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Abstract
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Ageing is the progressive physiological deterioration that appears with increasing age and
eventually leads to a decline in survival and reproduction. This physiological process is
omnipresent across the tree of life, but the expected trajectory can widely vary between and
within species. Classic theories predict that the evolution of senescence is strongly influenced by
the level of extrinsic mortality. Furthermore, variation in early-life developmental environments
can shape individual condition and thus lead to alternative life-history strategies. The interplay
between early-life environment and individual condition might therefore predict the trajectory
of ageing and is of importance when studying life history evolution. In this thesis, I focus
on condition dependent life-history strategies and how this can translate in differential ageing
patterns. Moreover, I specifically investigate the influence of early-life environment on key life
history traits (i.e. survival and reproduction) and how this might eventually carry-over to future
generations via nongenetic inheritance. First, I used an experimental approach involving lab
populations of the nematode Caenorhabditis remanei to show that males, but not females, pay
the cost for the evolution of increased lifespan (Paper I). Second, I used an empirical dataset
based on 25 years of observations, to investigate the long-term effects of early-life environment
on reproduction and survival (Paper II). Reproductive success of low-condition females in
natural populations of collared flycatchers (Ficedula albicollis) peaks later in life, when high-
condition females are already in steep reproductive decline and suffer from high mortality
rates. Third, I used the neriid fly Telostylinus angusticollis in an experimental environment, to
test whether condition-dependent investment in secondary sexual traits affects the life-history
strategies of males (Paper III). High-condition males developed and aged faster than low-
condition males, but interaction with rival males did not affect male reproductive ageing.
Finally, continuing the T. angusticollis experiment, I also found that parental diet interacts
with parental sex and offspring sex, ultimately affecting offspring life-histories. Parental effects
can thus play an important role in shaping between-individual variation in reproductive and
actuarial senescence (Paper IV). Overall, in this thesis I have explored the interaction between
environment, condition and ageing in both experimental and natural settings.
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1.1

1. Introduction

A history of the Evolutionary Theories of Ageing

Ageing, or senescence, is a complex biological phenomenon that plays a
fundamental role in shaping life histories (Stearns 1992; Shefferson et al.
2017). Across the tree of life, the process of ageing, is widespread and
prevalent in most eukaryotic organisms (Jones et al. 2014; Shefferson et al.
2017). Ageing can be defined as the progressive physiological deterioration
with increasing age, resulting in a decline of fecundity and survival (Abrams
1991; Rose 1991; Partridge and Barton 1993, 1996). However, even though
ageing is a fitness impairing trait, it has not been eliminated by natural selec-
tion over time, and thus understanding its evolutionary origin and mainte-
nance poses an interesting challenge.

“It is indeed remarkable that after a seemingly miraculous feat of
morphogenesis[,] a complex metazoan should be unable to perform
the much simpler task of merely maintaining what is already
formed.”

[Williams 1957]

Yet, the paradoxical evolution of ageing had been largely neglected by
the scientific community until the late nineteenth century (Williams 1957).
Such neglect occurred mainly because ageing was considered as a non-
existing biological phenomenon in nature that was only observed in human
populations or animal populations in captivity. This can be largely ascribed
to the observation that most organisms in the wild will most likely succumb
to extrinsic environmental hazards such as predation, accidents, or parasitism
(“extrinsic mortality”’) and, therefore, will not survive until old age, when
signs of senescence become prominent. As a result, populations in general
have a lower frequency of old individuals, creating a window, termed “selec-
tion shadow”, where natural selection has limited direct influence over the
process of ageing (Haldane 1941; Medawar 1952). Even if a hypothetical
“accelerating ageing” gene would exist, its late-life expression would be
hindered by the low survival rates of organisms, and when expressed they
would be further selected against by natural selection, due to their detri-
mental effect on individual fitness. Hence, it would not be possible for such
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1. Introduction

genes to be in equilibrium in a population, since any mutation that would
block their expression would be beneficial, and thus go to fixation
(Kirkwood 2002). Today we know that large population size and careful
observation are required to document age-specific decline in life-history
traits with advancing age in natural populations (Nussey et al. 2008, 2013).

August Weismann was the first to study the causes of ageing from an
evolutionary perspective, separating it from the common physiological ap-
proach (Weismann 1891). He believed that “physiological considerations
alone cannot determine the duration of life [...] [D]uration of life is really
dependent upon adaptation to external conditions, that is length, whether
longer or shorter, is governed by the needs of the species.” (Weismann
1891, p. 9). He proposed a well-received theory of senescence, using me-
chanical devices and their functional decline as an analogy for the ageing-
related physiological deterioration. Weismann initially suggested that long-
er-lived individuals will accumulate injuries that would not heal properly,
reducing their fitness in comparison to younger members of the population.
Therefore, a selective advantage for death would be established in late life
stages and natural selection would act on these old and worn out individuals
via a specific mechanism resulting in death; a mechanism that remained
undescribed. This idea was later abandoned because it was based on the
group selection approach to trait evolution and does not explain when inju-
ries cannot be fully repaired in the first place. Weismann’s most important
contribution to the evolutionary theories of ageing was his “germ-plasm”
theory. He proposed that all cells of an organism can be separated in germ
and soma cell lineages (Weismann 1891, 1892, 1893). The cells that consti-
tute the soma will eventually die (at the death of the organism) and their
purpose is to keep the germ cells in a good condition and reproducing. On
the other hand, the “germ cells are not derived at all [...] from the body of
the individual, but they are derived from the parent germ-cell” and, thus, are
immortal (Weismann 1891, p. 170). Despite criticism of the prediction that
there is a need of a strict germ-soma distinction for senescence to occur
(Shefterson et al. 2017), Weismann’s theory has guided the field and moti-
vated modern ageing research (e.g. the “Disposable Soma theory” —
Kirkwood 1977).

Some years later, Ronald A. Fisher, one of the fathers of population ge-
netics, developed important mathematical equations to describe these pro-
cesses and set the foundation for the classical evolutionary theories of age-
ing. In his work “The Genetical Theory of Natural Selection” (Fisher 1930,
1958), he introduced the concepts of “Malthusian parameter” and “reproduc-
tive value”. As Charlesworth described in his review (2000), Fisher (1930)
showed that a sexually reproducing, age-structured population that reproduc-
es in continuous time will reach an asymptotic exponential rate of population
increase (i.e. r, or Malthusian parameter) with each individual having an
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1.1 History of Evolutionary Theories of Ageing

expected lifetime contribution to future generations at each age (i.e. v(x), or
reproductive value). As an example, he compared the age-specific changes
in reproductive values and mortality rates of Australian women and argued
that “the direct action of Natural Selection must be proportional to this con-
tribution” (1930, p. 27), since it “is probably not without significance [...]
that the death rate in Man takes a course generally inverse to the curve of
the reproductive value.” (Fisher 1930, p. 29).

Almost a decade later, John B. S. Haldane in his work “New Paths in
genetics” (1941)(1941) also used mathematical models to predict the genetic
progress of selection and shed further light on the evolution of ageing. Hal-
dane was inspired by observing the expression of Huntington disease, which
is caused by a single gene and the existence of only one allele copy in the
genome. What intrigued him was that the first symptoms commence after the
age of 30. According to Haldane, Huntington disease, despite being very
serious, has not been eliminated by natural selection, because the “/...J pre-
sent age of onset of that disease may merely mean that [in ancestral condi-
tions prior to agriculture and civilization] primitive men and women seldom
lived much beyond forty[,] so postponement of onset beyond this age had no
selective advantage” (Haldane 1941, p. 193).

The work of Weismann, Fisher and Haldane influenced Peter Medawar
who developed the “Mutation Accumulation” theory (MA) in his essay “An
Unresolved Problem of Biology” (1952). According to MA, “/...] the force
of natural selection weakens with increasing age — even in a theoretically
immortal population, provided only that it is exposed to real [extrinsic] haz-
ards of mortality. If a genetical disaster [...] happens late enough in individ-
ual life, its consequences may be completely unimportant” (Medawar 1952).
Medawar, thus, suggested that the selective force on age—specific deleterious
alleles that affect late life stages is weak, resulting in the accumulation of a
large number of genes with small harmful effects on late-life survival which
overall lead to senescence. Late acting alleles with major detrimental effects
may also exist, but are less prevalent (i.e. Huntington disease). In his thought
experiment, starting with a non-senescent population, sources of extrinsic
mortality (e.g. accidents, parasites, predation) will eventually lead to a popu-
lation with relatively fewer old individuals. Therefore, investment in somatic
maintenance will not be selected for and for each individual the age-specific
contribution to fitness will have to be weighted by the probability of survival
up to each age point. Consequently, natural selection against emerging de
novo mutations with deleterious late-acting effects will not be very strong,
since individuals carrying such a mutation will most likely die before its
expression. A hypothetical immortal population will thus accumulate muta-
tions late-acting deleterious effects and will, eventually, evolve a senescent
life history. “Even in such a crude and unqualified form, this dispensation
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[i.e. late-acting deleterious mutations] may have a real bearing on the origin
of innate deterioration with increasing age” (Medawar 1952).

Half a decade later, George C. Williams extended these ideas with his
“Antagonistic Pleiotropy” theory (AP) (Williams 1957). In this theory, Wil-
liams focused on possible trade-offs between fitness and late survival. A
mutation that has early-life beneficial but late-life deleterious effects, will be
strongly favoured by selection, simply because early in life the contribution
to fitness is higher. The fecundity of an individual, a major parameter of
fitness, is maximized shortly after reproductive maturity, and declines with
increasing age, as described by Fisher back in 1930. Williams suggested that
since senescence is an unfavourable character and its development is op-
posed by natural selection, there must be “/...J two opposing selective forces
with respect to the evolution of senescence. One is an indirect selective force
that acts to increase the rate of senescence by favoring vigor in youth at the
price of vigor later on. The other is the direct selection that acts to reduce or
postpone the “price” and thereby decrease the rate of senescence. The rate
of senescence shown by any species would depend on the balance between
these opposing forces” (Williams 1957, p. 402). Hence, senescence emerges
as a result of these late-life detrimental effects of pleiotropic genes that de-
crease survival probability later in life.

Finally, two decades later, Thomas Kirkwood developed a mechanistic
model, named “Disposable Soma” theory (DS — Kirkwood 1977, 1996;
Kirkwood and Holliday 1979). DS is an extension of Weismann’s “germ-
soma” theory (1891, 1893) and relies on the same logic as William’s AP
theory. It highlights the importance of energy saving trade-offs resulting in
errors in the molecular machinery underlying maintenance and repair of the
somatic cells. “Accuracy [in the translation apparatus] in the germ line is
vital for the gene survival but a high level of accuracy in somatic cells may
be a luxury our genes do better to forego” (Kirkwood 1977, p. 303). Since
individuals often do not reach an old age due to extrinsic mortality, the re-
sources that are spent on the metabolically costly somatic maintenance and
repair are only necessary for the period when survival probability is high.
For instance, if the survival probability of a population to reach the second
year is only 10%, then only 10% of this population will be able to benefit
from any investment in survival mechanisms past the first year (Kirkwood
and Austad 2000). At the same time, any of the limited resources that will be
allocated to reproduction, will not be available for maintenance and repair
mechanisms. This means that an allele that will allocate more resources to
reproduction will enhance fitness, but will simultaneously have the plei-
otropic effect of decreasing resource allocation to maintenance and repair of
the somatic cells. Hence, the strategy of an organism to allocate sufficient
resources to somatic maintenance and the remaining resources to growth and
reproduction will provide a selective advantage. With such a strategy in
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place, additional resources will increase fitness but simultaneously cause the
accumulation of unrepaired somatic damage and eventually lead to the evo-
lution of senescence. “This strategy is evolutionary stable [ ...] provided that
the risk to the individual of accidental death is not too low/,] since the alter-
native of maintaining the high accuracy in all cells which might allow im-
mortality would carry the penalty of an increased energy requirement. This
penalty would mean that, other things being equal, an individual would grow
and reproduce more slowly or would be subject to a greater risk of starva-
tion or accidental death while seeking food” (Kirkwood 1977, p. 303).

Extrinsic mortality and condition-dependence

Williams (1957) derived nine predictions that could be empirically tested
and these predictions have greatly influenced ageing research over the years.
The central and most widely tested prediction (termed “Williams’ hypothe-
sis”) states that high levels of extrinsic mortality should lead to the evolution
of rapid intrinsic senescence. In a high-mortality environment few individu-
als reach old age, resulting in a wider late-life “selection shadow” window,
where more genes with late-acting deleterious effects can accumulate. Fur-
thermore, organisms will shift resource allocation towards early-life repro-
duction, reducing overall investment in somatic maintenance and repair.
Therefore, under protected conditions (e.g. in laboratory settings), popula-
tions with high levels of extrinsic mortality will exhibit a shorter intrinsic
lifespan than populations with low extrinsic risks of death.

Williams’ hypothesis has received substantial empirical support from
studies using either a comparative or experimental laboratory selection ap-
proach (reviews by (Kirkwood and Austad 2000; Hughes and Reynolds
2005; Furness and Reznick 2017; Gaillard and Lemaitre 2017). In a compar-
ative study, Austad (1993) reported that a mainland opossum population that
was subject to predation from larger mammals, showed rapid ageing and had
a shorter lifespan in comparison to an island opossum population where such
predators were lacking. In general, comparative research based on extrinsic
mortality patterns have shown that adaptations that potentially decrease pop-
ulation mortality rates (e.g. flight ability, protective shells, defensive poison
glands) are associated with slower senescence (Austad and Fischer 1991;
Holmes and Austad 1995; Keller and Genoud 1997; Holmes et al. 2001;
Blanco and Sherman 2005). Further experimental evidence for Williams’
hypothesis comes from experimental evolution studies, with the evolution of
longer lifespan when selecting for late-life reproduction. This approach is
based on the premise that in populations with low levels of extrinsic mortali-
ty, individuals would have a higher probability to survive and thus would be
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more likely to reproduce in later-life stages, highlighting the existence of a
trade-off between survival and reproduction (Rose and Charlesworth 1980;
Luckinbill et al. 1984; Rose 1984; Partridge et al. 1999; Buck et al. 2000).
The strongest and most direct experimental evidence for Williams’ hypothe-
sis comes from an experimental evolution study conducted by Stearns et al.
(2000). They applied selection via high and low levels of extrinsic adult
mortality in multiple generations of Drosophila melanogaster populations,
and found that flies kept under high adult mortality treatments evolved an
earlier development time, increased early life reproduction and a higher in-
trinsic mortality rate in comparison with flies from the low mortality treat-
ments.

Yet, the assumptions of William’s hypothesis have also been challenged
both empirically and theoretically over the years. For instance, Reznick et al.
(2004) failed to produce similar results when comparing laboratory guppies
from habitats that differed in mortality risk. They, found that high predation
populations were long lived and had longer reproductive lifespan, contradict-
ing the expected outcomes from Williams’ hypothesis. Similarly, a study by
Gray and Cade (2000) that focused on the effect of parasitism on the evolu-
tion of senescence in crickets and another by Morbey et al. (2005), that in-
vestigated senescence in Pacific salmon, did not provide any experimental
support to the prediction proposed by Williams (1957). Thus, recent theoret-
ical and empirical studies have expanded the theory and provided a broader
framework that could explain such conflicting observations. They demon-
strate that in situations where populations are faced with density-dependent
growth or condition-dependent mortality, Williams’ hypothesis does not
hold (Abrams 1993, 2004; Williams and Day 2003; Reznick et al. 2004;
Williams et al. 2006).

Williams and Day (2003) developed a theoretical model that highlights
the importance of distinguishing between condition-independent and condi-
tion-dependent extrinsic mortality, for the evolution of senescence. Condi-
tion-dependence in mortality rates occurs when the probability of death due
to extrinsic environmental hazards is higher in individuals with lower physi-
cal condition. This can result in a selection for more robust individuals and
lead to the evolution of postponed ageing under high extrinsic mortality.
This approach can be used to explain the longer lifespan found in guppies
from high predation populations (Reznick et al. 2004). However, to bridge
the gap between theory and empirical support it is important to control for
population density and experimentally manipulate the rates of extrinsic mor-
tality, rather than simply infer them based on the presence or absence of
predators (Furness and Reznick 2017). This was done in an experimental
evolution study by Chen and Maklakov (2012) on the dioecious nematode
worm Caenorhabditis remanei, where the effects of the rates and sources of
extrinsic mortality on the evolution of longevity could be disentangled. Chen
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1.2 Extrinsic mortality and condition-dependence

and Maklakov (2012) used a fuul-factorial design with build-in controls to
expose replicated worm populations to four treatment regimes: i) high rates
of mortality applied haphazardly (random), ii) low rates of haphazardous
mortality, iii) high rates of mortality applied in a condition-dependent way
(using heat shock), and iv) low rates of condition-dependent mortality. With
this setting they were able to simultaneously test Williams’ hypothesis (i.e.
whether high mortality leads to rapid ageing) and the more recent condition-
dependent hypothesis (i.e. whether condition-dependent mortality may lead
to slower ageing). They found that under the random mortality regime, in-
creased levels of mortality indeed led to the evolution of rapid ageing as
predicted by Williams. However, high condition-dependent mortality led to
the evolution of slowed senescence and longer lifespan, providing the first
experimental evidence that condition-dependence is an important factor that
shapes the evolutionary trajectory of ageing (Chen and Maklakov 2012,
2013).

Chen and Maklakov focused only on survival, actuarial senescence (i.e.
mortality rate patterns) and reproductive success of females from each
treatment (Chen and Maklakov 2012, 2013). While females from the ran-
domly-applied mortality treatments showed the expected trade-off between
survival and reproduction (i.e. lower survival with increased fecundity), fe-
males from the condition-dependent mortality treatments surprisingly
demonstrated increased levels of both survival and reproduction. This result
implied that, despite an increased investment in reproduction, robust indi-
viduals do not necessarily have to pay survival costs by reducing investment
in somatic maintenance.

Yet, the lack of a trade-off between survival and reproduction, does not
mean that trade-offs are completely absent. Increased selection for better
condition can result in trade-offs with other life history traits, such as devel-
opmental time (Lind et al. 2017). Hidden trade-offs can also be found in sex-
specific differences in life history traits. Sexes often have different pheno-
typic optima in the fitness landscape, due to anisogamy and sexual selection
(Trivers 1972, 1985; Maklakov and Lummaa 2013; Fromhage and Jennions
2016), but face intra-locus sexual conflict over life-history traits due to their
shared genome (Rice 1984; Rice and Chippindale 2001; Bonduriansky et al.
2008; Bonduriansky and Chenoweth 2009; Griffin et al. 2013; Connallon
and Clark 2014). Thus, the costs of the evolution of delayed senescence
could be invisible when focusing on one sex only. To address this issue, in
Paper I, I explore potential sex-specific trade-offs by investigating male
reproductive success of selection lines established by Chen and Maklakov
(2012).
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Life history trade-offs and condition-dependence

Across the tree of life, organisms use different strategies to optimize their
fitness and this has led to the evolution of an incredible diversity in life his-
tory strategies (Shefferson et al. 2017). These strategies are needed to deal
with constraints that organisms face in nature. Such constraints can lead to
well-documented trade-offs, that in essence are “the linkages between traits
that constrain the simultaneous evolution of two or more traits” (Stearns
1992 p. 72). Trade-offs can be commonly observed between life history
traits, such as growth (size at birth and growth pattern), reproduction (age
and size at maturity, reproductive investments and offspring number, sex and
sex ratio) and survival (lifespan and mortality schedule) at any given point,
or between current and future trait expression (e.g. current vs. future repro-
duction) (Stearns 1992).

Life history trade-offs emerge since the amount of available resources is
finite at any given point in time. Throughout their lives, organisms accumu-
late metabolic resources (i.e. resource acquisition and assimilation), which
subsequently are divided between various life history traits. However, allo-
cating resources in one trait, will automatically result in a decrease in the
amount of available resources for other traits. Thus, organisms are usually
unable to maximise their investment to all fitness enhancing traits simulta-
neously, and will have to make strategic decisions (the so-called “Principle
of allocation” — Levins 1968; Sibly and Calow 1986; Stearns 1992). These
allocation trade-offs among life history traits (e.g. R and S traits in Fig. 1)
have been described with the Y model of resource allocation (Fig. 1A;
Noordwijk and de Jong 1986).
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Trait R
Resource acquisition
Resource Resource
Pool allocation
Trait S
Trait R
Resource acquisition
Poor condition Resource
allocation
Trait S
Trait R
Resource acquisition
Good condition Resource Resou_rce
Pool allocation
Trait S

Figure 1. The Y model of resource allocation trade-offs. (A) Organisms accumu-
late resources in a resource pool (via resource acquisition and assimilation from
the left), and these resources are subsequently allocated to competing traits R and
S; (B) Individuals of different condition (up: poor condition; down: good condition)
face the same trade-offs and follow the same allocation rules, but high-condition
individuals can have increased expression of both traits.
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However, despite apparent trade-offs, some individuals have more meta-
bolic resources to spend, and can thus increase allocation to all traits (Fig.
1B). Individuals that are able to invest more in multiple life history traits are
identified as being in a better condition (i.e. having higher total amount of
accumulated metabolic resources for allocation to different life history traits)
than individuals with less resources to spend. Over the years, different defi-
nitions of the term “condition” have existed, but in this thesis I adopt the
definition of Rowe and Houle (1996).

“We will refer to the pool from which resources are allocated as
condition [...]. [...] Our view of condition is analogous to ‘residual
reproductive value’ in traditional life history models, or ‘state’ in
dynamic life history models, in that it is an internal property of the
individual and accounts for a large portion of fitness.”

[Rowe and Houle, 1996]

While individuals of different condition may follow the same allocation
rules (Fig. 1), variation in condition can also lead to changes in allocation
dynamics, since fitness optimization may be reached by using alternative
allocation strategies. Thus, the fitness outcome depends on the relative varia-
tion between resource acquisition and resource allocation; a relationship that
often can explain a lack of the expected life history trade-offs (i.e. positive
relationships) (van Noordwijk and de Jong 1986). For example, a study in
crickets (Teleogryllus commundus) found that high-condition males in-
creased reproductive effort at the cost of shorter lifespan (Hunt et al. 2004),
yet the expected trade-off between reproduction and survival was absent in a
closely related species (Gryllus pennsylvanicus) where male condition, re-
productive effort and longevity were positively correlated (Judge et al.
2008).

Overall, the Y model illustrates trade-offs between life history traits of
individuals in different condition. However, the question is how condition
eventually may affect age-specific trait expressions. For instance, focusing
on the trade-off between reproduction and somatic maintenance (Kirkwood
1977; Kirkwood and Holliday 1979; Kirkwood and Rose 1991), individuals
in different condition can show two contrasting patterns of age-specific re-
productive change (Fig. 2). In both cases, high-condition individuals will
have a higher reproductive value early in life, due to the increased resources
they have in comparison to low-condition individuals. However, an overin-
vestment in reproduction early in life at the cost of somatic maintenance,
may result in rapid deterioration with advancing age (i.e. trade-off between
current and future reproduction), with only high-condition individuals being
able to afford such a strategy (Fig. 2A — Bonduriansky and Brassil 2005).
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1.3 Life history trade-offs and condition-dependence

Research in a variety of taxa have provided evidence for this pattern. For
instance, male antler flies (Protopiophila litigata) that are in better condition
(i.e. larger body size) have increased mating rate early in life but suffer from
rapid reproductive ageing (Bonduriansky and Brassil 2005). Similarly, fe-
male red deer (Cervus elaphus) with increased early-life reproductive per-
formance pay the cost of faster reproductive ageing rates in comparison with
lower quality females (Nussey et al. 2006). Alternatively, reproductive rate
may reflect condition and high-condition individuals may therefore always
have a higher reproductive performance (Fig. 2B — Bonduriansky and Brassil
2005; Judge et al. 2008). In this scenario, the trade-off between reproduction
and somatic maintenance is not absent, but it might be masked, if selection
for example favours increased late-life reproductive effort. Females, for in-
stance, may evolve a preference for older males in a population, because
they possess “good genes” for viability (Kokko 1998; Brooks and Kemp
2001) and, thus, maintenance of their competitive advantage with age (i.e.
condition) will be selected for. Reproductive rate may therefore become
increasingly condition-dependent, since resources get depleted and it be-
comes more and more costly to maintain competitiveness with increasing
age (Bonduriansky and Brassil 2005). For example, bighorn sheep (Ovis
canadensis) with higher body mass have higher overall fecundity than low-
condition males, without showing a trade-off between early- and later-life
reproductive success (Bérubé et al. 1999). Similarly, high-condition male
crickets (Gryllus pennsylvanicus) have a positive relationship with reproduc-
tive effort throughout their lives (Judge et al. 2008). In Paper II, I found that
female collared flycatchers (Ficedula albicollis) that were raised in de-
creased nests (i.e. low sibling competition and thus high-condition), reached
their reproductive peak earlier in life, but experience faster reproductive
ageing than females from increased nests, following the first scenario (Fig
2A). Similarly, as shown in Papers III and IV, high-condition male neriid
flies (Telostylinus angusticollis) have increased early-life but decreased late-
life reproduction. They reach their reproductive peak earlier in life, but expe-
rience a faster reproductive ageing than low-condition males, following the
first scenario (Fig. 2A).
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Figure 2. Contrasting patterns of
ageing predicted by life history
theory between individuals of dif-
ferent conditions: (A) trade-offs
may cause individuals with high
initial mating rates (solid line) to
age faster than individuals with
lower initial mating rates (dashed
line); (B) alternatively, large individ-
ual variation in condition and in-
creasing reproductive effort with
age may enable individuals with
high initial mating rates to maintain
or increase their relative advantage
with age (Figure and figure legend
from Bonduriansky and Brassil
2005).

Often the expression of traits involves increased energetic costs for their
production and maintenance, in addition to indirect ecological costs (e.g.
increased predation risk or reduced foraging success) (Andersson 1994;
Johnstone 1995). Condition-dependence is the mechanism that correlates
condition with trait expression and evolves when trait expression has more
costs than benefits (Andersson 1982; Nur and Hasson 1984; Grafen 1990;
Houle 1991; Rowe and Houle 1996; Kotiaho et al. 2001). Furthermore, con-
dition-dependence can maintain genetic variation in traits, such as sexually
selected and life history traits (Rowe and Houle 1996; Tomkins et al. 2004).
Sexually selected traits are the classic examples of fitness enhancing traits
that develop condition-dependent expression (Mappes et al. 1996; Kotiaho
2000; Proulx et al. 2002; Getty 2006; Fitzpatrick and Liipold 2014; Wigby et
al. 2016; but see Cotton et al. 2004). In Paper III, I investigate whether
condition-dependent investment in male secondary sexual traits leads to a
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trade-off other life history traits, such as somatic maintenance and reproduc-
tive performance.

Overall, individual condition is determined both by the genetic quality of
the individual (i.e. presence of “good” genes that increase fitness) and by the
quality of its environment (i.e. resource availability and stressors in juvenile
or adult environment) (Andersson 1982; Rowe and Houle 1996; Cotton et al.
2004; Tomkins et al. 2004; Hill 2011). Thus, to understand the causes of
condition-dependent trait expression, it is important to manipulate genetic
and/or environmental quality, to reveal how condition mediates these effects
(Cotton et al. 2004; see Bonduriansky et al. 2015 for the interaction between
genetic and environmental quality). In Papers I1, III and IV, I measured the
sensitivity of life history trait expression to changes in early-life environ-
mental quality, and possible trade-offs among traits that emerge due to con-
dition-dependence of their expression.

In this thesis, I address the topic of condition-dependence in the evolu-
tion and expression of ageing from different perspectives and in different
study systems . I specifically aim to take advantage of both laboratory model
organisms (Papers I, III and IV) and natural populations (Paper II), to
shed further light on the importance of condition in life history trade-offs
and, ultimately, in the evolution of senescence (Paper I). Such a holistic
approach is needed, since previous studies have shown that experimental
outcomes may depend on whether organisms were studied in wild or in la-
boratory conditions (Kawasaki et al. 2008).

“Field and laboratory studies on a broader range of organisms are
needed to understand biological variation in the processes contrib-
uting to senescence.”

[Monaghan et al. 2008]

Condition and early-life developmental environment

Early-life development is the period from conception to developmental ma-
turity (Henry and Ulijaszek 1996), and can be of particular importance in
determining individual condition (Monaghan 2008). Due to environmental
stochasticity, individuals may experience different developmental stressors
(i.e. increased population density, temperature deviations, or limited re-
source availability) that may constrain the development of an optimal pheno-
type. The fitness consequences of these stressors may not be straight forward
and may depend on the ability of organisms to adjust their phenotype and
avoid these negative effects (Monaghan 2008). Under mild environmental
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changes, organisms usually show phenotypic plasticity and can maintain
high fitness levels. Yet, when organisms develop in an environment with
developmental stressors of greater intensity, they may be faced with detri-
mental fitness effects (Monaghan 2008). To minimize fitness decline, such
individuals of poor-condition may strategically re-allocate their limited re-
sources to different traits (i.e. trade-offs between traits) or alternative life
stages (i.e. pleiotropic trade-offs between current and future trait expression)
(Monaghan 2008). For example, organisms from a poor natal environment
may be able to acquire a normal body size (i.e. similar to non-challenged
individuals) by increasing growth rate early in life, even at the cost of re-
duced adult lifespan (Metcalfe and Monaghan 2001, 2003). This compensa-
tory growth pattern, is a good example of pleiotropic trade-offs between
early-life beneficial and late-life detrimental effects. Overall, such strategies
may yield the maximal “best” fitness outcome, even in harsh natal environ-
ments, and thus be selected for in a population.

In contrast, organisms that develop in high quality early-life environ-
ments, may show different life histories with beneficial effects throughout
life (Monaghan 2008), a scenario described as the “silver spoon effect”
(Grafen 1988). Grafen defined the silver spoon effect “/...] as positive cor-
relations between characters in the adult that are positively associated with
fitness, brought about by the common underlying cause of favorable [...]
environmental events during development” (1988, p. 459). Thus, “silver
spoon” individuals are of better condition and are therefore able to accumu-
late more resources for allocation to fitness-related traits than poor-condition
individuals (i.e. developed in poor natal environments), with important fit-
ness consequences for the individual.

Previous empirical studies have largely focused on short-term fitness
consequences of early-life developmental environment. Individuals with a
“silver spoon” development have increased early life performance, such as
higher juvenile survival (Tinbergen and Boerlijst 1990; Magrath 1991;
Perrins and McCleery 2001; Green and Cockburn 2002; Reid et al. 2003;
Payo-Payo et al. 2016), natal dispersal (van der Jeugd 2001), and reproduc-
tive success (Gustafsson et al. 1995). However, stressful natal conditions can
also have important long-term fitness consequences (review: Lindstrom
1999, birds: Harris et al. 1994; de Kogel 1997; Cam et al. 2003; Reid J. M. et
al. 2003; van de Pol et al. 2006, reptiles: Marquis et al. 2008; Baron et al.
2010, mammals: Albon et al. 1987; Hamel et al. 2009), but the direction of
such condition-dependent ageing trajectories show complex patterns. For
example, zebra finches (Taeniopygia guttata) exposed to acute stress during
the nestling period, via experimental elevation of glucocorticoids, showed a
striking decline in lifespan (Monaghan et al. 2012), yet, increased glucocor-
ticoid levels in grey partridges (Perdix perdix), caused by unpredictable food
supply during the juvenile period, resulted instead in elevated adult survival
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(Homberger et al. 2014). Persistent stressful conditions even after the devel-
opmental period can also affect adult lifespan in the same positive direction
(Marasco et al. 2015).

Overall, while correlational studies can reveal associations between con-
dition and life history traits, there is a need for experimental manipulations
of the natal conditions, to be able to provide clear insights on the effects of
early-life developmental environments in individual life histories. In Papers
1L, IIT and IV, I manipulate resource availability in natal environments both
indirectly via brood size manipulations (Paper II) and directly with manipu-
lations of nutritional content of developmental diets (Papers III and IV).

Nongenetic parental effects

The field of nongenetic inheritance has received an increase in attention
during recent years. Initial molecular discoveries in plants revealed mecha-
nisms of transgenerational epigenetic, cytoplasmic and small-RNA transmis-
sion (Jablonka and Lamb 1995; Johannes et al. 2008) that were subsequently
also found in all other taxonomic groups (Bonduriansky and Day 2009).
Nongenetic inheritance can be broadly defined as “any effect on offspring
phenotype brought about by the transmission of factors other than DNA
sequences from parents or more remote ancestors” (Bonduriansky and Day
2009, p.106). However, there is an overall lack in consistency with regards
to the definitions used and similar mechanisms have been described as non-
DNA-based inheritance, transgenerational epigenetic effects, non-Mendelian
inheritance, carry-over effects, or most commonly, parental -effects
(Bonduriansky and Day 2009; Burggren 2016).

Traditionally, nongenetic parental effects were only recognized and
studied via the maternal line. These studies revealed that maternal effects are
widespread and influence offspring development across taxa (Mousseau and
Fox 1998; Marshall and Uller 2007; Champagne 2008; Wolf and Wade
2009). On the other hand, paternal effects had for long been considered as
rare, existing only in species where males provide parental care (Kokko and
Jennions 2008; Crean and Bonduriansky 2014). This asymmetry can be
largely explained by the lack of known transfer mechanisms for nongenetic
molecular factors between father-offspring and the difficulty of differentiat-
ing between paternal and maternal effects, given that paternal influence is
mediated by maternal responses (Crean and Bonduriansky 2014). However,
an increasing body of research, such as evidence for the existence of sperm-
and ejaculate-mediated mechanisms of transfer (sperm — cytoplasmic and
epigenetic: Rassoulzadegan et al. 2006; Kumar et al. 2013; Casas and
Vavouri 2014, ejaculate — proteins and lipids: Chow et al. 2003; Robertson
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2005; Wong et al. 2007; Avila et al. 2011) have now highlighted that pater-
nal effects can be as important as maternal effects (Jablonka and Raz 2009;
Crean and Bonduriansky 2014).

Despite our limited understanding of the proximate mechanisms that un-
derlie nongenetic parental effects, empirical studies have already revealed
that chromatin modifications (i.e. DNA methylation and histone alterations),
transfer of cytoplasmic molecules (i.e. small RNAs and proteins) and trans-
mission of somatic factors (i.e. nutrients and hormones) are important com-
ponents of nongenetic inheritance (Champagne 2008; Carone et al. 2010;
Skinner et al. 2010; Daxinger and Whitelaw 2012; Holeski et al. 2012; Mar-
ré et al. 2016; Rando 2016; Houri-Zeevi and Rechavi 2017; Klosin et al.
2017; Rechavi and Lev 2017; Harvey et al. 2018). However, we can shed
further light into the evolutionary and ecological consequences of nongenetic
parental effects without focusing on the molecular machinery, but instead by
investigating how parental condition influences the variation in offspring
phenotypes (Day and Bonduriansky 2011; Bonduriansky and Day 2013).

“[F]Jrom an ecological or evolutionary perspective, the proximate
mechanism mediating an effect might be of less interest than its pat-
tern of transmission and its consequences for variation in phenotyp-
ic features and fitness.”

[Crean and Bonduriansky 2014]

Nongenetic parental effects can be persistent and have important adap-
tive consequences, such as increasing the amount of heritable variation
available for selection (Pal and Miklos 1999; Bonduriansky et al. 2012; Eng-
lish et al. 2015; Bonilla et al. 2016; Head et al. 2016). Thus, parental effects
can contribute to population dynamics and life history evolution, by directly
shaping the phenotypic variation of offspring (Mousseau and Dingle 1991;
Benton et al. 2008; Uller 2008; Badyaev and Uller 2009; Wolf and Wade
2009; Crean and Bonduriansky 2014; van den Heuvel et al. 2016;
Bonduriansky and Crean 2017). A number of hypotheses have been pro-
posed to explain why influencing offspring phenotype could provide adap-
tive benefits to the parents (Bonduriansky and Crean 2017). The “anticipa-
tory effects” hypothesis posits that in a predictable environment parents may
anticipate the state of the future environment and adjust the phenotype of
offspring to optimally prepare them for the conditions that they will encoun-
ter (Marshall and Uller 2007; Burgess and Marshall 2014). Such effects have
been observed both when the offspring environment is predictably similar
(Crean et al. 2013) or completely the opposite (Dey et al. 2016) of the paren-
tal environment. Yet, for the evolution of such anticipatory effects, parents
must first develop a mechanism that would allow them to assess the envi-
ronmental conditions and alter their offspring phenotype accordingly
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(Bonduriansky and Crean 2017). A wrong estimation of the future environ-
ment can result in a mismatch between the expected (i.e. signalled by the
parents) and the actual environment that the offspring experience, with det-
rimental fitness consequences. An alternative hypothesis termed “condition-
transfer effects” maintains that individual condition will influence the levels
of parental investment, with high-condition individuals being able to provide
more resources (i.e. via parental care or nongenetic inheritance factors as
mentioned above) to their offspring and increase their performance in any
environment (contrary to the “anticipatory effects), thus receiving indirect
fitness benefits (Qvarnstrom and Price 2001, reviewed in Bonduriansky and
Crean 2017). Due to the associated costs in producing and maintaining such
a transmission machinery, only high-condition individuals are able to trans-
fer such beneficial resources, and thus this adaptive mechanism should be
strongly condition dependent (Bonduriansky and Crean 2017; Macartney et
al. 2018). However, these hypotheses do not necessarily exclude one another
(Bonduriansky and Crean 2017), but can both co-occur and explain some of
the observed transgenerational patterns.

In Paper 1V, I investigated the condition-dependence of maternal and pa-
ternal effects on life history traits of female and male offspring, in neriid
flies.

Sex-differences in life history evolution

Variation in resource allocation strategies can be particularly pronounced be-
tween the sexes. Female reproductive success is often limited by the resource
availability and speed with which metabolic resources can be converted into
offspring, while male reproductive success is often limited by the access to
females. Therefore, males and females often follow different reproductive
strategies and thus prioritize different traits when allocating resources. In a
mating system where males are under strong sexual selection, females increase
their fitness by investing in somatic maintenance and increased lifespan, since
their reproductive success is often limited by the number of offspring they can
produce per breeding attempt. At the same time, males often invest more in
energetically costly secondary sexual traits to gain access to females, and fore-
go long-term survival by focusing on short-term reproduction (Trivers 1972,
1985; Adler and Bonduriansky 2014). Such divergent reproductive strategies
can result in sexual dimorphism in ageing (Bonduriansky et al. 2008;
Maklakov and Lummaa 2013). It remains unclear, however, how differences
in individual condition can affect sex-specific expression of life history traits.
In Paper 1V, I compared condition-dependent life history trade-offs between
the two sexes in two generations.
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2. Materials and Methods

Study systems

The nematode Caenorhabditis remanei (Paper )

Caenorhabditis remanei is a free-living nematode (~ 1mm length) that can
be found in decomposing plant material and compost soil where it feeds on
bacteria. Its life cycle is described by four larval (L1-L4) and an adult life
stage. However, if larval conditions become stressful (e.g. limited food
availability) it goes through an alternative L3 stage, which is called “dauer”
and is a form of diapause. Even though C. remanei is closely related to C.
elegans, it is a dioecious species with no hermaphroditic forms. C. remanei
show strong sexual dimorphism in life history, with males being smaller and
reaching reproductive maturity earlier than females, while as in most Caeno-
rhabditis species, males are the longer-lived sex (Fig. 3) (McCulloch and
Gems 2003; Zwoinska et al. 2013).

With a very short generation time (3-4 days) and easy laboratory
maintenance procedures, C. remanei is an excellent system for experimental
evolution studies. The experiment described in Paper I was based on 16
populations (four replicates of each extrinsic mortality treatment) derived
from an experimental evolution approach (Chen and Maklakov 2012), using
the C. remanei wild-type strain SP8, provided by N. Timmermeyer from the
Department of Biology at the University of Tiibingen, Germany. This is a
genetically heterogencous strain created after crossing of three wild-type
isolates: SB146 from Freiburg in Germany, MY31 from Tiibingen in Ger-
many and PB206 from Ohio in the United States (Fritzsche et al. 2014). Dur-
ing the experiment, C. remanei populations were maintained on agar plates
seeded with a lawn of Escherichia coli OP50 and kept in climate chambers
with 60% humidity and temperature constant at 20° C (Stiernagle 2006).
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Figure 3. Nematode Caenorhabditis remanei; (A) Adult females (larger) and males
(smaller) together with their eggs in a laboratory agar plate. The most characteris-
tic difference among the sexes is tail morphology (1,3). (B) Adult mated female with
copulatory plug visible (2). (C) Adult male. (Picture A was taken at the Maklakov lab;
Pictures B & C at the Bolund lab by Josefine Stdangberg)

The collared flycatcher Ficedula albicollis (Paper Il)

Collared flycatchers (Ficedula albicollis) are small (~ 13g), migratory, in-
sectivorous, cavity-nesting passerine birds (Fig. 4), that breed in deciduous
and mixed forests in eastern and central Europe (and southwestern Asia).
Breeding pairs tend to be socially monogamous, and only a small proportion
of females have been observed with multiple males (i.e. <5 %, Qvarnstrom
et al. 2000). Females incubate four to eight eggs during a 14-day period and
rear a single brood each year. Juveniles are fed by both parents and juveniles
fledge 15 to 18 days after hatching (for further details on population and
methods see Gustafsson 1989).
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Figure 4. Collared flycatchers Ficedula albicollis; male (left) and female (right)
(Pictures taken by Johan Trdff)

Isolated from their main breeding grounds, additional breeding populations
have been established on the Swedish islands of Gotland and Oland in the
Baltic Sea. The collared flycatcher population on the island of Gotland (57°
107, 18° 20") has been well studied since 1980. Each year, new individuals
(i.e. both adults and offspring) are measured and individually ring marked, to
allow individual identification throughout their lifetime and enable the as-
sessment of yearly reproductive success. The females are caught during in-
cubation in nest boxes and the males during the chick provisioning period.
Further details of the breeding region, and ecology have been collected using
standard methods (Gustafsson 1989; Part and Gustafsson 1989).

Collared flycatchers in general and specifically the long-term studied
Gotland population, are particularly suitable for the study of life history
trade-offs in nature due to their high degree of site fidelity, limited dispersal
and preference for nest boxes over natural cavities, which allows accurate
age and survival estimation (Part and Gustafsson 1989). In Paper 11, I used
the long-term monitoring data collected between 1983 and 2009, to analyse
reproductive performance and survival of female collared flycatchers.
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The neriid fly Telostylinus angusticollis (Paper Il and IV)

Telostylinus angusticollis is a dipteran insect with long, stilt-like legs, be-
longing to the neriidae family (Fig. 5). This Australian species that can reach
up to 2cm in length, is native to New South Wales and southern Queensland.
Adults aggregate and breed on decaying tree barks (Fig. SA-D), such as the
barks of Acacia longifolia. As many neriid flies, 7. angusticollis show strong
sexual dimorphism, with males having much longer legs, heads and antennae
than females (Fig. 5A, B, I). Males engage in spectacular combats for access
to high quality territories and to females (Bonduriansky 2006). They elevate
their bodies, almost in a vertical position (Fig. SE), and use their forelegs
and antennae to strike (Fig. 5F) and occasionally headlock (Fig. 5G) their
rival. After mating (Fig. SH), males mate-guard the female (Fig. 5I), who
oviposits eggs in the rotting tree barks (Fig. 5B, D, I). In the lab of Russell
Bonduriansky, T. angusticollis is used for studies on life history, develop-
mental plasticity, diet effects and non-genetic inheritance. When reared on a
nutrient-rich larval diet, emerging adults show increased sexual dimorphism
in morphology (i.e. males have elongated legs, head and antennae), in com-
parison with adults developing on a nutrient-poor diet (i.e. males look more
like females) (Bonduriansky and Head 2007; Fig. SH).

Hence, T. angusticollis is a highly suitable system to address questions
on condition-dependence and sex-differences in life history traits (Paper I1I
and IV). The flies I used for my experiments were collected from a naturally
occurring population on trunks of Acacia longifolia trees in Fred Hollows
Reserve in Sydney, Australia (33°54'44.04"S 151°14'52.14"E), and were
bred in the laboratory for two generations to remove possible environmental
transgenerational effects prior to the onset of the experiment. Laboratory
populations were maintained with ad [libitum food (brown sugar and dried
yeast) at 25°C under a 12:12h photoperiod. In Papers III and IV, I used
background individuals reared in a “standard” diet as companions for the
focal housing containers and as “tester” virgins to collect focal reproductive
performance data. All background individuals were separated by sex follow-
ing emergence and housed in 2-L containers (20-30 flies per container).
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Figure 5. Neriid flies Telostylinus angusticollis. They aggregate (A-C) and breed
(D, H) on tree barks, defend good quality territories (A-C, E-G) and males mate
guard the females after mating (I). Females oviposit their eggs in rotten bark (B at
bottom right, | at bottom), where the larvae develop (D).

(Pictures taken by Russell Bonduriansky)
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Methods used

Brood size manipulation (Paper Il)

Since 1983, multiple brood size manipulation experiments have been con-
ducted in the Gotland population of collared flycatchers (Gustafsson and
Sutherland 1988; Nordling et al. 1998; Doligez et al. 2002; Forsman et al.
2008; Pitala et al. 2009), to examine various aspects of parental investment,
such as hormone-mediated maternal effects, the costs of increased reproduc-
tive effort and the trade-off between reproductive investment and immune
function. To investigate the effects of early-life natal conditions on individu-
al life histories, data was collected from individuals raised in brood-size
manipulated nests (i.e. nests of origin), where clutch size was increased or
reduced by two offspring. In addition, possible translocation effects were
accounted for by including a control treatment, in which offspring were
swapped between nests without alteration of the initial number (Figure 6).
For each female, the survival and the number of recruits (i.e. offspring that
returned to Gotland to breed the following years, after overwintering in Afri-
ca) during each reproductive season (i.e. nests of annual reproduction) was
analysed, to investigate how reproduction changes with increasing age (age-
specific reproduction).

Nest of Origin Nests of Annual Reproduction
. o
\ b
Decreased (- Year 1 Year 2 Year 3

¥ (t‘ g wmwer A A
o

Increased (+2)

Figure 6. Brood size manipulations of female collared flycatchers in Gotland.
Age-specific reproduction (i.e. number of recruits from each nest of annual repro-
duction — right) of females raised in manipulated nests of origin (left).
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Larval diet manipulation (Papers lll, and IV)

To achieve high- and low-condition treatments in the neriid fly, I reared the
focal individuals on either a nutrient-rich or a nutrient-poor diet during larval
development and thus experimentally manipulated the amount of resources
available (Fig. 7A). All diets were selected from Sentinella et al. (2013) with
the aim of maximising body size differences between treatments, but keep-
ing the degree of viability selection during larval development and the pro-
tein to carbohydrate ratio (1:3) constant. The body sizes of the experimental
individuals were all within the range of the natural variation, as observed in
the wild (Bonduriansky 2006). For all diets I used a “base” of 600ml of re-
verse osmosis water and 170g of coco peat (i.e. shavings from coco husks),
mixed with protein (Nature’s Way soy protein isolate, Pharm-a-Care, War-
riewood, Australia) and carbohydrates (brown sugar, Coles brand, Bunda-
berg, Australia). The high-condition treatment was provided with the nutri-
ent-rich (“rich”) larval diet containing 32.8g of protein and 89g of carbohy-
drate per “base” and the low-condition treatment was provided with the nu-
trient-poor (“poor”) larval diet containing 5.5g of protein and 14.8g of
carbohydrates per “base”. For rearing background individuals of intermedi-
ate size (i.e. “companion” or “tester” individuals), I used a nutrient-
intermediate (“standard”) larval diet that was containing of 10.9g of protein
and 29.7g of carbohydrates per “base” (Sentinella et al. 2013; personal ob-
servations). Larval medium was thoroughly mixed with a hand-held blender
until complete homogenisation and then frozen at -18°C until the day of use.

In Paper 1V, the males and females of the second generation (F,) were
obtained from the eggs produced during the first reproductive assay (see
below) of the parents (day 15) and were reared on standard larval medium,
as described above (Fig 7D).

Adult housing and male competition (Papers Il and V)

Upon emergence of the flies, focal adult males and females were individual-
ly marked on the thorax with enamel paint (Model Master, Testor, Rockford,
IL; Kawasaki et al. 2008) and then transferred to separate 400ml containers
(Fig. 7B), where they were kept throughout their lives. The housing contain-
ers were covered with mesh stockings to allow ventilation, had moist coco
peat at the bottom to provide water and a tube filled with a mixture of brown
sugar and dried yeast to provide ad libitum access to food. Furthermore,
focal individuals were provided with a small petri dish (35mm diameter) of
oviposition medium (rich larval medium) as an additional source of adult
food, and were housed together with a background companion individual of
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the same sex. Throughout the experiment the position of all containers was
changed every two days, to avoid possible spatial effects of variation in the
laboratory environment (i.e. light intensity, ambient temperature).
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Figure 7. Experimental design in Papers Ill and IV. (A) Larval diet manipulation
produced individuals of high- and low-condition. (B) Housing setup of focal individ-
uals for Papers Ill and IV. Male “fighting” treatment in Paper lll was lacking the
black divider. (C) Male competitive assay with three females and five competitors
and no-choice reproductive assay for both male and female focal individuals. After
the no-choice reproductive assay, females were transferred to an egg laying con-
tainer with an oviposition medium for 96h. (D) Timing of reproductive and com-
petitive assay in the F, parental and F, offspring generation.

Competitive treatment (Paper lll)

To manipulate male opportunity to engage in male-male contest behaviours
in T. angusticollis, focal males were randomly allocated to one of two social
treatments: fighting or non-fighting (Fig 7B). In the fighting treatment, focal
males and the companion male were allowed to freely interact and engage in
contests for control over the oviposition dish in the centre of the container.
In the non-fighting treatment, a barrier of fly mesh with a solid black surface
in the middle was placed in the centre of the housing container, splitting the
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area and the oviposition site in two. This housing setup allowed each focal
individual to receive overall visual and olfactory cues from the companion
individual, without being able to engage in tactile interactions while defend-
ing its own oviposition site. Without the solid black divider in the middle of
the oviposition dish, 7. angusticollis males would engage in highly-energetic
aggressive interactions to defend oviposition sites (i.e. their “territories).
This design provided males in each social treatment with the same amount of
space, food, and oviposition medium per male. As males in the non-fighting
treatment could sense each other through the fly mesh, both visually and
chemically, social cues across treatments were similar; the only difference
between the two treatment groups was the opportunity to engage in physical
contact, and incur mechanical damage and allocate energy to combat. If the
companion individual died prior to the focal, it was replaced with a new
background individual of similar age.

Males and Females (Paper 1V)

The “non-fighting” males from Paper III (i.e. males in the housing with the
barrier) were also used in Paper IV. Female flies were housed in containers
with the same setup as the non-fighting males (Fig. 7B), allowing for visual
and olfactory cues from the companion female, without being able to engage
in physical interactions.

Second generation F, (Paper V)

The focal flies of the second generation were obtained from the first repro-
ductive performance assay (i.e. day 15) of the F; parental generation, when
mothers and “non-fighting” fathers were “young”. I randomly selected a
male and a female from the day-15 emerging offspring and marked them on
the thorax with a different colour paint than the F, parental individuals (Fig.
7D). The housing containers of the F, offspring generation were the same as
described above for the females and the “non-fighting” males, and all sons
and daughters were kept with a background companion of the same sex (Fig
7B).
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Reproductive assays (Papers |, lll, and IV)

Male reproductive assay — C. remanei (Paper I)

At the beginning of the assay, I isolated 10 focal males synchronized at the
last larval stage from each of the 16 experimental populations. Age-specific
fertility was measured every third day throughout male lifespan, from day
one of adulthood (i.e. the next day of isolation) until death. Specifically, one
focal male was paired for three hours with five virgin “tester” females (ap-
proximately two-days old) derived from SP8 populations. After three hours
of mating, the focal male was removed, and the five females were trans-
ferred to a separate fresh plate and were left to lay eggs for three hours. The
number of eggs produced by the five females within this three-hour egg-
laying period was used as an estimation of the focal male’s age-specific fer-
tility. Each of the focal males was paired with one mature SP8 ‘holding’
female in-between the assays to reduce males’ mate-search behaviour (i.e.
males wander around in search of females when kept alone and may die
when stranded on the walls of the petri dish) and to standardize their mating
status. These “holding” females were replaced after each assay to avoid mix-
ing with progeny nematodes. All assays were performed on 60-mm Petri-
dishes with standard medium and handling (Stiernagle 2006).

No choice reproductive assays — T. angusticollis (Paper
111 and 1V)

To test the reproductive performance of all focal individuals at different
ages, | paired them with a background tester individual of the opposite sex in
a glass scintillation vial for one hour (Fig. 7C). During this hour, latency to
first mating, number of matings that occurred during the hour and duration
of each mating were recorded. In all assays the tester individuals were virgin
and reproductively mature (15+1 days old). The first assay was done when
the focal individuals reached maturation at day 15 and they were subsequent-
ly assayed repeatedly every 10 days until their death. At the end of the mat-
ing hour the females (i.e. focal females for the female reproductive assays
and tester females for the male reproductive assays) were transferred to a
250ml container with ad libitum food and an oviposition petri dish (35mm
diameter) for egg laying (Fig. 7C). The females were allowed to lay eggs for
96 hours and were provided with a fresh oviposition dish after the first 48h.
Depending on the availability of eggs, 20 randomly selected eggs were trans-
ferred, either 48h or 96h after the reproductive assay, to an incubation con-
tainer with 100g of standard larval medium. All available eggs were collect-
ed, when there were less than 20 eggs present on the oviposition dish. From
the date of first adult emergence the flies were allowed to emerge for 10
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days and then were euthanized by freezing. Incubation containers that did
not contain any adult flies 10 days post adult emergence of the last container
with the same egg transfer date, was scored as having zero emergence. After
each reproductive performance assay, I also recorded the number of eggs
laid in each oviposition dish (i.e. at 48h and at 96h) and the egg-to-adult
viability (proportion of adults emerging) of the resulting offspring.

For the second generation (F,) in Paper 1V, I followed the exact same
no-choice reproductive procedure, with the change that focal individuals
were assayed every 15 days until day 60 (Fig. 7D).

Male-male competition (Paper Ill)

Competitive assays

As male flies frequently compete with other males for access to females
(Fig. 5), male ability to achieve matings under the pressure of competition
was investigated in Paper III. Male performance in competitive arenas was
tested when males were 15 and 35 days old to gain a measure of perfor-
mance at young and old ages for each individual.

Males were placed in an arena with five competitor males and an ovipo-
sition dish (Fig. 7C). Competitor males were derived from a stock founded
by T. angusticollis individuals collected in Brisbane, Queensland (Cassidy et
al. 2013), and were reared on a standard larval diet and housed in large
population cages before and between assays. The Brisbane stock was pre-
ferred to facilitate paternity assignment (which was not undertaken as part of
this study), since offspring from the Brisbane competitors would give differ-
ent molecular signal that the focal individuals. To allow males to establish
dominance hierarchies, all males were left in the competitive arena for at
least 8 hours before any behavioural observations.

At the beginning of the competitive assay, three standard females (indi-
vidually marked) were introduced into the arena, resulting in a high-
competition environment for the focal male (Fig. 7C). Competitive arenas
were then observed for one hour. The total number of matings that occurred
were recorded, differentiating between mating attempts by the focal and the
competitor males. All contest interactions involving the focal male were also
noted. The definition used for a contest interaction was the physical encoun-
ter between two males that ended with a clear retreat by one male. These
were further classified as either a full combat (which occurs when males
lock together in a characteristic vertical contact posture and strike each other
with their bodies, heads and forelegs; Fig. 5SE), or a non-combat contest in-
teraction (i.e. not involving vertical contact posture). Chasing behaviour,
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measured as when there was a clear approach and retreat between two males
without touching, was also recorded. Where possible, the initiator of the
contest was recorded (i.e. focal individual or competitor) as well as which
male retreated (i.e. “lost” the contest). As a measure of resource defence
strategy, the contest location (i.e. on or next to the oviposition dish) was also
noted. After the observational hour was completed, focal and competitor
males were returned to their respective enclosures.

Male competitive interactions in housing containers

Before each “no-choice” reproductive assay at each age up until 45 days old
(i.e. days 15, 25, 35, 45), male behaviours in the fighting social treatment
were followed for 30 minutes and all contest interactions recorded. This was
done, to determine the relative rates of contest behaviours experienced by
high- and low-condition males in their housing containers.

Body size morphology (Papers Il and V)

The housing containers of the focal flies were checked every second day for
survival, and after death, each focal individual was photographed with a
Leica DFC digital camera mounted on a Leica MS5 stereomicroscope. From
the photos thorax length, which is a reliable proxy of adult body size
(Bonduriansky 2006), was measured, using the software ImageJ (Abramoff
et al. 2004).
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3. Results and discussion

Condition-dependence and extrinsic mortality

Accelerated ageing and shorter lifespan is predicted to evolve under higher
extrinsic mortality (Medawar 1952; Williams 1957; Abrams 1993; Williams
et al. 2006). Furthermore, elevated extrinsic mortality should also drive the
evolution of increased investment in early life reproduction (Williams 1957;
Kirkwood 1977; Kirkwood and Rose 1991). However, when the extrinsic
hazards are not affecting all individuals in a population equally, but depend
on individual condition (i.e. low-condition individuals are less likely to sur-
vive), selection should favour more robust individuals with better condition
and prolonged intrinsic lifespan (Abrams 2004; Williams et al. 2006;
Maklakov 2013). Chen and Maklakov (2012) used an experimental evolu-
tion approach, to test this prediction and found that high levels of condition-
dependent mortality, imposed by heat-shock, indeed resulted in the evolution
of physiologically robust phenotypes with elevated resistance to heat stress
(Chen and Maklakov 2013), longer lifespan in both sexes and increased fe-
male fecundity. The latter outcome was surprising, since it did not reveal the
expected trade-off between reproduction and survival in females.

The aim of Paper I, was to investigate whether such trade-offs may in-
stead be revealed in male C. remanei, by studying the reproductive success
of males from the same experimental populations established by Chen and
Maklakov (2012). The results highlighted that male age-specific reproduc-
tion did not evolve under differential rates of extrinsic mortality. There was
no difference in male fertility between selection regimes of high and low
rates of mortality (Fig. 8A). While, the disposable soma theory predicts that
there should be an increased investment in early-life reproduction under high
rates of extrinsic mortality, males of this experiment did not show such a
pattern. However, the source of extrinsic mortality had a strong effect on
male reproduction (Fig. 8). Males that evolved under condition dependent
mortality had lower overall fitness (Fig. 8B) resulting from a reduced early-
life fertility (Fig. 8A). In summary, increased condition-dependent mortality
caused by heat-shock resulted in increased longevity (Chen and Maklakov
2012) and resistance to heat stress (Chen and Maklakov 2013) in both sexes,
greater lifetime fecundity in females (Chen and Maklakov 2012) and a re-
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duction in early fertility as well as individual fitness in males (Fig. 8). These
results suggest that male reproductive performance trades-off directly with
heat-shock resistance rather than longevity, because even low level of heat-
shock resistance (i.e. low rate of condition-dependent mortality) that was not
associated with increased longevity, resulted in a reduction of male fertility
(Fig. 8B). These findings further highlight the key role of condition-
dependence in extrinsic mortality that can shape not only the evolution of
longevity and ageing, but also the evolution of sexual dimorphism in life
history.
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Figure 8. (A) Mean (= SE) age-specific fertility of males evolved under high (H —
circles) or low rate (L — triangles) of mortality imposed by different mortality
sources (Condition dependent: C-d — black; Random: R — grey). (B) Mean (+ SE)
individual fitness (A4 of males evolved under condition dependent mortality
(black) or random mortality (grey).
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3.2 Condition-dependence in a natural population

Condition-dependence in a natural population

Early-life environment can have substantial consequences on individual
condition and thus life history strategies (Monaghan 2008). To maximise
their fitness, individuals strategically allocate their limited resources not only
between different fitness-enhancing traits but also between current and fu-
ture trait expression (Stearns 1992). Diverse ageing patterns have been ob-
served between and within species, yet the direction of these relationships
among individuals of different condition remain unclear. In Paper II, I used
data from a long-term study on a natural population of collared flycatchers
(Ficedula albicollis) from the Swedish island of Gotland. The brood size at
nest was manipulated across the breeding seasons from 1983 until 2009, by
either adding or removing two offspring and thus creating either artificially
increased (low-condition) or reduced (high-condition) broods. Individuals
from nests with a reduced brood size experienced a “silver spoon”, less
stressful environment and grew to a larger body size at fledgling. This
allowed me to directly test whether experimentally improved developmental
conditions decelerate or increase reproductive and demographic ageing.

I found that females experiencing a low-competition natal environment
(high-condition) fledge at higher body mass, start to reproduce at higher rate,
have an earlier reproductive peak (Fig. 9) and lower acceleration of mortality
rate (Fig. 10B) than their low-condition counterparts raised in high-
competition nests. However, high-condition females also show earlier signs
of reproductive senescence (Fig. 9) and suffer from increased mortality rate
in the last years of their lives (Fig. 10B). These results demonstrate that
“silver spoon” effects can increase female early-life performance at the cost
of faster reproductive ageing and increased late-life mortality. To my
knowledge, this is the first experimental demonstration of condition-
dependent ageing in a natural population and supports the evolutionary
theory of ageing.
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Figure 9. Age-specific reproduction of the three manipulated natal environ-
ments (means * SE of model predictions). Green lines represent the low-condition
(LC) treatment, yellow represent the control treatment and blue represent the
high-condition (HC) treatment.
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Figure 10. Survival (A) and Mortality (B) curves with 95% confidence intervals
for each treatment as fitted by the bathtub Logistic mortality model. On the left are
the posterior distributions of the six model parameters. Green lines and distribu-
tions represent the low-condition (LC) treatment, red represent the control
treatment and blue represent the high-condition (HC) treatment.
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3.4 Condition-dependence and male competition

Condition-dependence and male competition

Variation in resource allocation strategies can be particularly pronounced
between the sexes. Males and females often follow diverse reproductive
strategies and thus prioritize different traits when allocating resources (Adler
and Bonduriansky 2014). Life history trade-offs may be especially pro-
nounced in males, since increased condition is often associated with in-
creased investment in secondary sexual traits, such as sexual displays and
weapons (Mappes et al. 1996; Emlen 1997; Hunt et al. 2004; Judge et al.
2008). Yet, predicting the age-specific ageing patterns between individuals
of different condition can be challenging, because increased resource alloca-
tion to the production and maintenance of sexually selected traits may be
associated with high latent costs.

In Paper 111, I used the neriid fly, Telostylinus angusticollis, to investi-
gate how the costs of condition-dependent secondary sexual traits influence
male ageing patterns. This species is characterized by pronounced develop-
mental plasticity in response to nutrient concentration in larval diet, which
results in much smaller individuals when reared in a nutrient-poor medium
than when reared in higher nutrient concentration (Bonduriansky and Head
2007; Sentinella et al. 2013). Furthermore, females of this species oviposit
their eggs in rotten tree bark and males often extensively defend territories in
high quality oviposit locations. Larger males engage more often in battle and
tend to be more successful in defending such territories. While body size is
highly condition dependent, investments in condition-dependent morpholog-
ical and behavioural traits are likely to impose costs and might potentially
affect the rate of ageing. To test this hypothesis, I manipulated nutrient con-
centration during larval development to create males in different condition,
simulated male-male contests environments and evaluated ageing patterns, in
a full factorial design.

High-condition males developed more quickly and reached their repro-
ductive peak earlier in life, but also experienced a faster decline in reproduc-
tive ageing and died earlier than low-condition males (Fig. 11). However,
while interactions with rival males reduced male lifespan, this did not affect
male reproductive ageing. High-condition in early life is therefore associated
with rapid ageing in T. angusticollis males, even in the absence of damaging
male—male interactions. These findings are in line with the situation in na-
ture, where extrinsic mortality is high and early-life reproduction would,
thus, substantially increase fitness.
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Figure 11. Ontogenetic timing of high- and low-condition males. High-condition
males experience accelerated ontogeny but age faster and die sooner compared to
low-condition males. The lengths of developmental and adult ontogenetic phases
are based on observed means for low- and high-condition males. Although the
precise positions of reproductive performance peaks cannot be determined from
our data, the approximate relative portions of these peaks in high- and low-
condition males are shown.

Condition-dependence in males, females and beyond

Early-life developmental environment can have persistent adaptive effects
on individual life history and offspring phenotypic variation across multiple
generations (Mousseau and Dingle 1991; Pal and Mikl6s 1999; Badyaev and
Uller 2009; Bonduriansky et al. 2012; Head et al. 2016; Bonduriansky and
Crean 2017). Maternal and paternal condition can strongly influence oft-
spring phenotype via parental effects (Mousseau and Fox 1998; Marshall
and Uller 2007; Champagne 2008; Crean and Bonduriansky 2014) and high-
condition parents will be able to provide more resources to their offspring,
via parental care or nongenetic inheritance factors (i.e. epigenetic, cytoplas-
mic or somatic). Yet, the direction of parental effects on reproductive and
demographic ageing of offspring remains poorly understood. Parents can
shape offspring phenotype, by either directly transferring their condition to
their offspring (“condition-transfer effects” — Qvarnstrom and Price 2001;
Bonduriansky and Crean 2017) or adjusting their parental investment based
on environmental cues (“anticipatory effects” — Marshall and Uller 2007;
Burgess and Marshall 2014).

In Paper IV I investigated how parental condition may affect reproduc-
tive and demographic senescence of parents and their offspring in the neriid
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flies Telostylinus angusticollis, by manipulating the parental larval environ-
ment to create high- and low-condition parents. Larval diet contains proteins
and carbohydrates that might differentially affect ageing rates of the two
sexes. Indeed, sexes exhibit strong sexual dimorphism in size only on rich
nutrient diet and it is possible that sexual dimorphism in ageing is also con-
dition-dependent (Bonduriansky and Head 2007). My results showed that
high-condition fathers developed faster but suffered from rapid reproductive
(Fig. 12) and actuarial (Fig. 13) senescence (i.e. higher mortality rates).
Their sons had a similarly fast reproductive decline (Fig. 14A), but were
more long-lived (Fig. 15A) and had decreased mortality rates (Fig. 15B) than
their low-condition equivalents. Daughters of high-condition fathers also had
lower mortality rates (Fig. 15B) but their reproduction was unaffected (Fig.
14A). High-condition mothers developed faster and had better survival early
in life, but lower late-life survival compared to low-condition mothers (Fig.
13). In sharp contrast to paternal effects, sons of high-condition mothers did
not suffer from rapid reproductive ageing (Fig. 14B), but showed higher
mortality in late-life (Fig. 16B), compared to sons of low-condition mothers.
Remarkably, there were few effects of maternal diet on the age-specific life
histories of the daughters (Fig. 14B, 16). These results do not fully support
the hypothesis that parents transfer their own condition to their offspring, but
instead suggest that parental diet interacts with parental sex and offspring
sex to affect offspring life-histories. Thus, this study highlights that parental
effects can play an important role in shaping inter-individual variation in
reproductive and actuarial senescence.
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Figure 12. Age-specific reproduction (means * SE) of high-condition (solid lines
and filled symbols) and low-condition (dotted lines and empty symbols) parents
(mothers: circles and fathers: squares). Blue lines represent the high-condition
fathers, green represent the low-condition fathers, red represent the high-
condition mothers and purple represent the low-condition mothers.
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Figure 13. Survival (A) and Mortality (B) curves with 95% confidence intervals for
each parental treatment as fitted by the simple Weibull mortality model. On the
left are the posterior distributions of the two model parameters. Blue lines and
distributions represent the high-condition fathers, green represent the low-
condition fathers, red represent the high-condition mothers and purple represent
the low-condition mothers.
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Figure 14. Age-specific reproduction (means + SE) of the sons (squares) and
daughters (circles) of high-condition (HC — solid lines and filled symbols) and low-
condition (LC — dotted lines and empty symbols) fathers (A) and mothers (B).
Brown lines represent the sons of high-condition parents, green represent the sons
of low-condition parents, orange represent the daughters of high-condition parents
and pink represent the daughters of low-condition parents.
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Figure 15. Survival (A) and Mortality (B) curves with 95% confidence intervals
for sons and daughters of fathers as fitted by the simple Weibull mortality model.
On the left are the posterior distributions of the two model parameters. Brown
lines and distributions represent the sons of high-condition fathers, green represent
the sons of low-condition fathers, orange represent the daughters of high-condition
fathers and pink represent the daughters of low-condition fathers.
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Figure 16. Survival (A) and Mortality (B) curves with 95% confidence intervals
for sons and daughters of mothers as fitted by the simple Weibull mortality model.
On the left are the posterior distributions of the two model parameters. Brown
lines and distributions represent the sons of high-condition mothers, green repre-
sent the sons of low-condition mothers, orange represent the daughters of high-
condition mothers and pink represent the daughters of low-condition mothers.
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4. Conclusions

Ageing is a complex trait that is likely influenced by many factors. In this
thesis I have explored the role of condition-dependence in the expression and
evolution of ageing. My results show that variation in early-life developmen-
tal environment can determine individual condition and thus have profound
consequences for the life history of individual organisms (Papers I1, IIT and
IV) and populations (Papers I). By mediating the resource allocation among
traits and life stages, individual condition can extensively influence, over
multiple generations (Paper 1V), the current and future expression of life
history traits and, ultimately, fitness (Papers I, III and IV). Furthermore,
individual condition determines the probability of surviving an extrinsic
environmental hazard, when such a hazard is only targeting low-condition
individuals. Thus, variation in individual condition in a population combined
with such condition-dependent environmental pressures can lead to the evo-
lution of delayed ageing in nature (Paper I). Yet, sex differences in repro-
ductive strategies and life history trade-offs can result in sex-specific re-
sponses to changes in individual condition and it is, therefore, crucial to in-
clude both sexes in the study of condition-dependence in life history evolu-
tion (Papers I and IV).
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Sammanfattning pa svenska

Aldrandet #r ett utbrett biologiskt fenomen som spelar en viktig roll for att
forma livshistorier hos olika organismer i livets trid. Aldrande kan definieras
som den progressiva fysiologiska forsdmringen som upptrader med 6kande
alder, vilket leder till en minskning av reproduktion och &verlevnad. Trots
aldrandets negativa effekter pad en organism har &ldringsprocessen inte
eliminerats via det naturliga urvalet och forskare har fascinerats av aldring-
sprocessen alltsedan antiken. Till exempel argumenterade den stora grekiska
filosofen Aristoteles att:

“Anledningarna till att vissa djur dr ldanglivade och andra
kortlivade, och i ett ord, orsakerna till livets lingd och korthet
kraver efterforskning. [...] Vi finner att denna skillnad [dvs. att vara
langlivad eller kortlivad], paverkar inte bara hela slikten jamforda
som helheter med varandra, utan dven kontrasterade grupper av
individer inom samma art”

[Aristoteles, 350 f. Kr., egen Oversittning fran G. Ross Engelska
version]|

Sedan antiken har méanga andra forsokt att forklara den otroliga mang-
falden av aldrandemonster, men det var inte forrén 1 slutet av 1800-talet som
de forsta sammanhingande evolutiondra teorierna om aldrande foreslogs av
August Weismann (1891). Weismann foreslog att alla celler hos en organism
kan separeras i konscellinjer och kroppscelllinjer (Weismann 1892, 1893).
De celler som utgoér kroppen kommer till slut att d6 (vid organismens dod),
men deras huvudsakliga syfte genom livet ar att hélla konscellerna i gott
skick och medan kroppscellerna éaldras ar konscellerna pd sétt och vis
ododliga. Weismanns sammanhédngande teori som forklarar varfor aldrandet
finns och hans forskning har styrt forskningen inom faltet i artionden. Manga
evolutiondra teorier har foreslagits och reviderats sedan dess. Haldane
(1941) var den forsta som observerade att det naturliga urvalet r svagare vid
senare livsstadier, eftersom det da finns féarre individer i en population kvar
som inte dott av externa faktorer, sdsom predation, olyckor eller parasitism
(yttre dodlighet™). Déarefter foreslog Medawar (1952) att dldrandet uppstér
eftersom negativa mutationer som inte framtrader forrdn sent i livet inte kan
elimineras effektivt av selektionen (mutationsackumulering teori). Williams
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gav en alternativ forklaring och foreslog att aldrande har utvecklats pa grund
av forekomsten av gener som gynnas av det naturliga urvalet eftersom de har
fordelaktiga effekter tidigt i livet, &ven om de ocksa har skadliga effekter
senare i livet (antagonistisk pleiotropi teori).

Williams (1957) centrala och mest testade hypotes ("Williamshypotesen™)
sdger att hoga nivaer av yttre dodlighet bor leda till evolutionen av snabbt
aldrande och didrmed en kortare livsldngd. I en miljo med hog dodlighet
kommer farre individer i populationen att nd alderdomen, jamfort med popu-
lationer fran miljder med lag dodlighet. Detta resulterar i en bredare "sel-
ektionsskugga" i slutet av livet, dir selektionen eliminerar farre sent ver-
kande skadliga gener. Om dessa populationer skulle studeras i en skyddad
miljo (dvs. ett laboratorium), kommer populationer som tagits fran naturliga
miljoer med hoga yttre mortalitetsnivaer att uppvisa en kortare livslangd an
populationer som tagits frin miljoer med 1ag yttre mortalitetsrisk. Aven om
det har finns visentligt empiriskt stod for denna hypotes, har ”Williamshy-
potesen” nyligen utmanats, med ett 6kande antal vetenskapliga studier som
rapporterar motstridiga monster (dvs. att hog yttre dodlighet leder till lang
livslangd). Dessutom foreslar nya teoretiska studier att Williams hypotes
endast dr giltig nér yttre dodlighet drabbar alla medlemmar i en population
slumpmaéssigt och i samma utstrackning. Vi vet emellertid att detta inte kan
vara fallet eftersom individer kan variera i sin kondition (eller kvalité) och
individer med 14g kondition kan 16pa storre risk att do dn individer med hog
kondition. Det naturliga urvalet kan gynna individer av hog kondition och
diarmed bidra till evolutionen av ett senare aldrande. For att 6verbrygga klyf-
tan mellan teori och empiriskt stod for detta begrepp utforde Chen och Mak-
lakov (2012) en experimentell evolutionstudie pa den tvakonade nema-
todmasken Caenorhabditis remanei, dar de manipulerade bade dodlighetens
frekvens (hog och lag dodlighet) och kélla (slumpméssig och kondi-
tionsberoende dodlighet). Till stod for den nya teorin utvecklade population-
er under 6kad konditionsberoende yttre dodlighet ett férsenat aldrande, sam-
tidigt som ett tidigare aldrande utvecklades i populationer med hog
slumpméssig yttre dodlighet, i enlighet med Williams hypotes. Darfor ar
konditionsberoende en viktig komponent som kan forma &ldrandemonster
och konditionsberoende dddlighet kan leda till evolutionen av en lédngre
livslangd. Dessutom fann Chen och Maklakov (2012) ocksa fordelar, eft-
ersom honor fran testpopulationerna som evolverat under hog kondi-
tionsberoende dddlighet producerade fler dgg. Anda leder detta till fragan
varfor naturliga populationer inte utvecklar en langre livslingd och okar
reproduktionen (dvs. supernematoder), eftersom yttre dodlighet i naturen
ofta dr konditionsberoende? For att svara pd den fragan fokuserade jag pa
livshistorieav-vagningar och konsskillnader. Som jag visar i artikel I, hade
hanar som utvecklats under hog yttre konditionsberoende dodlighet ldngre
livslangd, men drabbades ocksd av minskad reproduktion tidigt i livet och
totalt Gver livet. Detta tyder pa att det hos hanar sker en kompromiss mellan
kondition och reproduktion, och dirfér kan denna sexuellt antagonistiska

44



selektion uppratthalla genetisk variation for livsldngd och kondition i denna
population. Variation i kondition &r en viktig populationskomponent som
kan forutsdga overgripande aldrandemonster och individuell variation i kon-
dition kan leda till betydande skillnader i fenotyp och fitness. "Kondition"
har definierats som den totala mdngden metaboliska resurser som finns till-
gingliga for en individ och beror pa bade den genetiska kvaliteten hos indi-
viden (dvs. ndrvaron av "bra" gener som forbéttrar fitness) och kvaliteten pé
individens miljé (dvs. resurstillgdnglighet eller stressfaktorer). I synnerhet
den tidiga livsmiljon kan fa djupa konsekvenser for den individuella kondi-
tionen. Individer i en population kan uppleva olika stressfaktorer under sin
utveckling, sdsom Okad populationstithet, temperaturavvikelser eller be-
gransad resurstillgénglighet. Dessa stressfaktorer kan orsaka skadliga fit-
nesseffekter genom att begrinsa utvecklingen av en optimal fenotyp.
Kvaliteten pa utvecklingsmiljon i det tidiga livet kan saledes fa betydande
konsekvenser for senare livslangd. individer som ar uppvuxna i hogkvalita-
tiva miljoer dr ofta i ett béttre skick dn individer som vixer upp i en
lagkvalitativ miljo och kommer darfor att ha mer metaboliska resurser for att
fordela till fitnessforbattrande egenskaper ("silverskedeffekten" — Grafen
1988). Samtidigt moter alla individer samma livshistorieavvagningar
gillande resursallokering (pa grund av den begrinsade méngden resurser),
individer av olika kondition kan darfor anamma olika livshistoriestrategier
for att maximera sin fitness. Till exempel kommer en 6kning av invester-
ingen av resurser i reproduktionen att minska de tillgdngliga resurserna for
underhall av kroppen och kommer darfor att paverka 6verlevnaden negativt.
Samtidigt kommer inga av de begrinsade resurserna som tilldelas reproduk-
tionen, att finnas tillgdngliga for underhalls- och reparationsmekanismer
(Disposable soma-teorin - Kirkwood 1977). Darfor maste varje individ,
beroende pa sin kondition, hitta den optimala investeringen av resurser i
kroppsunderhall for att maximera sin fitness. Individer fordelar inte bara om
sina begrinsade resurser mellan olika egenskaper som péaverkar fitness, utan
ocksa mellan olika livsfaser (dvs. investeringar mellan nutida och framtida
uttryck av en egenskap). Séledes ar en viktig frdga som aterstar, hur kondi-
tionen i slutdndan kan paverka uttrycket av olika egenskaper med okande
alder? Till exempel, kan individer med hog kondition antingen upprétthalla
en hog reproduktion under hela livet (eftersom reproduktionen speglar kon-
ditionen) eller offra lang livstid for overinvestering i reproduktion tidigt i
livet. For att belysa forhdllandet mellan kondition och livshistoria ma-
nipulerade jag, i artikel II, III och IV, resurstillgédngligheten i den tidiga
livsmiljon, bade indirekt, genom manipulering av kullstorleken (artikel II)
och direkt genom manipuleringar av niringsinnehallet hos dieter under
uppvaxten (artikel IIT och IV). Sammantaget matte jag hur kinsligt uttryck-
et av olika livshistorieegenskaper var for fordandringar i miljokvaliteten i
tidiga livsstadier och jag undersokte framvéxande avviagningar mellan egen-
skaper som beror pa konditionen. I artikel II, undersokte jag de langsiktiga
effekterna av miljon under det tidiga livet pa reproduktion och 6verlevnad
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hos honor i en naturlig population av halsbandsflugsnappare (Ficedula al-
bicollis). Jag anvinde langsiktiga 6vervakningsdata som samlats in mellan
1983 och 2009 fran Gotland i Ostersjon. Avkommor fick vixa upp i kullar
som experimentellt hade antingen forstorats (lag kondition) eller forminskats
(hog kondition). Jag fann att den reproduktiva framgéngen hos honor med
lag kondition 0kade i slutet av livet, dd honorna med hdg kondition redan
hade en kraftig reproduktiv nedgédng och drabbades av hogre dodlighet. Mina
resultat visar att "silverskedseffekter” kan 6ka honors tidiga produktivitet pa
bekostnad av snabbare reproduktivt dldrande och 6kad dodlighet senare i
livet. Dessa fynd stdder disposable soma-teorin om &ldrande och foreslar att
tidiga livsvillkor formar individens &ldrande i naturen.

Jag undersokte sedan dessa effekter i en mer kontrollerad miljo, jag
utforde laboratorieexperiment, som beskrivs i artiklar III och IV, med hjilp
av neriidflugan Telostylinus angusticollis. Hanar av denna art 6kar sin repro-
duktiva framgéng nir de investerar i sekundira sexuella egenskaper, som
ornament, vapen och uppvisningsbeteenden. Saddana egenskaper dr dock
kostsamma att producera och underhalla, vilket resulterar i ett kondi-
tionsberoende uttryck. I artikel III, undersokte jag darfor hur kondi-
tionsberoende investeringar i sekundéira sexuella egenskaper paverkar hanars
livshistoriestrategier och specifikt om det finns en kompromiss med in-
vesteringar i kroppens underhall. Med hjilp av en fullstindig faktoriell de-
sign manipulerade jag hanars tidiga livsforhdllanden genom varierande
ndringsinnehall i larvdieten och darefter manipulerade jag mojligheterna for
vuxna hanar att interagera med rivaliserande hanar. Jag fann att hanar med
hog kondition utvecklades snabbare och nadde sin reproduktiva topp tidigare
i livet, men de upplevde ocksa snabbare reproduktivt aldrande och dog snab-
bare 4n hanar av lag kondition. Daremot minskade interaktioner med rivalis-
erande hanar hanens egen livslangd men paverkade inte deras reproduktiva
aldrande. Okad tidig livskvalitet dr ddrfor associerad med snabbt &ldrande
hos hanar av T. angusticollis, dven i avsaknad av skadliga han-han-
interaktioner. Dessa resultat visar att rikliga resurser under ungdomsfasen
anvands for att paskynda tillvixt och utveckling och forbattra reproduktiva
prestationer tidigt i livet pd bekostnad av prestation och &verlevnad i slutet
av livet, vilket visar en tydlig koppling mellan hanars kondition och
aldrandet.

Effekten av utvecklingsmiljon under det tidiga livet kan ha ihéallande
effekter pa den enskilda livshistorien och kan till och med besta i flera gen-
erationer. S&dana transgenerationella fordldraeffekter &r en del av icke-
genetiskt arv, som kan definieras som effekterna pa avkommans fenotyp som
orsakas av Overforing av faktorer som inte & DNA fran fordldrarna.
Forildrar kan forma avkommans fenotyp, genom att antingen direkt 6verfora
sin kondition till sina avkommor ("konditionséverforingseffekter") eller
genom att justera sina investeringar i avkomman utifrdn miljomassiga sig-
naler ("forvantade effekter"). I artikel IV undersokte jag dessa adaptiva
fordldrastrategier, genom att manipulera miljon nir fordldrarna sjdlva var

46



larver (for att fa fordldrar med hog och lag kondition) och testa hur det
paverkade bade reproduktivt och kroppsligt dldrande hos dem sjdlva och
deras avkommor. Jag fann att fider som fatt en diet av hog kvalité visade en
snabb utveckling men drabbades av snabbt reproduktivt och kroppsligt
aldrande, medan deras soner hade en liknande snabb reproduktiv nedgang
utvecklades ldngsammare, var mer langlivade och hade langsammare
kroppsligt dldrande &n hanar som fatt en diet av l1ag kvalité. Doéttrar fran
hanar som fatt en diet av hog kvalité hade ocksa langsammare kroppsligt
aldrande men deras reproduktion var opaverkad. Modrar som fatt en diet av
hog kvalité utvecklades snabbare och hade battre 6verlevnad i det tidiga livet
men lagre overlevnad i slutet av livet jaimfort med modrar som fétt en diet av
lag kvalité. I skarp kontrast till effekter pa faderssidan, utvecklades soner till
modrar som fatt en diet av hog kvalité snabbare, drabbades inte av snabbt
reproduktivt aldrande, men visade hogre dodlighet senare i livet jamf{ort med
soner fran modrar som fatt en diet av 1ag kvalité. Anméarkningsvért var att
moderns diet hade liten effekt pd dottrarnas aldersspecifika livshistorier.
Dessa resultat stoder inte fullstindigt hypotesen att fordldrar 6verfor sin egen
kondition till sina avkommor, men foreslar istdllet att fordldrarnas diet inter-
agerar med bade fordlderns kon och avkommans kon for att paverka av-
kommans livshistoria. Fordldraeffekter kan spela en viktig roll for att forma
mellan-individuell variation i reproduktivt och kroppsligt aldrande.

Sammantaget behandlar jag i denna avhandling konditionsberoende hos
livshistorieegenskaper och deras effekter pa dldrandemonster fran olika per-
spektiv. Genom att kombinera olika studiesystem utnyttjar jag bade laborato-
riemodellorganismer (artiklar I, III och IV) och naturliga populationer
(artikel II) for att ytterligare belysa vikten av konditionen for livshistorieav-
vagningar och i slutdndan for evolutionen av éldrande (artikel I). Ett sidant
holistiskt tillvigagéngssétt behovs, eftersom tidigare studier har visat att
experimentella resultat kan bero pa huruvida organismer studeras i vilda
eller under laboratoriebetingelser.

Oversittning av/ translation by Elisabeth Bolund
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[TepiAnyn ota EAANVIKA

H ynpavon eivat éva eupémg dtadedopévo Ploroyikd Qatvopevo, To 0moio
dtodpapatifel onUAvIIKO pOAO OTN JOUOPPOCT TOV YOPUKTNPIGTIKOV TOV
KOkAov (NG o€ OAOLG TOVG OpPYOVIGHOVG. Mmopel vo oplotel ®g 1
TPOOJEVTIKN PLGLOAOYIKT PBoPA Tov gppavileton pe TV nAkio Kot 0dnyel
ot Meiwon ¢ KavotTog avomapay®yne kol emiPioong. Ilapd v
OPVNTIKY TNG EMIOPOCN GTOVEC OPYAVIGHOVG, M YRpavon dev €xel e&arelpbei
omd TN PLGIKN EMAOYN EVO ATOTEAEL AVTIKEILEVO EVOLOPEPOVTOG KOl LEAETG
omd Vv opyodtnTa. ZOpEOVe He Tov pEYaAo apyoio EAAnva ¢iAdécopo
ApLoTOTEAN:

«Emi tov mapdvtog d¢ mepi Tov {dov eEnynoauey v attiov g
pakpoflomrog kat g oilyoPidtntog avtdv. YmoAginetal dg vo
gEetdompey akoun mepi vedTNTOg KOl YRpOtog Kot mepi {oNg Kot
Bavatov. Kat 6tav tavta npaypotevdouey, 0o Aapn téhog n mepi
TV DOV HELET NUOYY.

[AptoTotéAng, Mikpd ®uowd: [epi pokpoPidotnrog Kot
Bpayvprotntog, 350 n.X. Metappaon I1. I'patcidtov]

Evd 1 a&lobadpaotn mokidic Tov TpoTOTOV YRPOVeNS EXEL OTOTEAECEL
OVTIKEILEVO WHEAETNG OO TNV OPYOLOTNTA, 1 TPDT CUVEKTIKN €EEMKTIKY
Oeopia Yo T0 Qowvopevo avtd datvrmdnke oto T€Alog Tov 190V atdva amd
tov August Weismann (1891). Zopeova pe tov TeAeLTi0, T0 KOTTOPL TOV
OPYOVICL®Y S1POVVTIOL GE COUOTIKA Kol 6€ YeVvNTIKd (“germ-plasm” theo-
ry — Weismann 1892, 1893). Ta coupatikd kdttapa, to onoio medaivouv
padi pe tov opyavicpd, katd tn dtdpkela ¢ LONnG Tovg XPNOIUEHOLY GTO Vo,
dotnpobv Ta YEVVNTIKA KVTTOPO GE KOAN KOTAGTOON Kol, VO TO TPMTO
yepvolv, Ta devTEPO givol kaTd KAmowov tpodmo abdvata. O Weismann
VINPEE GUVETMDC O TPAOTOC EPEVVITNG TOV STOTMOOE i cLVEKTIKY Bewpia
ov e€nyel yuti n yRpavon €xel datnpnoel e£eMiTiKG Kol 1 €peVVE TOL
OTOTEAESE Y100 OEKOETIEG TO TPOTLTO Y1 OVTO TO TESIO EPELVOC.

H Poaocwn mpdodoc oty €psvva g yRpavons Ehafe yopo Katd v
nepiodo 1940-1960. Apyikd, o Haldane (1941) mopatipnoe TG 1 QUOIKN
emaoyn elval acBevéotepn Katd to teEAevtaio otdadioa g Long Tov
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0PYOVICH®V, KOODC vdpyovv Ayotepa dTopa o€ Evay TANBvopd Tov xovv
KATOPEPEL Vo dlapvyovy Tov Bdvato amd emyeveig mapayovieg, OT®MG M
Onpevon, To otvyRuoTo N Ta mwopdctto  (e&myevig Bvnoyotnta).
Axorob0wc, 0 Medawar (1952) tpoteve Tmg 1 YHPOVOT VOICTATAL, ETEON 1|
QUOIKT €mA0YN dev umopel vo eoreiyel oAokAnpoTiKa TIg emiProPeig
petodAdéelg mov eppaviovtal oto tedevtaio otddio g Long (Bempio tng
«oVOoMPEVSTG HeTOALGEE®VY — Mutation Accumulation theory). O Wil-
liams (1957) dwtdnwoe pio eVOALOKTIKY EpUNVEIR, GOUEOVA, LE TNV OTTola 1)
yipavon €xer  eehMybel kol emkpoTiosl AOY® NG EMAOYAG T®V
TAEOTPONMIKOV ~ yovidimv, 1Ta omoia, €EVO TPOGPEPOLV  OPIGUEVO
TAEOVEKTILOTA. KATA TOL TpDdTA, oTddto T {ong, ackobv emiPrapn dpdon
KaTd To TeEAeLTAin (BEmpio TNG «AVTOY®VICTIKNG TAEOTPOTTIOG» — Antagonis-
tic Pleiotropy theory). Téco 1 ovocdpevon petaAldéewv OGO Kot 1
OVIOY®VIOTIKY TAE0TPOTio. BempovvTol GNUEPE Ol KAUOIKEG EEEAMKTIKEG
Oewpieg TG ynpaveng Katl TepLypaeovy diepyacieg mov Ba umopovoav omd
KooV va 0dnynoovv oty e&EMEN TG,

Q¢ mpoéktaon g Bewplag TG avTOy®VIOTIKNAG TAE0TpoTiag Tov Wil-
liams (1957), mpoékvyav evvéa vmobéoelg, ot omoieg kobodnynocov v
épguva TAVEO oTN YAPOVON Yo Ta YPOVIo TOVv akoAovOncav. Toueova pe
TNV KEVIPIKT KOl TEPLOCOTEPO EAEYUEVT VTTOOEGN (VLOBeST Tov Williams) Ta
VYNAG emineda eEmyevoig BvnoudtnTog Tpomboldy v Toyein ynpavon Kot
KAt cvvémelo T pkpn ddpketa (one. Ta dtopo evog TAnbvouod mov O
@Thoovv o€ UeYAANn mAkia Oa eivar Aydtepo o mepfailov pe vynin
Ovnowdmra an’ 0,tt oe mepiBdAlov pe yaunAn. Avtd Oa odnynoel og
gupovtePo mapdbupo «okiaong emAoyney apyd otn (on, 6mov 1 PLGIKN
emaoyn Bo eloieiper Mydtepa Prafepd yovidia mov Opovv G€ pEYOAN
nAkio. XVVETMOC, VIO TPOCTATEVUEVEG GUVONKEG (.. OTO €PYOOGTHPLO) OL
nnbvopol mov mpoépyovtar amd TEPPAALOV  LYNANG  Bvnoldtnrog
OVOUEVETAL VO ELPAVICOVV UIKPOTEPT] dtdpKelo LmNG 68 GVYKPLOT e OGOVG
npoépyovial omd mepPdriovta yaunAng e€myevovg Bvnowodmrag. Ilapd
mv  emPePaioon g mopamdve vrdbeong omd mANOOC eumEPIKOV
dedopévar, £€vag av&avopevog  aplipoc  HEAETOV TNV ouQloPnTovV
napovcidloviog to avtibeta amoteAéopato (dmA. m vynAn eE@yevig
Ovnowdmra odnyel oe peyaAvtepn dwdpkeln (oNg). Topemva pe pio
Tpoceatn BewpnTikn TpocEyyion, n vrdBeon tov Williams toydet povo ot
ot e€myeveig mapayoviec Bvnootntag emnpedlovv e&icov Kot pe tvyaio
TPOTO OAOL TO PEAT] EVOC TANOLGLOV. AVTO OUWMG OEV UTOPEL VUL IGYVOEL POV
To ATopa €VOG TANOVOUOD dLopéPOLV LETOED TOVG OC TPOG TN PUGLKT TOVG
KATAoTAGT, e ekelva mov Pplokoviol o€ KoK KOTAGTAGT Vo, €(OVV
nEPLocoTEPEG TOOVOTNTEG VO TEBAvouy amd dca Ppiokoviar oe kaAn. H
(QUOIKT] ETLOYT WITOPEL GUVETDG VO EVVONGEL TOL TEAEVTALN, TPOWODVTUG £TOL
mv kobvotépnon e ynpavons. o vo kaAvyovv 10 Kevo UETOED TNG
EUTEPIKNG Katl TNG BempnTiKNg vIOoTNPIENG TS TOPATAV® VTObeonc, ot
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Chen ot Maklakov (2012) odwéfyayov pio TEPOPATIK HEAETN OF
TAnBvopovg tov dlowov vrnpatd@dovg Caenorhabditis remanei, ENEYYOVTOG
TauToOYpova Tov pLORd (VYNAO vs. YaunAd) oAAd kot v anyn (tuyoio vs.
eEaPTAOUEVT ATO T1 PUOIKN KOTAGTACT)) TG OVNOIUOTNTOC TOV EPAPLOGAY
o€ onTovg. Ymootnpilovtag tic TpoPArdyelg g véag Bempiag, ot mAnbucpoi
7oL Ppiokoviav vrd avénuévn Kot e£opT®UEVN OO TN PLOIKY KATAGTOON
Ovnowdmra  eueavicov kabvoTepnUéVn YNPAVOT, EVE TOVTOYPOVA Ol
ninbovopol vwd vynAn aArd Tuyaio epappocuévn e€myevr BvnouoTTo
EUQAvVIcOV Tayeio yApoven og cupeovia pe Ty vrddeon tov Williams.

Kotd ovvénewn, n @uoikn kotdotaon moilet onuovtikd poro ot
SLOHOPP®ON TOV €EEAKTIKOV TPOTOA®V NG YRPOVONG Kol UTOpel va
00MYNoEL 6TV eMUNnKLVeN TG O1dpkelag LONG TOV 0PYOVIGUOV, UECH TG
oAANAeTidpacnc ¢ pe tn Bvnowotnta. EmmAéov, coupmva pe t perémn
tov Chen kot Maklakov (2012), 1 koAn QUOIKN KOTAGTAGCT €UVOEL TNV
avamopaywyn, Kobdg oe cuvinkeg oTig omoieg 1 BvnodtnTo dev MTav
Toyoio oAAG e€aptdpevn omd avtiv, To OMALKG € KOAN KATAGTOOM
YEVVOOGAV TTEPIOCOTEPA ALYA. To ATOTEAEGLOTA QLTO EYEIPOVLY TO EPDOTNLUA
yti ot euoikoi TAnBvcpoi dev epgavifovv ekteTapuévn ddpkela CoNg Kat
avénuévn avamapaymyikn tkavotnto («superworms») mopott 1 eEwmyevig
Ovnowodmra  eoptdtar ocuvnboc amd TN ELOIKH KOTAGTOON TOV
dpopeTikdv  otopmv. Mo va omavino® oT0 TOPATAVE  EPOTNLO,
ECTIAOTNKO OTIC OVTIIOTAOUIOTIKEG OYECELS TOV KOKA®V (®NG KAl OTIg
QuAeTiKéC dapopéc. Ommg aivetar ot Keedhawo I, oe avtifeon pe to
Onivkd (Chen kor Maklakov 2012), ta apoevikd mov efeliybnkav oe
nepPdrrov pe vynid emineda Bvnodtroc, €aptnuéving omd T QUOIKN
TOVG KOTAOTOON, ERQAVICAY YOUNAOTEPO PLOUG YHPOVONC Kol TAVTOYPOVA
LELOUEVT] OVOTOPAYDYIKT IKAVOTNTO TOCO 0TA TPMTO 6Tddto TG CMNG TOVG
0060 kot apyotepa. To amotérecpa avtd PaveP®VEL OTL 1| KOAT KOTAGTOON
Kol 1 pokpd duapkewe Cong aviiotabuilovtol amd TNV avamopayOYIKN
EMTVYI0 OTO OPOEVIKA OAAG Oyl oTol OnAvkd, Kot vroypappilel T onpocio
NG QUAETIKNG OVIOY®VIOTIKNG EMIAOYNG OTn O10THPNON NG YEVETIKNG
TOWKIAOTNTOC oL oyetiletor pe ™ ddpkela (NG Kot TNV opUOCTIKOTNTO
oToV TANBVoUO OVTO.

H mowidio TG @UoIKNg KOTAGTUONG HETAED TOV SLUPOPETIKDY OTOUMV
omoteAel onpavtiky TANOLGIOKY TAPAUETPO, N OTTolo Umopel va od1ynoet
o€ Ol0QPOPEG OC TPOG TOV QOUVOTLTTO KOl TNV OPUOCTIKOTNTO, KOl KOT’
EMEKTOON OTO, TPOTLTA YHPAVONG. ¢ «PUGIKN KoTAoTaon» £XEL Oplobel N
GUVOAIKN TOGOTNTA LETAPOAKOV TOPpOV TOL £ival d1a0aipol o€ £va ATOpO
Kot €£opTdtal TOGO Omd Tr YEVETIKY TOLOTNTA TOL aTOMovL (OnA., TNV
TAPOVGIO «KAADV» YOVISI®V OV ALEAVOVY TNV APLOGTIKOTNTA) 0G0 KOl 0o
v mowwtTo Tov TEPPAALOVTOC (OnA., TN dabectudoTnTOL TWOP®Y M
napayoviov mieong). To mepipdriov katd ta wpodTo otddion ¢ (ong,
wlaitepo, Hmopel va €yl LEYAAEG GULVETEIEC OTN QUOIKN KOTAGTOGT TOL
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atopov. Ta dropa evog mAnOvopod umopel va Prdvovy SapopeETIKoOvg
napayovieg micong e€autiog TG TEPPAALOVTIKNG GTOYXAGTIKOTNTOC, OTMG
ovénuévn  mAnBuopokn  TLokvOTNTO, OEPULOKPUCIOKEG OmOKAIcES N
neplopicpévn dtabeoipotnta noépwv. Ot mopdyovieg mieong avtoi umopel vo
&yovv emiProfeic ovvémeleg oV appooTIKOTNTO, TEplopilovtag TNV
avamtuén evog PéElTiotov patvotumov. ‘Etot, 1 motdtnta 100 mepifdiiovtog
KATO TO TPOTO GTAdWL TNG avAmTLENG UTopel va Kabopicel Tn QUOIKN
KOTAOTOGT] TOL OTOLOV.

Atopo PEYOA®UEVO GE TEPBAALOV DYNANG TOOTNTOC KOTO TA TPOTO
o1ad1a ™ (NG Tovg («PUIVOUEVO YPLGHOV KOVTOMOV» — “silver spoon ef-
fects”, Grafen 1988) Bpickoviol cuyvd 6€ KAADTEPT PUVOIKN KOTAGTACT 0Td
ATONO TOV UEYAA®GOV GE YOUNANG TOLOTNTAG TEPIPAALOV KO, OC EK TOVTOV,
UTOPOVV VO, ETEVOVGOVV TEPIGGOTEPOVG TOPOVG GE YOPAKTNPIOTIKE TOV
av&avoov v appootikotnta. [Tapdtt dha ta dropa avtipetomilovy Tig 1d1eg
OVTIGTOOUOTIKEG GYEGEIC oTOV KUKAO NG LNG TOvg OGOV o@popd Tnv
enEVOLOTN TOV TOpV (e&0Ting TOV TEPLOPIGUEVOV TOGOTHTMOV TOVG), GTOLLOL
HE OLLPOPETIK QULOIKN KOTAGTOOT WITOPEl CLUVER®MS Vo V10BeTHGOVY
OlOLPOPETIKY]  oTpATNYIKY JSfiwone ®OOCTE VO UEYICTOMOGOLV TNV
appooTikOTTd Tovg. ‘ETotl, 1 atopukn appootikdotnta e€optdtal amd
OYETIKN OlOKVUOVGT, otV Tpooktnon (dnA. T GLGGMPELGN) KOl TNV
enévovon 1ov mopov. o mapdderypo, po avénon omv enévovon Tov
TOP®V oTNV avamopaymyr 0o PEWDOEL Ekelvn TN 610THPNON TOV GMOUATOG
K01, GUVETMG, Bo emnpedost apyvntikd v eniPioon. Tavtdypova, 6motlot omd
TOVG TEPLOPIGUEVOVG TOPOVG EMEVOLOOVLY GtV avamopaynyn dev Oa givat
dbéool oTovg Unxavicpovg dlatnpnong kot endidpbmong (Bewpia tov
«avoA®olov ompatogy — Disposable Soma theory, Kirkwood 1977).
YVVETMC, AVAAOYQ LLE TN QVOIKT TOL KOTAGTOOT, KAOE dtopo mpémel va Ppet
mota ivot 1 PEATIOTN EMEVOVON TOV TOPOV GTN SLOTHPTOT TOV CAOUAUTOC TOV
0o LEYIOTOTOMGEL TNV APLOGTIKOTNTA TOV.

Ta dtopa dev avtiotabuilovy pOVO TOVG TEPLOPIGUEVOLS TOPOVS TOVG
HeTOED  TOV  SOPOPETIKOV  YOPOKTNPIOTIKOV 7OV  PEATIOVOLV TNV
OPLOGTIKOTNTA OAAG KOl LETAED TOV OOPOPETIK®Y GTodimV TG CmNg Tovg
(M., emévovon otV £KEPOCT GNUEPIVOD 1| LEAAOVTIKOD YOPOKTIPIOTIKOV).
Yuvendc, mapopével To peEIlov EpOTNUO TOG UTOPEl EVTEAEL 1| QUOIKN
KOTAGTACT] VO EANPEACEL TNV EKOPACT] YOPUKTNPLOTIKOV 060 av&dvetal n
nikio; Mo topddetypa, eotidloviag otn oxéon Hetald avomapoymyYng Kot
GUVTNPNONG TOV CMUOATOG, TO GTOUO HE TOAD KOAN (QUOIKN KOTACTOON
UTOPOVV €ITE€ VO SLOTNPHOOVY DYNAN OVATOPAY®OYIKT amOd0ooT Yoo OAN T
duapketo ¢ Cmng Tovg (ool o avamapoymykog puudc Ba avtavakid ™
QUOIKT Katdotacn) 1 vo  Ovoidoovv T  poakpoflotnTa VIEP NG
VREPETEVOVONG OTNV TPOUN avomopay®myr]. Me oKomd TNV TEPAUTEP®
dtepedvnomn ¢ oxéone Hetalld QULOIKNG KATdoTaong Kot Kokiov (ong, ota
Kepdroo II, III ko IV, yepiommka ™ Swbecipudotro tov mopov o€
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ePPAAAOVTA KATO TNV PO 0vATTUEN TOCO EUUEST, LEGH YELPIGLOV TOV
ueyéboug yévvag (Kepdrorwo II) 6co kor dupeca, HEC® YEPIOUOV TOV
Opentikov mepleyopévov g datpoens (Keparora III kar IV). Zuvorika,
péTpnoa TV gvatonocio g £KEPAONS XOPOKTNPIOTIKAOV TOL KOKAOL (m1g
o€ HeTaforéC TNG mOOTNTOC TOV TEPPAAAOVTOG KATA TNV TPOIUT aVATTLEN
Kal dlePEHVION. TIG OVTICTOOMOTIKEG GYECELG HETAED TV YOPUKTNPIOTIKOV
mov gppaviCovrtal egottiag g e£dptnong amd T PLGIKY KOTAGTUOT.

210 Kegpdrawo II, digpedvnoa 1o HOKPOTPODESO ATOTEAEGLOTA TOV
TePPAAAOVTOG TPOWNG avATTUENG OTNV avomapoymy Kot v emPioon
ONAvkdV €vog puoikod TANOBLGHOD Tov KpkopvyoXaeTtn (Ficedula albicol-
lis). Xpnoomoinoa d€d0EVA TOADYPOVOV KATAYPOP®OV TOV GUAAEYON KOV
peta&d 1983 kot 2009 and 1o vnoi I'kdthavt g Zovndiog ot Boitikn. Ot
VEOOOOL OVOTPAPNKOV TEPAUATIKG o€ TeXvNTE avEnpéves (KoKn (QUOIKN
KATAoTAOT) N Heldpéves (KOA QUOIKT KOTAoTao™) Yévves. Bprka 0Tt 1
OVOTOPOYOYIKN  EMTUYI0 TOV ONAVKOV HE KOKA @QULOIKH KOTAoTOON
KOPLP®VOTAV GE TPOY®PNUEVO 6TAd10 TG (oNng Tovg, dtav ta BnAvkd pe
KOAN QUGIKN KOTAGTOOT PPioKOVIAV 101 GE OVOTAPUYMYIKT LELMTIKN TAoT
Kol veiotavto vymidtepn Bvnodtra. Ta amotedéspotd pov, deiyvouvy 0TL
TO POLVOUEVO, «YPLCDY KOVTOALDV» LITOPOLV VO, GVEACOLVV TNV ETIO00T TOV
OnAvkdV Katd To PO oTad TG CMNG TOVG HE KOGTOG TNV TaXLTEPN
OVOTOPOYOYIK YRPOVeN Kot TNV avénuévn Bvnoindtnto e mpoympnuévn
nlkio. Ta evpApata avtd opilovv ) Bewpio TOL AVOADGILOV COUATOC
Yl TN YAPOVON Kol VITOINA®VOVY OTL Ol GLVONKEG KATO TA TPOTA GTASIL
avATTUENG SLOUOPPOVOLV TNV OTOLIKT YHPOVCT 6T eUOT.

Kotomv diepedhvnoo 10 QaIVOUEVO OVTO GE MEPIGGOTEPO EAEYYOLEVO
nep iAoV, S1e&dyoviog epyaoTNPIOKE TEWPAUOTE, OTWOC TEPLYPAPETAL OTO
Kegdroa IIT xon 1V, ypnoponoidviag 1o dintepo Telostylinus angusticol-
lis (Neriidae) ¢ ovommuo peréme. Ta apoevikd ovEdvovv v
OVOTOPOYOYIKT TOVG EMLTUYIO OTAV EMEVOVOVY GE OEVLTEPELOVTA PUAETIK(
YOPOKTNPLOTIKA, OTMOG Ol OLOKOGUNGELS, TO OMAC KOl Ol GUUTEPLPOPEG
emideigne. Ta xapoakInploTikd avTd, ORMS, £X0VV LEYOAO KOGTOG TOPOYMYNG
Kol SlThPNoNG, HE omoTELECUO 1) €KQOPACT TOLG Vo €E0pTATOL OO TN
@voikn kotdotaon. Zto Kepaharo I e€€taca, cuvendc, mhg emnpedloviol
ot oTpatnykég dafimong tov apoevik®v T. angusticollis (18img M emévovon
ot dwThpnon Tov oduaTog) amd TV efaptopevn omd TN PLGIKN
KOTAOTAOT, €MEVOLOYN  OTA  OELTEPEVOVIN  (PUAETIKA  YOPAKTNPLOTIKA.
XPpNOOTOIDVTAG €VaV TANPOC TOPAYOVTIKO GYESOCUO, YEPIoTNKO TN
QUOIKT KOTAOTOON KATO TNV TPDIUN avATTUEN apoevIK®VY, LETOPAALOVTOG
T0 OpentiKd TEPIEXOUEVO TNG SLOTPOPNG TOV TPOVOUPDY KOl, GTT) GUVEYELD,
TIG EVKOIPIEC TOV EVAMK®OV GPCEVIKAOV VA OAANAOETIOPACOVV LE OVTITOAQ
apoevikd. Bpnka 0Tt Ta apoevikd pe TOAD KOAN QUOIKN KATAOTOON
avamToxOnKav TaydTEpa Kot 900GV GTNV OVATOPAY®YIKT TOVS KOPOHO®GN
0€ TO TPMIPO 6TAd10 TG LONG TOVG ALY, Emiong, VTEGTNOAY YPTYOPOTEPN
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OVOTOPOYOYIK yRpavor kol néfavay GLVTOHOTEPE Omd TO OPCGEVIKA LIE
KaKN QUOIKN KoTdotaon. Aviifétmg, ot GAANAEMOPACES HE AVTImTOAQ
apoevIKG peimoay TN ddpkela (ONG TOV 0PCEVIKOV OAAL dev emmnpéacav
MV OVOTapoy®ylkn tovg ynpavor. H  PBeitiopévn modtTo  TOL
nepPdAiovtog oto TpdTO oTAd NG LG ¢ €k TovTOV oyetTileTal e v
TayOTaTn YRpovon ota apoevikd 1. angusticollis, axoOpo Kol VIO TNV
oamovoia PAATTIKOV aAANAETIOpdcemy peta&y apoevikdv. Ta anotedéopato
ovtd deiyvoov 6Tt M agbovio TV TOPOV KOTA TNV aVAALKN TEPiodo
YPNOUYLOTOLEITAL VIO TNV EMIOTEVOT] TNG AOENONG KOt TNG avATTLENG, KO TNV
EVIoYLON TNC TPDOUNG OVOTAPOYDYIKNG EMIO0ONC €1 BApOg NG emidoong o€
oyipa otadia g {ong kot g emPimong, delyvovtog caen ocvvoeot petald
NG PLOIKNG KATAGTOOTG KOt YPOVOTG GTA OLPGEVIKA.

To mepPdrrov katd v mpdyn avamtoén umopel va €xel emipova
TPOGOUPIOCTIKA ATOTEAEGHOTA GTOV KUKAO (NG TOL aTOUOV OV WUTopEt
OKOLO KO VO SLOPKECOVY Y10l APKETEG YEVIEC. AVTEC Ol SLUYEVENKES YOVIKEG
EMOPACELC EIVOL CUVICTMGEG TNG KT YEVETIKNG KANPOVOUKOTNTOG, 1| OToio
umopel vo optobel ¢ o AMOTEAEGLOTO GTOV POVOTLTTO TOV ATOYOVEOV TOV
npokaiovvtal and T petaPifoon pécwm tov yovéwv un-DNA mapaydviov.
Tétolol mopdyovteg umopel va eivar emtyevetikoi (dnA., n puebvAiioon tov
DNA Kot Ot TPOTOTONGELS 1GTOVAV), KLTTOPOTAAGUATIKOL (ONA., HKPA
RNA kot mpoteiveg) 1 copatikoi (dni., Opentikd kot oppdvec). H yvoon
TOV €YY0g UNYavicuov g petofifaong, dpmg, dev gival avaykoio yio v
KOTAVON O TOV TPOGOPUOCTIKOV GUVETEIDY TWV U1 YEVETIKOV YOVIKOV
endpacewv. Ov yovelg umopel va OlOHOPODOGOVY TOV (QUIVOTLTO TMOV
OmOYyOvVOV €ite pHeTAdIdoVTOG AGUEGO TN QUOIKN TOVC KOTAGTOUOTN GTOVG
OTOYOVOVE TOVG (XEMIPACELG LETAPOPAS KaThoTaoncy — “condition-transfer
effects”) eite pvOpilovtag T yovikn Tovg emévovon otn  Paon
TEPPOUAAOVTIKOV epefIoUdTOV («TPOPAENTIKEG EMOPACEISY — “anticipatory
effects”). 10 Ke@draro IV diepedhivinoa avtég TIG TPOCUPLOGTIKES YOVIKEG
OTPOTNYIKEG UECH OO TOV YEPIOUO TOV TPOVOUPIKOV TEPPAAAOVTIOS TV
yové@Vv (OMOVPYDVTOGC YOVEIC KOAAG Kol KOKAG KOTAGTOONG) Kol
EAEYYOVTOG TO TG QVTO EMNPENCE TNV OVOTOPUYDYIK KOl TN COUOTIKN
YNPOAVOT AVTOV Kl T®V aroyovev Tovg. Bpika 0Tt ot Tatepades e TAOVGL
dwtpoen emédeiéov  Toayeion avamtuén  oAAG  vrégepov  amd  Toyeio
OVOTOPOYOYIK KOl COUATIK YRPOVON, &V ol Yol Tovg emédei&av
TOAPOUOLD.  YPAYOPT  GVATOPAYOYIKY] TOPOKUN OAAG  avamTOGGOoVIOV
Bpadvtepa, (ovoov TEPIGGOTEPO Kol €lyov PpadvTEPN COUATIKY YHPUVON
o TOVG AVTIGTOLYOVG PTOYNG A TPOoPNC. Ot KOPEG TV TAOVGLOC S10TPOPTG
TaTEPAdV  emiong eiyav  PpaddTepn  COUOTIKY  YAPOVON OAAG M
avaTopay®yn Tovg 0ev emnpedoctnke. Ov puntépeg pe mAovold SoTpoen
avamToxOnKav tayxdTepa Kol siyov vynAoTePN emPimon oTa TPOIUL GTASLN
OAAG younAdtepn emPiwon o€ PETAYEVESTEPO OTAOIOL GE GUYKPIOT| LE TIG
UNTEPEC PTOYNG O TPOPNG. e £vIovn avtifeon pe TIg TOTPIKEG EMOPACELS,
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ol yol TV TA0DGLOG STPOENG UNTEPOV avamTOXONKaV TayOTEPQ, OEV
VIEPEPOV OO TOYED AVATOPAYOYIKT YAPOVOT OAAG ETESEIEOV VYNAOTEPT
OvnodTTa OTO LETOYEVESTEPO GTASLO TOV KVKAOV (®NG G€ GVUYKPION E
TOVG YIOUG TV UNTEPOV QTOYNG Otatpoens. A&ilet va onueiwbel 611 1
unTpikny  Olatpoen eixe eAdylotn emidpacn oto  €W0WKE KAtd mMAKio
YOPOAKTNPLOTIKA TOV KOKAOV (oN¢ tov Buyatépov tovs. Ta amoteléopata
ovté dev vrootnpilovv TANPOC TV VEdBecn OTL 01 Yovelc peTadidovY TN
OIKN TOLG QLOIKN KOTAGTOON OTOVG OTOYOVOLS TOLG OAAG, OovTIOETMC,
VTOONADVOLY OTL 1 S1ATPOPT] TOV YOVEDV OAANAOETOPA UE TO QUAO T®V
YOVE@V KOl TOV amoyoveyv, emnpedloviog tov KOkKAo (NG TOV TEAELTUIMV.
Ot yovikég emdpacel; Umopel vo SodpUUOTIGOVY GNUOVTIKO pOAO oTn
SIUOPP®OT NG TOIKIAOUOPPIOG GTNV AVOTOPAYMYIK KOl T1 GOUOTIKN
yMpavon petald Tov aToU®V.

YuvoMkd, otV Tapovoa datpiPpn acyoAndnka pe To BEpa e eEdpTnong
™G EKQPOONC TOV YUPOKINPLOTIKOV TOV KOKAOL (NG amd TN QUOIKN
KATAOTOGCT Kol TIG EMOPACGEIS TOVG OTO TPOTLTA  YNPOVONG, OTd
OLOLPOPETIKEG OKOTMIEC. ZVUVOVLALOVTOC OLPOPETIKA CLGTNUOTO WEAETNG,
oTOYELVGN EOIKO OTNV EKUETAAAEVOT] TOGO EPYUCTNPLOKDOV OPYOVIGUOV
povtéhov (Keparowo I, III kar IV) 600 kot @uokdv minbocpov
(Kegarow II) yio vo SOAELKAV® TEPAITEP® Tr ONUACIH TNG QULGIKNG
KOTAGTAGOTG Y10 TIC OVTIOTOOGTIKEG oYXEGELS TOV KOKAOL (oN¢ Kal, TEMKA,
vy v e&éMén g ynpavong (Kepdiato I). Mo tétoto olokAnpouévn
TPocEyylon gival avaykaio, o@ov ol TPOYEVESTEPES LEAETEG eiyov deiel 0Tt
TO TEWPAPATIKG amoTeAéSata umopel va eEapTdvTal amd T0 KOTG TOCOo Ol
OPYOVIGHOT LEAETMOVTOL OE PLGIKEG 1| EPYUCTNPLOKES GLVONKEG.
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B, German, Per, Richard, Anna, Katja, and everyone else in the depart-
ment that welcomed me back, every, single, time! © Thank you for making
Animal Ecology feel like coming home.

In Australia, Canberra and ANU, have been my second home. It all start-
ed after my master and before my PhD, when I worked as a field assistant
with the superb fairy wrens, the cutest birds ever (and I know the birders will
disagree!)! Since then, the little wrennies have kept me company and made
me smile every time I was Down Under and I thank them for that! ;) An-
drew and Helen, my supervisors in the wren project, I have learned so much
from you and I am grateful for your friendship over the years! I look forward
to a smashed-avo brekky at (the old) Purple pickle when I visit you again! ©
Sissi! My Brazilian-Swiss sister! So many years have passed and I admire
your calmness and positive energy! Thank you for teaching me about medi-
tation and for all the chats about life and relationships! I miss you and your
boys a lot and I hope we will meet again soon! Mike thank you for hosting
me in your lab and for introducing me to the interesting system of Gam-
busia! Also, thank you for the generosity and the fun lab times with beers
and pizzas! Megan, thank you for your support throughout the project and
during the writing phase! It was so much fun going for horse riding together
and I hope you are still going. Next time we meet, I look forward to a ride in
the outback! :D Regina, thank you for the collaboration during the lab and
for the friendship outside! Together with the rest of the ANU crazy guys
(Maria, Josh, Ana, Jessie, Liam, Cat, Anna H, Dani, Bo and many more)
you made me feel welcome and I had so much fun while I was there!

My life in Uppsala, wouldn’t have been the same the past three years,
without my After-Horse gang! Charlotte, Monica, Jonathan, Louise, Julia
and Asterix! Coming back from the big experiment in Australia and settling
again in Uppsala wasn’t easy, until I met all of you and a new Chapter to my
Uppsala life opened up. We have had so much fun riding together and even
more fun off the horse. I cannot describe you how much, each and every one
of you have helped me to feel better with myself and to “get back on my
horse”! © It is incredible how much I enjoy the times we are all together
talking about everything and nothing! The past weeks I have missed you
very much, so I look forward to a proper After-Horse evening straight after |
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hand in! :D Thank you for all the dinners and drinks that we have shared and
for making sure that I became more ‘Swedified’!

Mohammad, Anna, Maria, Haris, Efstratia, Guilherme and Alex!
Everybody was telling me that it would be one of the most boring courses
that I would ever take, but I could not imagine how much fun it would be in
the end! It is interesting how you sometimes meet extraordinary people in
the most unexpected places. This teaching course was definitely one of those
moments and I thank you for all our socials and laughs ever since! I can
always be myself with you, without any effort and we can just laugh and
laugh and laugh! Thank you for pulling me through these last months of
thesis stress and I hope we will finally get all of our traveling plans sorted
out (by the time you will read this, we should have!)! :P

Dancing people! Nik, Galina, Gabriella, Alexey, Patrik, Elise and Jo-
anna. Thank you for introducing me to the Uppsala dancing scene and
providing me with the opportunity to dance my way through my PhD. It was
great to sometimes take my mind off my PhD project and just dance away on
one of our many tunes. Nik, I want to especially thank you for convincing
me to go to our one glorious dancing competition; it was so exciting... Even
though I hesitated at first (not used to such things), I had so much fun and I
would totally do it again! ;) Our training hours would really take my mind
off the PhD-related worries! I will always remember the excitement in your
eyes when dancing Jive or the ballroom dances (that I really can’t :P ). Have
much fun with Emily and dance your ways through! Let’s meet soon!

All the other Uppsala (and MEME) friends that I have met during the past
years; Ozden, Glib, Petar, Umut, Christian, Charlotte, Jelena, Paul,
Sara, Lore, Sergio, Willian, Mahvash, Merce, T-J, Paulina, Alex, Fede,
Ghazal, Dyma, Marina, Kevin, Nico loco, and more that my sleep-
deprived memory might forget at the moment. Thank you for making my
PhD time and Uppsala the loving memory that it is; you have given colour to
the many dark months and have made me smile so many times. The beer
pubs, the parties, the runs, the Thursday pancakes, the movies, the BBQs,
your hugs and smiles... You have all been important to my Uppsala life and
will always be memorized as the fun bunch that you are.

Kat tdpa oto eAAnvikd! ©

I'évvn, 6’ evyopiotd yioo 6Aa! Me apyn v €Behoviikn epyocio 6To
povoegio to 2004 (1 2005;) ko TV PO pog POATH otov Yunttd pe tov
Koota yio va paléyoupe 106moda, EXoupe TEPAGEL TOGH TOAA. .. Povvd Kot
vnoild! © Ze avtd ta TpdTe YPOVIe GTOVdMY, LoV EHUDES TNV EMIGTNUOVIKY
puéB0S0, TNV GTATIGTIKY KOl TO TMG VO CKEPTOUAL YEVIKOC OOV ETIGTNLOVAG.
[Moaporo mov... «n okéyn gival eBopal» ;) Xwpic ecéva dev Ba NOVY aVTN
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oL €lpol TOpA KOl o€ guYopPloTd® TOAD. ‘Eva koppdrtt avtod  tov
didaxtopikod, cov avikel! ©

Avvovrévio! Tlog Ba pe dexdviovoav oto MEME Mdotep av dev pov
EKOVEC €0V EVTUTIKA Y10, TO TOE KAl TO TL VO TOPOVGLAC® GTNV GLVEVTELED,
av doev pov giyeg oyedodv vmayopevoel 10 Tt Ba Empene vo mo;! Kat €ob
Mayva®tn pov, nteg Bo mepvodoo oty GAcT NG CLVEVTEVENG Y®PIg To
TEAELD AYYAIKA GOV Kot avtd TO LEEPOYO motivation ypapupo mov pe
Bondnoec vo ypayw;! Eipotr mpayuatikd €oyvouov kol Toted® OTL 1
Bondeid cag (akdpo kot av TNV Bempeite pukpn), NTaV TAPA TOAD CNUAVTIKY
Kal pe évav tpémo aAra&e v mopeio pov! Av dev giyo ekivioel avtd TO
pudotep, dev Ba eiyo yvopicet tov vmevbovd pov kot dev Bo giya
TPOYLOTOTOIGEL TO O10AKTOPIKO OV 6TO ToveTIoTHO TS Ovydrag! Zog
EVYOPLOT® TOAD pésa amd TV Kapdia pov!

Yo@axt kot Eppdxo!! © H otopia pag Egkvdel ToAld ypévia Ticom ue
T0 BpVAkd 17 va pog evavel! Eekivicape PKPES Kot abmeg Kot Topa ypovia
petd (dev Aéw moca :P), o1 {wég pag Exovv aAragel 100 (o1 6Tt dev ipacTte
akopo abdec!)! Xag evyaplotd yio OAN TV VIOGTHPIEN KoL TNV KaTavonon
T TEAELTOLN XPOVIL TV SOUKTOPIK®DY pog! Elval onpoviikd vo &gl Koveig
tétoteg Pabiég ihiec o dVGKOAEC OTIYUEG, KaTaAABAivOVTaG ) oL TV GAAN
OTOV Kol Ol TPEIG HOG TEPVAYULE TIEGELS KOl Ayyn AOY® TOL S100KTOPIKOD.
Ouwg to katoeépape, Kol TOpo €ipoote kat ot tpeig Oddktopeg!!
AVOTOLOV® Yo TNV GVVEYELN, 0€ OO0 LEPOC TOV TAAVITN Kot av Bpebovpe!
© Eniong 'Epv kot Xawdpo, 0o 10eha va cag guyapiotion ord to fadn g
Kapd1dg Hov Yo TV TOAVTIUN PoN0eld cag Pe TNV EAANVIKN TEPIANYT TOL
S0aKTOPIKOV LoV, Xe Kopio Tepintmon 6ev Ba propodoa va Ty gixa ypayet
KaAvTEPQ!

Adekapa pov! Xe Epo v mepimov eikoot ypoévia (1) kot oamd
TpehoEPNPeG TOV LWAODGOUE Yio GVVEXOUEVH Tpiwpa 6TO TNAEQP®OVO (LETA
oamd 1o oktampo poli oto oyoAeio), eipoote Mo (g TO TOVUE) EVAMKEC.
Topa moaipve to S180KTOPIKO POV Kot ovveyilo tnv mopeio. pov oav
gmotypovag, 660 avtéém! ;) To miotedelg;! Ola 6ca Exovpe mepdoet pali
T O, XPOVIa £xovv avekTiunt a&ia ylo epéva Kot £xovv OAN GUVTEAEGEL
G€ OLTN TNV OTIYUN. X’ EVYOUPLOT® 7OV gicol OImMAC LoV aKOUN KOl OV OEV
plape 660 cvyva Bo Beia. Kabe popd mov oe PAénm dpmc, sivatl cav unv
éyer mepdoet pa pépa! ©

Ipwddxt pov, yio to TL va 6€ TPOTO gvyoploTHow®;! To ddaktopikd sivon
pe  TOAOTAOKY Tepiodog HE TOAAL (KATOlEG QOPEC TAPA  TOAAR)
GUVOLGONUATO KOl OTOYONTEVGELS OV £PYOVTOL YEPL-YEPL LE TIG EMITVYIEG.
[Tavta Noovv kat gicot dimho pov, aArd vanp&av otiyuég mov e Bondnoceg
TAPOL TOAD KOt LoV E6MGEC SOVUVAUN VO GUVEXIo®, OKOUN Kol av dev yvdpileg
TIG AETTOUEPELEG | TNV VUGN TOV aKAONUATKOV KOGHOV! X7 g0YaploTd TOAD,
po Toodpa ToAd yio OAa! Mapivaxt! Tpelodidvpdkil! X’ guyoptotd yio TV
TpELO OOV, TNV EVEPYELL GOV Kal TV ditstodoia cov! Tlap’ 6Ao mov TOAAEG
QOpEG divelg, evd dev €xelg, TPOoKaAelc pio oPepd Betikn emidpacT 6TOLG
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avOpdTOLE YOP® GOV, 1 TOLAAYLETOV GE gpuéval X7 gVYUPLOT® Yl TIG TPEAEG,
G’ EVYOPLOTO Kol Yo TI kopdérec!! ;) Emiong o€ guyaplotd yio 10 vaépoyo
eEdELALO mov pov oyedincec! I'éuoceg to ddakTopkd pov (kot v {on
pov) pe ypopota!! ©

Moapa, propma Kot Anptpn! Mov givol mold 606KoA0 Vo GOg T Yo
OGO TPAyUATo cog evyoplot®! e moca mphyuato pe €xete Pondnost
akopo Kot av dev 10 Efpete Olo avtd ta ypdvia! Ilpmdta am’ Oia, cag
EVYOPIOT® YL TO TOWL HE £YETE KOVEL, OAAQ KOL Y10 TNV OLVOMKN
VRTOGTHPIEN GOG Ao TNV GTIYUN ToL EeKivoa TIG GTOVOEG LoV Gov PLoAdYOC
otV ABnva! To d1dakTopikd gival £va SDGKOLO EMITEVYLUA [LE TOALEC TECELG
Kol ayyn, OAAG €medn co¢ Holdlm, HE TNV LAOROVN TNG MOUGG KOl TNV
EMLOVY] TOV UTOUTE TO KATAQEPA (0V KOl OEV TO €Y TMIOTEYEL AKOUO) KOl
avtd 10 Ypwotd® oe e€5dg! P Emiong, cog gvyopiotd yu' avtd mov glote
goeig! Me v evépyslo cog, TV TpéAM Gag, TO aoTeio oag, TNV BetikdtTnTd
cag (Kot To EECTAGHOTA GOG) LoV diveTe evEPYELN OO LOKPLL VO GUVEYIC®
€0® mov Ppickopat! Xag vYOPIOT® AOITOV TOAD Yoo OAC, KOL GOGC OYOT®d
nhpo TOAD!

Emiong 06A® va euyoploTom Kol TV DITOAOITY OIKOYEVELD Y10 TOL YEALL
KOl TI GLYKEVIPMOOEL; oxeddv Kkabe @opd mov Ppickopot otnv AOHva!
Mupika, Niko (£adeiee), Tidpyo, Xapovra, Niko (Ocic), AyyeMkovra,
MnToapa cag gLYOPIOTO Yo TNV VRTOGTHPIEN KLl TNV KATOVON G GG O N
VT TO YPOVIO. KOL TNV EVEPYELD TOV WOV divete KABe Qpopd mov cag PAET®!
Mov Aeinete moAV!

Lastly, Moos, my better half, I thank you for being you! Méh pov, it’s
hard to find the right words to express my gratitude for your constant sup-
port, help, patience and love! You always know (or almost always :P ) what
to say or how to react to make me feel better, when I am low or stressed. We
did together our first steps in academia, yet, I feel I am always learning so
much from you; how to be a better writer, a better thinker, a better scientist!
I wouldn’t have achieved so much if it wasn’t for you! Your invaluable sup-
port and guidance during the writing of this thesis has been priceless! It is
my honour to have you next to me in my science and in my life! Thank you
for everything and I love you!
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