., Lenski R.E. & Blot M. 
1999. Genomic evolution during a 10,000-generation experiment with 
bacteria. Proc. Natl. Acad. Sci. U.S.A. 96: 3807–3812. 

Paredes S., Branco A.T., Hartl D.L., Maggert K.A. & Lemos B. 2011. Ribosomal 
DNA deletions modulate genome-wide gene expression: “rDNA–
sensitive” genes and natural variation. PLoS Genet.  7, e1001376. 

Parmesan C. & Yohe G. 2003. A globally coherent fingerprint of climate change 
impacts across natural systems. Nature 421: 37–42. 

Pepke M.L. & Eisenberg D.T.A. 2022. On the comparative biology of mammalian 
telomeres: Telomere length co-evolves with body mass, lifespan and 
cancer risk. Mol. Ecol. 31: 6286–6296. 

Perry R.I., Cury P., Brander K., Jennings S., Möllmann C. & Planque B. 2010. 
Sensitivity of marine systems to climate and fishing: Concepts, issues and 
management responses. J. Mar. Syst. 79: 427–435. 

Petrou E.L., Fuentes-Pardo A.P., Rogers L.A., Orobko M., Tarpey C., Jiménez-
Hidalgo I., Moss M.L., Yang D., Pitcher T.J., Sandell T., Lowry D., 
Ruzzante D.E. & Hauser L. 2021. Functional genetic diversity in an 
exploited marine species and its relevance to fisheries management. Proc. 
R. Soc. B 288, 20202398. 

Pfaffl M.W. 2001. A new mathematical model for relative quantification in real-
time RT–PCR. Nucleic Acids Res. 29, e45. 

Pigliucci M. & Preston K.A. (eds.). 2004. Phenotypic Integration: Studying the 
Ecology and Evolution of Complex Phenotypes. Oxford University Press. 



54 

Pilakouta N., Killen S.S., Kristjánsson B.K., Skúlason S., Lindström J., Metcalfe 
N.B. & Parsons K.J. 2020. Multigenerational exposure to elevated 
temperatures leads to a reduction in standard metabolic rate in the wild. 
Funct. Ecol. 34: 1205–1214. 

Pilakouta N., O’Donnell P.J., Crespel A., Levet M., Claireaux M., Humble J.L., 
Kristjánsson B.K., Skúlason S., Lindström J., Metcalfe N.B., Killen S.S. & 
Parsons K.J. 2023. A warmer environment can reduce sociability in an 
ectotherm. Glob. Change Biol. 29: 206–214. 

Pinsky M.L. & Palumbi S.R. 2014. Meta-analysis reveals lower genetic diversity 
in overfished populations. Mol. Ecol. 23: 29–39. 

Pinsky M.L., Eikeset A.M., Helmerson C., Bradbury I.R., Bentzen P., Morris C., 
Gondek-Wyrozemska A.T., Baalsrud H.T., Brieuc M.S.O., Kjesbu O.S., 
Godiksen J.A., Barth J.M.I., Matschiner M., Stenseth N.Chr., Jakobsen K.S., 
Jentoft S. & Star B. 2021. Genomic stability through time despite decades 
of exploitation in cod on both sides of the Atlantic. Proc. Natl. Acad. Sci. 
U.S.A. 118, e2025453118. 

Planque B., Fromentin J.-M., Cury P., Drinkwater K.F., Jennings S., Perry R.I. & 
Kifani S. 2010. How does fishing alter marine populations and ecosystems 
sensitivity to climate? J. Mar. Syst.  79: 403–417. 

Poloczanska E.S., Burrows M.T., Brown C.J., García Molinos J., Halpern B.S., 
Hoegh-Guldberg O., Kappel C.V., Moore P.J., Richardson A.J., Schoeman 
D.S. & Sydeman W.J. 2016. Responses of marine organisms to climate 
change across oceans. Front. Mar. Sci. 3, 180581. 

Pörtner H.O. & Farrell A.P. 2008. Physiology and climate change. Science 322: 
690–692. 

Pörtner H.O. & Peck M.A. 2010. Climate change effects on fishes and fisheries: 
towards a cause-and-effect understanding. J. Fish. Biol. 77: 1745–1779. 

Pörtner H.O., Roberts D.C., Masson-Delmotte V., Zhai P., Tignor M., Poloczanska 
E. & Weyer N.M. 2019. The ocean and cryosphere in a changing climate. 
IPCC special report on the ocean and cryosphere in a changing climate. 1155. 

Quéméneur J.-B., Danion M., Cabon J., Collet S., Zambonino-Infante J.-L. & Salin 
K. 2022. The relationships between growth rate and mitochondrial 
metabolism varies over time. Sci. Rep. 12, 16066. 

Quinn T.P., Hodgson S., Flynn L., Hilborn R. & Rogers D.E. 2007. Directional 
selection by fisheries and the timing of Sockeye Salmon (Oncorhynchus 
nerka) Migrations. Ecol. Appl. 17: 731–739. 

R Core Team. 2022. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL 
https://www.R-project.org/. 

Reichert S. & Stier A. 2017. Does oxidative stress shorten telomeres in vivo? A 
review. Biol. Lett. 13, 20170463. 

Reznick D.A., Bryga H. & Endler J.A. 1990. Experimentally induced life-history 
evolution in a natural population. Nature 346: 357–359. 

Reznik E., Miller M.L., Şenbabaoğlu Y., Riaz N., Sarungbam J., Tickoo S.K., Al-
Ahmadie H.A., Lee W., Seshan V.E., Hakimi A.A. & Sander C. 2016. 



55 

 

Mitochondrial DNA copy number variation across human cancers. eLife 5, 
e10769. 

Rouyer T., Sadykov A., Ohlberger J. & Stenseth N.C. 2012. Does increasing 
mortality change the response of fish populations to environmental 
fluctuations? Ecol. Lett. 15: 658–665. 

Sadler D.E., Watts P.C. & Uusi-Heikkilä S. 2023. The riddle of how fisheries 
influence genetic diversity. Fishes 8, 510. 

Salim D. & Gerton J.L. 2019. Ribosomal DNA instability and genome 
adaptability. Chromosome Res. 27: 73–87. 

Salim D., Bradford W.D., Freeland A., Cady G., Wang J., Pruitt S.C. & Gerton J.L. 
2017. DNA replication stress restricts ribosomal DNA copy number. PLoS 
Genet. 13, e1007006. 

Sandblom E., Gräns A., Axelsson M. & Seth H. 2014. Temperature acclimation 
rate of aerobic scope and feeding metabolism in fishes: implications in a 
thermally extreme future. Proc. R. Soc. B 281, 20141490. 

Sanford J.A. & Gallo R.L. 2013. Functions of the skin microbiota in health and 
disease. Semin. Immunol. 25: 370–377. 

Sbragaglia V., Gliese C., Bierbach D., Honsey A.E., Uusi-Heikkilä S. & Arlinghaus 
R. 2019. Size-selective harvesting fosters adaptations in mating behaviour 
and reproductive allocation, affecting sexual selection in fish. J. Anim. Ecol. 
88: 1343–1354. 

Scheffer M., Carpenter S. & Young B. de. 2005. Cascading effects of overfishing 
marine systems. Trends Ecol. Evol. 20: 579–581. 

Schloerke B., Cook D., Larmarange J., Briatte F., Marbach M., Thoen E., Elberg A. 
& Crowley J. 2024. GGally: extension to 'ggplot2'. R package version 
2.2.1,8. 

Schmidt V.T., Smith K.F., Melvin D.W. & Amaral-Zettler L.A. 2015. Community 
assembly of a euryhaline fish microbiome during salinity acclimation. Mol. 
Ecol. 24: 2537–2550. 

Schneider C.A., Rasband W.S. & Eliceiri K.W. 2012. NIH Image to ImageJ: 25 
years of image analysis. Nat. Methods 9: 671–675. 

Schulte P.M. 2015. The effects of temperature on aerobic metabolism: towards a 
mechanistic understanding of the responses of ectotherms to a changing 
environment. J. Exp. Biol. 218: 1856–1866. 

Schulte P.M., Healy T.M. & Fangue N.A. 2011. Thermal performance curves, 
phenotypic plasticity, and the time scales of temperature exposure. Integr. 
Comp. Biol. 51: 691–702. 

Seebacher F., Beaman J. & Little A.G. 2014. Regulation of thermal acclimation 
varies between generations of the short-lived mosquitofish that developed 
in different environmental conditions. Funct. Ecol. 28: 137–148. 

Sen Gupta A., Thomsen M., Benthuysen J.A., Hobday A.J., Oliver E., Alexander 
L.V., Burrows M.T., Donat M.G., Feng M., Holbrook N.J., Perkins-
Kirkpatrick S., Moore P.J., Rodrigues R.R., Scannell H.A., Taschetto A.S., 
Ummenhofer C.C., Wernberg T. & Smale D.A. 2020. Drivers and impacts 
of the most extreme marine heatwaves events. Sci. Rep. 10, 19359. 



56 

Shenhav L., Thompson M., Joseph T.A., Briscoe L., Furman O., Bogumil D., 
Mizrahi I., Pe′er I. & Halperin E. 2019. FEAST: fast expectation-
maximization for microbial source tracking. Nat. Methods 16: 627–632. 

Silliman R.P. 1975. Selective and unselective exploitation of experimental 
populations of Tilapia mossambica. Fish. Bull. 73: 495–507. 

Simide R., Angelier F., Gaillard S. & Stier A. 2016. Age and heat stress as 
determinants of telomere length in a long-lived fish, the Siberian Sturgeon. 
Physiol. Biochem. Zool. 89: 441–447. 

Symonová R. 2019. Integrative rDNAomics—Importance of the oldest repetitive 
fraction of the Eukaryote genome. Genes 10, 345. 

Tao B., Lo L.J., Peng J. & He J. 2020. rDNA subtypes and their transcriptional 
expression in zebrafish at different developmental stages. Biochem. 
Biophys. Res. Commun. 529: 819–825. 

Therkildsen N.O., Nielsen E.E., Swain D.P. & Pedersen J.S. 2010. Large effective 
population size and temporal genetic stability in Atlantic cod (Gadus 
morhua) in the southern Gulf of St. Lawrence. Can. J. Fish. Aquat. Sci. 67: 
1585–1595. 

Therkildsen N.O., Wilder A.P., Conover D.O., Munch S.B., Baumann H. & 
Palumbi S.R. 2019. Contrasting genomic shifts underlie parallel 
phenotypic evolution in response to fishing. Science 365: 487–490. 

Thomas C.D., Cameron A., Green R.E., Bakkenes M., Beaumont L.J., Collingham 
Y.C., Erasmus B.F.N., Siqueira M.F. de, Grainger A., Hannah L., Hughes 
L., Huntley B., Jaarsveld A.S. van, Midgley G.F., Miles L., Ortega-Huerta 
M.A., Townsend Peterson A., Phillips O.L. & Williams S.E. 2004. 
Extinction risk from climate change. Nature 427: 145–148. 

Thompson T.Q., Bellinger M.R., O’Rourke S.M., Prince D.J., Stevenson A.E., 
Rodrigues A.T., Sloat M.R., Speller C.F., Yang D.Y., Butler V.L., Banks 
M.A. & Miller M.R. 2019. Anthropogenic habitat alteration leads to rapid 
loss of adaptive variation and restoration potential in wild salmon 
populations. Proc. Natl. Acad. Sci. U.S.A. 116: 177–186. 

Trochta J.T., Branch T.A., Shelton A.O. & Hay D.E. 2020. The highs and lows of 
herring: A meta-analysis of patterns and factors in herring collapse and 
recovery. Fish Fish. 21: 639–662. 

Turner T.L., Stewart A.D., Fields A.T., Rice W.R. & Tarone A.M. 2011. Population-
based resequencing of experimentally evolved populations reveals the 
genetic basis of body size variation in Drosophila melanogaster. PLoS Genet 
7, e1001336. 

Urbina M.A. & Glover C.N. 2013. Relationship between fish size and metabolic 
rate in the oxyconforming inanga Galaxias maculatus reveals size-
dependent strategies to withstand hypoxia. Physiol. Biochem. Zool. 86: 740–
749. 

Uusi-Heikkilä S., Wolter C., Meinelt T. & Arlinghaus R. 2010. Size-dependent 
reproductive success of wild zebrafish Danio rerio in the laboratory. J. Fish. 
Biol. 77: 552–569. 



57 

 

Uusi-Heikkilä S., Sävilammi T., Leder E., Arlinghaus R. & Primmer C.R. 2017. 
Rapid, broad-scale gene expression evolution in experimentally harvested 
fish populations. Mol. Ecol. 26: 3954–3967. 

Uusi-Heikkilä S., Whiteley A.R., Kuparinen A., Matsumura S., Venturelli P.A., 
Wolter C., Slate J., Primmer C.R., Meinelt T., Killen S.S., Bierbach D., 
Polverino G., Ludwig A. & Arlinghaus R. 2015. The evolutionary legacy 
of size-selective harvesting extends from genes to populations. Evol. Appl. 
8: 597–620. 

Valeeva L.R., Abdulkina L.R., Agabekian I.A. & Shakirov E.V. 2023. Telomere 
biology and ribosome biogenesis: structural and functional 
interconnections. Biochem. Cell Biol. 101: 394–409. 

Veiko N.N., Shubaeva N.O., Malashenko A.M., Beskova T.B., Agapova R.K. & 
Lyapunova N.A. 2007. Ribosomal genes in inbred mouse strains: 
Interstrain and intrastrain variation of copy number and extent of 
methylation. Russ. J. Genet. 43: 1021–1031. 

Walker D.I. & Kendrick G.A. 1998. Threats to Macroalgal Diversity: Marine 
Habitat Destruction and Fragmentation, Pollution and Introduced 
Species. Bot. Mar. 41: 105–112. 

Walsh M.R., Munch S.B., Chiba S. & Conover D.O. 2006. Maladaptive changes in 
multiple traits caused by fishing: impediments to population recovery. 
Ecol. Lett. 9: 142–148. 

Wang L.-C., Chen L.-H., Chiu Y.-C., Liou C.-Y., Chen H.-C., Lu C.-Y. & Chen J.-
L. 2023. Teleost skin microbiome: An intimate interplay between the 
environment and the host immunity. Fish Shellfish Immunol. 139, 108869. 

Wang W., Huang J., Zhang J., Wang Z., Li H., Amenyogbe E. & Chen G. 2021. 
Effects of hypoxia stress on the intestinal microflora of juvenile of cobia 
(Rachycentron canadum). Aquaculture 536, 736419. 

Webb C.J., Wu Y. & Zakian V.A. 2013. DNA repair at telomeres: keeping the ends 
intact. Cold Spring Harb. Perspect. Biol. 5, a012666. 

Whiteley A.R., Fitzpatrick S.W., Funk W.C. & Tallmon D.A. 2015. Genetic rescue 
to the rescue. Trends Ecol. Evol. 30: 42–49. 

Wijk S.J. van, Taylor M.I., Creer S., Dreyer C., Rodrigues F.M., Ramnarine I.W., 
Oosterhout C. van & Carvalho G.R. 2013. Experimental harvesting of fish 
populations drives genetically based shifts in body size and maturation. 
Front. Ecol. Environ. 11: 181–187. 

Wilbourn R.V., Moatt J.P., Froy H., Walling C.A., Nussey D.H. & Boonekamp J.J. 
2018. The relationship between telomere length and mortality risk in non-
model vertebrate systems: a meta-analysis. Philos. Trans. R. Soc. B 373, 
20160447. 

Williams C.M., Henry H.A.L. & Sinclair B.J. 2015. Cold truths: how winter drives 
responses of terrestrial organisms to climate change. Biol. Rev. 90: 214–235. 

Woodhams D.C., Bletz M.C., Becker C.G., Bender H.A., Buitrago-Rosas D., 
Diebboll H., Huynh R., Kearns P.J., Kueneman J., Kurosawa E., 
LaBumbard B.C., Lyons C., McNally K., Schliep K., Shankar N., Tokash-
Peters A.G., Vences M. & Whetstone R. 2020. Host-associated 



58 

microbiomes are predicted by immune system complexity and climate. 
Genome Biol. 21, 23. 

Wootton H.F., Audzijonyte A. & Morrongiello J. 2021. Multigenerational 
exposure to warming and fishing causes recruitment collapse, but size 
diversity and periodic cooling can aid recovery. Proc. Natl. Acad. Sci. 
U.S.A. 118, e2100300118. 

Worm B. 2016. Averting a global fisheries disaster. Proc. Natl. Acad. Sci. U.S.A. 
113: 4895–4897. 

Worm B., Barbier E.B., Beaumont N., Duffy J.E., Folke C., Halpern B.S., Jackson 
J.B.C., Lotze H.K., Micheli F., Palumbi S.R., Sala E., Selkoe K.A., 
Stachowicz J.J. & Watson R. 2006. Impacts of biodiversity loss on ocean 
ecosystem services. Science 314: 787–790. 

Yilmaz P., Parfrey L.W., Yarza P., Gerken J., Pruesse E., Quast C., Schweer T., 
Peplies J., Ludwig W. & Glöckner F.O. 2014. The SILVA and ‘All-species 
Living Tree Project (LTP)’ taxonomic frameworks. Nucleic Acids Res. 42, 
D643-648. 

Young H.S., McCauley D.J., Galetti M. & Dirzo R. 2016. Patterns, causes, and 
consequences of Anthropocene defaunation. Annu. Rev. Ecol. Evol. Syst. 47, 
333–358. 

Yu Y.-Y., Ding L.-G., Huang Z.-Y., Xu H.-Y. & Xu Z. 2021. Commensal bacteria-
immunity crosstalk shapes mucosal homeostasis in teleost fish. Rev. Aquac. 
13: 2322–2343. 

Zakian V.A. 2012. Telomeres: the beginnings and ends of eukaryotic 
chromosomes. Exp. Cell Res. 318: 1456–1460. 

Zglinicki T. von. 2002. Oxidative stress shortens telomeres. Trends Biochem. Sci. 
27: 339–344. 

Zhou S., Smith A.D.M., Punt A.E., Richardson A.J., Gibbs M., Fulton E.A., Pascoe 
S., Bulman C., Bayliss P. & Sainsbury K. 2010. Ecosystem-based fisheries 
management requires a change to the selective fishing philosophy. Proc. 
Natl. Acad. Sci. U.S.A. 107: 9485–9489. 

Zhou S., Kolding J., Garcia S.M., Plank M.J., Bundy A., Charles A., Hansen C., 
Heino M., Howell D., Jacobsen N.S., Reid D.G., Rice J.C., van Zwieten 
P.A.M. 2019. Balanced harvest: concept, policies, evidence, and 
management implications. Rev. Fish Biol. Fish. 29: 711–733. 



ORIGINAL PAPERS 

I 

SIZE-SELECTIVE HARVESTING DRIVES GENOMIC SHIFTS IN 
A HARVESTED POPULATION 

by 

Daniel Sadler, Tiina Sävilammi, Stephan van Dijk, Phillip C. Watts & 
Silva Uusi-Heikkilä 

Submitted manuscript 

Request a copy from author.



II 

POPULATION GENOMICS OF AN OVERHARVESTED 
POPULATION AFTER A PERIOD OF RECOVERY 

by 

Daniel Sadler, Tiina Sävilammi, Stephan van Dijk, Phillip C. Watts & 
Silva Uusi-Heikkilä 

Manuscript 

Request a copy from author.



 

 
 
 

III 
 
 

DOES SIZE-SELECTIVE HARVESTING ERODE ADAPTIVE 
POTENTIAL TO THERMAL STRESS? 

 
 
 
 

by 
 

Daniel Sadler, Stephan van Dijk, Juha Karjalainen, Phillip C. Watts &  
Silva Uusi-Heikkilä 2024 

 
Ecology and Evolution 14: e11007 

 
https://doi.org/10.1002/ece3.11007 

 
 

Reprinted with kind permission of Wiley. 
 

https://doi.org/10.1002/ece3.11007


Ecology and Evolution. 2024;14:e11007. | 1 of 15
https://doi.org/10.1002/ece3.11007

www.ecolevol.org

| |
DOI: 10.1002/ece3.11007  

R E S E A R C H  A R T I C L E

Does size-selective harvesting erode adaptive potential to 
thermal stress?

Daniel E. Sadler | | | |   
Silva Uusi-Heikkilä

Ecology and Evolution

Correspondence

Funding information

325107

Abstract
-

-

-
-

-

K E Y W O R D S

T A X O N O M Y  C L A S S I F I C A T I O N



| SADLER ET AL.

|

2015 2015
2014 2023 2019

2009 2019

2007 2007; 
2006

2002 2015
2007; 

2004 2023 2019
2015, 2017 2013

-

2021; 
2010

2021 2019 -
2008 2019 -

2012
-

2007
2021 -

2009 2019

-
2018

2015 2019

2010 2021
-

2007 2003

2013 2010

> 2020

-
2008

1994; 
2013 -

2016 -
-

2010 2012
2021

-

Danio rerio
-

-

-

-
-

|

|

Danio 
rerio

2010 -

2015



|SADLER ET AL.

-
-

2015, 
2017

-

2017
2022 2019

Artemia salina. During 

-

<

-

2019
± -

2020 2022 +

2020

-

n =

± -

|

n = -

2012

×

|

n =

|

n = -

3

-
-

-

-

2h



| SADLER ET AL.

2g

2 gh

-

1995

2g

|

n =

-
 

-

2021
1998

-

-

-

| )

-

2020

1979

.

|

2022
2022

-

~ 
+ +

-
~

+ + -
+

-
lmer glmer within the 

2015 lmertest
2017

-
els in  -

emmeans 
2023

-

2019

vegdist
2013 -
1971

adonis2 -

|

|

F2,265 = p <  ,  1



|SADLER ET AL.

F2,263 = p <  ,  

 1, 
 ,  

 1,  ,  

 1,  ,  

|

-
-

 , 
 

F1,666 = p <

 ,  
-
-

F2,666 =

p <  ,  
t = p <

 2c,  

t = p <  2c, 
 

-
F1,442 = p <  2d,  

-
 ,  2d

|

-
-

F2,166 = p <  ,  
-

p <

p < -
F2,166 = p <  ,  

F2,166 = p <  ,  

p <

 , 
 
 ,  3c

|

z = p <  ,  

F2,160 = p <  ,  



| SADLER ET AL.

p <

F2,160 =

p <  4c,  -
-

p <

 4c,  

z = <  ,  

z = p <  ,  -

z = p <  , 
 

-
z = p <  ,  

-
z =

p < z = p <  5c,  

 5c,  

|

CT -

F2,99 = p <  ,  
 ,  

-

F2,99 = p <  ,  , 

F2,99 = p <  ,  

p <

p <

|

-
z = p <

 



|SADLER ET AL.

|

 
-
-

F1,77 = p <  ,  
F2,77 = p =  , 

 

 

-

 

 
 

 

-
 ,  7c

CT  ,  7c -

-

-
 

|



| SADLER ET AL.

-
 ; 

2004

1994 2010 2020; 
2019 2010; 
2019 -

2016
2004

2022 2014 -

2015 2011 -

-

2020 -

-

2014
-

2014

2010 -
2020

2001 -

1991 -
2014

2004



|SADLER ET AL.

-

2014



| SADLER ET AL.

2021

2019

-
2002

2015 2013

2012 2019; 
2019

2012 -

-

-
2012 -

2014 2019; 
2013

-

1994

-



|SADLER ET AL.

2021; 
2016

2022 -
-

2020

-

-

2015 2006

-
-

2021 2019
2015

-
2012, 2015 2015

2014 2012 2007

2009 1987

-

2012
2015

2006 -
2014

-

2018 2013

-

-

-
-

-

-
-

Daniel E. Sadler: -
-

Stephan van Dijk:

Juha Karjalainen:
Phillip C. Watts: 

-

Silva Uusi- Heikkilä:

-

collection.

CONFLIC T OF INTERE ST STATEMENT

.



| SADLER ET AL.

ORCID
Daniel E. Sadler  https://orcid.org/0000-0001-9715-3270 

R E FE R E N C E S

-
Journal of Fish Biology, 97 https:// doi. org/ 

PLoS One, 7, e48030. https:// doi. 

-
Canadian 

Journal of Fisheries and Aquatic Sciences, 72 https:// doi. 

Arctia caja
Ecological Entomology, 33 https:// doi. org/ 10. 

Journal of 
Experimental Biology, 223
229195

Advances in Ecological Research, 25

Fish 
and Fisheries, 17

Science, 11

Journal of Statistical Software, 67, 

-
Progress in Oceanography, Marine Ecosystem Structure and 

Dynamics, 68
02. 005

-

Environmental Biology of Fishes, 4 https:// doi. org/ 10. 

-

Proceedings of the Biological Sciences, 277

Nature, 497 https:// 

Functional Ecology, 18

Science, 297 https:// doi. org/ 10. 
1126/ scien ce. 1074085

Poecilia reticulata Journal of Fish Biology, 
86

Marine Ecology Progress Series, 401 https:// doi. org/ 

Evolutionary Ecology, 23 https:// doi. org/ 10. 
1007/ s1068 2-  008-  9252-  6

-

Heredity, 108 https:// doi. 

Science, 335 https:// doi. org/ 10. 
1126/ scien ce. 1214594

properties. Biometrics, 27 https:// doi. org/ 10. 2307/ 
2528823

Evolution, 72, 
https:// doi. org/ 10. 1111/ evo. 13550 

Salmo trutta Canadian Journal of Fisheries and 
Aquatic Sciences, 71
-  2014-  0221

-
ICES Journal of Marine Science, 71 https:// doi. 

Evolutionary Applications, 14
2391. 

ICES Journal of Marine Science, 70 https:// doi. org/ 10. 

Sillago japonica Fisheries Science, 67, 

-
Myodes glareolus

Ecology and Evolution, 11 https:// doi. 
org/ 10. 1002/ ece3. 7684

Aquatic Biology, 28

Science, 318 https:// doi. org/ 10. 1126/ scien ce. 
1148089

Coregonus 



|SADLER ET AL.

albula C. lavaretus Polskie Archiwum 
Hydrobiologii, 42

-

Ecology Letters, 13 https:// doi. org/ 10. 

The American Naturalist, 187
https:// doi. org/ 10. 1086/ 685893

Behavioural Ecology and Sociobiology, 66 https:// doi. org/ 
10. 1007/ s0026 5-  011-  1303-  2

-
Proceedings of the Royal Society of London. 

Series B: Biological Sciences, 265 https:// doi. org/ 10. 

-
Scientific Reports, 6, 22245. https:// doi. 

org/ 10. 1038/ srep2 2245

Journal of Statistical 
Software, 82

-

Philosophical Transactions of the Royal Society. Series B: Biological 
Sciences, 331

directions. Marine Ecology Progress Series, 335 https:// doi. 

Danio rerio
Ecology and Evolution, 11 https:// doi. org/ 10. 1002/ 
ECE3. 7806

emmeans: Estimated marginal means, aka least- squares 
means

-
-

Reviews in Fisheries Science, 14
367. https:// doi. org/ 10. 1080/ 10641 26060 0886455

-
-

Evolutionary Applications, 8, 

cvequality: Tests for the equality 
of coefficients of variation from multiple groups
version 0.1.30.

Science, 347, 1255641. https:// doi. org/ 10. 1126/ scien ce. 
1255641

Ecology Letters, 
10

sole Solea solea. Marine Ecology Progress Series, 351

Proceedings of the National Academy of Sciences
of the United States of America, 118, e2009451118. https:// doi. org/ 

-
Proceedings 

of the National Academy of Sciences of the United States of America, 
119, e2201919119. 

-

Global Change Biology, 27 https:// doi. org/ 10. 

-

Journal of Animal Ecology, 88 https:// doi. org/ 10. 1111/ 
1365-  2656. 12999 

-
Heredity, 59 https:// doi. org/ 

-
Conservation Physiology, 7 https:// doi. org/ 10. 1093/ 

-
Fish and Fisheries, 20

1022. 

Package vegan: 
Community ecology package

Ecology Letters, 12

Nature, 428, 

-

Oceanography, 32 https:// doi. org/ 10. 5670/ 

-
Nature, 

421

Journal of Marine Systems, 79, 

-
Proceedings of the Royal Society of London. Series B: 

Biological Sciences, 288, 20202398. 
2020. 2398

Phenotypic integration: Studying 
the ecology and evolution of complex phenotypes
Press.



| SADLER ET AL.

-

Proceedings of the National Academy of Sciences of the United States 
of America, 118, e2025453118. 
20254 53118 

Molecular Ecology, 23

Daphnia magna × Journal of 
Evolutionary Biology, 27
12443 

-
Journal of Marine 

Systems, 79
12. 018

Science, 322

Journal of 
Fish Biology, 77 https:// doi. org/ 10. 1111/J. 1095-  8649. 

RStudio: Integrated development environment for R.

Oncorhynchus nerk Ecological Applications, 17
739. https:// doi. org/ 10. 1890/ 06-  0771

R: A language and environment for statistical comput-
ing

Gadus morhua Philosophical Transactions 
of the Royal Society B: Biological Sciences, 378, 20220190. https:// 

-
-

Ecology Letters, 15 https:// doi. 

-

Danio rerio. Oecologia, 200 https:// doi. org/ 10. 1007/ s0044 

Fishes, 8, 510. https:// doi. org/ 

Proceedings of the Royal 
Society of London. Series B: Biological Sciences, 281, 20141490. 

Transactions of the American Fisheries Society, 148, 

Nature Methods, 9

-
Journal of Experimental Biology, 

218

Integrative and Comparative Biology, 51 https:// 

-

Functional Ecology, 28 https:// doi. org/ 10. 1111/ 1365-  
2435. 12156 

Scientific Reports, 10, 19359. https:// doi. org/ 10. 
1038/ s4159 8-  020-  75445 -  3

Ecology Letters, 10 https:// doi. org/ 10. 1111/J. 

Genetics, 211 https:// doi. 
org/ 10. 1534/ genet ics. 118. 301319

Danio rerio
Zebrafish, 16

Science, 365, 

Proceedings of the National
Academy of Sciences of the United States of America, 116

-
Molecular Ecology, 26

Evolutionary Applications, 8 https:// 

Danio rerio in the 
Journal of Fish Biology, 77 https:// doi. org/ 10. 

-
Frontiers in 

Ecology and the Environment, 11 https:// doi. org/ 10. 1890/ 
120229

Temperature, 7 https:// 
doi. org/ 10. 1080/ 23328 940. 2020. 1765950

-
Ecology Letters, 9 https:// doi. org/ 10. 

PLoS One, 8, e0068900. https:// doi. org/ 10. 



|SADLER ET AL.

-
-

Proceedings of the National Academy of Sciences of the United 
States of America, 118, e2100300118. https:// doi. org/ 10. 1073/ 

Fish and Fisheries, 16 https:// doi. org/ 

Ecology and Evolution, 14, e11007. https://doi.
org/10.1002/ece3.11007



IV 

DIRECTIONAL SELECTION, NOT THE DIRECTION OF 
SELECTION, AFFECTS TELOMERE LENGTH AND COPY 

NUMBER AT RIBOSOMAL RNA LOCI 

by 

Daniel Sadler, Phillip C. Watts & Silva Uusi-Heikkilä 

Submitted manuscript 

Request a copy from author.



V 

SKIN MICROBIOTA REMAINS RESILIENT UNDER 
THERMAL STRESS IN A TELEOST 

by 

Daniel Sadler, Phillip C. Watts & Silva Uusi-Heikkilä 

Manuscript 

Request a copy from author.


	So Long and Thanks for All the Fish: Fisheries Erode Adaptive Potential
	ABSTRACT
	TIIVISTELMÄ
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	1 Introduction
	1.1 Overharvesting and its evolutionary consequences
	1.1.1 What selection should we select?

	1.2 Does halting harvesting allow for phenotypic and genomic recovery?
	1.3 Loss of genomic diversity and adaptive potential
	1.4 Multiple stressors in a changing world
	1.4.1 Thermal stress as an environmental stressor

	1.5 Fitness components
	1.5.1 Life history, physiology, and behaviour
	1.5.2 Telomere and copy number variation
	1.5.3 Beyond the host: the microbiota

	1.6 Zebrafish as a model of size-selective fisheries
	1.7 Objectives

	2 Methods
	2.1 Harvesting and subsequent recovery
	2.2 DNA processing
	2.3 Whole genome sequencing processing
	2.4 Thermal experiment
	2.4.1 Growth rate
	2.4.2 Reproductive success
	2.4.3 Metabolic rate
	2.4.4 Behaviour
	2.4.5 Critical thermal maximum (CTmax)
	2.4.6 Genomic markers of stress
	2.4.7 Microbiota sampling

	2.5 Statistical analysis
	2.5.1 Shifts in genomic architecture (I, II)
	2.5.2 Thermal stress experiment: life history, physiology, behaviour, and genomic markers of stress (III, IV)
	2.5.3 Thermal stress experiment: microbiota (V)


	3 Results and discussion
	3.1 Key findings
	3.2 Overharvesting causes a shift in genomic architecture and loss of genetic diversity (I)
	3.3 Cessation of harvesting does not prevent further population divergence (II)
	3.4 Thermal stress acts in tandem with size-selection (III)
	3.5 Directional selection and thermal stress influence genomic markers of stress (IV)
	3.6 Thermal stress but not directional selection influence fish skin microbiota (V)

	4 Limitations and future directions
	5 Conclusions
	Acknowledgements
	References
	ORIGINAL PAPERS
	SIZE-SELECTIVE HARVESTING DRIVES GENOMIC SHIFTS IN A HARVESTED POPULATION
	POPULATION GENOMICS OF AN OVERHARVESTED POPULATION AFTER A PERIOD OF RECOVERY
	DOES SIZE-SELECTIVE HARVESTING ERODE ADAPTIVE POTENTIAL TO THERMAL STRESS?
	DIRECTIONAL SELECTION, NOT THE DIRECTION OF SELECTION, AFFECTS TELOMERE LENGTH AND COPY NUMBER AT RIBOSOMAL RNA LOCI
	SKIN MICROBIOTA REMAINS RESILIENT UNDER THERMAL STRESS IN A TELEOST




