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Résumé en Francais

Selon la théorie de I'histoire de vie, les activités les plus colteuses sur le plan énergétique doivent
correspondre a la période ou les ressources sont les plus abondantes. Dans le cas contraire, une
mauvaise adéquation entre la reproduction et le pic de ressources alimentaires entrainera une
interaction “décalée” (c'est-a-dire I'hypothése du décalage, Cushing 1969). Une interprétation
possible de cette hypothese est qu'un décalage se réfere a une réduction de la qualité des
individus dont la phénologie ne correspond pas a la période optimale. Dans ce cas, cette théorie
s'applique si la qualité individuelle interagit fortement avec la disponibilité des ressources et s'il
existe un certain degré de saisonnalité entre consommateurs et ressources (Kharouba et Wolkovich
2020), ce qui est généralement le cas des especes des hautes latitudes. Cependant, lorsque les
conditions environnementales externes sont imprévisibles ou que les systemes naturels deviennent
plus asynchrones, comme dans le cadre du changement climatique, les décalages peuvent fournir
des réponses adaptatives a la population (Kharouba et al. 2018).

Dans ce scénario, I'objectif principal de cette these était d'évaluer si les individus nés en
décalage avec les conditions environnementales peuvent augmenter le potentiel adaptatif de
I'ensemble de la population. Pour ce faire, nous avons étudié les génomes, les transcriptomes et les
données d'histoire de vie d'individus nés dans des conditions de match et de mismatch dans une
population sauvage de manchots royaux (Aptenodytes patagonicus). A chaque saison de
reproduction, deux pics phénologiques d'éclosion ont lieu dans les colonies de manchots royaux,
générant deux groupes de poussins, précoces et tardifs, qui naissent respectivement dans des
conditions de concordance et de non-concordance avec le pic de ressources (Weimerskirch et al.
1992 ; Descamps et al. 2002). Méme si les poussins précoces et tardifs ne naissent qu'a un mois
d'intervalle, les poussins tardifs présentent une mortalité beaucoup plus élevée tout au long de la
premiére année, car ils ont moins de temps pour grandir et accumuler suffisamment de masse
corporelle jusqu'au début de I'hiver austral (Stier et al. 2014).

Tous les échantillons et données utilisés dans cette thése proviennent de la méme colonie
de manchots royaux, La Baie du Marin (BDM), sur I'lle de la Possession, archipel Crozet (46°24'27"S
51°45'27"E). Plus précisément, |'échantillonnage a été réalisé dans une sous-colonie de BDM
appelée Antavia, qui est une zone naturellement fermée avec quatre passages vers la mer,
contenant environ 10,000 couples reproducteurs de manchots royaux. Nous avons séquencé les
génomes entiers de 40 individus nés en 2020, appartenant a des cohortes précoces (N=20) et
tardives (N=20). Dans chaque groupe, nous avons sélectionné des individus qui ont survécu et ceux
qui n'ont pas survécu jusqu'a I'envol (N=10 survivants et N=10 non-survivants par groupe). Nous
avons également séquencé le transcriptome du sang des survivants de 2020 (N=20) a I'éclosion,
ainsi que d'autres poussins nés précocement et tardivement en 2021 a I'éclosion (N=12) et a I'envol
(N=12). Enfin, dans la derniére partie de ce projet, nous avons utilisé les données d'histoire de vie
des individus nés précocement et tardivement entre 2010 et 2022 pour évaluer la survie et le
succes reproductif avant et apres I'envol (N=4247).

Nous avons étudié I'accumulation de mutations déléteres et la variabilité génétique chez les
poussins précoces et tardifs, survivants et non-survivants jusqu’a I'envol, en prédisant I'impact des
“single nucleotide polymorphisms” (SNP; c'est-a-dire, un seul nucléotide est modifié) basés sur



I'annotation du génome de référence de l'espece, avec le logiciel SnpEff (Cingolani et al. 2012). Nos
résultats indiquent une accumulation de mutations hautement délétéres chez les poussins précoces
qui ne survivent pas a la premiere année de vie, et une faible accumulation générale de ces
mutations dans I'ensemble du groupe tardif (graphiques de droite dans la Figure 1, intitulé comme
“HIGH”). En outre, nous avons détecté une plus grande diversité génétique chez les survivants par
rapport aux non-survivants (c.-a-d. plus de génotypes hétérozygotes pour les mutations
putativement neutres, c.-a-d. les SNP “MODIFIER”), bien que cela ne soit pas lié a le groupe
phénologique (graphiques de gauche dans la Figure 1, intitulé comme “MODIFIER”).
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Figure 1. Distribution des alleles mineurs en fonction des catégories de SNP prédites. Diagrammes en boite
du compte de SNP par catégorie de d'impact prédit dans chacun des quatre groupes de poussins : EN (“early
non-survivors”), non-survivants précoces (en orange clair) ; ES (“early survivors”), survivants précoces (en
orange foncé) ; LN (“late non-survivors”), non-survivants tardifs (en bleu clair) ; LS (“late survivors”), survivants
tardifs (en bleu foncé). De gauche a droite : SNP a impact “MODIFIER” (entre génes), “LOW” (non-synonyme),
“MODERATE” (mutation faux-sens, impact modéré) et “HIGH” (mutation non-sens, fort impact). Les quatre
graphiques du bas montrent le nombre total d'alléles de chaque catégorie de SNP dans tous les génotypes
de chaque groupe ; le rouleau du bas montre tous les nombres d'alleles mineurs (présent dans les génotypes
hétérozygotes et homozygotes pour I'allele mineur) ; la deuxieme rangée du bas montre les SNP dans les
génotypes homozygotes pour l'allele mineur ; la troisieme rangée du bas, les SNP présents dans les
génotypes hétérozygotes ; et la rangée du haut, les SNP dans les génotypes homozygotes pour l'allele
majeur.

En utilisant le transcriptome sanguin des poussins survivants, nous avons effectué une
analyse de l'expression différentielle des génes (DGE, pour "differential gene expression" en
anglais) entre les poussins précoces et tardifs qui ont survécu jusqu'a I'envol en utilisant le package
DESeq?2 (Love et al. 2014). Nous avons détecté 133 genes différentiellement exprimés entre les deux



groupes de poussins, avec 67 genes sur-exprimés dans le groupe tardif et 66 génes sur-exprimés
dans le groupe précoce. Les génes sur-exprimés dans le groupe tardif étaient principalement liés a
la suppression des tumeurs et a l'ubiquitination des protéines. Deux de ces genes, USP7 et MXD4,
sont probablement liés a l'efficacité de I'accumulation de la masse corporelle et au poids de la
graisse abdominale, respectivement (Prakash et al. 2021 ; Sun et al. 2013). Une étude antérieure a
déja montré que les poussins tardifs qui survivent a la premiere année de vie ont une croissance
plus rapide au cours des 10 premiers jours de vie, car ils ont une pression plus forte d'accumulation
rapide de masse corporelle jusqu'a I'hiver par rapport aux poussins nés plus tot (Stier et al. 2014). La
méme étude a également montré que cette croissance plus rapide génere de grandes quantités
d'espéces réactives de l'oxygéne (ROS), qui peuvent causer des dommages a I'ADN et réduire la
longueur des télomeres. Par conséquent, nous suggérons que la surexpression des genes liés a
I'accumulation efficace d'énergie et a la suppression des tumeurs pourrait étre liée a la pression de
croissance plus rapide et a la lutte contre les ROS excessifs générés dans ce processus. En outre,
nous croyons que la surexpression des suppresseurs de tumeurs pourrait étre liée a la plus faible
accumulation de mutations hautement déléteres détectée chez les survivants tardifs.

Les données d'histoire de vie collectées aupres d'individus nés précocement et tardivement
pendant plus de 10 ans ont montré que les poussins nés précocement ont toujours des taux de
survie plus élevés avant I'envol, en accord avec des études antérieures (Olsson 1996 ; Weimerskirch
et al. 1992 ; Stier et al. 2014). Cependant, notre jeu de données est le premier a montrer comment
les différences de mortalité entre les cohortes varient d'une année a l'autre (Figure 2). D'autres
modeéles incluant des variables environnementales, telles que la température de surface de la mer
(SST) et la position du front polaire antarctique (APF, la principale zone de nourrissage des adultes
pendant la saison de reproduction), seront réalisés pour expliquer les probabilités de survie
différentielles entre les années.

Early Figure 2. Probabilité de survie hivernale des
L poussins a I'éclosion précoce (“Early”, en
orange) et des poussins a I'éclosion tardive
(“Late”, en bleu) en fonction de l'année

(“Year”).
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ce qui concerne les taux de retour apres
I'envol. Les données concernant les premieres années de la vie reproductive montrent une légere
différence entre les deux groupes, mais cette différence n'est pas significative. Les poussins nés
précocement et tardivement ont généralement leur premiere tentative de reproduction au méme
age approximatif (c'est-a-dire a 3 ans, Figure 3, a gauche), tandis que les individus nés précocement
semblent avoir une proportion plus élevée de tentatives réussies au cours des premiéres années
(c'est-a-dire de 3 a 7 ans, Figure 3, a droite).



Ces résultats sont encore préliminaires, étant donné qu'il faut davantage d'années de
données provenant d'individus nés t6t et tard pour comprendre si les premieres tentatives de
reproduction peuvent étre un indicateur de la survie a long terme et du nombre de descendants
générés. Bien que nous observions que les individus nés précocement peuvent avoir un meilleur
succes plus tét dans leur vie, il est important de noter que le succes reproductif avant la naissance
n'est pas toujours lié a la fitness a long terme, car les individus qui commencent a se reproduire
avec succes a un age plus jeune peuvent avoir une espérance de vie plus courte (Spagopoulou et
al. 2020).
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Figure 3. Gauche : Age a la premiére tentative de reproduction des poussins éclos précocement (“Early”, en
orange) et des poussins éclos tardivement (“Late”, en bleu) de 7 cohortes (2010 a 2016 combinées) ; Droite :
Proportion cumulée de tentatives de reproduction réussies de poussins éclos précocement (ligne continue) et
de poussins éclos tardivement (ligne pointillée) entre 3 et 7 ans en fonction de I'année (cohorte).

Les individus nés en décalage avec les conditions environnementales, représentés ici par
les poussins nés tardivement, sont généralement censés exprimer les effets négatifs d'une
naissance dans de mauvaises conditions (c'est-a-dire les effets de "silver spoon", Grafen 1988).
Cependant, I'ensemble des composantes génétiques, plastiques et d'histoire de vie explorées dans
cette these suggere que, dans le cas du manchot royal, les génotypes et phénotypes des individus
en décalage peuvent préserver des caractéristiques adaptatives au lieu de produire des effets
déléteres. Compte tenu des futurs scénarios de changement climatique, dans lesquels le manchot
royal devrait également étre soumis a des pertes d'habitat drastiques (Cristofari et al. 2018), les
adaptations au décalage, telles que celles détectées ici, pourraient étre des outils de manceuvre
précieux pour éviter I'extinction dans des environnements imprévisibles et variables.
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Abstract in English

According to life history theory, the most energetically costly activities should match the
period of highest resource abundance, which otherwise will result in a “mismatch”
interaction (i.e., the match-mismatch hypothesis). A possible interpretation of the
match-mismatch hypothesis is that a mismatch refers to a reduction in the fithess of the
individuals phenologically out of its optimum timing. However, when external environmental
conditions are unpredictable, or when natural systems become more asynchronous, such
as under climate change, mismatches could provide adaptive responses at the population
level. Under this scenario, the main objective of this thesis is to assess whether individuals
born under mismatched environmental conditions can increase the adaptive potential of the
whole population. To do so, we used genomes, transcriptomes, and life history data derived
from individuals born under match and mismatch conditions in a wild population of king
penguins (Aptenodytes patagonicus). At every breeding season, two phenological peaks of
hatching take place in king penguin colonies, generating two phenological groups or
chicks, early and late, which are born in match and mismatch conditions, respectively. Our
results indicate that late-born chicks have a lower accumulation of highly deleterious
mutations. This finding is independent of the survival of the chick past the first winter
selection. In contrast, we detect a higher accumulation of highly deleterious variants in early
chicks, caused by a high frequency of these mutations in chicks that do not survive during
the first year of life. These results suggest that the entire late-chick group starts with a lower
genetic load threshold in comparison to the early-chick group. Indeed, the early-chick group
is more heterogeneous at birth, likely due to a weaker selective pressure when adults
breed under matched conditions when there is a peak of resources. We also find evidence
of an upregulation of genes related to growth efficiency and tumour suppression in the
late-chick group. Late chicks are born a month after their early conspecifics and
consequently have less time to grow and accumulate enough body mass until the
beginning of the winter, when all chicks pass through a period of long fasting. The gene
expression patterns observed in late chicks hints at possible plastic adaptations to grow
fast, and also likely to the oxidative molecules produced in this process. Finally, life history
data shows patterns indicative of equal post-fledging survival in both phenological groups,
even if late chicks fledge at smaller sizes and at lower body condition. Considering future
climate change scenarios, in which the King penguin is also predicted to be subjected to
drastic habitat losses, mismatched adaptations, such as the ones detected here, could
represent an adaptive strategy that avert population from extinction under unpredictable
and variable environments.

Key words:

Match-mismatch, genetic load, phenotypic plasticity, viability selection, predictive adaptive
response, fithess, King penguin



General Introduction




1. Life on a constantly changing Earth

11. Geological and climatic drivers of biodiversity

Environments are constantly changing in a natural manner. Since the origins of life on
Earth to the present day, our planet has passed through several modifications in
atmosphere composition, temperature, sea-level, and many other abiotic conditions
(Crowley 1983). Such modifications have historically pressured organisms that thrived under
previous environments to cope with new ones. As a general consequence, individuals that
are not able to survive and reproduce under the new conditions (i.e., individuals that are not
already adapted or will not adapt fast enough) will die before leaving descendants. At the
population level, if a significant proportion of individuals is not adapted to the novel
conditions, the population’s fate is to decline. In the most severe aftermath of population
decrease, the whole species can disappear through an extinction process (Hallam 1987;
Hallam and Wignall 1999; Stanley 2016; Bond and Grasby 2017).

A remarkable example of massive species disappearance, estimated to have been
the major extinction event on Earth (i.e., >80% of species extinct), was related to changes in
the Earth’s atmospheric composition after the Great Oxidation Event (GOE) (Hodgskiss et al.
2019). The atmosphere composition before the GOE, which was characteristic of the
Archean eon (4 to 2.5 billion years (Ga) ago, one-third of Earth's history), contained only a
negligible portion of O, (less than 107 times the present O, concentration, Zahnle et al.
2006), while being mostly composed by gases such as CO,, CH,, and N, (reviewed in
Catling and Zahnle 2020) (Figure 1). It is believed that such a weakly reducing anoxic
atmosphere would have restricted life to unicellular and prokaryotic organisms, mostly
assembled in aquatic microbial mats (i.e., a type of biofilm formed by archaea and bacteria)
(Lepot 2020). Only after the GOE (from 2.5 to 2.0 Ga), which was responsible for the first
significant rise in atmospheric O, concentrations (see Figure 1), multicellular and eukaryotic
organisms diverged and colonised the planet (Lyons et al. 2014).
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Figure 1. Overview of the post-Archean atmospheric evolution adapted from Catling and Zahnle (2020). The
graph shows the partial pressure of four atmospheric gases (N, in blue, O,in green, CO,in yellow, and CH,in
orange) during the last 4.5 billion years inferred by rocks, with the degrees of uncertainty shown by the
coloured shadows around the solid lines.

While the higher O, availability allowed the radiation of the diversity of life forms
known nowadays, at the same time, it also caused a mass extinction of previously existing
species (Hodgskiss et al. 2019), which were challenged with strong metabolic changes
(Chen et al. 2020). From what is estimated by studies on present day hydrothermal vents,
the pre-GOE atmosphere was also rich in reduced arsenic (As) species (Zhu et al. 2014).
Such reduced As species are highly toxic to most of the extant organisms, but were likely
non-lethal to the Archean life (Oremland et al. 2009).

After the GOE, the increased amount of dissolved O, would have generated a higher
abundance of oxidised As species, pressuring Archean organisms to adapt to the new
metabolite availability (Zhu et al. 2014). By using a molecular clock analysis, a previous study
showed that some Archean microbial mats’ could have been able to metabolise oxidised As
owing to a set of As detoxification genes (Chen et al. 2020). This study also showed that
the same set of As detoxification genes were evolutionarily maintained in more recent
lineages, including extant bacteria, archaea, and even eukaryotes.

This example shows that, while new conditions may extirpate populations and
species that do not adapt fast enough, they also allow the appearance of new adaptations.
Genes that originated under a specific environmental pressure (i.e., As-rich atmosphere)
were conserved through many present day lineages, which do not necessarily face the
same pressures of when the adaptation originated. However, such adaptation may have
been maintained due to other similar stress sources that still exist nowadays, such as heavy
metal pollution in the case of As detoxification (Chen et al. 2020).
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This process, in which a current adaptation originates before the existence of the
current pressure, is also known as adaptation through standing variation, a subject that we
will come back to in the next sections. Moreover, as it is shown by the GOE example, the
perpetuation of adaptations and the persistence of species under new conditions will
happen when at least part of the population is able to adapt to the novel environment and
generate offspring that will carry the adaptation (Darwin 1859).

The aforementioned atmospheric changes represent exceptional modifications that
happened throughout long geological periods and had a drastic impact on the life forms
and ecosystem composition of our planet (Ligrone 2019). In addition to such changes,
species are more frequently subjected to other major fluctuations that affect the globe in a
more cyclic manner, such as climate changes (National Research Council et al. 2008). For
example, our planet has experienced at least five major long periods of surface temperature
reduction (reviewed in Adamo et al. 2021). These so-called ice ages or icehouse periods
intercalate with greenhouse periods, which are characterised by a rise in greenhouse
gases’ levels (e.g., CO,, CH,, water vapour) and sea surface temperatures, leading to the
absence of glaciers in the whole planet.

If we only consider the temperature oscillations since the Cambrian period, which is
marked by the origins of modern multicellular fauna and flora (approximately 500 million
years ago) (Butterfield 2007), greenhouse periods have been more frequent than icehouse
ones (Figure 2). The beginning of this period was likely marked by a greenhouse climate
(Hearing et al. 2018), which was also characteristic of two other global warm peaks in the
last 100 million years. Of the latter, the first and more extreme peak is estimated to have
occurred during the Cretaceous (around 92 million years ago), while a less extreme rise in
temperatures happened during the Paleocene-Eocene (around 54-56 million years ago)
(Dunkley Jones et al. 2013; Scott and Lindsey 2020).
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Figure 2. Earth’s average surface temperature curve during the past 500 million years, adapted by N.
Desai/SCIENCE from the Smithsonian Institution National Museum of Natural History (Voosen 2019). Numbers
indicate 1) marine life diversification; 2) divergence of land plants, which started absorbing higher levels of
carbon dioxide, and formation of the modern polar ice caps; 3) divergence of mammals; 4) divergence of
humans; and 5) onset of current climate warming.
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The warmer average temperatures and the absence of polar ice shelves during
greenhouse periods would have allowed even cold-blooded warm-adapted species to
inhabit polar regions, as in the case of turtle and plesiosaurs (extinct marine reptiles) fossils
from the Cretaceous found in Siberia at 66—72° of latitude (Zverkov et al. 2023). In addition,
pollen, spore, and other organic assemblages recovered from ocean sediments have
revealed that the early Eocene Arctic vegetation was composed by many present day
subtropical taxa, including Arecaceae (palm family) and Bombacoideae (balsa, baobab
subfamily) species (Willard et al. 2019). Such examples illustrate how intensely global
climate shifts can impact species distribution and ecosystem composition (i.e., on a spatial
scale).

1.2. Spatial and temporal scale impacts of environmental changes

Spatial scale impacts involve expansion and contraction of species’ range, as well as
distributional shifts due to species’ tracking of specific environmental conditions, as in the
cases outlined above. For instance, when organisms cannot adapt to temperatures out of
their physiological range, they suffer the pressure of shifting to a cooler (in the case of a
climate warming) or warmer (in the case of a glaciation) environment (Parmesan and Yohe
2003). This is especially the case of ectotherms (i.e., cold-blooded organisms), which
represent an extreme case of restrained physiological limits. However, even if ectotherms
are more sensitive to temperature maxima, all species are subjected to the pressure of
tracking the environmental conditions that fall within their adaptive limit (Moritz et al. 2008;
Vitasse et al. 2021).

During climatic maxima events, species can concentrate in regions that are relatively
buffered from the climatic changes taking place globally (i.e., climate change refugia)
(Ashcroft 2010). However, the unprecedented pace of contemporary climate changes and
habitat changes are especially worrying as not all individuals have the dispersal capacity to
reach a climate refugium, which leads to the local or global extinction of many species (Diaz
et al. 2019; Exposito-Alonso et al. 2022). A study using data from 538 animal and plant taxa
has estimated that 57-70% species will be unable to disperse to a climate refugia under the
current climate changes, based on their past rates of dispersal (Roman-Palacios and Wiens
2020).

Local extinctions due to current warmer temperatures are already widespread in
both terrestrial and marine ecosystems (Pinsky et al. 2019), always having a higher impact
on ectothermic species due to their lower efficiency in regulating physiological performance
with a higher range of temperature changes (Deutsch et al. 2008; Somero 2010; Pinsky et
al. 2019). The main causes of current climate change-related species extinctions, however,
are not due to direct factors, such as the challenge of temperature adjustment (Parmesan
2006). A recent study has shown that, although the local extinction probability of 11 large
terrestrial mammalian species in China increases with temperature, this variable is not the
direct cause of such extinctions (Wan et al. 2019). Instead, extinctions have been caused by
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the rise in human population density, which also corresponds with a period of temperature
increase (Wan et al. 2019). Their estimates of local extinction sensitivity showed that if
human density reached an extreme of 400 people per square kilometre, extinction rates
would range from 34% to up to 99% within a period of 50 years. This is because high
density in human populations is linked with higher poaching, road kills, habitat loss,
deforestation, among other land-use changes caused by local scale activities
(Kramer-Schadt et al. 2004; Jiang et al. 2014).

As shown by the previous example, climate changes will affect natural systems
through complex, indirect, factors that lead to disruption or breakdown in species
interactions. Among the disturbances in species interactions that lead to the majority of
anthropogenic local extinctions, prey-predator trophic relationships are one of the most
affected (Cahill et al. 2013). Prey-predator trophic relationships may be affected in three
main ways. First, a species decline can lead to the decrease of a second species, which
depends upon the first one (e.g., prey or food resource) (e.g., Durance and Ormerod 2010;
Schweiger et al. 2012). Second, an increase in predators (Harley 2011) or in other species
that may have negative effects on the focal species (e.g., pathogens and competitors) can
also cause the decline of the focal species (Benning et al. 2002; Pounds et al. 2006; Suttle
et al. 2007). Finally, a temporal mismatch between two interacting species can lead to a
mistiming of activities (e.g., reproduction, migration) with resources (Visser et al. 1998).

Temporal scale impacts of climate changes hence represent a more indirect but
widespread disturbance in ecosystems: new climatic conditions lead to a desynchronization
of relationships among species (e.g., trophic, symbiotic) and/or between species and abiotic
factors (e.g., rain, snow, light rhythm). Abiotic events that usually take place at a specific time
of the year, as, for example, the meltdown of winter snow, can happen in advance due to
the average increase in global temperatures. Consequently, species that rely their yearly
activities on the timing of such events, as, following the previous example, the start of a new
breeding season in ground squirrels (Urocitellus richardsonii), have to adjust their
phenology (i.e., the timing of cyclic biological events, and the biotic and abiotic causes of
their timing) to the new conditions in order to be less affected (Sheriff et al. 2011; Kucheravy
et al. 2021).

In the context of contemporary climate changes, the timing of migration events is
also being affected in different terrestrial (Walther et al. 2002; Saino et al. 2011; Mayor et al.
2017) and marine species (Ramp et al. 2015; van Weelden et al. 2021). A long-term study
with two sympatric whale species revealed an earlier arrival of individuals to feeding
grounds over a 26 years’ period, which the authors relate to earlier ice-breaks and,
consequently, bloom of primary productivity (Ramp et al. 2015). Even though these whale
populations were able to adjust their annual cycles following changes in external cues,
showing some degree of plastic response, this is not always the case for other species.

Another study investigated changes in migratory arrival dates in relation to the
vegetation green-up (i.e., a proxy of food availability after winter) for 48 songbird species in
North America (Mayor et al. 2017). This study detected a phenological tracking response for
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39 out of 48 species, meaning that most birds adjusted their arrival times towards the
direction of the green-up over a 12 year period. Despite the phenological adjustment of
most species, nine out of the 48 did not show the same plasticity, and, consequently, had an
increased lag between migration arrival and food peaks.

There is plethora of evidence of unequal phenological shifts in different species as a
consequence of current climate changes, resulting in the desynchronization of interspecies’
interactions (e.g., Hughes 2000; Walther et al. 2002; Parmesan and Yohe 2003; Dunn 2004;
Marvelde et al. 2011; Kharouba et al. 2018). As mentioned before, most of the affected
species-to-species interactions consist of trophic relationships between prey availability and
the life cycle of its predator (Edwards and Richardson 2004; Visser and Both 2005; Twining
et al. 2022). A classic example of such trophic mismatch concerns the availability of winter
moths (Opheroptera brumata) and its predators, the great tit (Parus major) (Perrins 1970;
Visser et al. 1998; Buse et al. 1999) and flycatchers (Ficedula spp.) (Both and Visser 2007,
Sanz et al. 2003), two common insectivorous birds. These birds depend on the abundance
of moth caterpillars in order to feed their nestlings during the breeding season, while
caterpillars are only available for a short period of time during spring (Visser and Both
2005). For this reason, the peak of caterpillars constrains the reproductive success of tits
and flycatchers.

Long-term studies on both great tit and flycatcher populations have shown that
warmer spring temperatures lead to an anticipated phenology of both birds and their prey
(Visser et al. 1998; Charmantier et al. 2008). However, caterpillar advancement is usually
higher than the advancement of the bird’s breeding cycle, causing a trophic
desynchronisation between predator and prey (Visser et al. 1998; Both and Visser 2001,
Cresswell and Mccleery 2003; Sanz et al. 2003; Both et al. 2009). Consequently, the
mismatch between the bird’s breeding activity and the caterpillar's peak of abundance
results in reduced clutch sizes and poor body conditions at fledging (Perrins and McCleery
1989; Van Noordwijk et al. 1995; Verboven et al. 2001).

On the other hand, previous studies have also shown that such desynchronization
and the phenological shifts will not happen in a uniform manner throughout the whole
population (Visser and Both 2005; Cole et al. 2021). This happens because other factors are
involved in the abundance of caterpillars, and not only temperature changes. The most
straightforward factor is the relationship between caterpillar abundance and oak tree
(Quercus robur) density and health (Wint 1983). As caterpillars are highly abundant in oak
foliage, birds will have higher reproductive success in sites with high oak density, as it has
been shown by a recent study with great tits (Cole et al. 2021).

In their 60-year study, Cole and collaborators investigated the variation of more than
13,000 great tits’ laying date in relation to environmental factors, with a special focus on oak
health. The variation in the laying date was mostly related to the health of oak trees, being
that individuals anticipated more their breeding and were more successful when
reproducing in a healthy tree area. Oak foliage blossoming, in healthy trees, could
represent a cue for the birds to start breeding or it could grant higher food availability,
although this question could not be answered by the study. This example evidentiates that
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climate changes may not affect all individuals from a population in a similar manner.
Therefore, fine-scale individual heterogeneity must be accounted for when studying
species response to environmental changes.

In summary, environmental changes affect species in spatial and temporal scales,
through direct and indirect ways. Although direct impacts are usually more straightforward
to quantify, especially under the complexity of natural conditions, most species will be
affected in indirect ways (Cahill et al. 2013).

1.3. Climate change impacts on polar regions and seabirds: a close-up

The uncoupling of trophic activities has an even stronger detrimental impact in high
latitude ecosystems (e.g., polar regions), where there is an optimum time-window for
life-cycle events (e.g., reproduction, moulting) due to the strong environmental seasonality
(e.g., Moline et al. 2008; Ji et al. 2013; Kroeker et al. 2020). In such regions, even slight
environmental changes can move species out of their phenological optimum and, if
organisms are not able to adapt to the new timing, the phenological shift will negatively
affect individual fitness (i.e., survival and reproduction) and population dynamics (Visser and
Gienapp 2019).

Changes in the timing of primary productivity peaks in such regions are especially
concerning, as all the trophic webs are/will be disrupted (Gradinger 1995). Warming climates
are causing an earlier retreat of sea ice in several regions of the Arctic Ocean, which affects
the phenology of pelagic phytoplankton (Ji et al. 2013). Pelagic plankton bloom, on the
other hand, affects the whole pelagic food web, ultimately disturbing the phenology of top
predators such as cod and seabirds (Darnis et al. 2012; Moody et al. 2012; Ji et al. 2013).

In the case of seabirds, species with different foraging strategies may respond
differently to changes in sea ice and subsequent prey availability. Northern Fulmars
(Fulmarus glacialis), which are long-distance foragers, seem to be less affected by temporal
variation in sea ice conditions, being able to forage in further locations when the local food
web is disrupted by less sea ice. Alternatively, the shallow-divers Kittiwakes (Rissa
tridactyla) show changes in prey type when ice cover is lower (Moody et al. 2012).

In the opposite polar extreme, the Antarctic is also facing pervasive losses of ice
sheet extent in the Western sector of the continent (Steig et al. 2009; Schneider et al. 2012;
Jun et al. 2020). Sea ice contractions in the western Antarctic Peninsula (WAP) have also
coincided with drastic reductions of phytoplankton productivity during summer, likely
affecting other mesopelagic fish and local penguin populations (Montes-Hugo et al. 2009).
Warming temperatures will likely cause the rearrangement of whole local food webs that
are dependent on ice-edge diatom algae, such as the Antarctic krill (Euphausia superbaq),
the Antarctic silverfish (Pleuragramma antarcticum), and antarctic penguin species such as
the Adelie penguin (Pygoscelis Adeliae) (Arrigo and Thomas 2004).

Polar regions are also especially touched by habitat losses due to the rapid pace of
ice melting, which affects the foraging habits of local species such as polar bears (Boonstra
et al. 2020; Robinson 2022). Habitat loss is amongst the main causes of species extinction,
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and is of special concern for small-ranged taxa or endemic species (Myers et al. 2000;
Pimm et al. 2014). A recent assessment has shown that 89% of seabirds that are affected by
climate changes, are also affected by other threats (Dias et al. 2019). Seabirds are amongst
the most threatened group of birds (Croxall et al. 2012), and apart from climate change,
invasive species and bycatch (i.e., capture of unwanted species by commercial fishing nets)
are the top threats for their persistence. In addition to that, other types of human activities
are highly detrimental to this and other natural systems, such as overfishing, pollution,
among others (Seabloom et al. 2002; Laidre et al. 2015; Trathan et al. 2015).
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2. The match-mismatch hypothesis (MMH) and adaptive
mismatch

Environmental disturbances can result in phenological shifts (Parmesan and Yohe
2003). Some individuals may be able to track those shifts, at least to some extent
(Charmantier et al. 2008; Ramp et al. 2015; Mayor et al. 2017). In other cases, only some
individuals in the population will be able to track the changes, while others will not (Visser et
al. 2003; Cole et al. 2021). However, what makes a species, or a population, as a whole,
able to track environmental changes? The answer to that question is not a simple one due
to the complexity of natural ecosystems. We will first focus on constraints that can shape
evolution and adaptation from an eco-evolutionary point of view, and in the next section we
will detail the mechanisms through which species may adapt.

From an eco-evolutionary perspective, a species can adapt to new conditions if the
change is within the limits of its life history (i.e., timing of reproduction and survival) (Pelletier
et al. 2009). In this sense, external and internal factors will restrain the flexibility of species
to adapt to new pressures. For example, when a predator’s reproductive success depends
on a seasonal prey availability, the predator will suffer the pressure of synchronising its
reproduction with the prey.

This phenological intertwine between resource and consumer availability is known
as the match-mismatch hypothesis (MMH) (Cushing 1974; Cushing and Saleem 1982;
Cushing 1990), and a schematic representation can be visualised in Figure 3. The MMH
(Cushing 1974; Cushing and Saleem 1982; Cushing 1990) postulates that individuals must
synchronise the most energetically demanding activities (e.g., migration, reproduction) with
the peak of environmental resources in order to thrive.

Mismatch Match Mismatch

NI

Resource /
)

A

/
Consumer /
/

Vvs.
resource availability

Consumer's energetic demand

Time Adapted from Kharouba and Wolkovich (2020)

Figure 3. Representation of the match-mismatch hypothesis (MMH), adapted from (Kharouba and Wolkovich
2020). The three panels show the variation in resources (dashed line), and energetic demands of the
consumer (solid line) through time.

In a previous work, using data from four high latitude fish species, Cushing observed
that the variation in spawning dates were linked to the production cycles of their prey
(Cushing 1969). By using long-term data, this study showed that fish species from higher
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latitudes had more marked spawning seasons than fish from lower latitudes, which
spawned all year round. This restriction in the reproduction of high latitude fish was then
related to the fact that the marine productivity at polar regions is more constricted by the
strong seasonality of light and wind (Cushing 1969).

Following studies showed that the MMH theory could be applied to other terrestrial
and marine systems (Durant et al. 2005; Durant et al. 2007), if two main assumptions were
met. First, the consumer’s fithness must be in-part controlled by the availability of its
resource. Second, the consumer and its resource must show a degree of seasonality, in the
way that resource availability will restrict the ideal period of growth and reproduction of the
consumer. Under this scenario, a match between consumer and resource could be
translated into the maximisation of the total fithess of the consumer (Kharouba and
Wolkovich 2020). Consequently, mismatches result in a reduction of consumer fitness.

However, even when the aforementioned assumptions are met, there are cases in
which mismatches do not necessarily decrease lifetime fitness. Mostly, this scenario
happens when the trade-off between different selective pressures generates a “middle
solution” that is fitter in the long-term (Visser et al. 2012; Visser and Gienapp 2019; Petrullo
et al. 2023). For example, in a literature review on different bird species’ phenology, Visser
et al. (2012) showed that even if breeding early in the season allows for a more abundant
food supply (i.e., match) (Dunn 2004), some bird species still show higher chick survival later
in the season (i.e., mismatch). According to the authors, this adaptive mismatch happens
because colder temperatures in the beginning of the reproductive season have a stronger
impact on chick mortality than lower food abundance at the end of the season (Visser et al.
2012).

In @ more recent study, Petrullo et al. (2023) showed that individual red squirrels
(Tamiasciurus hudsonicus) that always “play safe” by producing smaller clutch sizes (even in
years when food availability is high) have a higher total fitness in comparison to individuals
that produce big clutches only when food availability is plentiful. This type of mismatch
strategy, which sacrifices short-term success in exchange of lower variation in long-term
success, can be considered as a bet-hedging response (Seger and Brockmann 1987;
Philippi and Seger 1989; Simons 2011). The bet-hedging strategy derives from the logic of
“not putting all of your eggs in the same basket”, and can be of great value when conditions
are unpredictable (Seger and Brockmann 1987). Natural selection may favour bet-hedgers
under unpredictable conditions, when environmental cues are not reliable and individuals
may apply more conservative life history strategies (Slatkin 1974). However, empirical
evidence of bet-hedging in nature is still scarce owing to the difficulty of recognising a
bet-hedging strategy in a population, as it will be only adaptive after several generations
(Simons 201). Consequently, this model has been mostly empirically tested in short-lived
organisms, such as bacteria (Veening et al. 2008; Beaumont et al. 2009) and annual plants
(Childs et al. 2010), while evidence is less widespread for wild longer-lived organisms, such
as birds (Nevoux et al. 2010; Capilla-Lasheras et al. 2021).
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3. How can species adapt to a changing environment?

The idea that species can go extinct if failing to adapt to environmental conditions
has been acknowledged long before the discovery of genetic inheritance and evolutionary
mechanisms that regulate genetic variation (Darwin 1859). More than a century later, the
relevance of this topic has only increased, as the intensification of global environmental
changes poses bigger challenges for species persistence, causing unprecedented rates of
extinction across the planet (Parmesan 2006; Pimm et al. 2014; Pyron and Pennell 2022). In
this context, one question that can be posed is, how do species adapt to changes in their
environment?

According to Gienapp et al. (2007), there are three main ways that a species will
respond to environmental changes without going extinct. The first strategy involves a
distributional range shift and subsequent colonisation of new environments through niche
tracking. The other two strategies reflect in situ responses, without a change in the species’
distribution range. The second strategy regards species adaptation to the new conditions
through plastic adjustments to the environment. Such sort of adaptation is also known as
phenotypic plasticity and can be defined as the production of different phenotypes by the
same individual genotype under different environments. The third possible response to
environmental changes is through genetic adaptation (i.e., involving genetic differentiation
specific to each environment) (Gienapp et al. 2007).

The measurement of a species response to changes, by using the three components
mentioned above, allows the assessment of the species adaptive potential (Waldvogel et al.
2020). The species adaptive potential will, in turn, help us evaluate its vulnerability and plan
for conservation management actions. As the first response regarding rapid niche tracking
through species dispersal may be limited for most living species (Roman-Palacios and
Wiens 2020), adaptations through phenotypic plasticity and inheritable genetic components
can be observed in a more generalised set of cases.

3.4. Phenotypic plasticity

Phenotypic plasticity refers to when a genotype produces different phenotypes
under different environments. A phenotypic trait can be any morphological (e.g., birds’
beak), physiological (e.g., level of corticosteroid hormone under a stressful condition), or
behavioural (e.g., personality) trait of an organism (Pigliucci 2001). Another example is the
level of gene transcripts under different developmental stages (i.e., gene expression). Even
the more complex life history traits (e.g., number of offspring generated in a breeding
season) can also be considered as a phenotype.

The production of distinct phenotypic traits will, however, have a limitation under
each environment. Such limits of a genotype’s phenotypic traits are defined by its reaction
norms, as illustrated in Figure 4. Reaction norms quantify the change of a phenotypic trait
as a function of the variation in an environmental variable of interest, and can provide a
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measure of the sensitivity of that genotype (Aubin-Horth and Renn 2009). We can use as an
example the rate of fungi growth according to different soil temperatures (i.e., diameter of
growth as a function of soil temperature) (McLean et al. 2005). In this example, the authors
measured the thermal reaction norms of two fungi species isolated from urban and rural
environments with different temperatures. Urban isolated genotypes showed greater
tolerance under higher temperatures (i.e., higher reaction norms towards warm
temperatures), while rural isolated fungi had higher resistance to lower temperatures (i.e.,
higher reaction norms towards cold temperatures). This exemplifies that the reaction norms
of different genotypes can change in different directions under the same environment.

Phenotype

Environment

Figure 4. Reaction norm generic representation, from (Aubin-Horth and Renn 2009). The three coloured lines
represent reaction norms in relation to the environment, which could also represent different time steps in the
development of an organism (y-axis). The red reaction norm shows a progression of the phenotypic value from
developmental stages 1to 3. The green line represents a phenotype that reaches a maximum value during a
transition developmental phase (e.g., gene expression level). The blue line shows a phenotype that changes
during the transitional phase, but keeps the same value until the end of development.

Compared to genetic adaptation, phenotypic plasticity is usually considered as a
faster mechanism of adjustment to novel environmental conditions (Barrett and Schluter
2008). However, adaptation via phenotypic plasticity will only be efficient if it proceeds in
the same direction as the new pressure (Ghalambor et al. 2007). In other words, a trait is
more likely to be adaptive under a new condition if it goes in the same direction of the
pressures (Ghalambor et al. 2007). For example, resistance to colder temperatures is
expected to be adaptive if the future trends of the species indicate a shift towards higher
latitudes or altitudes, as refugia to climate change (Leonard and Lancaster 2020; De Lisle et
al. 2022).

When considering phenotypic plasticity in the context of mismatch, one possible way
of identifying adaptations to unfavourable conditions is through the assessment of changes
in gene expression between individuals under match and mismatch (Ghalambor et al. 2015).
Gene expression represents the process by which the information encoded in a gene is
turned into a function (e.g., through the transcription of messenger RNA molecules that can
code for a protein). Therefore, gene expression data can be considered as a snapshot of
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the physiological status of the individual at the time of sampling (Evans and Hofmann 2012;
Philipp et al. 2012).

Consequently, gene expression will also change according to developmental stages
and sampled tissues (Cardoso-Moreira et al. 2019). A stage of development that can be
highly informative about different responses to pressures is an individual’s early-life (i.e.,
from birth to maturation), as it represents a period during which organisms are especially
sensitive to external changes, as their organs and structures are still being developed
(Lindstrom 1999).

In fact, early development conditions play a key role in the determination of the
individual’'s adult phenotype (Pantalacci and Sémon 2015; Silbereis et al. 2016). Stressful
early-life conditions can affect the phenotype of the adult and, consequently, its fitness, in
both a negative or positive way. Negative effects of facing stressful conditions at birth and
early development can be later expressed through a reduction in reproductive success
and/or increased adult mortality (Taborsky 2006; Mugabo et al. 2010; Millon et al. 2011;
Hamel et al. 2009; Hayward et al. 2013; Pigeon et al. 2019). The detrimental effects of a
poor early development environment in the life-time of the individual are known as silver
spoon effects (Grafen 1988, Box 1).

In contrast to the detrimental consequences of stressful early-life environments, an
alternative effect is that early-life constraints can provide cues that will allow adult
phenotypes to be more efficiently adapted to limiting conditions (Gluckman et al. 2005;
Monaghan 2008; Vincenzi et al. 2013). This is known as the predictive adaptive response
(PAR) hypothesis, and takes place when the newborn faces restrictions that will be also
encountered later in adulthood (Gluckman et al. 2005a, Box 1).

Considering the increasing asynchrony of natural systems due to climate change
(Kharouba et al. 2018), PAR could provide species with adaptive mismatched phenotypes
that could reduce extinction risks under more frequently unpredictable environments. While
some experiments have shown that such phenological plasticity can be realised by
mismatched offspring in the laboratory (De Lisle et al. 2022), studies conducted in wild
populations show more pessimistic results (Oostra et al. 2018). More specifically, the
contribution of adaptive plasticity to unpredictable conditions, in which environmental cues
are not reliable, may be limited by the extent of genetic diversity in the population (Oostra
et al. 2018), a topic which is still a matter of debate in our race against species extinction.

Box 1. Outcomes on fithess consequences of early-life conditions

Environmental conditions experienced at birth and/or during early development can have
an impact on the later survival and reproductive performance of an individual (i.e., fitness).
In this context, different outcomes of early-life conditions can be fitted into two main
hypotheses: the silver spoon and the predictive adaptive response hypothesis.

Silver spoon hypothesis (Grafen 1988)
The silver spoon hypothesis posits that favourable early-life conditions will lead to higher
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fitness in adult-life (and unfavourable early-life conditions will lead to reduced adult
fitness). For example, in an experimental setting in which several clutches of zebra
finches (Taeniopygia guttata) were submitted to different degrees of parental foraging
cost, individuals reared under lower food availability conditions showed shorter lifespans
than conspecifics reared under less harsh conditions (Briga et al. 2017).

Predictive adaptive response (PAR) hypothesis (Gluckman et al. 2005a)

The predictive adaptive response, or environmental matching hypothesis, stipulates that
environmental cues experimented during early development can influence the
development of adaptive phenotypes later in the individual’s life. However, this will only
hold true if the environmental pressures encountered in adult-life match conditions
experienced during early development. In this way, early-life pressures can shape
individuals towards an early plastic adaptive response.

For example, in seasons of high population density, when migrating is expected to
increase chances of survival, the offspring of the Migratory locust (Locusta migratoria),
develops wing shapes and metabolism which are better suited to migration (Gluckman et
al. 2005b). In this case, even though the offspring does not necessarily express
phenotypes that are more beneficial to survival at the larval stage in a high population
density scenario, their adult phenotypes will lead to a better fithess when they face high
population density events later in life.

3.2. Adaptations at the genomic level

Local and global extinctions cause the permanent loss of biodiversity, which can also
be translated into loss of genetic diversity (Exposito-Alonso et al. 2022). Genetic diversity, in
turn, provides populations with evolutionary material to deal with new environmental
pressures (e.g., some alleles could be adaptive under novel conditions) (Waldvogel et al.
2020). If we consider the evolution of an adaptive phenotypic trait in the population,
heritable genetic variation represents a key opportunity to further increase variation
throughout generations, whereas phenotypic plasticity could not, by definition, allow an
adaptive trait to evolve in the population (Figure 5).
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Figure 5. Adaptive trait variation under new environment conditions, from Diamond and Martin (2016). Graphs
exemplify the variation in a given trait under new environments when the trait is heritable (top graphs) and
when it is not heritable (bottom graphs). Middle column represents the action of selection upon the expressed
trait, showing that both heritable and non-heritable variation are adaptive in the case. However, as it is shown
by the last column, only the heritable adaptive trait should allow the population to evolve towards a new trait
optimum to that environment.

As mentioned above, genetic adaptation is generally considered to proceed much
slower than phenotypic plasticity, as new mutations can take several generations to
increase in frequency in a population (Barrett and Schiluter 2008). However, genetic-level
adaptations can also happen in just a few generations in cases where the population has
enough pre-existing genetic variation (i.e., standing variation) that allow it to adapt to new
conditions (Barrett and Schluter 2008; Bitter et al. 2019). From a conservation genetics
perspective (i.e., the realm of population genetics focused on the use of evolutionary and
molecular genetics applied to species conservation, Frankham 2010), species holding
higher levels of genetic variation have higher chances of harbouring alleles that could be
adaptive under new conditions.

As genetic diversity scales with effective population size (Coop 2020), larger
populations usually tend to harbour higher levels of genetic variability, therefore, are usually
thought to have higher adaptive potential and, hence, lower extinction risk (Kardos et al.
2021). The flip side of the coin is that, although large populations can harbour more
potentially adaptive alleles due to high genetic diversity, they also tend to hold higher levels
of deleterious variation (i.e., mutations that cause fitness reduction) in heterozygosity, the
so-called, masked genetic load (Bertorelle et al. 2022). This is because deleterious
mutations with strong impact on fitness are usually recessive and detected at a low
frequency in the population. Thus, highly deleterious mutations will be removed by natural
selection only when individuals express them in homozygosity (i.e., realised genetic load)
(Bertorelle et al. 2022). Masked genetic load can be especially problematic in cases when a
large population suffers from a rapid demographic decline (e.g., a population bottleneck), in
which the chances of combinations between recessive deleterious alleles in homozygosity
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increases, likely leading to population extinction (Lansch-Justen et al. 2022). Consequently,
higher levels of genetic diversity can include alleles which will be the seed of future
adaptations, but it can also hide masked deleterious mutations in heterozygous genotypes
as a trojan horse of future population demise.

The risk posed by masked genetic load is even more problematic when considering
a common measure used in conservation genetics, known as genetic rescue. The genetic
rescue of an endangered population consists in a managed reintroduction of individuals
from another larger population. From one side, the insertion of new individuals increases
genetic variation and reduces inbreeding in the short-term, leading to an apparent increase
in fitness (Frankham 2015). However, the new genetic variation may also contain levels of
masked load that can lead to the extirpation of the already endangered population, as
shown by the classic example of the Isle Royale grey wolf (Canis lupus) population
(Robinson et al. 2019). The interbreeding of this isolated population with a single migrant
individual from the mainland generated the collapse of the whole population, due to the
input of highly deleterious mutations caused by this individual.

In summary, both genetic variability and genetic load can be considered when
evaluating a population’s extinction risk, even though there is no consensus about which
one represents a better approximation of fithess (Teixeira and Huber 2021; Kardos et al.
2021). In this scenario, understanding whether one factor could predict the other could
provide a useful tool for conservation genetics. From a methodological point of view,
genetic diversity represents a more accessible proxy, as it can be generated by less
expensive sequencing methods, such as RADseq or low coverage sequencing (Peterson et
al. 2012; Therkildsen and Palumbi 2017). Genetic load quantification, on the other hand,
requires more resources as higher sequencing coverage of well-annotated and
“phylogenetically-aligned” genomes, where fitness effects of all mutations are known, either
by their predicted effect on the mRNA / protein (SnpEff, Cingolani et al. 2012) or by their
degree of conservation across different lineages (GERP or PhyloP scores, Cooper et al.
2005; Siepel et al. 2005). Despite being more resource dependent, the scan for genetic
load can be essential for conservation genetics, especially before performing measures of
genetic rescue, as mentioned beforehand.
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4. The King penguin: a system to study the evolutionary
contribution of ecological mismatch under climate change
scenario

In the context of the MMH, individuals born under mismatched conditions are
expected to be subjected to stronger viability selection (i.e., selective pressures that affect
the individual from the zygotic stage until adulthood). Such stronger selection leads to
higher mortality rates and, in some cases, to poorer fledging conditions and reduced fitness
for the surviving offspring (e.g., Perrins and McCleery 1989; Van Noordwijk et al. 1995;
Verboven et al. 2001). However, little is known about the actual effect of selection on the
genetic composition of surviving mismatched individuals, not to mention their potential
adaptive contribution to the population long-term evolutionary trajectory.

Considering the unprecedented pace of current global changes, characterised by
the unpredictability and intensification of natural events (Planton et al. 2008; Stott 2016),
understanding the evolutionary mechanisms that maintain mismatched strategies may give
a hint on the adaptations to future conditions (Lof et al. 2012). In other words, individuals
that can survive even under mismatched conditions should harbour genetic and plastic
components that are needed to endure non-optimum conditions, and could represent a
condition for the population to adapt to rapid changes. Thus, identifying such mechanisms
and preserving individuals with this life history strategy could represent a way of buffering
species extinctions before it is too late. A study investigating the genetic and plastic
contribution of mismatched phenological strategies to long-term fitness is still missing in
literature, at least until the time of writing.

As it was stressed out in the previous sections, the complexity of natural systems and
interspecies relationships makes such studies even more challenging. Even if laboratory
conditions may provide a better control for confounding variables, the answer to such a
complex question necessarily involves a complex system. Studying species under their
natural wild conditions has the benefit of accounting for realistic natural selection pressure
that cannot be mirrored in controlled laboratory conditions. In addition, for most
endangered taxa (e.g., large mammals, polar species, seabirds) it is not physically nor
ethically feasible to perform studies under controlled experimental conditions. Therefore, to
understand the evolutionary mechanisms that can allow species to avoid extinction in their
wild system is essential to find a naturally designed experiment testing the effects on fitness
of match and mismatch phenologies.

In this thesis, we investigated genetic patterns and plastic adaptations linked to
survival in individuals born under natural mismatched conditions. To that aim, we used
genomes, transcriptomes, and life history traits of a long-lived seabird species regularly
producing offspring under matched and mismatched conditions, the King penguin
(Aptenodytes patagonicus) (Figure 6). In terms of conservation, king penguins are
considered of least concern (LC) by the IUCN Red List of Threatened Species (IUCN 2020),
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due to the large population size (ca. 11 million breeding pairs, Bost et al. 2013; Weimerskirch
et al. 2018) and high interconnectivity of its breeding colonies (i.e., absence of genetic
structure between breeding areas) (Cristofari et al. 2018). Although the large and highly
interconnected global population classifies the species as non-vulnerable, king penguins
are still subjected to threats (IUCN 2020). According to the most updated report on the
species conservation status, apart from a less widespread threat posed by invasive
terrestrial predators in some populations (< 50% of the population), the main threat to the
species is climate change and habitat shifting (> 90% of the population) (IUCN 2020).

Figure 6. The studied species, the King penguin, and a breeding colony of the species. a) an adult King
penguin; b) the colony of La Baie du Marin in Possession Island, Crozet archipelago. Authorial photos taken in
December 2021, Possession Island, Crozet Archipelago.

Climate changes pose the biggest threats for king penguins, as projected warmer
sea surface temperatures (SST) are estimated to cause a poleward shift in the main foraging
grounds of the species during the summer seaso