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Résumé en Français
Selon la théorie de l’histoire de vie, les activités les plus coûteuses sur le plan énergétique doivent
correspondre à la période où les ressources sont les plus abondantes. Dans le cas contraire, une
mauvaise adéquation entre la reproduction et le pic de ressources alimentaires entraînera une
interaction “décalée” (c'est-à-dire l’hypothèse du décalage, Cushing 1969). Une interprétation
possible de cette hypothèse est qu'un décalage se réfère à une réduction de la qualité des
individus dont la phénologie ne correspond pas à 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 espèces des hautes latitudes. Cependant, lorsque les
conditions environnementales externes sont imprévisibles ou que les systèmes naturels deviennent
plus asynchrones, comme dans le cadre du changement climatique, les décalages peuvent fournir
des réponses adaptatives à la population (Kharouba et al. 2018).

Dans ce scénario, l'objectif principal de cette thèse était d'évaluer si les individus nés en
décalage avec les conditions environnementales peuvent augmenter le potentiel adaptatif de
l'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). À 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). Même si les poussins précoces et tardifs ne naissent qu'à un mois
d'intervalle, les poussins tardifs présentent une mortalité beaucoup plus élevée tout au long de la
première année, car ils ont moins de temps pour grandir et accumuler suffisamment de masse
corporelle jusqu'au début de l'hiver austral (Stier et al. 2014).

Tous les échantillons et données utilisés dans cette thèse proviennent de la même colonie
de manchots royaux, La Baie du Marin (BDM), sur l'île de la Possession, archipel Crozet (46°24′27″S
51°45′27″E). Plus précisément, l'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 à 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'à l'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) à l'éclosion,
ainsi que d'autres poussins nés précocement et tardivement en 2021 à l'éclosion (N=12) et à l'envol
(N=12). Enfin, dans la dernière 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
succès reproductif avant et après l'envol (N=4247).

Nous avons étudié l'accumulation de mutations délétères et la variabilité génétique chez les
poussins précoces et tardifs, survivants et non-survivants jusqu’à l'envol, en prédisant l'impact des
“single nucleotide polymorphisms” (SNP; c'est-à-dire, un seul nucléotide est modifié) basés sur
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l'annotation du génome de référence de l'espèce, avec le logiciel SnpEff (Cingolani et al. 2012). Nos
résultats indiquent une accumulation de mutations hautement délétères chez les poussins précoces
qui ne survivent pas à la première année de vie, et une faible accumulation générale de ces
mutations dans l'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.-à-d. plus de génotypes hétérozygotes pour les mutations
putativement neutres, c.-à-d. les SNP “MODIFIER”), bien que cela ne soit pas lié à le groupe
phénologique (graphiques de gauche dans la Figure 1, intitulé comme “MODIFIER”).

Figure 1. Distribution des allèles mineurs en fonction des catégories de SNP prédites. Diagrammes en boîte
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 à droite : SNP à impact “MODIFIER” (entre gènes), “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'allèles de chaque catégorie de SNP dans tous les génotypes
de chaque groupe ; le rouleau du bas montre tous les nombres d'allèles mineurs (présent dans les génotypes
hétérozygotes et homozygotes pour l'allèle mineur) ; la deuxième rangée du bas montre les SNP dans les
génotypes homozygotes pour l'allèle mineur ; la troisième rangée du bas, les SNP présents dans les
génotypes hétérozygotes ; et la rangée du haut, les SNP dans les génotypes homozygotes pour l'allèle
majeur.

En utilisant le transcriptome sanguin des poussins survivants, nous avons effectué une
analyse de l'expression différentielle des gènes (DGE, pour "differential gene expression" en
anglais) entre les poussins précoces et tardifs qui ont survécu jusqu'à l'envol en utilisant le package
DESeq2 (Love et al. 2014). Nous avons détecté 133 gènes différentiellement exprimés entre les deux
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groupes de poussins, avec 67 gènes sur-exprimés dans le groupe tardif et 66 gènes sur-exprimés
dans le groupe précoce. Les gènes sur-exprimés dans le groupe tardif étaient principalement liés à
la suppression des tumeurs et à l'ubiquitination des protéines. Deux de ces gènes, USP7 et MXD4,
sont probablement liés à l'efficacité de l'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
déjà montré que les poussins tardifs qui survivent à la première 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'à l'hiver par rapport aux poussins nés plus tôt (Stier et al. 2014). La
même étude a également montré que cette croissance plus rapide génère de grandes quantités
d'espèces réactives de l'oxygène (ROS), qui peuvent causer des dommages à l'ADN et réduire la
longueur des télomères. Par conséquent, nous suggérons que la surexpression des gènes liés à
l'accumulation efficace d'énergie et à la suppression des tumeurs pourrait être liée à la pression de
croissance plus rapide et à la lutte contre les ROS excessifs générés dans ce processus. En outre,
nous croyons que la surexpression des suppresseurs de tumeurs pourrait être liée à la plus faible
accumulation de mutations hautement délétères détectée chez les survivants tardifs.

Les données d'histoire de vie collectées auprès 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 l'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 à montrer comment
les différences de mortalité entre les cohortes varient d'une année à l'autre (Figure 2). D'autres
modèles 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.

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

Les poussins nés tardivement s'envolent
avec une taille plus petite mais une
condition corporelle similaire à celle des
poussins nés précocement. De plus,
aucune différence significative n'a été
détectée entre les individus nés
précocement et ceux nés tardivement en
ce qui concerne les taux de retour après

l'envol. Les données concernant les premières années de la vie reproductive montrent une légère
différence entre les deux groupes, mais cette différence n'est pas significative. Les poussins nés
précocement et tardivement ont généralement leur première tentative de reproduction au même
âge approximatif (c'est-à-dire à 3 ans, Figure 3, à gauche), tandis que les individus nés précocement
semblent avoir une proportion plus élevée de tentatives réussies au cours des premières années
(c'est-à-dire de 3 à 7 ans, Figure 3, à droite).
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Ces résultats sont encore préliminaires, étant donné qu'il faut davantage d'années de
données provenant d'individus nés tôt et tard pour comprendre si les premières tentatives de
reproduction peuvent être un indicateur de la survie à long terme et du nombre de descendants
générés. Bien que nous observions que les individus nés précocement peuvent avoir un meilleur
succès plus tôt dans leur vie, il est important de noter que le succès reproductif avant la naissance
n'est pas toujours lié à la fitness à long terme, car les individus qui commencent à se reproduire
avec succès à un âge plus jeune peuvent avoir une espérance de vie plus courte (Spagopoulou et
al. 2020).

Figure 3. Gauche : Âge à la première tentative de reproduction des poussins éclos précocement (“Early”, en
orange) et des poussins éclos tardivement (“Late”, en bleu) de 7 cohortes (2010 à 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 l'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-à-dire les effets de "silver spoon", Grafen 1988).
Cependant, l'ensemble des composantes génétiques, plastiques et d'histoire de vie explorées dans
cette thèse suggère 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
délétères. Compte tenu des futurs scénarios de changement climatique, dans lesquels le manchot
royal devrait également être soumis à des pertes d'habitat drastiques (Cristofari et al. 2018), les
adaptations au décalage, telles que celles détectées ici, pourraient être des outils de manœuvre
précieux pour éviter l'extinction dans des environnements imprévisibles et variables.

Références

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

Cristofari, R., Liu, X., Bonadonna, F., Cherel, Y., Pistorius, P., Le Maho, Y., Raybaud, V., Stenseth,

4



N.C., Le Bohec, C. and Trucchi, E., 2018. Climate-driven range shifts of the king penguin in a
fragmented ecosystem. Nature Climate Change, 8(3), pp.245-251.

Cushing, D.H., 1969. The regularity of the spawning season of some fishes. ICES Journal of Marine
Science, 33(1), pp.81-92.

Descamps, S., Gauthier-Clerc, M., Gendner, J.P. and Le Maho, Y., 2002. The annual breeding cycle of
unbanded king penguins Aptenodytes patagonicus on Possession Island (Crozet). Avian Science,
2(2), pp.87-98.

Grafen, A., 1988. On the uses of data on lifetime reproductive success. Reproductive success,
pp.454-485.

Kharouba, H.M., Ehrlén, J., Gelman, A., Bolmgren, K., Allen, J.M., Travers, S.E. and Wolkovich, E.M.,
2018. Global shifts in the phenological synchrony of species interactions over recent decades.
Proceedings of the National Academy of Sciences, 115(20), pp.5211-5216.

Kharouba, H.M. and Wolkovich, E.M., 2020. Disconnects between ecological theory and data in
phenological mismatch research. Nature Climate Change, 10(5), pp.406-415.

Love, M.I., Huber, W. and Anders, S., 2014. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome biology, 15(12), pp.1-21.

Olsson, O., 1996. Seasonal effects of timing and reproduction in the king penguin: a unique cycle.
Journal of Avian Biology, pp.7-14.

Prakash, A., Saxena, V.K., Kumar, R., Tomar, S., Singh, M.K. and Singh, G., 2021. Differential
expression in liver of colored broiler chicken divergently selected for residual feed intake. Animal
Health and Production, 53(3), p.403.

Spagopoulou, F., Teplitsky, C., Chantepie, S., Lind, M.I., Gustafsson, L. and Maklakov, A.A.,
Silver‐spoon upbringing improves early‐life fitness but promotes reproductive ageing in a wild
Ecology Letters, 23(6), pp.994-1002.

Stier, A., Viblanc, V.A., Massemin‐Challet, S., Handrich, Y., Zahn, S., Rojas, E.R., Saraux, C., Le Vaillant,
M., Prud'Homme, O., Grosbellet, E. and Robin, J.P., 2014. Starting with a handicap: phenotypic
differences between early‐and late‐born king penguin chicks and their survival Functional
Ecology, 28(3), pp.601-611.

Sun, Y., Zhao, G., Liu, R., Zheng, M., Hu, Y., Wu, D., Zhang, L., Li, P. and Wen, J., 2013. The
identification of 14 new genes for meat quality traits in chicken using a genome-wide study. BMC
genomics, 14(1), pp.1-11.

Weimerskirch, H., Stahl, J.C. and Jouventin, P., 1992. The breeding biology and population dynamics

of king penguins Aptenodytes patagonia on the Crozet Islands. Ibis, 134(2), pp.107-117.

5



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 fitness 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, fitness, King penguin
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General Introduction



1. Life on a constantly changing Earth

1.1. 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 O2 (less than 10−6 times the present O2 concentration, Zahnle et al.
2006), while being mostly composed by gases such as CO2, CH4, and N2 (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 O2 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 (N2 in blue, O2 in green, CO2 in yellow, and CH4 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 O2 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 O2 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., CO2, CH4, 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).

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 (Díaz
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 (Román-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 2001;
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 superba),
the Antarctic silverfish (Pleuragramma antarcticum), and antarctic penguin species such as
the Ade ́lie 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.

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 fitness 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 fitness 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 a 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 2011). 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 (Román-Palacios and
Wiens 2020), adaptations through phenotypic plasticity and inheritable genetic components
can be observed in a more generalised set of cases.

3.1. 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.

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 1 to 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
(Lindström 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 fitness 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 fitness 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 Schluter 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 fitness (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. 1.1 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 season (the Antarctic Polar Front (APF), Le
Bohec et al. 2007; Péron et al. 2012; Cristofari et al. 2018), a critical energy-intensive period
for chick growth before winter fasting. The APF consists of an upwelling zone rich in the
species’ main prey during the Austral summer, the myctophid fish (i.e., lantern fish, family
Myctophidae) (Bost et al. 1997). Consequently, the farther the APF is located from the
colony, the higher the foraging distance an adult needs to cover during incubation and the
chick feeding (Bost et al. 2015). King penguins are flightless birds with equal parental care,
meaning that males and females take shifts between feeding at sea and staying in land
during incubation and chick caring. Consequently, too long foraging trips lead to egg or
chick abandoning by the partner that is on land (Olsson 1997; Gauthier-Clerc et al. 2002).

Niche modelling studies estimate that the position of the APF by 2100 will hinder the
permanence of current king penguin colonies that will be too distant from the foraging area
to be reached during the breeding season (Péron et al. 2012; Cristofari et al. 2018). As it can
be seen in the projections from Cristofari et al. (2018) (Figure 7), in the worst-case predicted
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scenario, several existing colonies will probably be too far north of the APF to continue
being viable for breeding. The endangered colonies include the islands from the Crozet
archipelago (number 8 from Figure 7), which used to hold the highest number of breeding
pairs from the species before a drastic decline of 88% of individuals from its largest colony
in the last 30 years (Weimerskirch et al. 2018). The causes of such rapid massive mortality is
still unknown, but the main hypotheses involve: a strong Dipole event (i.e., drastic
fluctuation in temperature and rainfall) in 1997; predation from invasive species known in the
island, like feral cats (Felis catus) and house mice (Mus musculus); or a parasitic infection, as
it has also previously been reported in another colony from Marion island (Cooper et al.
2009). Anyhow, this case raises the concern that currently stable populations can suddenly
suffer from rapid drops that could even result in the whole species extinction.

Figure 7. Predicted past and future APF position and King penguin colonies at different periods, from Cristofari
et al. (2018). a) during the last glacial maximum (21-19  thousand years ago, ka); b) the mid-Holocene (6 ka); c)
the historical period of the study (1981–2005); and the projection for 2100 according to the worst-case
greenhouse gas concentration scenario (RCP8.5). At each box, orange dots represent areas with presence of
King penguin colonies, blue dots represent areas where colony foundation is precluded by sea- or land-ice
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extent, grey dots represent areas that will be too far from the APF for foraging, and white dots represent areas
that were never occupied by a King penguin colony. Red dashed lines represent the position of the APF based
on SST in February (5°C) and blue dashed lines and light blue background represent the APF and the extent of
sea-ice in September (sea-ice concentration  >  15%) respectively. Colony numbers represent: 1) Tierra del
Fuego (Chile); 2) Falklands (Malvinas); 3) South Georgia; 4) South Sandwich; 5) Gough; 6) Bouvet; 7) Marion
and Prince Edward; 8) Crozet; 9) Kerguelen; 10) Heard and McDonald; 11) Amsterdam; 12) Macquire; 13)
Auckland; 14) Campbell; 15) Chatham islands.

The King penguin is the second largest living penguin species, after the Emperor
penguin. The species breeds in high-density colonies in majorly flat or slightly sloped areas
(Bauer 1967; Barrat 1976). These colonies show a widespread range along the sub-Antarctic
area, with a major density occurring in the Indian Ocean sector of the Southern Ocean (e.g.,
Crozet and Kerguelen archipelagos, Marion and Prince Edward islands, and Heard and
McDonald islands) (Figure 8). King penguin colonies are also also present in the Macquarie
(Pacific) and South Georgia (Atlantic) islands, with growing colonies in the Falkland
(Malvinas) (de Hoyo et al. 1992) and South Sandwich islands (Convey et al. 1999), and
recently established colonies in Tierra del Fuego, Chile (Kusch and Marín 2012) and South
Shetland islands (Gryz et al. 2018).

King penguin colonies are mostly located in islands around the Antarctic Polar Front
(APF, dashed line in Figure 8), an upwelling zone rich in the species’ main prey during the
Austral summer, the myctophid fish (i.e., lantern fish, family Myctophidae) (Bost et al. 1997).
As explained before, the position of the APF is a key factor for King penguin reproductive
success (Le Bohec et al. 2007; Péron et al. 2012; Bost et al. 2015). The studied colony in the
Crozet archipelago (indicated with an asterisk in Figure 8) is located 400-500 Km north of
the APF during the summer season (Descamps et al. 2002). The Crozet archipelago used to
hold the largest colony of the species in one of its five islands, the Île aux Cochons until the
recent drastic population decline (Weimerskirch et al. 2018).
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Figure 8. Current King penguin breeding distribution. Orange triangles represent the number of breeding
individuals per location (each location is composed of at least one colony), with the archipelago of Crozet,
which contains the studied colony, indicated with an asterisk. Dashed line represents the APF position based
on (Park et al. 2019).

In the wild, the known lifespan of the species is 30 years old, and individuals usually
reach sexual maturity around 3 years of age (Kriesell et al. 2021). King penguins do not have
clear visual cues that differentiate between sexes (i.e., the species is monomorphic),
although males are slightly bigger in size than females, in addition to an acoustic variation in
the calls between sexes (Kriesell et al. 2018). The Aptenodytes genus, which includes the
King and the Emperor penguins, is characterised by the absence of nests for the incubation
and chick brooding phases. Instead, king penguins make use of their brooding pouch (i.e., a
featherless region above the feet) (Figure 9a and b), where a single egg is incubated for
approximately 54 days (Barrat 1976; Descamps et al. 2002). The brooding pouch is also
used to protect the chick from cold temperatures and predators (skuas, Catharacta
antarctica, and giant petrels, Macronectes spp.) during the chick’s first month of life
(Borboroglu and Dee Boersma 2015).
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Figure 9. Incubation and chick brooding in the King penguin. a) incubating adult, showing the egg protected
by the brooding pouch; b) brooding-stage adult with the newborn chick in the brooding pouch; c) parent and
chick (around 1 month old) when the chick is thermally independent and can stay out of the pouch. Authorial
photos taken at the study colony in Possession Island, Crozet Archipelago, 2022.

The breeding cycle of the King penguin is one of the longest among birds, taking
around 14 months from couple formation to chick fledging (Stonehouse 1960; Barrat 1976;
Descamps et al. 2002). Chicks are completely dependent on parental feeding from
hatching to fledging, a period that takes ca. 11 months, which is interrupted by the winter
period (Descamps et al. 2002). As body mass accumulation relies on the feeding frequency,
chick’s growth can be divided in three phases: I) an initial growth period during the first
summer; II) a period of body mass decrease during winter as a consequence of less
frequent feeding, which also results in high chick mortality; and III) and a second growth
period after winter, due to the resume of frequent feeding that goes until the chick fledges
(Figure 10) (Cherel et al. 1987; Descamps et al. 2002; Stier et al. 2014). Throughout this first
year of life, chicks also show a pattern of heterothermy (i.e., body temperature is both
regulated internally and by the environment), reducing peripheral body temperatures during
winter fasting, likely as a strategy of energy saving (Eichhorn et al. 2011).
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Figure 10. Body mass trajectory of a king penguin chick during the first year of life, from 28 January 2010 to 16
November 2010, from Stier et al. (2014). The highest rate of body mass accumulation takes place during the
first summer, decays during winter, and resumes during the second summer until the chick stops being fed by
the parents.

Due to the long duration of the reproductive cycle, individuals that successfully
fledge a chick in one year and try to reproduce in the consecutive season will have a late
start in the second attempt, generating reproductive asynchrony in the colonies (Descamps
et al. 2002). Consequently, two phenological groups of chicks are born every year, an early
(matched) and a late (mismatched) group, which are known for their marked differences in
survival (Olsson 1996; Weimerskirch et al. 1992; Stier et al. 2014). Even though early and late
chicks are only born one month apart, late chicks show a much higher mortality throughout
the first year, as they have less time to grow and accumulate enough body mass until the
beginning of the austral winter (Stier et al. 2014).

As described by Descamps (2002), early breeders in Crozet begin incubation around
November or December, while late breeders start from January to February. From
incubation until chick’s thermal emancipation, around one month old, parents take regular
shifts to forage and provide food to the chick. This is characterised as a first growth period
of the chick, which lasts until the beginning of the austral winter. From May until late August,
adults have to forage farther away from the colony, closer to the Antarctic pack ice (Bost et
al. 2004). This is due to the seasonal drop of myctophid availability in the APF (Koslov et al.
1991). During these months, chicks are left in crèches and are rarely fed, which coincides
with the period of highest mortality rates, which is especially higher in the late-chick group
(Weimerskirch et al. 1992; Stier et al. 2014). Chicks that survive through winter then begin to
be fed again from September until fledging, which can take place from November to the
next year’s January (Fernandes and Bardon et al. in prep - Chapter 3). As most of the
mortality in this species occurs before fledging (Saraux et al. 2011), we use the survival of
chicks until fledging as a proxy of recruitment in the population. A simplified schematic of
the King penguin cycle is displayed in Figure 11.
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Figure 11. The King penguin breeding cycle. Representation of the year breeding cycle of the species, with the
timing of each activity (i.e., incubation, brooding, crèching, and chick fledging) with the chick feeding
frequency shown at the bottom. Early breeders are represented in orange, late breeders are in blue.

Because late-hatchlings are born closer to the seasonal APF myctophid drop, we
considered being late-born as a mismatched condition with the environmental resources.
Due to their delayed arrival in the colony, late breeders usually get the most peripheric
available areas in the colony (Le Bohec et al. 2005; Descamps et al. 2005). Peripheral areas
are more exposed to predation, although individuals suffer less from the interspecific stress
of high density protected breeding spots (Descamps et al. 2009). Thus, the later an
individual is born in the species, lower are the chances of survival (Olsson 1996;
Weimerskirch et al. 1992; Le Bohec 2007; Stier et al. 2014). However, the stronger external
pressures of late breeding could be acting as a stronger viability selection filter in the
population. In this scenario, investigating the characteristics of surviving late-hatchlings may
indicate traits that allow for survival even under the most unfavourable conditions.

Box 2. A bird’s eye view on penguins evolutionary history

Penguins are flightless seabirds that belong to the order Sphenisciformes, sister to
the Procellariiformes order (e.g., albatrosses, petrels, shearwaters). The Sphenisciformes
order is composed of more than 50 extinct species, a.k.a. stem penguins, and a less
diverse monophyletic extant clade with 19 species, also known as the “crown penguins''
(Family Spheniscidae) (Figure 12) (Cole et al. 2022). The estimated origin of the stem
penguins dates to the late Cretaceous, around 60 million years ago (Ma), while the
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divergence of the crown group happened 40-45 Ma later, in the Neogene (Figure 12)
(Vianna et al. 2020; Cole et al. 2022).

Figure 12. Phylogeny of Sphenisciformes adapted from Cole et al. (2022). Penguin silhouettes indicate
body size. Coloured icons to the right of the tree represent the Crown species (including fossils from the
crown group). Grey rectangles in the Crown penguins’ nodes represent 95% confidence intervals of the
estimated divergence times. Circles at the nodes are coloured according to posterior probability: black
(>0.95), grey (0.75–0.95), white (<0.75). The single most probable ancestral range is indicated at each node
using squares according to colours of locations in Figure 13 with the exception of three key nodes (pie
charts, grey represents multiple ranges). Node numbers (from 1 to 5) correspond to potential dispersion
events from Figure 13.

Historical biogeographic reconstructions based on the extensive penguin fossil
record estimate that the stem penguin clade originated in the Zealand region (Figure 13).
Several speciation events would have occurred in this territory before new lineages
colonised the southern areas of South America and the Antarctic Peninsula around 40 Ma
(Cole et al. 2022). In comparison to the living species, stem penguins are characterised
by several large-bodied species, including the largest known fossil recently discovered,
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the Kumimanu fordycei n. sp. (Ksepka et al. 2023), not shown in the phylogeny from Cole
et al. (2022) in Figure 12 due to its later discovery.

Figure 13. Hypothesis on the biogeographic history of penguins adapted from Cole et al. (2022). Stem
penguins likely originated in the region of New Zealand around 60 million years ago, followed by a history
of dispersion events (represented by the arrows). Numbers indicate major radiation events shown in Figure
12.

In a previous study, performed during my Master degree, we estimated that the
origin of the crown penguin lineage to have taken place in the region of Australia-New
Zealand during the Miocene (Vianna et al. 2020). Our biogeographic reconstructions
based on the current species distributions in combination to evidence another recent
study suggest that ocean currents, such as the Antarctic Circumpolar Current (ACC),
played an essential role in the colonisation of the current areas in the Southern
Hemisphere (Vianna et al. 2020; Cole et al. 2022) (Figure 13). In addition, ancient niche
reconstructions propose that the ancestral of all Spheniscidae family initially occupied a
more temperate environmental niche, and new lineages adapted to both warmer and
colder environments (Vianna et al. 2020).

Even if crown penguin distribution is exclusive to the Southern Hemisphere
(Borboroglu and Dee Boersma 2015), extant penguin species range from the equatorial
Galápagos islands, in the case of the northernmost Galápagos penguin (S. mendiculus), to
the coldest environments on Earth, in the case of the Antarctic Emperor (A. forsteri) and
Adélie (P. adeliae) penguins. Apart from such extreme latitudinal ranges, most of the
extant species breed in the sub-Antarctic region (i.e., roughly, between 46° and 60° south
of the Equator), as it is the case of the king penguins, many crested Eudyptes species, the
Yellow-eyed penguin (M. antipodes), and two other Pygoscelis penguins (Chinstrap and
Gentoo) (Figure 14).
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Figure 14. Extant penguin species current distribution (breeding range), adapted from Cole et al. (2022). We
also maintained the Royal penguin (Eudyptes chrysolophus schlegeli) from the original image, although it is
now considered a subspecies of the Macaroni penguin, due to the clear morphological difference between
the two taxa.

Crown penguins are classified into six genera: Aptenodytes, Pygoscelis,
Eudyptula, Eudyptes, Megadyptes, and Spheniscus. As mentioned before, the
Aptenodytes genus contains the two largest living species, the King (A. patagonicus) and
Emperor penguins (A. forsteri). Pygoscelis has three extant species, Adélie (P. adeliae),
Chinstrap (P. antarctica), and Gentoo penguins (P. papua). Eudyptula, also known as the
Little penguins, contains the two smallest living penguin species (E. minor and E.
novaehollandiae) (Grosser et al. 2015).

The Eudyptes genus, a.k.a. crested penguins, is the most species rich, with seven
species: the three rockhoppers, the Eastern (E. filholi), the Southern (E. chrysocome), and
the Northern rockhopper penguins (E. moseleyi); the Macaroni penguin (E. chrysolophus),
which hybridises with the Royal penguin (E. chrysolophus schlegeli), long considered as a
separate species due to marked phenotypic differences; and three species endemic to
New Zealand and its nearby islands: the Snares (E. robustus), the Fiordland (E.
pachyrhynchus), and the Erect-crested penguins (E. sclateri). (Vianna et al. 2020; Cole et
al. 2022). The Megadyptes genus contains a sole species, the Yellow-eyed penguin (M.
antipodes), also endemic to New Zealand. Finally, the Spheniscus, a.k.a. banded
penguins, contains four species: the equatorial Galápagos penguin (S. mendiculus), the
South American Humboldt (S. humboldti) and Magellanic penguins (S. magellanicus), and
the African penguin (S. demersus). Extant penguin distribution is shown in Figure 14.

The definition of the exact number of extant penguin species has long been a
challenge, due to recent speciation of some lineages. Recent and rapid speciation events
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leave signals of incomplete lineage sorting (ILS), in which the divergence between
different parts of the genome do not coincide with the species divergence (see Vianna et
al. 2020; Cole et al. 2022). This is the case of little penguins, (Grosser et al. 2015) and the
three rockhopper species (Banks et al. 2006; Frugone et al. 2018). In the case of gentoo
penguins (Pygoscelis papua), high genetic differentiation may lead to a future speciation
event, but all populations are considered as one species at the moment (Clucas et al.
2018; Cole et al. 2019).

Another challenging factor for penguin species delimitation is due to interspecies
hybridization in the wild. This is the case of Macaroni and Royal penguins (Eudyptes
chrysolophus spp.), which are now considered as a single species with different
phenotypes concerning the face colour (Figure 14, (Frugone et al. 2018). Hybridization
events are also known in the Spheniscus genus between Humboldt and Magellanic
penguins, but these are still considered as separate species (Hibbets et al. 2020). Such
events leave introgression signals in the genome that can be confounding, especially
when few markers are used (Frugone et al. 2018; Vianna et al. 2020).

Recent phylogenetic studies estimate that the first extant clade to diverge from the
other lineages around 14 Ma was the large bodied Aptenodytes genera. The divergence
between the two Aptenodytes species, the Emperor (A. forsteri) and the King penguins (A.
patagonicus), on the other hand, was much more recent, estimated around 2 Ma (Figure
12, (Vianna et al. 2020; Cole et al. 2022). The Aptenodytes ancestor is also estimated to
have occupied a more similar ecological niche to the King penguin’s current niche, in
terms of maximum and minimum surface water temperature thresholds (Vianna et al.
2020). Moreover, a recent study from our research group has shown that adaptations to
cold present in the Emperor, but not in the King penguin, support selection to extreme
cold conditions as a derivative state in the Aptenodytes clade (Pirri et al. 2022). This
study identified 165 candidate genes under selection on the Emperor penguin that are
likely related to cold adaptation, such as the temperature sensing gene, TRPM8 (Yin et al.
2018).

Even if the Emperor penguin harbours exclusive extreme cold adaptations in
comparison to the King, these two species also share putative adaptations absent in the
other extant taxa. Cole and collaborators (2022) detected a set of genes under positive
selection that are unique to the Aptenodytes branch. Two genes, FIBB and ANO6, may
allow for higher diving capacity, as the King and Emperor penguins are known to be the
deepest divers among penguins (record of 343 metres and 552 seconds, and 564 metres
and 1308 seconds, respectively) (Pütz and Cherel 2005; Pütz et al. 1998; Wienecke et al.
2007). Two other genes, CREB3L1 and SMARCAD1, are related to large body size, and
could represent an inheritance from the large bodied extinct lineages that suffered
selection relaxation in the other extant lineages (Cole et al. 2022).
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Objectives
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1. General aims

Mismatched phenotypes could always be present in a population as part of its
variability. According to the MMH, mismatched phenotypes stand stronger selective
pressures, so that individuals surviving under mismatched conditions should carry
phenotypes that permit the overcoming of unfavourable early-life conditions. If ongoing
environmental changes will increase the frequency of mismatches in populations (Kharouba
and Wolkovich 2020), then the phenotypic traits that allowed mismatched individuals to
survive in the past, may become the adaptive standing variation making a population thrive
under the novel environmental conditions.

In the case of the King penguin, the most dramatic future scenario predicts that
several colonies located north of the APF will be too far from the feeding ground during the
reproductive season to remain viable (Cristofari et al. 2018). Such future pressure is
analogous to that exerted by the currently mismatched phenology of late breeding, that is
completing their development out of the peak of food resource availability. Hence, our main
prediction here is that the variability held by mismatched individuals in the current
population would increase the future adaptive potential of the population under rapid
environmental changes. To investigate this question, we used genomes, transcriptomes,
and life history data derived from king penguins born early (match) and late (mismatch) in
the season (i.e., in and out of the peak of food resources).

In the first chapter, our aim was to measure the effects of selection on matched and
mismatched genotypes during King penguin's first year of life. We expected that the
stronger purifying selection acting on mismatched individuals would purge deleterious
mutations more efficiently while maintaining higher levels of genetic variability than in the
matched individuals.

In the second chapter, we investigate whether mismatched phenotypes could be
adaptive or not at the population level. By sequencing the blood transcriptomes of
individuals that survived until fledging (used in the first chapter), we analyse differential
gene expression between the early- (match) and late-born (mismatch) groups. We expected
late-born individuals to show plastic adaptations to faster growth and efficient energetic
accumulation, acting as a predictive adaptive response (PAR) to future physiological
challenges faced later in life.

In the third and final chapter, we explored the potential impacts of being born under
mismatched conditions on early-life traits, return rates, and recruitment of individuals into
the population, using a long-term life-history dataset on individuals born under matched and
mismatched conditions. If genetic and plastic adaptations allow mismatched individuals to
survive through the first winter, in which a minimum body condition is determinant for
survival in both groups (Stier et al. 2014), a morphological catch-up with the matched group
is expected at fledging. Moreover, if a body condition catch-up is observed, return rates and
reproductive success should be similar between the two groups.
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With the combination of these three studies, which investigate fitness from three
different analytical perspectives (i.e., genetic, plastic, life history components), we intend to
provide a further step on our understanding of the evolutionary potential of mismatched
phenotypes in natural systems.
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2. Hypotheses and predictions

a) Genetic determinants of selection in matched and mismatched phenotypes

If chicks mortality during the first winter is mostly due to natural selection, then we
should observe a non-random distribution of genetic diversity among dead and
survivors.

- If survival is mostly related to genetic load (Bertorelle et al. 2022), then we
should observe a lower proportion of deleterious alleles in surviving
individuals;

- If survival is mostly related to genome-wide genetic variation (Kardos et al.
2021), then we should observe higher heterozygosity, at least at non
deleterious sites, in survival individuals;

- If the higher mortality of individuals born late in the season is caused by
stronger selection exerted on mismatched phenotypes, then deleterious
alleles should be removed more efficiently and heterozygosity at non
deleterious sites should be higher in late surviving individuals than in early
ones. When the environmental change trajectory is increasing the occurrence
of mismatches, this outcome can represent the adaptive potential of the
mismatch strategy.

b) Plastic response of mismatched phenotypes

If mismatched phenotypes, that is from chicks hatching after the peak of resources,
stand stronger pressure to grow enough in a shorter period of time before the first
winter, then a plastic response in terms of differential gene expression between early
and late chicks soon after hatching should be observed.

- If differentially expressed genes are mainly related to stress response, then
this condition could be detrimental to the fitness of the individuals (Sanghvi et
al. 2021), resulting in a silver spoon effect (Graffen 1988);

- If differentially expressed genes are mainly related to pressures that will also
be encountered in adult-life, such as efficiency in energy accumulation
(Saastamoinen et al. 2010), this condition can act as a predictive adaptive
response (Gluckman et al. 2005a).

c) Pre-fledging traits and post-fledging fitness of mismatched phenotypes

If late surviving individuals have genetic or plastic adaptations allowing e.g., faster
growth (Stier et al. 2014) and efficient energy storage, a catch-up with a good, or at
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least minimum, body condition should be observed at fledging, as energy reserve is
an important determinant of survival (pre and post-fledging) in the species (Saraux et
al. 2011). The energy allocation during the winter could result in a greater allocation
to body reserve (i.e., body condition) than on growth (i.e., structural size) at fledging.

- If catching-up with body condition at fledging comes with a physiological cost
that may generate carryover effects in adult-life, mismatched phenotypes
should show lower return rates and a delayed first reproductive success in the
early adult-life (Marcil-Ferland et al. 2013);

- If catching-up with body condition at fledging does not come with a cost,
mismatched phenotypes should show equivalent return rates and first
reproductive success compared to matched phenotypes. The harsh
conditions faced by mismatched phenotypes in early-life would prepare
individuals for similar constraints in adulthood, such as long fasting periods
(Groscolas and Robin 2001), as a predictive adaptive response (Gluckman et
al. 2005a).
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General Material and Methods
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1. Location and life history data

All samples and data used in this thesis come from individuals belonging to the King
penguin colony of La Baie du Marin (here referred to as BDM), on Possession Island, Crozet
Archipelago (46°24′27″S 51°45′27″E), and were collected in the framework of the Program
137 ANTAVIA from the French Polar Institute (IPEV). The colony of BDM is one of the most
well studied King penguin colonies in the world, as several long-term studies that take place
in the location since the 1970s (Barrat 1976; Weimerskirch et al. 1992; Jouventin and
Lagarde 1995; Descamps et al. 2002; Gauthier-Clerc et al. 2000; Gauthier-Clerc et al. 2001;
Gauthier-Clerc et al. 2002; Le Bohec et al. 2007; Le Bohec et al. 2008; Saraux et al. 2011;
Bordier et al. 2014; Cristofari et al. 2015). The detailed description of the annual cycle of
species, including previously unknown winter activities, was first completely characterised
in this colony, owing to a monitoring system of underground antennas (Descamps et al.
2002; Gendner et al. 2005). This system allows the remote monitoring of individuals from a
sub-colony of BDM called ‘Antavia’, which is a naturally enclosed zone with four passages to
the sea, containing approximately 10,000 breeding pairs of penguins (Figure 15).

The four passageways of Antavia are equipped with an underground system of
paired antennas, which captures and stores the entry and exit movements of more than
17,000 RFID-tagged penguins equipped with Radio Frequency Identification (RFID) tags
since 1998 (detailed information can be found in Gendner et al. 2005). Hundreds of
individuals that are annually equipped with RFID tags at fledging can be monitored
throughout their lifetime, as they tend to come back to the same colony where they were
born (i.e., philopatry) (Barrat et al. 1976; Bried & Jouventin 2001; Cristofari et al. 2015).
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Figure 15. Sub-colony Antavia, Crozet Archipelago. The four passageways through which penguins exit the
colony are represented in arrows: “Bretelle sud”, “Autoroute”, “Manchoduc”, and “Prado”.

The system stores the movements of each penguin as an entry in the sub-colory (i.e.,
breeding zone) or as an exit to the sea. Each individual’s entries and exits produce a
characteristic pattern of periods in land and at sea, that are used to detect the individuals’
annual activities, such as breeding, moulting, parading, among others (Figure 16). Due to
the stereotyped patterns of periods inland and at sea generated by king penguins’ during
reproduction, it is possible to assess an individual’s breeding status at each season. More
specifically, when an individual starts a reproductive attempt, it will show a pattern of ~15
days in land and ~15 days at sea, that will shorten along the following months until longer
periods at sea will be observed. The described pattern corresponds to a typical beginning
of cycle for a female, which takes the first shift at sea after laying the egg (Stonehouse 1960;
Barrat 1976), while a male would have shown a first inland period of at least 20 days (Figure
16).

During incubation, males and females take shifts of approximately two weeks to
forage at sea and incubate the egg. Once the chick is born, these shifts become shorter
(i.e., adults spend shorter periods in land and at sea), until both parents stop making
frequent returns to the colony during austral winter. In a characteristic successful breeding
cycle, adults re-start making frequent returns to land for chick feeding around September.
Around November-December, reproducing adults will stop doing round trips, and the chicks
will fledge. These successful adults will then show a period of one to two weeks at sea
(depending on the moment the chick fledges) before moulting, characterised by a ~15 days
period in land. Finally, the cycle will restart if the adult attempts a new consecutive breeding
in the following year. An example of an annual male cycle is shown in Figure 16.

Figure 16. Visual representation of periods spent inside and outside the colony of Antavia for a given
RFID-tagged individual in a successful breeding cycle, from Bardon et al. Accepted in Methods in Ecology and
Evolution with minor revisions (Appendix). Orange and blue crosses correspond to RFID detections (outside
antenna in blue, and inside antenna in orange). The periods outside the colony (in blue) and inside (in orange)
are interpreted from the sequence of detections. Phases of the breeding cycle are translated from the
patterns of an individual’s period spent inside and outside the colony, and are indicated by the white dashed
lines. The duration of periods inside and outside of the colony is given in days (d).

The successful breeding cycle described above represents a year of data from one
RFID-tagged individual in the sub-colony. It is also possible to detect breeding failures, as
the cycle will show a break of the stereotyped pattern that can be interpreted as a
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cessation of parental care. Moreover, this system permits the remote monitoring of an
individual throughout its lifetime, as all years of each individual can be “cycled” and its
activities can be interpreted. This massive amount of data can be used to estimate the
fitness of thousands of individuals, by using information such as age of first breeding, total
breeding success in life, and approximate age of death (i.e., when detections stop).

However, the massive amount of data generated by this system for more than 17,000
individuals also makes the interpretation of every penguin’s yearly activities humanly
intractable. For this reason, owing to the long-term data, our research team has developed
a deep learning algorithm to automatically interpret ecological features, such as breeding
status and phenology, from RFID mark-recapture data (Bardon et al. Accepted in MEE with
minor revisions, Appendix, RFIDeep: unfolding the potential of deep learning for
radio-frequency identification).

Briefly, this methodology, coined as “RFIDeep” works in three main steps. First, a
one-dimensional convolution neural network (1D-CNN) architecture was developed. Second,
to account for variance in breeding phenology and technological limitations of field data
acquisition (e.g., missing detections), a data augmentation step mimicking a shift in breeding
dates and missing RFID detections (i.e., missing recaptures) was added. Third, to identify
segments of the breeding activity used during classification, a visualisation tool was
included, allowing users to understand what is usually considered a “black box” step of
deep learning.

In order to train the algorithm and compare its efficacy in correctly identifying the
penguin cycles, a set of manually performed cycles were used. Such cycles were performed
by a human expert’s interpretation of penguin patterns, to which I have also contributed
during the 3-years period of this thesis. The manual cycling allowed us to identify regions
and patterns of the penguin’s cycle that are confounding for both the algorithm and a
human expert, such as determining the date of failure. Further details about the
development of this workflow can be found in the Appendix section.

In this thesis, we used data collected (morphological measurements and body mass)
or generated by the RFIDeep (life history traits) each year between 2010 and 2022, from
individuals born early and late in the season.
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2. Sampling

The genomic and transcriptomic data used in this thesis comes from samples
collected from early- and late-hatchlings from the Antavia sub-colony. Sampling was divided
into three consecutive summer campaigns in Possession island, Crozet archipelago
(missions of 5-6 months during the Austral summer). Genomes were generated from a
single time point (2020) with individuals sampled ~3 weeks after hatching, while
transcriptomic data includes chicks born at two consecutive years (2020 and 2021) and at
two developmental stages (after hatching and before fledging) (Table 1).

Summer campaigns lasted from October/November to March/April of the following
year. In the case of the King penguin, this period corresponds to both the end of the
previous breeding season and the start of a new one. Therefore, because we collected
samples of chicks around hatching (~3-weeks-old chicks in January and February) and
recaptured the same chick at fledging (~11-months-old chicks in November, December and
January), three sample campaigns were done in order to include individuals from two
breeding seasons. I participated in two sampling campaigns, 2020 and 2022, while the
2021 campaign was performed solely by field assistants and colleagues, as it took place
during the COVID-19 outbreak.

Table 1. Outline of the samples and data used in each chapter of the thesis.

Penguins, as well as other sauropsids, contain nucleated blood cells (Chiari and
Galtier 2011). Therefore, the use of the blood as a source of DNA requires a less invasive
sampling than when sampling other tissues, and still provides enough amounts of DNA for
sequencing. For transcriptome data (i.e., RNA sequencing), the blood was also expected to
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provide a wide variety of transcripts, as it is a circulating tissue (Liew et al. 2006). We
sampled the chicks’ whole blood for both the genome and transcriptome next generation
sequencing (NGS) and stored samples in respective buffers against nucleic acid
degradation, as it is shown in Table 1 and specified in the Material and Methods section of
chapters 1 and 2.
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1.Introduction

In the late 1960s, the finding that species with seasonal variation in resource
availability synchronise their most energetically demanding activities (e.g., reproduction)
with the peak of resources (Cushing 1969) led to the development of the match/mismatch
hypothesis (MMH) (Cushing 1974; Cushing and Saleem 1982; Cushing 1990). Although
initially characterised in high latitude fishes, evidence for the MMH has since been
documented in a variety of marine and terrestrial systems (Post and Forchhammer 2008;
Nakazawa and Doi 2012; Plard et al. 2014; Doiron et al. 2015; Régnier et al. 2019; Ferreira et
al. 2020). The MMH suggests that phenological mismatches (i.e., when a consumer shows a
phenological asynchrony with its resource) results in reduced survival and reproductive
success (i.e., fitness). Consequences of mismatch include poor body condition in offspring
(Doiron et al. 2015), lower recruitment in the population (Reed et al. 2013), and impaired
adult body condition (or even death) when physiological limits are surpassed (Marvelde et
al. 2011; Thomas et al. 2001).

According to the MMH, phenological mismatches will only have an impact on fitness
if two assumptions are met (Kharouba and Wolkovich 2020): 1) the fitness of the consumer
mainly depends on the resource availability, and 2) the food resource has a degree of
seasonality that limits the growth or reproduction of its consumer. However, the loss of
fitness predicted by the MMH may be diminished if the production of mismatched
phenotypes can contribute to population persistence in the long-term (Ghalambor et al.
2015; Leonard and Lancaster 2020; Petrullo et al. 2023).

A recent study showcased empirical evidence of the MMH in the form of behavioural
adaptations to mismatch conditions in red squirrels (Tamiasciurus hudsonicus) (Petrullo et
al. 2023). This research showed that the strategy of producing smaller clutches leads to
increased offspring survival in both high- and low-food availability years, even if this leads to
a smaller clutch production in highly productive years. Consequently, individuals that “play
safe” by producing modest litter sizes under any condition had a higher lifetime fitness than
individuals that increase litter size in years when conditions were favourable, even if there
was a cost associated with producing less offspring when conditions were ideal.

This strategy, known as bet-hedging, seems to be especially advantageous for
species which are subjected to variable selective pressures (Sæther and Engen 2015). In
such cases, the maintenance of a phenotype that is assumed to be maladaptive under good
conditions could actually promote long-term fitness in the overall population through a
balance of costs and benefits when conditions are not favourable. Empirical studies, such
as the one described above, have just begun to emerge, lending evidence to the idea that
mismatched phenotypes can contribute to adaptation to variable conditions through
phenotypic plasticity (i.e., when individual genotypes produce different phenotypes).
However, whether adaptation to variable conditions proceeds solely via phenotypic
plasticity is still an open question (Torda et al. 2017; Jordan et al. 2017).

In fact, mismatched phenotypes could contribute to long-term fitness via adaptive
changes in the genetic background of a population (Beaumont et al. 2009). In particular,
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they could increase population-level standing genetic variation, crucial to quick adaptation
in unstable and unpredictable environments (Barrick and Lenski 2013). Besides this,
mismatched phenotypes may also play as an intensified selective ground against
moderately deleterious alleles due to their more negative effects in the mismatched
individuals bearing them, thus limiting their segregation and fixation in the population. This
bet-hedging model, which implies an evolutionary process favouring long-term higher
population fitness via short-term lower individual fitness, has yet to be empirically
evidenced.

To measure the potential evolutionary contribution of mismatched phenotypes, two
fitness proxies can be used: genetic variability (measured via quantifying the level of
heterozygosity); and/or genetic load (measured via quantifying the level of deleterious
mutations). From a population genetics perspective, individual and mean population fitness
have been commonly estimated using genetic variability (Lande and Shannon 1996;
Saccheri et al. 1998; Bozzuto et al. 2019). The rationale is that low variability translates into
low fitness because there is less raw genetic material for selection to act upon, and
consequently, more limited bedrock for evolution to carve adaptations (Carvalho 1993;
Kardos 2021). An alternative, which has only recently been empirically explored thanks to
increased genomic data availability, is to estimate fitness using the accumulation of
deleterious mutations (i.e., genetic load; reviewed in Bertorelle et al. 2022). A large body of
emerging literature has shown that high levels of genetic load could be equally or more
detrimental for population fitness than low levels of genetic variability (e.g., Rowe and
Beebee 2003; Agrawal and Whitlock 2012; Benazzo et al. 2017; Robinson et al. 2019;
Kyriazis et al. 2021; Mathur and DeWoody 2021).

Even if the relative importance of high genetic variability versus the effectiveness of
deleterious allele purging for population persistence is hotly debated (Teixeira and Huber
2021; Kardos et al. 2021), their interplay in large populations is of particular concern. In fact,
large populations are expected to have high levels of genetic diversity, but also high levels
of masked genetic load (i.e., recessive deleterious mutations that are carried by individuals
in heterozygosity without being expressed) (Mathur et al. 2021). Masked genetic load can
be detrimental to fitness when it becomes realised load (i.e. deleterious mutations in
homozygosity), especially in situations of population size fluctuations (Bertorelle et al.
2022).

Here, we aimed to estimate both genetic diversity and genetic load in the framework
of the MMH, using a species that lives in the increasingly highly fluctuating and
unpredictable environmental conditions of the Southern Ocean, the King penguin
(Aptenodytes patagonicus). In fact, adaptive mismatch strategies can be fundamental for
species to counteract the increasing asynchrony in natural systems caused by current and
future climate change (Kharouba et al. 2018).

The King penguin provides an ideal model to study genetic footprints in the
framework of the MMH for two main reasons. First, the reproductive success of this
sub-Antarctic seabird is highly dependent on the seasonality of food resources; specifically,
the seasonality of the position and the intensity of the Antarctic Polar Front (APF). The APF
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is an upwelling zone where, during the austral summer season, adults feed on the species’
main prey, mesopelagic lanternfishes (Myctophidae) (Adams and Klages 1987; Hindell 1988;
Cherel et al. 1993).

The second reason concerns the breeding asynchrony characteristic of this species
due to its long reproductive cycle (e.g., 12 to 14 months, Barrat 1976). Every year, two peaks
of hatching take place during the austral summer, generating two groups of chicks (Barrat
1976): an early group, born at the peak of food availability (i.e., match), and a late group,
born at the end of the food peak (i.e., mismatch) (Charrassin et al. 1998; Charrassin et al.
2002; Gauthier-Clerc et al. 2002). After a period of intensive feeding and parental care
lasting approximately one month (brooding phase), chicks are left alone in the colony and
fed occasionally during autumn and winter (crèching phase), until they fledge in the
following summer (Barrat 1976). Previous studies have shown that late-born chicks have a
higher mortality rate than early-born chicks before and during the first winter (see
Fernandes and Bardon et al. in prep - Chapter 3; Weimerskirch et al. 1992; Stier et al. 2014)
since they have less time to grow enough body mass until the beginning of winter. In this
context, we expected that the high mortality rates in the late group during the first year of
life would represent an indicator of stronger selective pressures.

Using this non-model species naturally submitted to contrasted environmental
constraints, we analysed whole genomes of individuals born under matched (early-born
chicks) and mismatched (late-born chicks) conditions to test for different patterns of genetic
variability and genetic load. Considering that both genetic load and genetic variability are
used as fitness proxies (Teixeira and Huber 2021; Kardos et al. 2021), we measured both
variables in early- and late-born individuals that survived and did not survive until fledging.
Our prediction was that survivors would harbour less deleterious alleles and higher
heterozygosity in putatively neutral alleles than non-survivors. Because mismatched
individuals are thought to be subjected to stronger viability selection, we expected this
difference in genetic load and genetic variability between survivors and non-survivors to be
stronger in the late group of chicks.
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2. Material and Methods

2.1. Sampling design

Sampling took place in the colony of La Baie du Marin (here referred to as BDM),
Possession Island, Crozet Archipelago (46°24′27″S 51°45′27″E), during the 2020 breeding
season. King penguin chicks were sampled from a sub-colony of BDM, called ‘Antavia’,
which represents a naturally enclosed zone with four passages used by the penguins to exit
and enter the breeding area.

In order to study chicks born early and late in the same breeding season, we
performed two separate sampling sessions by following the historically known hatching
peaks of the species in the Possession Island (Descamps et al. 2002). The early session
took place between January 25th and January 31st (N=200 early chicks), while the late
session occurred between February 25th and March 4th (N=132 late chicks), both during the
brooding stage (i.e., when chicks are still kept in the brooding patch of the parents during 3
to 4 weeks). Chicks weighing between 500 to 1000 grams were sampled in a time window
that did not exceed 10 days for each group, to avoid sampling intermediate individuals.

Once a chick around the mass interval described above was spotted, it was captured
and replaced in the parents’ pouch with a heated dummy egg during the whole
manipulation to reduce adult stress. After checking the chick’s mass, we collected three
drops of blood (approximately 100 µL) from the brachial vein using a 25 gauge needle and a
microcapillary tube. The blood was immediately transferred to a 1,5 mL microcentrifuge tube
containing 700 µL of Queen’s Lysis Buffer (Seutin et al. 1991) and stored at -20°C until the
DNA extraction. Finally, the chick was equipped with a number-coded plastic tag (“fish-tag”,
Floy Tag and MFG, Inc. Seattle, WA, USA) attached to the chick’s upper-back for recapture
at fledging (around 11 months later), before being returned to its parent. Chicks that were
not recaptured at fledging were considered dead. All manipulations were approved by the
French Ethics Committee (APAFIS#4897-2015110911016428) and the French Polar
Environmental Committee (TAAF permit #2019-115 & 2019-129) and conducted in
accordance with these guidelines.

2.2. DNA extraction and whole genome sequencing

In order to compare the strength of viability selection between the two phenological
conditions, we randomly selected samples from early and late chicks that survived until
fledging (i.e., recaptured 11 months later) and chicks that did not survive until fledging (i.e.,
not found in the colony after 11 months). In this way, we proceeded with the DNA extraction
and genome sequencing of 40 chicks in total: 10 early survivors, 10 early non-survivors, 10
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late survivors, 10 late non-survivors (Table 1). We also extracted RNA from the 20 survivor
chicks (10 early and 10 late), as described in Fernandes et al. in prep. (see Chapter 2).

After overnight thawing, we extracted the DNA from the whole blood using the
Invitrogen PureLink™ Genomic DNA Kit (Thermo Fisher Scientific), following the
manufacturer’s protocol for genomic DNA extraction from tissue. DNA was quantified with a
spectrophotometer and a fluorometer, and molecule integrity was checked with an 1%
agarose gel via electrophoresis. Samples were sent to the University of Florence for
genomic library preparation using the IDT for Illumina DNA/RNA UD Indexes kit for 150 base
paris (bp) paired-end reads. Library preparation and sequencing were performed with all 40
individuals in the same batch to avoid any potential batch effect. Whole genome
sequencing was performed in the Illumina NovaSeq 6000 platform in two consecutive
sequencing rounds with an expected coverage of 22X (considering the King penguin
genome size of 1,25 Gb, Pan et al. 2019). Detailed information about sequenced samples
and effective coverage achieved can be found in Table 1.

Table 1. Whole genome sequencing samples. First column shows the total number of sequenced individuals;
second column the individual’s ID; third column the phenological group in which the individual was born;
fourth column, if the individuals survived after winter of not; fifth column, the individual’s sex, determined after
sequencing with SATC (see 2.3.3. Identification of sex-linked scaffolds and masking below); sixth and
seventh columns indicate the sequencing coverage in the first and second runs, respectively; and the eighth
column has the final effective sequencing coverage for that individual.

ID
Phenological

group
Survivor Sex (SATC)

Coverage
run 1 (X)

Coverage
run 2 (X)

Effective
coverage (X)

1 KP2020_E584 Early Yes Male 17.25 13.46 24.56

2 KP2020_E594 Early Yes Male 11.96 13.79 20.60

3 KP2020_E143 Early Yes Male 11.20 12.73 19.14

4 KP2020_E147 Early Yes Female 11.84 14.04 20.70

5 KP2020_E595 Early Yes Female 11.21 13.49 19.76

6 KP2020_E599 Early Yes Male 11.63 14.15 20.62

7 KP2020_E580 Early Yes Male 10.47 13.28 18.99

8 KP2020_E153 Early Yes Male 10.03 13.23 18.60

9 KP2020_E169 Early Yes Male 12.99 14.05 21.63

10 KP2020_E190 Early Yes Female 11.20 13.40 19.68

11 KP2020_E578 Early No Female 7.18 10.54 14.18

12 KP2020_E583 Early No Female 8.38 11.93 16.25

13 KP2020_E586 Early No Female 9.83 12.37 17.76

14 KP2020_E590 Early No Female 9.72 12.47 17.75

15 KP2020_E593 Early No Male 11.80 13.22 20.01

16 KP2020_E596 Early No Male 9.39 12.11 17.20

17 KP2020_E144 Early No Female 11.66 13.43 20.07

18 KP2020_E170 Early No Female 8.07 11.19 15.41

54

https://paperpile.com/c/usw2WV/kKfz1


ID
Phenological

group
Survivor Sex (SATC)

Coverage
run 1 (X)

Coverage
run 2 (X)

Effective
coverage (X)

19 KP2020_E173 Early No Female 10.51 12.58 18.47

20 KP2020_E587 Early No Male 12.89 14.10 21.59

21 KP2020_L151 Late Yes Male 11.77 13.45 20.18

22 KP2020_L008 Late Yes Female 15.63 13.89 23.61

23 KP2020_L019 Late Yes Female 16.28 13.61 23.92

24 KP2020_L033 Late Yes Male 16.19 13.70 23.91

25 KP2020_L034 Late Yes Female 14.54 13.86 22.71

26 KP2020_L044 Late Yes Male 14.63 13.94 22.85

27 KP2020_L053 Late Yes Female 12.30 13.24 20.43

28 KP2020_L058 Late Yes Female 17.06 13.93 24.79

29 KP2020_L059 Late Yes Female 10.86 13.32 19.34

30 KP2020_L062 Late Yes Male 10.22 13.51 18.98

31 KP2020_L158 Late No Female 11.00 13.12 19.29

32 KP2020_L159 Late No Female 11.49 13.50 20.00

33 KP2020_L160 Late No Female 8.95 11.56 16.40

34 KP2020_L161 Late No Male 13.56 14.40 22.36

35 KP2020_L152 Late No Male 10.41 13.10 18.81

36 KP2020_L153 Late No Male 13.40 14.23 22.10

37 KP2020_L155 Late No Male 11.96 13.12 20.06

38 KP2020_L156 Late No Male 9.61 12.33 17.54

39 KP2020_L157 Late No Female 10.40 12.98 18.70

40 KP2020_L002 Late No Male 12.34 13.41 20.60

2.3. Data processing

After receiving the raw sequence reads of the two libraries for the 40 genomes, we
performed a first sequence quality check in FastQC v0.11.9 (Andrews 2010). Taking into
account that each sample was sequenced twice in two separated flow cells, the
preprocessing steps explained below were performed for sample’s reads produced by each
library separately. The two files for each sample were only merged prior to variant calling,
after the deduplication step.

We started by trimming the paired-end reads to remove sequences with a Phred
quality score lower than 15 using a sliding window approach in Trimmomatic v3.9 (Bolger et
al. 2014). We decided not to be excessively stringent in quality score filtering at this stage to
avoid loss of sequence information, as we also filtered for low mapping quality at the
mapping step afterwards. Sequencing adapters had already been trimmed in the sequence
facility after the demultiplexing step.

55

https://paperpile.com/c/usw2WV/mEhGH
https://paperpile.com/c/usw2WV/mEhGH


We then mapped the trimmed reads to the available reference genome of the king
penguin, GCA_010087175.1 BGI_Apat.V1 (Pan et al. 2019) using BWA-MEM2 v2.2.1 software
(Li 2013). BWA-MEM works by first producing a reference genome index, followed by the
read’s alignment to the genome and the production of a BAM (Binary Alignment/Map
format) file per sample per library. We ran the BWA-MEM algorithm using the -M option to
generate Picard tools compatible files. Alignments with mapping quality (MAPQ) below 10
were removed with SAMtools v1.12 (Li et al. 2009) using the view -q 10 option. In summary,
mapping quality is calculated by the formula -10(log10P), where P is the probability that the
mapping position is wrong, rounded to the nearest integer.

After mapping reads to the reference genome, BAM files were sorted with samtools
sort (Li et al. 2009) followed by sequence deduplication with the MarkDuplicates tool in
Picard (http://broadinstitute.github.io/picard/). The MarkDuplicates algorithm identifies
artifactual duplications (e.g., from PCR library construction) by comparing the 5’ extremity of
both paired-end reads and differentiating the primary and the duplicate reads by ranking
reads by the sums of base-quality scores. All duplicates (i.e., artifactual or not) were tagged
with REMOVE_SEQUENCING_DUPLICATES=true option. Finally, we merged the two BAM
files of the different libraries for a sample using Picard tools AddOrReplaceReadGroups and
MergeSamFiles, and indexed the merged BAM files with samtools index.

2.3.1. Variant calling

Once we had a unique BAM file per sample (i.e., 40 alignment files), we called the
genetic variants with the Genome Analysis Toolkit (GATK) v4.2.2.0 using the Germline short
variant discovery pipeline for single nucleotide polymorphisms (SNPs) and
insertions-deletions (indels) (McKenna et al. 2010; DePristo et al. 2011). This pipeline starts
with a dictionary preparation of the reference genome using CreateSequenceDictionary
GATK tool. Then, the variant calling is performed in three steps: variant calling per sample,
consolidation of all variants in one database, and a final joint genotyping of the database.

The first step was done using the HaplotypeCaller tool, which calls SNPs and indels
simultaneously, producing a GVCF file per sample. Next, the contents of each sample’s
GVCF were stored in a 2D array with the GenomicsDBImport tool. The GenomicsDB array
contains information about the genomic position of each SNP/indel (columns) per sample
(rows), meaning that the cells of the array contain call data for each sample at a given
genomic position. Finally, the GenotypeGVCFs tool was used for the joint genotyping of the
database, by calling SNPs and indels across all samples. In this final step, an output VCF
(Variant Call Format) file was generated per scaffold, as the King penguin reference genome
is assembled at a scaffold level.

2.3.2. SNP filtering
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After variant calling, we proceed with the filtering of VCF files to remove unwanted
information, such as indels, short and sex-linked scaffolds, as well as to filter out sources of
potential error due to the variant calling, such as due to low sequence depth regions. We
first removed indels with the SelectVariants tool in GATK, by filtering VCF files with the
option --select-type-to-include SNP to keep SNPs uniquely. Once we had VCF files that
contained SNP information uniquely, we eliminated scaffolds that were shorter than 100 Kb.
This was done by first annotating the scaffold’s length with the faidx command in SAMtools
(Li et al. 2009), which indexes the reference genome FASTA file, giving each scaffold’s
length in the second column of the output list. We then sorted this list by the scaffolds
lengths and removed scaffolds shorter than 100 Kb. We proceeded with the filtering and
later analysis only with the VCF files from scaffolds present in this list.

The next filtering step consisted of a quality filtering of the SNPs with the
VariantFiltration tool in GATK (McKenna et al. 2010; DePristo et al. 2011). We used GATK’s
standard variant filtering, which filters for SNP call quality, strand bias, and mapping quality
considering the reference and alternate alleles. Briefly, the quality filtering removed SNPs
with a call quality lower than 30 (QUAL < 30.0), and quality normalised by allele depth (AD)
lower than 2 (QD < 2.0). QD is calculated by HaplotypeCaller and GenotypeGVCFs by using
the QUAL/AD of heterozygous samples in the reference genome. GATK’s strand bias
filtering is based on the estimate of how much one DNA strand is favoured over the other
during sequencing. We removed SNPs with strand bias greater than 60 (FS > 60.0
estimated by the Fisher’s Exact Test).

We used two mapping quality (MQ) filters: the first removes SNPs with median
mapping quality lower than 40 for reads supporting each alternative allele (MQ < 40.0); the
second removes SNPs with mapping quality rank sum test of reference versus alternative
reads lower than -12.5 (MQRankSum < -12.5). Negative MQRankSum values indicate that the
reads supporting the alternate allele have a lower mapping quality than those supporting
the reference allele. Finally, we filtered the SNPs based on a GATK test called rank sum that
evaluates whether there is evidence of bias in the position of alleles within the reads
between the reference and alternate alleles (ReadPosRankSum < -8.0). Negative
ReadPosRankSum values indicate that the alternate allele is more often found at the ends of
the reads than the reference allele.

We also used VCFtools v0.1.17 (Danecek et al. 2011) to filter for genotype’s minimum
depth per individual, maximum mean depth per loci, and maximum number of alleles per
loci. The --minDP 3 option keeps individuals that have at least 3 reads for that genotype.
The --max-meanDP 50 keeps only loci with a maximum mean count of 50 around all
individuals. This filter is used to avoid high mean depths, which can be indicative of
paralogs or repeated regions. The last used filter, --max-alleles 2, keeps only biallelic loci.

2.3.3. Identification of sex-linked scaffolds and masking

The removal of sex-linked chromosomes (i.e., chromosomes linked to sex
determination) is an important step before population genetic analysis, as these
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chromosomes evolve in a different manner compared to autosomes (Zhou et al. 2014;
Makova 2019). As the reference genome of the King penguin is at scaffold level, we
identified and removed sex-linked scaffolds from the subsequent analysis. We used a sex
identification approach based on the depth of coverage per sample, known as the Sex
Assignment Through Coverage (SATC) method (Nursyifa et al. 2022) in R.

We first produced a file with the depth coverage information per sample based on
the BAM alignment files using SAMtools idxstats (Li et al. 2009). Then, we proceeded with
SATC, which identifies sex-linked scaffolds in four main internal steps. It first normalises the
depth of each scaffold within each sample. Second, normalised sequencing depths are
projected in a two-dimensional principal component analysis (PCA). Third, SATC clusters the
samples on the top PCs using Gaussian mixtures clustering. At the last step, the sex and
sex-linked scaffolds are identified from the clustering and the sequencing depth (Appendix
Chapter 1, Figure 1).

In practice, SATC produces a list of “sex-linked” and “XZ-linked” scaffolds, with the
sex-linked nomenclature used to define scaffolds that might not be exclusively from a
sex-chromosome according to the genome annotation (Nursyifa et al. 2022). For simplicity,
we will refer to both “sex-linked” and “XZ-linked” scaffolds as sex-linked. In addition, SATC
also outputs a table with the inferred sex of individuals based on the median depth of the
sex scaffolds (i.e., homomorphic or heteromorphic sex). The sex identification of sequenced
individuals can be found in Table 1 in section 2.2. DNA extraction and whole genome
sequencing. Note that, in birds, females are the heterogametic sex, with the ZW genotype,
while males are homogametic, with the ZZ genotype (Ohno et al. 1964; Susumu Ohno 1967).

After the removal of sex-linked scaffolds from the dataset, we masked the VCFs to
remove repeated sequences with VCFtools --mask (Danecek et al. 2011). This option takes
as input the VCF files and a FASTA-like file that indicates the loci to be filtered from the
reference genome assembly. We produced the FASTA-like genome file by substituting the
repetitive regions to be masked (i.e., lower case loci) by the integer 1 and the non-repetitive
loci to be kept (i.e., upper case loci) were substituted with a zero. VCFtools --mask was then
run, filtering out regions with scores higher than zero in the VCF files.

2.4. SNP effect annotation and missing data filtering

In order to measure how early and late chicks accumulate genetic load and
variability, we annotated the SNPs based on their predicted fitness effect using SnpEff v5.1
(Cingolani et al. 2012). SnpEff uses the genome annotation of coding sequences (cds) and
proteins to predict the impact of each SNP in the protein sequence. By doing so, it classifies
SNPs into four main categories of predicted impact: HIGH, MODERATE, LOW, and MODIFIER
(Cingolani et al. 2012).

Based on the SnpEff annotation, HIGH impact SNPs are generally related to loss of
protein function through the generation of a stop codon, the elimination of a start codon,
occur in loci that may alter protein conformation (e.g., AA regions inside the same protein),
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change of a rare amino acid, among other factors. This set of SNPs are usually the most
infrequent ones and here are considered as highly deleterious. MODERATE impact SNPs
are usually related to non-synonymous changes in the coding sequence, like a codon
insertion or deletion, and an amino acid change, and hence tend to be less harmful than the
HIGH impact SNPs. LOW impact SNPs almost always involve a synonymous codon change
that can also be in start and stop codons, and are expected to affect an individual's fitness
even less than moderate SNPs. Finally, MODIFIER SNPs are the most numerous and consist
of mutations for which there is no predicted impact, as they are usually in non-coding
regions (e.g., intronic and intergenic) or non-coding genes. Because MODIFIER SNPs can
also include mutations inside genes (intronic), we further filtered this category by removing
SNPs located at least 50 Kb from the closest gene (which should be free of linkage to the
closest genes, Balakrishnan and Edwards 2009). Therefore, this MODIFIER set of SNPs
comprised the putatively neutral mutations in our dataset.

This type of SNP-effect prediction represents a reasonable approximation of the
impact of each SNP on individual fitness. Indeed, the actual outcome of each SNP on our
individuals could only be assessed with empirical evidence. Given this, the subsequent
analyses did not focus on the particular impact of each SNP, but on the cumulative impact of
each class of SNPs in the genomes of early and late individuals that survived and died
during the first year of life. In any case, for ease of discussion, we will also refer to each
category as highly, moderately, low, and non-deleterious when referring to HIGH,
MODERATE, LOW, and MODIFIER impact categories, respectively.

After categorising our total set of SNPs into the four described SnpEff predicted
classes, we merged the VCFs of each category together in one file containing all individuals
with MergeVcfs in Picard tools. Thereby, we concluded this part of our genomic pipeline
with four VCF files, each one containing the HIGH, MODERATE, LOW, and MODIFIER effect
SNPs in our 10 early survivors, 10 early non-survivors, 10 late survivors, and 10 late
non-survivors.

A large amount of missing data (i.e., SNPs absent in many samples) can decrease
analysis power, or even bias the results if missing data are not evenly distributed in the
dataset (O’Leary et al. 2018; Wright et al. 2019). Our missing data filtering strategy aimed to
eliminate substantial amounts of missing data while accounting for a balance of missingness
within each group (i.e., early survivors, early non-survivors, late survivors, and late
non-survivors). To calculate these means, we divided our filtering into two steps. First, we
filtered the VCFs for a maximum missing count (MAC) of 2 within each group (option
--max-missing-count in VCFtools, Danecek et al. 2011). Then, we refiltered for a MAC of 8
across all individuals without group separation.

In practice, we redivided each SNP category VCF into four VCFs, per penguin group.
For example, for the high impact SNP, we divided the VCF file with all 40 individuals into
four VCFs, each one containing the 10 individuals of each penguin group. After the MAC
filtering of 2 counts in each penguin group’s VCF with VCFtools --max-missing-count, we
merged the filtered VCFs into one file per SNP category with BCFtools v1.12 merge
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(Danecek et al. 2021). Then, we refiltered the VCF with all individuals for a MAC of 8 counts.
After this last filtering step, we proceeded with the analyses using the four VCF files per
SNP category.

2.5. Analyses

We started our analysis by doing a Principal Component Analysis (PCA) for each SNP
category (i.e., HIGH, MODERATE, LOW, and MODIFIER) using SNPRelate v1.20.1 (Zheng et al.
2012) in Bioconductor, in order to explore individual genetic clustering in our dataset. Due
to the large number of detected modifier SNPs (i.e., 12 million), we selected a random
subset of those SNPs for the PCA using the command vcfrandomsample in the vcflib
software (Garrison et al. 2022). We used the option -r 0.008 to indicate the fraction of
variants we wanted to retain from the original VCF file, which corresponds to approximately
100,000 SNPs out of the 12 million total MODIFIER SNPs.

Then, we calculated genetic divergence between our groups by estimating weighted
Weir and Cockerham FST statistics (Weir and Cockerham 1984) using VCFtools --weir-fst-pop
(Danecek et al. 2011) across all four sets of SNPs. We calculated the FST per site between
survivors and non-survivors within the early (N=20) and late (N=20) groups. Weir and
Cockerham’s FST calculation consists of an analysis of covariance (ANOVA) approach that
estimates between population variance while correcting for various population sizes (Weir
and Cockerham 1984). Although FST statistics range from 0 to 1, where values closer to zero
represent higher population admixture, Weir and Cockerham’s FST calculation in VCFtools
can also generate negative values when there is higher genetic variation within the
population than between populations. In such cases, negative values can be considered as
zeros for ease of interpretation (i.e., absence of population structure).

We also plotted the mean and median pairwise FST per comparison against a random
distribution of FST to correct for any bias that might have occurred due to small sample sizes
(i.e., N=10 per group because of the limited number of late survivors). For this, we performed
1000 iterations of the FST per site calculation between random groups of individuals from
the 40 samples (each iteration was performed with a random set of individuals) with a
custom Python script. We then calculated the P-values between the mean and median FST in
the true groups against the random distribution.

Even if FST is a widely used summary statistic for the determination of population
divergence, particular attention must be given to the interpretation of low FST values. Low
FST values reflect situations in which the observed allele frequency differences are inferior
to differences that arise by accident (Neigel 2002). In any case, our main objective was not
to detect global population structure, but to determine whether the two hatching groups
have accumulated genetic variability differently. In order to detect such fine-scale
differentiation between survivors and non-survivors in the early and late groups, we used a
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somehow rawer summary statistic that allows for the direct comparison of the allele
frequencies between groups, the absolute Allele Frequency Difference (AFD) (Berner 2019).

The AFD is proposed as an alternative for measuring population differentiation and
should be more sensitive than the FST in cases where population structure is weaker (Berner
2019). The AFD calculation relies on a simple formula, in which the sum of minor alleles in
one group is subtracted by the sum of minor alleles in another group:

𝐴𝐹𝐷 =  ∑𝑚𝑖𝑛_𝑎𝑙𝑙𝑒𝑙𝑒𝑠
𝑔𝑟𝑜𝑢𝑝1

−   ∑𝑚𝑖𝑛_𝑎𝑙𝑙𝑒𝑙𝑒𝑠
𝑔𝑟𝑜𝑢𝑝2

In our case, we calculated the AFD for the minor allele in all four SNP sets. We used
the minor allele frequency since our main focus was on the segregation of deleterious
mutations (MODERATE and HIGH in particular) between groups, and these types of
mutations are usually found at low frequencies in the population (Sunyaev et al. 2001). Also
for this reason, we did not filter for a minimum allele frequency. As described above for the
FST estimates, we also tested the AFD calculated in true early and late groups against a
random distribution, using 1000 iterations of random groupings of individuals.

We make an observation regarding the biological meaning of using the minor allele
for the AFD. For the HIGH impact SNPs, we considered the minor allele as an equivalent of
the derived allele that should be highly deleterious, due to the low frequency at which these
alleles are found in the population, as explained above. However, for the MODERATE, LOW,
and MODIFIER SNPs, the use of the minor allele as a proxy of deleteriousness does not
hold, which is obvious in the case of LOW and MODIFIER. In our analyses, the use of the
minor allele in the less deleterious SNP categories was done as a matter of standardisation
in the AFD calculation, as the AFD formula demands a focal allele to be used for
comparison.

In order to test whether early and late chicks show different patterns of segregation
between dead and survivor individuals for polymorphic sites in each category, we
compared the distribution of genotype counts (i.e., heterozygous, homozygous for the
minor and major alleles) per individual among the four groups. In particular, we performed
linear regressions per SNP category in R (R Development Core Team, 2022), fitting a linear
model (lm) in which genotype counts are predicted by both survival (i.e., survivor or
non-survivor) and phenological group (i.e., early or late) (model fit_1 = genotype ~
group*survival). We then tested this model against a null model, in which genotype counts
are not predicted by these factors (model fit_0 = genotype ~ 1), through an analysis of
variance (ANOVA) in R. In cases where the ANOVA was significant, we decomposed our
model in order to detect the contribution of survival and phenological group separately
(model fit_2 = genotype ~ group + survival), performing a chi-squared test (chisq) to test for
significance.
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3. Results

3.1. Absence of global genetic structure

The SnpEff categorisation predicted 12,107,720 MODIFIER, 94,837 LOW, 53,219
MODERATE, and 649 HIGH impact SNPs in the king penguin genomes in our dataset.
Independently of the SNP category, no global separation or clustering pattern was seen
among early and late individuals that survived or not after winter with the PCA (Figure 1).
Even if a few samples appear to be distant from the main cluster in the PCA plots (Figure 1),
the variance in both principal components (PC1 and PC2) is so low that they cannot be
considered as outlier individuals (maximum PC variance is lower than 1.3 % in the HIGH
impact PCA). This can also be observed with the standard deviation bars.

Figure 1. Principal component analysis (PCA) per SNP category in the 40 penguin chicks: early survivors (dark
orange), early non-survivors (light orange), late survivors (dark blue), late non-survivors (light blue) per SNP
category (modifier, low, moderate, and high impact SNPs). MODIFIER SNPs are a random subset of 96,615
SNPs from the total 12 Gb SNPs in this category. Bars represent the standard deviation in each group.

In line with these results, mean FST estimates also showed no evidence of genetic
divergence between survivors and non-survivors in either early- or late-born individuals in
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all SNP categories (Figure 2). Mean FST per site in all comparisons were extremely low, with
the maximum value of 0.0102 between late survivors and non-survivors in the MODIFIER
SNPs. This particular FST comparison was also the only statistic with a P-value < 0.05 when
tested against a random distribution of FST (P-value=0.047, Figure 2). However, this result
should be interpreted with caution, as the P-value can slightly oscillate depending on the
iteration of random sampling, and was not always significant when we strictly used a
P-value threshold < 0.05.

In addition, as briefly mentioned in the Material and Methods, small FST values should
be interpreted with caution, as this statistic is less sensitive to slight changes in allele
frequencies when population differentiation is low. In other words, the relationship between
FST and allele frequency changes is non-linear, and it may inflate FST values when population
differentiation is high, while disproportionately deflating FST when population differentiation
is low (Berner 2019), as is our case. For this reason, we cannot assume any level of genetic
differentiation between survivors and non-survivors in the early and late groups by these
results.

As the King penguin is a largely panmictic species (Cristofari et al. 2018), the lack of
global genetic differentiation is in line with our expectations. In fact, early and late breeders
are known to come from an overlapping set of individuals that start reproducing early or
late depending on their success in the previous season (Stonehouse 1960; Barrat 1976) (i.e.,
early breeders that successfully fledge a chick in one season will start late in the next
season, or will skip a breeding year).
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￼
Figure 2. Mean FST per site between survivors and non-survivors in early and late groups tested against 1000
random grouping iterations. From top to bottom, graphs represent the mean FST in MODIFIER, LOW,
MODERATE, and HIGH impact SNPs. Histograms represent the 1000 iterations of FST calculations per site with
random groupings of individuals. Orange and blue lines represent the mean FST per site between survivors
and non-survivors in the early and late groups, respectively. P-values represent the probability that the mean
FST between early and late survivors and non-survivors was found by chance, in the random sampling of
individuals.
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3.2. Genetic variability and load

We calculated the allele frequency differences (AFD) of minor alleles between
survivors and non-survivors within the early and late groups, testing the mean AFDs against
a random distribution. Our hypothesis here was that minor alleles are deleterious, which is a
good approximation in the case of HIGH effect SNPs, and we tested whether survivors have
less minor alleles. A P-value < 0.05 is supportive of a statistical difference in this direction.
However, a P-value > 0.95 would be supportive of a statistically higher proportion of minor
alleles in the survivors. Interestingly, we found significant AFD in the HIGH impact SNPs
between early survivors and non-survivors (P-value=0.009), but not between late survivors
and non-survivors (P-value=0.625) (Figure 3). The negative mean AFD in the early group
(-0.0052) is indicative of a higher frequency of highly deleterious alleles in non-survivor
early individuals. Late non-survivors do not seem to have a higher frequency of these
mutations when compared to late survivors. The other SNPs categories did not produce any
significant AFD between early and late survivors and non-survivors (P-values > 0.05) (Figure
3). In the case of MODIFIER SNPs, we observe a slightly significant result in the opposite
direction (higher proportion of minor alleles in the survivors P-value = 0.045).
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Figure 3. Allele frequency differences (AFD) of minor alleles between survivors and non-survivors of early and
late chicks. From top to bottom, graphs represent the mean FST in MODIFIER, LOW, MODERATE, and HIGH
impact SNPs. Histograms represent 1000 iterations of AFD calculations with random groupings of individuals.
Orange and blue lines represent the mean AFD between survivors and non-survivors in the early and late
groups, respectively. P-values represent the probability that the mean AFD between early and late survivors
and non-survivors was found by chance, in the random sampling of individuals.

To investigate how the different SNPs are distributed within groups in more detail, we
compared the allele counts per genotype in each SNP category (Figure 4). As can be seen
in Figure 4 and in Table 2, some of the observed genotype counts can be related to the
group and/or the survival of the chick (i.e., significant ANOVA and linear regression results,
Table 2). All chisq values mentioned in the text below make reference to the results in Table
2, unless otherwise explicitly indicated.
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MODIFIER SNPs (i.e., likely non-deleterious variation) represented the only SNP
category in which all genotype counts could be predicted by survival, and in some cases
also by group (Table 2). More specifically, heterozygous genotypes were significantly more
prevalent in survivor individuals than in individuals that did not survive until fledging (surv
chisq=0.001975) independently of the group (group chisq=0.126521) (Figure 4b).
Accordingly, homozygous genotypes for both minor and major alleles were more frequent
in non-survivors (Figure 4c). In this case, the quantity of homozygous sites for the major
allele is only related to survival (surv chisq=0.002531) (Figure 4a), while for the minor allele,
both survival and group have an impact on genotype counts (group chisq=0.031475; surv
chisq=0.004789) (Figure 4c).

In other words, late-born chicks showed a lower accumulation of homozygous sites
for the minor allele than early-born chicks, even though no major assumption can be made
about the minor allele in this category. The effects of MODIFIER SNPs minor or major alleles
cannot be known from our unpolarized data, and especially when no other information
about the sequence is known (e.g., conservation level). Minor alleles could represent new
mutations that can still have a frequency increase in the population due to positive
selection, or even mutations that we still do not have information about the impact (e.g., in a
regulatory intragenic region) (Park et al. 2011). In general, this SNP category should be
characterised by neutral mutations, or mutations whose impact on fitness is not known.

For these reasons, no conclusive interpretation can be drawn regarding the major
and minor alleles in homozygosity in this category for the moment. As will be explained in
the Conclusions and perspectives section of this chapter we are currently producing a
multi-species alignment to acquire SNP conservation scores in order to have a better
understanding of the relative importance of each region. In any case, what our results show
so far is that survivor individuals from both early and late groups were less homozygous
than the non-survivor individuals from their respective groups.
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Figure 4. Distribution of minor alleles based on SnpEff predicted categories. Boxplots of the counts of SNP by
category, according to SnpEff, in each of the four groups of chicks: EN early non-survivors (in light orange), ES
early survivors (in dark orange), LN late non-survivors (in light blue), LS late survivors (in dark blue). From left to
right: MODIFIER, LOW, MODERATE, and HIGH impact SNPs. The four bottom plots display the total number of
alleles of each SNP category within all genotypes in each group; the bottom roll shows all the minor allele
counts (contained in both heterozygous and homozygous for the minor allele genotype); the second bottom
row shows the SNPs in homozygous genotypes for the minor allele; the third bottom row, the SNPs present in
heterozygous genotypes; and the top row, the SNPs in homozygous genotypes for the major allele. Green
asterisks are indicative of significant ANOVA tests of phenological groups combined with survival (P-value <
0.05, Table 2).

Table 2. P-values of the ANOVA of genotype counts prediction by a combination of phenological group and
survival per SNP category. The ANOVA test was performed between the linear model in which genotype
counts are predicted by the combination of being an early- or late-born and surviving or not-surviving (fit_1 =
genotype ~ group*surv), and a model in which genotype counts are not predicted by those factors (fit_0 =
genotype ~ 1). P-values < 0.05 (*) suggest that the two models are significantly different. When P-values were
significant (in bold), we performed another linear regression model separating the effects of group and
survival (fit_2 = genotype ~ group+surv). The contribution of group and survival to genotype counts was

calculated with a chi-squared test (chisq).

MODIFIER LOW MODERATE HIGH

Homozygous
major allele

0.0127*
Group: 0.255771
Surv: 0.002531

0.551 0.2431
0.02814*

Group: 0.03038
Surv: 0.14478

Heterozygous
0.006736*

Group 0.126521
0.08792 0.1652 0.1271
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Surv: 0.001975

Homozygous
minor allele

0.006003*
Group: 0.031475
Surv: 0.004789

0.02509*
Group: 0.209561
Surv: 0.0029515

0.4645 0.4837

After observing significantly higher heterozygosity of MODIFIER SNPs in survivors,
we wondered whether such heterozygosity would be concentrated in specific genomic
regions, or if it was a widespread pattern throughout the genome. To explore this, we
explored the heterozygosity difference between the survivors and non-survivors in 5 Kb
windows for all SNPs in both groups (Figure 5). We observe that peaks of differences in
heterozygosity are apparently uniformly distributed along the genomic windows, for both
early and late. This widespread heterozygosity, mostly caused by the numerous MODIFIER
SNPs, indicates that genetic variability is not concentrated in specific regions.

Figure 5. Genome wide heterozygosity by 5 Kb window. Difference between survivors and non-survivors
heterozygosity per 5 Kb window in the genome with all SNPs. Orange and blue bars represent early- and
late-born individuals, respectively. Positive values represent higher heterozygosity in survivors, while negative
values represent higher heterozygosity in non-survivor.

The LOW impact SNPs showed a similar pattern to the MODIFIER SNPs, with an
apparent accumulation of heterozygous genotypes in surviving individuals, and
homozygous genotypes in non-surviving individuals (Figure 4e-g). Despite this trend, only
the homozygous genotypes for the minor allele were significantly predicted by survival (surv
chisq=0.0029515) (Figure 4g). Even though LOW impact SNPs are located inside genes,
these are mainly synonymous sites where neither the major nor the minor allele cannot be
considered as the deleterious. Consequently, for the moment, we interpret the LOW impact
SNP results similarly to the MODIFIER SNP results where heterozygosity is taken as a proxy
of genetic diversity.

On the other hand, MODERATE impact SNPs did not show any statistically significant
relationships between genotype counts, group and survival (Table 2). Visual comparison of
genotypes’ distributions suggests that survivor individuals (from both early and late groups)
have an apparent lower accumulation of homozygous genotypes for the minor allele
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(Figure 4k). However as mentioned, minor alleles at MODERATE impact sites cannot be
confidently considered as deleterious. As suggested by their category which includes
mainly non-synonymous sites, moderately deleterious mutations have lower selection
coefficients and are affected by less intense purifying selection so that some of them can
also reach high frequency in the population. Therefore, we cannot approximate the
MODERATE SNPs’ impact by the frequency in which they are detected in our dataset.
Moreover, this dataset can still be filtered through sequence polarisation, by using the
derived alleles as an approximation of the most deleterious alleles (Grossen et al. 2020).

Finally, we detected a general accumulation of HIGH impact SNPs (mostly nonsense
mutations) in early non-survivors in comparison to all other groups (Figure 4p), as had also
been observed in the AFD analysis. In other words, early non-survivors harbour higher
quantities of minor alleles expected to be highly deleterious. Such alleles are both in
heterozygous genotypes (i.e. masked load), which will contain one copy of the allele, and in
homozygous genotypes for the minor allele (i.e. realised load), containing two copies of this
allele.

Even if not statistically significant, the prevalence of deleterious alleles in the early
non-survivor group seems to be mainly due to its occurrence in heterozygous genotypes
(Figure 4n) than in homozygous genotypes for the minor allele (Figure 4n) (HETERO group
chisq=0.0701; HOMO MINOR group chisq=0.5554, not shown in Table 2). Indeed, due to the
likely highly deleteriousness of these SNPs, the quantity of homozygous SNPs for this allele
is extremely low even for non-survivors (i.e., maximum 7 loci).

The only statistically significant comparison was in the HIGH impact SNP category for
the homozygous genotypes of the major allele, which should be the non deleterious one
(P-value=0.02814, Figure 4m). When decomposing the factors possibly causing the
difference in counts for this genotype, we detected a significant relationship only with the
phenological group (group chisq=0.03038), but not with survival (surv chisq=0.14478), even
though early non-survivors show the most diverging distribution of homozygous genotypes
for the major allele (supposedly non-deleterious). In other words, early non-survivors have
an apparent higher frequency of deleterious alleles compared to early survivors and late
individuals. Furthermore, late non-survivor individuals do not seem to harbour higher levels
of highly deleterious alleles compared to late individuals that survive (at least until fledging).
In fact, early survivors, late survivors and non-survivors seem to have a similar mean of total
highly deleterious alleles across all genotype categories. This was surprising, as our initial
hypothesis was that late-born individuals that survive until fledging would be subject to
stronger purifying selection, which would purge highly deleterious alleles from the
population more efficiently than in the early group. In spite of our predictions, our results
suggest that late-born individuals, whether surviving through winter or not, already start
with lower levels of deleterious mutations in comparison to early-born individuals (i.e., lower
levels of genetic load in the late compared to the early group).

70

https://paperpile.com/c/usw2WV/L2XiV


4. Discussion

The main objective of this study was to investigate whether individuals born in
mismatch with resources can help to purge deleterious mutations from the population while
maintaining high genetic variability. Of particular interest was the widespread genomic
effect of breeding under mismatch in a large natural population, which can hold high levels
of masked genetic load. To this end, we evaluated the distribution of SNPs with different
predicted effects from the whole genomes of 40 king penguin chicks under matched or
mismatched conditions that either survived or did not survive the first year of life before
fledging. We expected individuals that survive through the first year of life to show lower
levels of deleterious mutations and higher levels of neutral genetic variability than
non-survivors, independently of being born in match or mismatch with conditions. Because
late-born individuals are expected to suffer from stronger selective pressures in this first
year (higher mortality rates, Olsson 1996; Weimerskirch et al. 1992; Stier et al. 2014), we
expected this pattern to be stronger in the late (mismatched) compared to early (matched)
group.

4.1. Late-born individuals have lower genetic load

Differently from our prediction on genetic load, highly deleterious alleles were more
prevalent in non-survivors of the early-born group, but not in non-survivors from the
late-born group. However, this was due to the fact that late chicks that did not survive had
similar lower levels of deleterious mutations than all survivor chicks, from both early and late
groups. Our initial expectation, that the late-hatchling would more efficiently segregate
deleterious mutations, was based on the fact that early- and late-breeders (parents) are not
considered as separate groups of adults, as a successful early-breeder in year n can be a
late-breeder in year n+1 (Descamps et al. 2002). Thus, we had assumed early and late
chick’s alleles to have originated from the same genetic pool, and, consequently, that early-
and late-hatchlings would be born with an analogous baseline of deleterious mutations. In
this scenario, from all chicks born in the late group, those with a higher accumulation of
deleterious mutations would have not been able to outlast the intense selective pressure of
winter fasting. In spite of this, what we observe is that even late individuals that do not
survive until fledging already start with a lower baseline of highly deleterious mutations.

This suggests that individuals with higher genetic load are not even born in
mismatched conditions in this species, while matched conditions allow for a more
heterogeneous group to be generated. In this case, we suggest that mismatch imposes
stronger selection before chick hatching, acting pre-fecundity (i.e., adults with higher levels
of deleterious mutations do not try breeding late) or post-fecundity (i.e., eggs with high
genetic load foetus do not hatch). Individuals breeding in match with resources, on the
other hand, do not seem to suffer from such pre-hatching selective pressures with such
strong intensity.
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Furthermore, independently of hatching phenology, our results indicate that viability
selection in the King penguin plays an important role in removing highly deleterious
mutations from the population under both match and mismatch. If we exclusively consider
the selective pressures during the first year of a chicks’ life, we can conclude that breeding
under mismatched conditions selects for breeders with lower genetic load.

However, because our dataset is composed of a unique sampling year, and king
penguin reproductive success is dependent on environmental conditions, whether purifying
selection can be less stringent in both matched and mismatched groups in years when food
is more abundant (e.g., depending on the oceanographic oscillations that influence the
position of the APF, Freeman et al. 2016), is still an open question. The inclusion of genomic
data from individuals born in different years with variable chick survival rates could
elucidate the real impact of the recruitment of late chicks to the population’s genetic load.
The inclusion of time-series data is planned in the next steps following this project.

4.2. Lower homozygosity in mismatched genotypes

Regarding the distribution of genetic variability on survivors and non-survivors, our
results support our initial prediction that individuals that survive until fledging harbour
higher levels of heterozygosity in putatively neutral alleles (MODIFIER SNPs) than
non-survivors. This suggests that heterozygosity levels are likely related to survival through
the first year. Complementary to this, high levels of homozygous genotypes for these
putatively neutral alleles were related to mortality.

As has been long posited by classic population genetics theory, neutral genetic
variability is expected to have an impact on population level fitness, through the increase of
the adaptive potential of the species (Willi et al. 2006; Kardos et al. 2021). At the same time,
the main impact of high homozygosity levels is related to inbreeding depression (i.e.,
reduction in fitness due to the combination of alleles identical by descendent), caused by
recessive deleterious alleles that combine more often in small populations (Charlesworth
and Willis 2009). However, we are not aware of previous studies showing such a strong
direct impact of homozygosity of nearly neutral alleles in individual mortality, and therefore
fitness, in a large population.

More information is needed to know if all MODIFIER intragenic mutations are indeed
neutral or nearly neutral. We are working on the generation of conservation scores (e.g.,
GERP scores, Cooper et al. 2005) from a multispecies bird alignment (Feng et al. 2020) to
obtain a second measurement of SNP impact. Sequence conservation scores provide
clearer information about sequence neutrality than the categorisation predicted from
sequence annotation, as in SnpEff, although such scores can be less clear for defining
highly deleterious mutations (Grossen et al. 2020). Independent of this, we are also aware
that even apparently neutral intergenic loci can have an impact on fitness, such as gene
expression regulation, RNA editing, and protein folding (Chamary et al. 2006).

In fact, non-survivors of both groups have an accumulation of homozygous
genotypes for the minor allele, which could be potentially slightly more deleterious (Kido et
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al. 2018). Additionally, the whole early group harbours more of these genotypes than the
whole late group, which could mean a lower accumulation of genetic load in the late group
if the minor alleles are actually more deleterious. However, as mentioned above, this is
merely a speculation, as we cannot know the real effect of minor and major alleles at the
moment. In any case, the overall strikingly high amount of putatively neutral genotypes that
differentiate survivors and non-survivors in our data suggests that there could be a more
widespread fitness effect of intergenic heterozygosity than previously thought.

4.3. Genetic load and variability as predictors of survival

Conservation genetics is a realm of population genetics focused on the use of
evolutionary and molecular genetics applied to species conservation (Frankham 2010).
Even with the increasing number of conservation genetics studies concerned with the
capacity of species or populations to persist under rapid climate change (Benazzo et al.
2017; Bozzuto et al. 2019; Robinson et al. 2019; Grossen et al. 2020; Kardos and Luikart
2021), there is still no consensus about the use of genetic variability or genetic load as a
proxy of fitness and extinction risk (Teixeira and Huber 2021; Kardos et al. 2021). This is
probably due to the complexity of life history strategies, demographic histories and
interactions in natural systems. Such complexity makes it difficult, if not impossible, to use a
generalisable proxy that would be adequate to most species. However, the use of different
genetic markers and statistics can also lead to discordant conclusions that may inflate this
discussion.

For example, Teixeira and Huber (2021) have argued that nucleotide diversity (π), a
commonly used measure of genetic variability, should not be used as a predictor of
extinction risk. They demonstrate that some Critically Endangered species according to the
International Union for Conservation of Nature (IUCN) Red List status, such as the gorilla
(Gorilla gorilla), can show similar or even higher levels of nucleotide diversity than Least
Concern species, such as the common minke whale (Balaenoptera acutorostrata). On the
other hand, other Least Concern species, such as the naked-mole rat (Heterocephalus
glaber), can have equally low levels of π than some Critically Endangered species, such as
the West African chimpanzee (Pan troglodytes verus). The authors argue that low
nucleotide diversity is mostly a consequence of small effective population sizes, in which
genetic drift acts more strongly than selection. In this case, lower genetic diversity is just a
reflection of demographic history and is not representative of the impact of selection on
population fitness. The opposite can also be true, as species considered as Critically
Endangered can keep higher levels of genetic diversity in a larger core population, while
having peripheral populations suffering from rapid loss of genetic variability, such as in the
case of gorillas (van der Valk et al. 2018).

Indeed, nucleotide diversity may not be a suitable proxy for species risk assessment,
but mostly if demographic history is not taken into account. Actually, π is known to be highly
affected by population demography, as it depends on the total amount of alleles in the
population (Coop 2020). In addition, there is a lag of time between demographic decline
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and genetic variability loss, so the higher levels of genetic diversity in endangered species
could decrease drastically in a few generations, as demonstrated by (Kardos et al. 2021).
These authors defend that genome-wide variation should not be taken for granted when
assessing extinction risk. Kardos et al. claim that criticism over the use of genetic variability,
and especially π, as a proxy is mostly unjustified, as opposers tend to judge it without
considering the factors that lead to the observed genetic variability, such as demography,
number of sampled individuals and how much they are actually representative of the
population.

Finally, Kardos et al. (2021) also advocate for the use of genome-wide variability, as a
broader set of widespread loci can be more easily used for conservation decision making
than a smaller amount of deleterious loci. In this troubled scenario, our results actually give
hints that both measures can be indicative of fitness in a wild population. In our study, we
detected that both a genome-wide lack of heterozygosity and a higher accumulation of
highly deleterious mutations are related to early-life mortality in the king penguin. Moreover,
considering mortality as a component that drags individual fitness to zero (Orr 2009), we
can suggest that both high genetic variability and low genetic load seem to be proxies of
fitness. Whether one of those factors can be predictive of the other is still an open question
in which we are currently working on. Our future objective is to test if individuals with higher
heterozygosity at neutral loci also harbour lower amounts of genetic load.

Apart from winter fasting, a significant amount of king penguin chick mortality is also
due to predation, which is responsible for 48% of deaths in the studied colony (Descamps et
al. 2005). Although giant petrels and skuas tend to attack smaller chicks at the periphery of
the colony and creches, which usually correspond to late chicks (Le Bohec et al. 2005;
Descamps et al. 2005), specific individual predation can also happen by random chance.
From what we observed in our study, the genetic composition of the chick plays a greater
role than random chance in determining mortality. This cements the hypothesis that, even
though many external factors can be related to fitness reduction and extinction risk, such as
habitat loss and predation pressure, genetic composition can be crucial to species
persistence (Spielman et al. 2004).

Although we cannot currently use our results to confidently conclude that these
patterns can be generalised, as the observed patterns need to be refined (work in progress)
and also tested in other species, it gives a first step towards the comprehension of genetic
mechanisms that can allow populations to avoid extinction in the future. We advocate for
the use of other large natural populations, which have not passed through recent
detrimental demographic events, such as bottlenecks, as a way of reaching more
generalisable conclusions. By understanding general genetic composition patterns that can
lead to mortality in a large population, proper reintroduction measures can also be taken in
smaller endangered populations to avoid extinction. Moreover, even currently large
populations are subjected to rapid declines, which can even lead to genetic meltdowns in
the case of rapid inbreeding and realisation of previously masked load (Bertorelle et al.
2022). Thus, studying the genetic composition of large populations can also assist their
proper conservation in the future.
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The King penguin is currently considered as a Least Concern species by the IUCN
Red List, as it is composed of a large panmictic population (BirdLife International 2023). Yet,
a previous study using ecological niche modelling has estimated that climate change might
push the Antarctic Polar Front southwards, farther from the swimming capacity of the
species during the breeding season (Cristofari et al. 2018). Such APF displacement would
lead to the disappearance of all colonies from nine out of the fifteen islands the species
currently breeds in, including the studied colony in the Crozet Archipelago, before 2100. In
this scenario, we believe that the late breeding strategy could serve as a way out of
extinction, as it keeps individuals capable of breeding out of the peak of resources, while
harbouring high genetic variability and low genetic load.
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5. Conclusions and perspectives

Although reproducing in mismatch with environmental resources is mostly known for
its negative impacts on individual fitness, many studies have suggested the potential that
adaptive mismatched phenotypes can have for population persistence under climate
change (Stenseth and Mysterud 2002; Charmantier et al. 2008; Visser et al. 2012). Our
study represents some of the first evidence that mismatched genotypes can also contribute
to fitness in a natural population, through the purging of highly deleterious alleles and of
high levels of homozygosity from the population. A clearer interpretation of the fitness
impact of the different mutation classes is still needed to give a better picture on how
moderately and slightly deleterious mutations are segregating as mismatched genotypes.
However, the widespread signal detected in the genotypes of survivors and non-survivors
indicate that mortality, and consequently, fitness, has a strong genetic component in this
species. Moreover, we expect that these results represent the first of more studies to
examine the genetic background of large natural populations before it is too late to protect
them from extinction.

Among our short-term perspectives, which include analyses that are already being
done, we first intend to polarise SNP data in order to better interpret the moderately and
slightly deleterious mutations (MODERATE and LOW impact SNPs from the SnpEff
annotation). To do this, we are using GATK v.4.2.2.0 (McKenna et al. 2010; DePristo et al.
2011) to call SNPs of 12 individuals from three closely related penguin species to the King
penguin, the Emperor, Adelie and Gentoo penguins. The output of these analyses can be
used to polarise the alleles into an ancestral or derived state.

Also regarding an improved annotation of potential SNP impact on fitness, we have
mapped the king penguin genome to a 363 bird species genome alignment using cactus
(Armstrong et al. 2020). This is so we can use another approach for the prediction of
deleterious mutations based on sequence conservation with GERP++ (Cooper et al. 2005)
or PhyloP (Siepel et al. 2005). In order to test whether high heterozygosity for neutral loci
can predict levels of deleterious mutations, we plan to use a linear model of regression to
test dependency of genotypes within the same individual. Finally, as a longer term
perspective, we intend to include more genomes from early and late individuals born in
different years, in order to see whether our observed signals change based on oscillating
environmental conditions, such as the position of the APF.
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1.Introduction
The exposure to stressful environmental conditions can have direct impacts on

individual fitness (i.e., survival and reproduction) (Marak et al. 2003; Crino and Breuner
2015; Watson et al. 2017). These fitness impacts may be even more accentuated when
stressful conditions occur during early-life, when individuals have not yet fully completed
their development and are still largely inexperienced (Lindström 1999). Many studies have
demonstrated that early-life restrictions, such as limited food availability, can impair an
individual’s survival and performance during adulthood (Taborsky 2006; Mugabo et al. 2010;
Millon et al. 2011; Hamel et al. 2009; Hayward et al. 2013). Such detrimental impacts of early
developmental constraints on adult survival and performance are known as the silver-spoon
effect (Grafen 1988).

Poor early-life conditions that lead to silver-spoon effects can affect individuals at
different stages of their lifetime. As an example, a study on a long-lived shorebird showed
that individuals born in better quality areas (i.e., nesting areas closer to feeding ones) had
higher juvenile survival, and adult survival and reproductive success than individuals born in
low quality areas (Van de Pol et al. 2006). Another example involves lower survival and
reproductive rates of human populations that faced famine during childhood (Hayward et al.
2013).

Aside from the apparent negative effects of being born under non-optimal conditions
on individual fitness, challenging conditions may generate adaptations that can be useful
later in the individual’s life, or even increase the fitness at the population level (Ghalambor
et al. 2007). In this context, an alternative hypothesis to the silver-spoon effects is the
predictive adaptive response (PAR), which posits that stress experienced in early-life can
provide phenotypic advantages to individuals when re-exposed to stress during adulthood
(Bateson et al. 2014). However, this hypothesis may only hold true if the constraints faced in
early-life are similar to adult-life conditions (Gluckman et al. 2005). Additionally, stressful
conditions will only be able to lead to unique adaptations if the pressures fall within the
reaction norm limits (i.e., the sensitivity of individuals with similar genotypes to a specific
environmental variability) of the population (Schlichting and Pigliucci 1998).

Considering the increasing unpredictability of environmental conditions due to the
rapid global changes, populations able to produce a higher range of phenotypes under
different environmental conditions (i.e., phenotypic plasticity) are expected to have a
quicker response and, therefore, higher chances of persisting under new pressures
(Aubin-Horth and Renn 2009). Furthermore, for species which are highly dependent on the
seasonality of the resources (e.g., food peaks), phenological plasticity can play a key role in
adaptation to asynchrony (De Lisle et al. 2022). However, other studies show possible
limitations in the potential of adaptive plasticity under unpredictable conditions. More
specifically, when environmental cues are not reliable, plasticity may be limited by the levels
of genetic diversity in the population (Oostra et al. 2018).

To better understand the role of phenotypic plasticity in adaptation to environmental
asynchrony, we investigated the potential plastic phenological responses of a species
exposed to naturally contrasting and seasonal environmental conditions, the King penguin
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(Aptenodytes patagonicus). This sub-Antarctic species is characterised by two peaks of
egg-laying producing two main groups of chicks that are born and grow under different
levels of stress, generated by the seasonality of food availability which deteriorates
throughout the season (Descamps et al. 2002; Stier et al. 2014). One of the main early-life
challenges for this species is overcoming the first long winter fast before fledging (i.e., from
June to September), as chicks are fed less often by the adults, which have to forage farther
from breeding grounds during that period (Descamps et al. 2002). Thus, chicks that survive
until fledging must build up sufficient energy reserves until the beginning of winter fasting,
being that this pressure is more critical for late-born individuals (Stier et al. 2014).

Although late chicks that survive through winter are capable of growing faster than
early chicks in a shorter period of time, the stress of fast growth is expected to come with
the cost of producing high levels of reactive oxygen species (ROS) (Stier et al. 2014). In this
scenario, whether the unfavourable early-life conditions faced by late-born individuals
generates a burden (silver spoon hypotheses) or prepares individuals for pressures of
adult-life (PAR), such as fasting periods during moulting and breeding (Cherel et al. 1988a,b;
Groscolas & Cherel 1992), is still an open question.

Here, we explore this matter by using the blood transcriptome of individuals born
under naturally distinct stressful conditions: early-hatchlings born in January (matched
conditions) versus late-hatchlings born in February). If some late-hatchlings survive until
fledging even with less time to grow until the first winter fasting, we expected the
phenological groups to show plastic differences (i.e., gene expression) already a few days
after hatching. Because the pressures posed by fasting are also present in adult-life, our
hypothesis is that the plastic response of late chicks could act as a PAR, and not as silver
spoon effects, preparing individuals for the pressures faced later in life. We expect to find
signals of genes and pathways regulating faster growth in the late chicks in comparison to
early chicks, as well as genes and pathways related the potential metabolic costs of fast
growth (e.g., higher oxidative stress (OS); (Geiger et al. 2012).

Furthermore, until the moment of writing, our study is the first to sequence and
characterise the blood transcriptome of the King penguin, meaning this work represents the
first foray into the analysis of potentially differentially expressed genes between two
different developmental stages. Finally, we demonstrate that the blood transcriptome can
provide a valuable resource for inferring the physiological status of individuals.
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2. Material and Methods

2.1. Sampling design

Sampling was carried out in the king penguin colony of La Baie du Marin (here
referred to as BDM), Possession Island, Crozet Archipelago (46°24′27″S 51°45′27″E), during
the breeding seasons of 2020 and 2021. More specifically, king penguin chicks were
sampled from the sub-colony Antavia, which represents a breeding area in the southern
part of BDM that is naturally enclosed with four passages used by the penguins to reach for
the sea (Gendner et al. 2005). Restricting the sampling to this sub-colony allows for a more
efficient monitoring of chicks during their first year on land.

To investigate the effects of different intensities of early-life stressors on gene
expression, and whether individuals are able to catch-up to the conditions required to
fledge, early- and late-born chicks were sampled at two time-points: ca. 3 weeks after
hatching and ca. 2 weeks before fledging. To ensure a homogenous developmental stage
between the early and late sampling sessions, king penguin chicks captured at hatching
weighed between 500 to 1000 grams and were sampled during the brooding stage (i.e.,
when chicks are still kept in the brooding patch of the parents). This mass threshold was
also used as a guiding procedure to avoid mixing early and late chicks when sampling late
chicks.

A total of 69 early and 72 late chicks were captured at hatching in 2020. From these,
39 early and 10 late chicks were recaptured at fledging. In 2021, 40 early and 60 late chicks
were captured at hatching, from which 28 early and 22 late were recaptured at fledging.
Because late chicks have a higher mortality rate (Olsson 1996; Weimerskirch et al. 1992;
Stier et al. 2014), we sampled more chicks from this group to increase the probability of
having at least ~10 chicks that survived to fledging. As described in section 2.2. Wet
laboratory and RNA sequencing of this chapter, the selection of the survivors group
selected for RNA sequencing was based on blood sample and RNA extraction quality.

Captures at hatching occurred within a time window of 7 to 10 days, starting at the
end of January for early chicks and at the end of February for late chicks (see Table 1 for
specific dates). Chicks were sampled for blood at the brachial vein using a 25-gauge needle
and a microcapillary tube. We directly transferred 3 to 9 drops of blood into a 1.5 mL
microcentrifuge tube prepared with aliquots of the PAXgene® Blood RNA Solution following
the manufacturer’s recommended ratio of 2.76 blood:solution. Tubes were inverted 10 times
and freezing procedures followed the manufacturer’s instructions, with final freezing at
-80°C until processing in the laboratory. Prior to release, chicks were also marked with a
small external plastic pin (Fishtag, Floytag) stamped with a unique number for individual
recognition during and after winter (Figure 1a).

Chicks were then followed through the winter and surviving individuals were
recaptured at fledging (i.e., at the end of their first moult, at ~ 11 months old) (Figure 1c).
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Recaptures at fledging occurred from early November to February of the following year (see
Table 1 for specific dates), when a second blood sampling was taken following the same
procedure described above. After the blood sampling, we removed the fishtag from the
chicks and marked the individuals with subcutaneous Radio Frequency Identification (RFID)
tags, to monitor them remotely throughout their life (detailed in Fernandes and Bardon et al.
in prep - Chapter 3). All manipulations were approved by the French Ethics Committee
(APAFIS#4897-2015110911016428) and the French Polar Environmental Committee (TAAF
permit #2019-115 & 2019-129) and conducted in accordance with its guidelines.

Table 1. Capture dates of hatching and fledging chicks in 2020 and 2021 breeding seasons. Note that
although the 2020 chicks were recaptured at fledging, these samples are not included in the analyses, due to
an absence of RNA integrity for sequencing.

Early hatching Late hatching Early fledging Late fledging

2020 25/01/2020 -
31/01/2020

25/02/2020 -
04/03/2020

30/10/2020 -
22/01/2021

08/11/2020 -
14/01/2021

2021 22/01/2021 -
25/01/2021

26/02/2021 -
03/03/2021

21/10/2021 -
22/01/2022

01/11/2021 -
20/12/2021

Figure 1. Developmental stages of king penguin chicks. a) King penguin chick with one parent at the end of
the brooding phase. The chick in the photo represents the approximate maximum individual size sampled at
hatching; b) Chick at the beginning of the first moult; c) Fledging chick a few days before the end of the first
moult, with a visible yellow fish-tag.

2.2. Wet laboratory and RNA sequencing

RNA extraction from the whole blood was performed using the PAXgene® Blood
RNA kit following the manufacturer's protocol, with one modification after the overnight
thawing: we transferred the samples from the 1.5 mL microcentrifuge tube to a 15 mL falcon.
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This modification allowed us to perform the first centrifugation steps using a swing-rotor
and the addition of 4 mL of RNAse-free water to wash out the PAXgene® Blood RNA
solution after the first centrifugation step, as indicated in the manufacturer’s protocol. RNA
quantification was performed with a spectrophotometer and a fluorometer, and RNA
integrity was checked with an agarose gel electrophoresis before samples were sent for
sequencing. Although chicks were sampled at both hatching and fledging in the two years,
2020 fledging samples showed intense marks of RNA degradation in the electrophoresis
gel, and were excluded from sequencing and posterior analyses.

After RNA extraction and a first quality check, 20 samples from 2020 (10 early, 10 late
hatching chicks) and 24 samples from 2021 (6 early and 6 late chicks, at hatching and
fledging) (Table 2) were shipped to the sequencing company, BMR genomics s.r.l. (Padova),
where a final 2100 Bioanalyzer quality check was made. Sequencing libraries were
prepared using the QuantSeq 3’ mRNA-Seq Library Prep Kit, which captures the 3’ end
extremity of the mRNA transcripts’ polyadenylated tail. QuantSeq is a RNA sequencing
strategy that allows direct quantification of gene expression, as each read would represent
a transcript count (Moll et al. 2014). Sequencing was performed on an Illumina NovaSeq
6000 platform, aiming for over 5 million single-end reads of 75 base pairs (bp) per sample.

Table 2. Details of samples for RNA sequencing. ID: the name of the individuals; Category: the phenological
category in which the individual was born; Year: the year in which the individual was born; Hatching RNA: if the
chick’s RNA was sequenced at hatching (around 3 weeks old); Fledging RNA: if the chick’s RNA was
sequenced at fledging (around 11 months old); Sex: the sex of the individuals was determined using SATC
(Nursyifa et al. 2022), see section 2.3.3. Identification of sex-linked scaffolds and masking in Fernandes et
al. in prep. (Chapter 1) for details; and Genome Sequenced: if the genome of the individuals was sequenced
(same individuals as in Fernandes et al. in prep. Chapter 1).

ID
Phenological

group Year Hatching RNA Fledging RNA Sex Genome Sequenced

1 KP2020_E584 Early 2020 Yes No Male Yes

2 KP2020_E594 Early 2020 Yes No Male Yes

3 KP2020_E143 Early 2020 Yes No Male Yes

4 KP2020_E147 Early 2020 Yes No Female Yes

5 KP2020_E595 Early 2020 Yes No Female Yes

6 KP2020_E599 Early 2020 Yes No Male Yes

7 KP2020_E580 Early 2020 Yes No Male Yes

8 KP2020_E153 Early 2020 Yes No Male Yes

9 KP2020_E169 Early 2020 Yes No Male Yes

10 KP2020_E190 Early 2020 Yes No Female Yes

11 KP2020_L151 Late 2020 Yes No Male Yes

12 KP2020_L008 Late 2020 Yes No Female Yes

13 KP2020_L019 Late 2020 Yes No Female Yes

14 KP2020_L033 Late 2020 Yes No Male Yes

15 KP2020_L034 Late 2020 Yes No Female Yes
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ID
Phenological

group Year Hatching RNA Fledging RNA Sex Genome Sequenced

16 KP2020_L044 Late 2020 Yes No Male Yes

17 KP2020_L053 Late 2020 Yes No Female Yes

18 KP2020_L058 Late 2020 Yes No Female Yes

19 KP2020_L059 Late 2020 Yes No Female Yes

20 KP2020_L062 Late 2020 Yes No Male Yes

21 KP2021_E551 Early 2021 Yes Yes NA No

22 KP2021_E553 Early 2021 Yes Yes NA No

23 KP2021_E569 Early 2021 Yes Yes NA No

24 KP2021_E570 Early 2021 Yes Yes NA No

25 KP2021_E601 Early 2021 Yes Yes NA No

26 KP2021_E608 Early 2021 Yes Yes NA No

27 KP2021_L160 Late 2021 Yes Yes NA No

28 KP2021_L161 Late 2021 Yes Yes NA No

29 KP2021_L164 Late 2021 Yes Yes NA No

30 KP2021_L168 Late 2021 Yes Yes NA No

31 KP2021_L173 Late 2021 Yes Yes NA No

32 KP2021_L208 Late 2021 Yes Yes NA No

2.3. Quality control and initial processing of RNAseq data

After receiving the raw 3’end RNA reads, we performed a first quality control step
with FastQC v0.11.9 (Andrews 2010). As we detected a drop in sequencing quality at the last
3 bases in all individuals, we removed all tails in 3 base pairs, as well as both 3’ and 5’
extremities if mean base quality was below Q15 (i.e., a probability higher than 96.84% that
the base was correctly called) with the software fastp v0.20.1 (Chen et al. 2018). We also
used the fastp options “-g” and “-x”, in order to eliminate possible polyG and polyX tails,
which could be sequencing artefacts from Illumina NextSeq/NovaSeq or tails from
mRNA-Seq reads, respectively.

Once the reads were trimmed, we followed two different workflows to generate
gene count tables for the posterior differential gene expression (DGE) analyses: (I) we
aligned reads to the reference genome of the species, followed by gene quantification, and
(II) mapped reads to a target transcriptome of the species combined with coding sequences
from the genome, followed by transcript quantification. We will hereafter refer to the data
generated from the first approach as genome-aligned data and to the second approach and
transcriptome-mapped data.

In our case, the transcriptome mapping strategy included an extra step after DGE
analyses, in which the different transcript isoforms were assigned to a gene. Because our
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study did not focus on the expression of different isoforms, we assigned all different
transcripts to genes so we could make a direct comparison with the genome-aligned data.
The specific pipeline performed in each approach is detailed below.

2.3.1. Aligning and mapping RNA-seq reads to the reference genome
and transcriptome

Both genome-alignment and transcriptome-mapping strategies are widely used in
DGE analysis in the literature (Stark et al. 2019). Each approach has its own advantages and
limitations, and depends on the resource availability for the studied species. The alignment
of RNA-seq data to a high-quality reference genome has the advantage of controlling for
gene boundaries more finely than when mapping reads to a target transcriptome. This is
because genome annotations contain information on the position of exons and introns,
while reference transcriptomes may contain incomplete genes or different portions of it due
to mRNA splicing, which can generate aberrant transcripts during mapping (Stark et al.
2019).

However, aligning RNA-Seq data to a reference genome first requires the availability
of a high-quality genome of the species, which was not the case for most non-model
species in the past decade (Gilad et al. 2009). In this scenario, mapping to a transcriptome
assembly seems to be an appropriate cheaper alternative, considering that at the time of
this work, transcriptome sequencing was less costly and time consuming than generating a
high-quality reference genome for the species (Alvarez et al. 2015). Mapping RNA-seq reads
to a reference transcriptome may also allow the discovery of new unannotated transcripts,
especially when the reference genome of the species is incomplete (Stark et al. 2019). It can
also be useful when the focus of the study is on the differential transcript isoform
expression, instead of gene expression.

The main downside of using a transcriptome mapping is in the case where the
reference transcriptome available for the species was produced from samples of different
tissues compared to the analysed one. This is the case of the available transcriptome
assembly of the king penguin, which was built using samples that did not include the blood
(i.e., it contains transcripts from brain, kidney, liver, pectoral muscle, and skin) (Pirri 2022). In
this case, especially if there is a strongly tissue-specific expression, there should be a
significant amount of unmapped reads that will be lost (Bentz et al. 2019).

As we have both an available reference genome and an assembled transcriptome
for the King penguin, we decided to use the two workflows in order to maximise the
detection of genes. For the generation of the genome-aligned data, we aligned our
single-end RNA-seq reads to the available reference genome of the King penguin
(GCA_010087175.1 BGI_Apat.V1) (Pan et al. 2019) using a splice-aware aligner, STAR v2.7.9a
(Dobin et al. 2013). STAR generated a BAM (binary alignment and map) file per sample,
already sorted by coordinate thanks to the --outSAMtype BAM SortedByCoordinate option.
BAM files were then indexed with samtools index in samtools (Danecek et al. 2021).
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The next step of the genome-alignment pipeline consisted of assigning read counts
to genomic features (i.e., genes), based on the alignment files and the genome annotation
of the species. The quantity of reads that map to each genomic feature was computed with
HTSeq-count (Anders et al. 2014). HTSeq-count considers a feature of RNA-Seq data as a
gene (i.e., a union of the gene’s exons), and generates a table of counts per feature/gene
for each sample as output. This raw table of gene counts was then used as input for the
DGE analyses.

For the transcriptome-mapping approach, we mapped the RNA-seq reads to the
assembled transcriptome of the species, which was generated from samples of five
different tissues of king penguin chicks (i.e., brain, kidney, liver, pectoral muscle, and skin)
(Pirri 2022), using the alignment-free method of Salmon v1.4.0 (Patro et al. 2017). The
salmon workflow has two main steps: the generation of a reference transcriptome index,
followed by the direct quantification of the reads that map to each transcript.

Because our samples originate from the chick’s whole blood and not from the same
tissues used in the assembled transcriptome, we complemented Salmon’s transcriptome
index with coding sequences (cds) from the genome of the species, using salmon’s -g
argument. After running the quantification step with salmon quant, we merged each
sample’s transcript quantification file in a unique table using the salmon quantmerge
command. Note that, different from the genome-alignment pipeline, this pipeline generates
a table of counts per transcripts, and not per gene. We assigned transcripts to genes using
the transcriptome annotation only after the DE analyses, which was performed at a
transcript level.

2.3.2. RNA-Seq data normalisation

Once RNA-seq reads were aligned to the king penguin reference genome and
mapped to the assembled transcriptome, we had data on the raw gene or transcript counts
per individual, respectively. A normalisation of these raw count tables prior to DE analyses is
needed, because RNA-Seq raw counts are subjected to different types of biases (Bullard et
al. 2010; Dillies et al. 2013). Such biases can be due to differences in sequencing depth
between regions (i.e., high coverage regions will automatically have more reads than low
coverage regions), RNA composition (i.e., a highly expressed gene in a sample will skew the
distribution of counts for the other genes in that sample if not normalised), and gene length
(i.e., longer genes will have more reads mapped to it than shorter genes), although this last
bias is not a concern when using 3’-seq RNA data (Moll et al. 2014).

We therefore used the RUVSeq package in Bioconductor (Risso et al. 2014) to
normalise both gene and transcript counts prior to the DGE analysis, to ensure accurate
comparisons of gene expression between samples. RUVSeq Removes Unwanted Variation
(RUV), which is useful to control for batch and library preparation effects, as well as other
forms of noise that can be present in RNA-Seq data. RUVSeq uses the rationale that
generalised linear models (GLM, used in the DE analyses) will take the regression of
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RNA-Seq read counts on both the covariates of interest (i.e., the conditions of being early or
late) and the unwanted variation (e.g., batch, library effect) as input. The normalisation acts
by adjusting the DE analysis model to the estimated unwanted variation factors.

We used the RUVg approach inside RUVSeq, which estimates the unwanted
variation factors based on negative control genes that are assumed not to be influenced by
the covariates of interest. As we did not have a set of candidate genes to use as a negative
control (e.g., housekeeping genes or spike-in controls in the case of the zebrafish, Danio
rerio; Risso et al. 2014), we used empirically estimated genes that were not differentially
expressed in our dataset when contrasting the early- and late-born conditions, as
suggested in the RUVSeq manual. In practice, the read counts of these genes are expected
to be constant among samples, so any deviations from the nominal fold-changes would
indicate nuisance in the data.

This procedure requests a first analysis of DE in DESeq2 without RUVSeq
normalisation, in order to select a list of empirical genes with the least significant DE (i.e.,
genes with the highest P-values) and generates aW matrix of factors of unwanted variation.
W consists of a n x k matrix, where n is the number of samples and k the number of
unwanted factors we want to remove, that is set by the user. We set k=2, after seeing that it
generated slightly more DEGs than k=1 in the 2020 data, and higher values of k did not
change the results, as reported by (Gagnon-Bartsch and Speed 2012) in a discussion on k
choice. Once we had obtained the normalised count data we performed a real analysis of
DE, implementing RUVSeq’s unwanted variation matrix in the DE design.

2.4. Blood transcriptome characterization

To our knowledge, this is the first study to sequence the blood transcriptome of the
King penguin. For this reason, we first made a general characterisation of the expressed
genes in this tissue. Our initial idea was to characterise the genes and pathways at each
developmental stage separately, but after noticing that the great majority of genes are
shared between hatching and fledging chicks (see Results section), we proceeded with a
unique pathway characterisation.

After read count normalisation, we filtered both the genome-aligned genes and
transcriptome-mapped transcripts separately to keep genes/transcripts with at least 5 read
counts in at least 3 individuals in all the 31 hatching chicks (i.e., early and late, from 2020
and 2021, excluding a 2021 outlier, as it will be shown in the Results section) and the 12
fledging chicks of 2021. Once we had a table of genes and transcripts that passed the
count filter at each developmental stage, for the transcriptome-mapped data, we assigned
the transcripts to genes based on the species transcriptome annotation (Pirri 2022), and
removed redundant genes. We finally merged the transcriptome-mapped genes with the
genome-aligned genes table.

To perform a characterisation of the pathways present in the blood transcriptome of
the king penguin chicks, we performed a Gene Ontology (GO) enrichment of all genes
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detected at both stages. Gene Ontology (GO) for biological processes was conducted in
PANTHER v14 (Protein Analysis Through Evolutionary Relationships) (Mi et al. 2019).
PANTHER uses Fisher’s exact tests to determine the significance of the number of genes
assigned to that biological process category of GO (i.e., GO term) (P-value < 0.05), and then
corrects the multiple comparisons for false discovery rate (FDR < 0.05) (Mi et al. 2019). The
Gene Ontology database used for analysis was the doi:10.5281/zenodo.6799722 Released
in 2022-07-01, and we used the chicken (Gallus gallus) gene set as a background.

However, significant GO terms can still be too numerous and specific for a clear
understanding of the biological functions taking place in such a complex circulating tissue.
For this reason, we also assigned GO terms to higher level biological summaries, called
GOslims, using the GSEABase v1.60.0 package in Bioconductor (Morgan et al. 2022).
GSEABase gives broader biological functions to a set of GO terms, organising them in a
parent-offspring set.

2.5. Differential gene expression analyses and gene ontology
enrichment

The differential gene expression (DGE) analyses between early and late-born chicks
were performed with the R package DESeq2 (Love et al. 2014) using both the
genome-aligned and transcriptome-mapped data. We will use the DGE acronym for
simplification, even though the DE analyses with the transcriptome-mapped data were done
at the transcript level instead of the gene level.

Following the standard DESeq2 pipeline for DGE, we started by filtering the table of
counts to keep genes if they had at least 5 read counts in at least 3 individuals, as
described in section 2.4. Blood transcriptome characterization. We did not set a minimum
threshold for the differences in gene expression (i.e., log2 fold change, which represents
log-ratio of a gene or a transcript's expression values in two different conditions), as we
were expecting small variation between early and late groups given that our samples came
from the same type of tissue, the same population, and at the same developmental stage
(Uebbing et al. 2016).

We ran the DGE analysis implementing the normalisation of RUVSeq, described in
section 2.3.2. RNA-Seq data normalisation and the log fold change (LFC) shrinking
procedure in DESeq2. The LFC shrinking is a method used to reduce the strong variance
and noise of weakly expressed genes (i.e., with low counts, but high LFC). In brief, the
shrinkage procedure contracts LFC estimates towards zero when the counts for that gene
are low throughout the samples, when dispersion is high (i.e., some individuals have higher
counts than others out of the contrast sampling design), or when there are few degrees of
freedom (Zhu et al. 2019).

The threshold to consider a gene or transcript as differentially expressed was an
adjusted P-value for false discovery rate (FDR) smaller than 0.05. Only after the DE
analyses, DE transcripts were assigned to genes based on the transcriptome annotation of
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the species (Pirri 2022). We checked for overlapping genes using both genome-alignment
and transcriptome-mapping approaches, by merging both DEGs lists and highlighting
redundant genes from each analysis.

For a general functional annotation of the most up and downregulated genes, we
used the human genome in the database GeneCards (Stelzer et al. 2016; Safran et al. 2021)
with the intent of gaining a potentially predictive function of the genes. Finally, as described
in the section above, 2.4. Blood transcriptome characterization, DEGs were assigned to
GO terms with PANTHER v14 (Mi et al. 2019) and GO slims, when possible, using GSEABase
v1.60.0 (Morgan et al. 2022). Both the individual gene functional annotation and GO
information are predictions that are limited and thus must be interpreted with prudence, as
the real effect on the studied organisms cannot be known only from these analyses. In any
case, due to the exploratory nature of this study, such predictions serve as hints of the main
processes that can be further investigated in detail if considered relevant.

For sample data visualisation, we produced Principal Component Analysis (PCA)
graphs using a variance stabilising transformation (VST) of the count data, which removes
experiment-wide trend variation (Tibshirani 1988; Huber et al. 2003; Anders and Huber
2010). We transformed the count data using the DESeq2 function vst with the blind=FALSE
argument, so the already estimated dispersions based on the design formula of early vs.
late groups can be used in the transformation. We also plotted the Multidimensional Scaling
(MDS) plot for the most differentially expressed DEGs in each condition (with lower padj
values). The MDS plot, which shows the two dimensions that explain the greatest variance
between samples (Cox and Cox 2008), was used to visualise the up and down-regulation of
genes in early and late groups.

After a first round of analysis, we detected an unexpected sex bias in our data (see
section 3.3. Sex and interannual variation), which led to the removal of all 2021 samples
from the early versus late-born chicks comparison. Given this, the DGE experimental design
of early and late groups was exclusively run on 2020 hatching chicks. However, because
2021 samples contain the two developmental chick stages, we still used the 2021 dataset to
perform an analysis of DGE between hatching and fledging chicks. In order to detect
pathways that could be more active at each condition, we also enriched the GOs and
GOslims of the DEGs between developmental stages, as explained above for the early and
late DEGs, and for the blood characterisation.
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3. Results

3.1. Description of the King penguin’s blood transcriptome

Results regarding control steps, including detection of overrepresented sequences,
outlier samples, and general noise in the data, can be found in the Appendix of Chapter 2.
The results below are those obtained after removing these sources of noise.

3.1.1. Hatching and fledging chick’s transcriptome description

The hatching chick’s blood transcriptome was characterised by a total of 9488
genes, from which 1236 aligned exclusively to the genome annotation, 4850 mapped
exclusively the transcriptome annotation, and 3402 genes were detected both with the
alignment to the reference genome and transcriptome (Table 3). The fledging chick’s blood
transcriptome was characterised by 9591 genes, 1268 of which originated from the genome
alignment, 4873 from the transcriptome mapping, and 3450 were detected by both
approaches (Table 3). These first results showed that the transcriptome mapping
contributed to more than 50% of the detected genes in comparison to the genome
alignment.

Table 3. Number of expressed genes in the blood of king penguin chicks at hatching and fledging. Genes
considered in this table had at least 5 read counts in at least 3 individuals per developmental stage. We
separate the total number of genes detected both by the genome alignment and transcriptome mapping
approaches, and exclusively by each approach.

Hatching Fledging

Total genes detected 9488 9591

Genome + Transcriptome annotations 3402 3450

Genome annotation exclusively 1236 1268

Transcriptome annotation exclusively 4850 4873

From all genes expressed in chicks at hatching (9488 genes) and fledging (9591
genes), around 95% were shared between the two developmental stages (9045 genes).
Only 443 genes were exclusively expressed at hatching (4.7% of genes) and 546 at fledging
(5.7% of genes). Because these results suggested that blood gene expression is majorly
characterised by a constant set of genes during the first year of life in this species (Figure
2), we proceeded with the characterisation of the main biological processes present in the
king penguin blood by considering the species as a whole (i.e., not differentiating by
developmental stage). We then performed a DGE analysis to identify if the up and
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down-regulated genes were related to specific biological processes (section 3.1.3.
Expression differences between developmental stages).

Figure 2. Venn diagram with the number of genes expressed in King penguin whole blood at hatching (blue)
and fledging (red), with an overlap of 9045 genes in both developmental stages (maroon). Illustrative figure,
not in scale.

A total of 346 GO terms were enriched for the 10,034 genes present in the blood of
the king penguin chicks (hatching and fledging together). After submitting hundreds of
significant GO terms to GSEABase, our GO set was reduced to 34 GOslims (Table 4). The
main enriched GO slims identified included immune system processes (26 GO terms),
signalling (22 GO terms), and anatomical structure development (17 GO terms). Other
processes, such as protein modification (11 GO terms), protein catabolic processes (8 GO
terms), cell differentiation, and nervous system processes (both 9 GO terms) were among
the most represented.

Table 4. GO slims of the king penguin chick’s blood transcriptome at hatching and fledging. GOslim: GO slim
annotation ID of a subset of GO terms enriched for the genes present in the chick’s blood; Count: number of
GO terms contained in the GO slim; Terms: name of the GOslim term.

GOslim Count Term

GO:0002376 26 Immune system process

GO:0023052 22 Signalling

GO:0048856 17 Anatomical structure development

GO:0036211 11 Protein modification process

GO:0030154 9 Cell differentiation

GO:0050877 9 Nervous system process

GO:0030163 8 Protein catabolic process

GO:0016192 7 Vesicle-mediated transport

GO:0016071 6 mRNA metabolic process

GO:0006629 4 Lipid metabolic process
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GO:0007155 4 Cell adhesion

GO:0042254 4 Ribosome biogenesis

GO:0006091 3 Generation of precursor metabolites and energy

GO:0006281 3 DNA repair

GO:0006325 3 Chromatin organisation

GO:0006399 3 tRNA metabolic process

GO:0061024 3 Membrane organisation

GO:0000278 2 Mitotic cell cycle

GO:0006351 2 Transcription, DNA-templated

GO:0006886 2 Intracellular protein transport

GO:0012501 2 Programmed cell death

GO:0065003 2 Protein-containing complex assembly

GO:0098542 2 Defence response to other organism

GO:0002181 1 Cytoplasmic translation

GO:0006260 1 DNA replication

GO:0006310 1 DNA recombination

GO:0006457 1 Protein folding

GO:0006914 1 Autophagy

GO:0007005 1 Mitochondrion organisation

GO:0030198 1 Extracellular matrix organisation

GO:0034330 1 Cell junction organisation

GO:0051604 1 Protein maturation

GO:0140053 1 Mitochondrial gene expression

GO:1901135 1 Carbohydrate derivative metabolic process

Among the GOslim for immune system processes, many GO terms were associated
with the lymphocyte and B cell mediated immunity, as well as cytotoxic T cell differentiation,
which are related to the adaptive immune system (Appendix Chapter 2, Table S1). The
second most representative GOslim was signalling, which was due to the high quantity of
GO terms related to synaptic processes and the immune system. Many signalling GO terms
are immune system GOs (6 out of 22 signalling GO terms), and therefore, the
overrepresentation of the signalling may be partly due to its implication in immune response
processes (Appendix Chapter 2, Table S1). The third most represented GOslim, anatomical
structure development, is likely related to the early stage of development of chicks, with GO
terms predominantly related to organ and anatomic structure morphogenesis and nervous
system development. Moreover, the anatomical structure development GOslim was highly
similar to the cell differentiation GOslim, with the former sharing 7 out of 9 GO terms with
the latter.
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3.1.2. Expression differences between developmental stages

Although most of the gene transcripts found in the blood are shared by chicks at
hatching and fledging, the regulation of expression of such genes can still differ between
the two developmental stages. To explore this matter, we performed a differential gene
expression (DGE) analysis between the hatching and fledging stages. A total of 4392
differentially expressed genes (DEGs) were detected between the two stages, from which
2343 were upregulated at hatching, and 2049 at fledging.

The GO enrichment of the 4392 DEGs generated 292 significant GO terms
(Appendix Chapter 2, Table S2), which can be summarised into 31 GOslims (Table 5). The
top five mostly represented GOslims were mitotic cell cycle (27 GO terms), immune system
process (23 GO terms), signalling (19 GO terms), chromosome segregation (18 GO terms),
and nucleobase-containing small molecule metabolic process (14 GO terms).

Table 5. GO slims from DEGs between hatching and fledging stages. GOslim: GO slim annotation ID of a
subset of GO terms enriched for the genes present in the chick’s blood; Count: number of GO terms contained
in the GO slim; Term: name of the GOslim term.

GOSlim Count Term

GO:0000278 27 Mitotic cell cycle

GO:0002376 23 Immune system process

GO:0023052 19 Signalling

GO:0007059 18 Chromosome segregation

GO:0055086 14 Nucleobase-containing small molecule metabolic process

GO:0140014 11 Mitotic nuclear division

GO:0006091 10 Generation of precursor metabolites and energy

GO:0048856 8 Anatomical structure development

GO:0050877 7 Nervous system process

GO:0022414 6 Reproductive process

GO:0065003 6 Protein-containing complex assembly

GO:0006260 5 DNA replication

GO:1901135 5 Carbohydrate derivative metabolic process

GO:0006281 4 DNA repair

GO:0007010 4 Cytoskeleton organisation

GO:0000910 3 Cytokinesis

GO:0002181 3 Cytoplasmatic translation

GO:0006310 3 DNA recombination

GO:0006325 3 Chromatin organisation

GO:0007155 3 Cell adhesion

GO:0042254 3 Ribosome biogenesis

GO:0140013 3 Meiotic nuclear division

GO:0012501 2 Programmed cell death
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GO:0016192 2 Vesicle-mediated transport

GO:0030154 2 Cell differentiation

GO:0098542 2 Defence response to other organism

GO:0007005 1 Mitochondrion organisation

GO:0030163 1 Protein catabolic process

GO:0036211 1 Protein modification process

GO:0048870 1 Cell motility

GO:0055085 1 Transmembrane transport

The most upregulated genes in the hatching group were primarily related to mitotic
and cell division processes, such as the CENPF, CLEC19A, CKAP2, SMC2, SPAG5, and
NUSAP1 genes. The CENPF gene (centromere protein F, log2FC=6.53; padj=4.17E-08) codes
for a protein that is part of the centromere-kinetochore complex, and plays a potential role
in the regulation of skeletal mitogenesis and cell differentiation during embryogenesis. The
CLEC19A gene (C-type lectin domain containing 19A, log2FC=6.36; padj=4.58E-19) codes
for a protein that composes the extracellular matrix, which is one of the major components
of most tissues and organs (studied in zebrafish, Danio rerio, (Nauroy et al. 2018)). The
CKAP2 (cytoskeleton associated protein 2, log2FC=6.29; padj=3.94E-20) is a gene that
codes for the cytoskeleton-associated protein that stabilises microtubules. SMC2 (structural
maintenance of chromosome 2, log2FC=6.06; padj=1.82E-21) is related to chromosome
condensation, and SPAG5 (sperm associated antigen 5, log2FC=5.82; padj=2.21E-08) and
NUSAP1 (nucleolar and spindle associated protein 1, log2FC=5.73; padj=5.21E-16) are related
to chromosome segregation.

The majority of genes that were identified as significantly upregulated in the fledging
group (and therefore downregulated in the hatching group) were involved in protein
ubiquitination and deubiquitination. Among them, the ATE1 (arginyltransferase 1,
log2FC=4.29; padj=1.18E-08) is a gene related to ubiquitin-dependent protein degradation,
and OTUD1 (OTU deubiquitinase 1, log2FC=3.93; padj=5.11E-05) codes for an
deubiquitinating enzyme. Overall, our results showed that, even if a majoritarily equal set of
genes is expressed in the blood of king penguin chicks at both hatching and fledging, the
up and down regulation of such genes, and their related pathways, vary according to
developmental stage.

3.2. Sex and interannual variation￼

After whole genome sequencing, we were able to sex the 2020 chicks through the
identification of sex scaffolds in the genome with SATC (Nursyifa et al. 2022) (method
described in Fernandes et al. in prep. (Chapter 1), section 2.3.3. Identification of sex-linked
scaffolds and masking and Table 3. RNA sequencing samples in the 2.2. Wet laboratory
and RNA sequencing Materials and Methods section. The sex of 2021 chicks remained
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unknown and was not initially taken into account until the detection of sex-bias patterns that
will be exposed below.

3.2.1. Sex-bias in gene expression

We detected a clear separation between males and females from 2020 in the
principal component analysis (PCA) of normalised gene counts (Figure 3). This separation
was clearer in the transcriptome-mapped dataset (Figure 3b). Male-female segregation in
PC1 (21% of variance) was even stronger than early-late separation, even if early and late
groups were also slightly detached within the sexes.

When plotting the PCA using the genome-aligned data, the separation between
sexes was less distinct (Figure 3a): we found an overlap between males and females, but
not as strong as in the transcriptome-mapped data. We also observed a slight separation
between early and late individuals (Figure 3a), and the genome-aligned data appeared to
be less sex-biassed than the transcriptome-mapped data.

Figure 3. Principal component analysis (PCA) of normalised genes and transcript read counts of 2020 chicks
at hatching according to sex. a) Transformed gene counts of the 3’-end RNA-Seq data aligned to the genome;
b) Transformed transcript counts of the 3’-end RNA-Seq data mapped to the transcriptome.

The sex separation observed in the PCA with the transcriptome-mapped data may
simply reflect the higher number of genes mapped to the transcriptome compared to the
genome (see section 3.2.1. The contribution of genome-alignment and
transcriptome-mapping pipelines). However, if this was the only reason, a more
pronounced sex separation could have been seen in the genome-aligned data if more
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reads had been mapped to the genome annotation, simply because of the higher
probability of including sex-biassed DEGs in the PCA.

We also detected 339 DEGs shared between the sexes in both genome-aligned and
transcriptome-mapped datasets. We found 13 GO terms that were enriched for the DEGs
shared between sexes (Appendix Chapter 2, Table S3), with the alcohol biosynthetic
process as the most representative one (fold enrichment = 7.39). Although we did not detect
DEGs that could be directly linked to this pathway in either sexes, this could reflect a
difference in preen oil composition between males and females.

From the 339 significant DEGs identified between the sexes, 75 genes were
upregulated in the females and 264 were upregulated in males. Most of the detected DEGs
originate from the transcriptome quantification in both sexes: 59 from the transcriptome, 8
from the genome, plus 8 detected by both methods in females; while 173 from the
transcriptome, 44 from the genome, plus 47 detected by both methods in males. When
looking at the predicted function of the most differentially expressed genes in males, most
upregulated genes were related to insulin uptake, such as NLN (neurolysin, log2FC=2.77,
padj=0.0001) and PIK3R1 (phosphoinositide-3-kinase regulatory subunit 1, isoform
log2FC=5.95, padj=6.35E-15), and microtubule formation, such as TBB6 (tubulin beta 6 class
V, log2FC=2.27, padj=0.016) and TPX2 (TPX2 microtubule nucleation factor, isoform
log2FC=5.75, padj=0.0001). The most upregulated gene from the genome-aligned dataset
was the CCNB1 (cyclin B1, log2FC=3.02, padj=0.003), which codes for a regulatory protein
likely involved in mitosis.

On the other hand, the main upregulated genes in females were related to platelet
regulation, such as BLOC1S5 (biogenesis of lysosomal organelles complex 1 subunit 5,
isoform log2FC=22.68, padj=4.63E-12) and DMTN (dematin actin binding protein, isoform
log2FC=12.36, padj=0.001). Another female DEG, GPBP1 (GC-rich promoter binding protein 1,
isoform log2FC=10.71, padj=1.48E-59), is related to the development of atherosclerosis.

3.2.2. Prediction of chick sex using gene expression data

As such a clear separation was detected between 2020 males and females, we
decided to perform a PCA of 2020 and 2021 hatching chick gene expression data together,
to see whether a separation would also be seen in 2021 chicks, from which we had no sex
information. Surprisingly, a separation between males and females was apparent from PC1
(16% of variance), even if there was no clustering of individuals from different years (Figure
4). From the 11 chicks born in 2021, five individuals clustered on the left side of the PCA with
2020 females, while the other six clustered at the side of 2020 males. Due to this evident
separation, we considered the five 2021 individuals on the left of the PCA as potential
females and the six individuals to the right as potential males. If this is indeed the case, all
2021 early individuals are females and all late individuals are males. In order to define the
sex of 2021 individuals with certainty, a more accurate methodology will be required, for
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example via the development of a molecular sexing probe developed from genomic
regions specific to the heterogametic sex (females in birds, ZW).

Figure 4. Principal component analysis (PCA) of the normalised transcript counts of hatching chicks from 2020
and 2021.

3.3. Early and late differential gene expression

The main objective in this study was to investigate if individuals born outside the
peak of food resources show evidence of adaptation at the gene expression level that
might allow them to survive under more stressful conditions. More specifically, we expected
to detect gene expression patterns in chicks born later in the season that would shed light
on the winter survival of these individuals (e.g., adaptation to faster growth). To this end, we
performed DGE analyses on early- and late-hatching chicks from 2020.

Due to an apparent sex-bias in 2021 data observed above, 2021 chicks were not
included in this part of the analysis. Even if the 2020 group of early- and late-born chicks
was composed of an unbalanced mixture of sexes (i.e., early group N=3 females and N=7
males; late group N= 6 females, N=4 males) we considered that any source of sex-biasses in
the 2020 data was removed with RUVSeq normalisation. Moreover, essentially all early-late
DEGs were detected in the genome-aligned dataset (results below), which was less affected
by the sex bias, as shown in section 3.3.1. Sex-bias in gene expression. Thus, we
considered that most of the sex-biassed regions were removed from this analysis.

We detected a total of 133 DEGs between early and late-born chicks, with both the
genome-aligned and transcriptome-mapped datasets: 120 DEGs originated from the
genome alignment, while a minority of 13 DEGs (i.e., 13 DE transcripts from 13 different
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genes) originating from the transcriptome mapping. From the 133 DEGs, 67 were
upregulated in the late group, and 66 were upregulated in the early group (FDR < 0.05). All
DEGs log2 fold changes (log2FC) were lower than 1.4 (i.e., all differences in gene expression
increased by fewer than 3 times in one group compared to the other; Figure 5).

Figure 5. MA plot of log2 fold changes of the normalised shrunk counts of genome-aligned data in DESeq2.
Red dots represent DEGs between early (negative values) and late (positive values) conditions.

Among the most upregulated genes in the late group (Appendix Chapter 2, Table
S4), some were predicted as tumour suppressors, such as the APC (APC regulator of WNT
signalling pathway, log2FC=1.28, padj=0.0025), MXD4 (MAX dimerization protein 4,
log2FC=0.95, padj=0.0017) (Figure 6a and 6b), and MINDY3 (MINDY lysine 48
deubiquitinase 3, log2FC=0.91, padj=0.003). More specifically, APC and another
upregulated gene in late-born chicks, CSNK1A1 (casein kinase 1 alpha 1, log2FC=0.93,
padj=0.0012), negatively regulate the canonical Wnt pathway. Apart from apparent
upregulation of tumour suppression, late-born chicks also overexpressed genes involved in
protein ubiquitination, such as BFAR (bifunctional apoptosis regulator, log2FC=0.97,
padj=0.018).
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Figure 6. Multidimensional scaling plots (MDS) of some of the most differentially expressed genes (DEGs)
between early- and late-born chicks in the genome-alignment approach. a) and b) show the MDS for the top
DEGs upregulated in late-born chicks; c) and d) represent the top DEGs upregulated in early-born chicks.

Among the most downregulated genes in the late group (i.e., upregulated in the
early group), we identified genes with functions related to the production of reactive oxygen
species (ROS), but also related to cellular responses to oxidative stress, the NOX4 (NADPH
oxidase 4, log2FC=0.97, padj=0.028) and SUB1 (SUB1 regulator of transcription,
log2FC=1.36, padj=0.0033, Figure 6c) genes (Yu et al. 2016), respectively. We also detected
DEGs related to protein synthesis, elongation, and marking. These included the MRPS27
gene (mitochondrial ribosomal protein S27, log2FC=0.98, padj=0.0288), which aids protein
synthesis within the mitochondrion, and the EIF2AK1 gene (eukaryotic translation initiation
factor 2 alpha kinase 1, log2FC=0.98, padj=0.023) that downregulates protein synthesis in
response to stress. The RPL22L1 gene (ribosomal protein L22 like 1, log2FC=1.05,
padj=0.0089) is a potential structural constituent of the ribosome, and could be related to
peptide elongation, while the NDFIP1 gene (Nedd4 family interacting protein 1, log2FC=1.16,
padj=0.0089, Figure 6d) is a target protein for ubiquitination and reduces insulin secretion.
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Table 6. GO slims from DEGs between early- and late-born chicks. GOslim: GO slim annotation ID of a subset
of GO terms enriched for the genes present in the chick’s blood; Count: number of GO terms contained in the
GO slim; Terms: name of GOslim term.

GOslim Count Term

GO:0030163 4 Protein catabolic process

GO:0036211 2 Protein modification process

GO:0002181 1 Cytoplasmic translation

GO:0002376 1 Immune system process

Regarding the biological processes in which the 133 DEGs between early- and
late-born chicks are involved, we found 37 significantly enriched GO terms (Appendix
Chapter 2, Table S5), mostly related to protein catabolic and modification processes
(GOslims GO:0030163 and GO:0036211, Table 6). When taking a closer look at the GO
terms that were grouped into these two main GOslims, we observed that protein catabolic
processes were mostly linked to ubiquitination, while protein modification was linked to GO
terms of protein nitrosylation (Appendix Chapter 2, Table S5). The genes related to protein
ubiquitination upregulated in the late group included the BFAR (log2FC=0.97, padj=0.018),
NUB1 (log2FC=0.48, padj=0.009), SKP1 (log2FC=0.50, padj=0.043), MARCH6 (gene
log2FC=0.42, padj=0.025; isoform log2FC=0.68, padj=0.009), USP7 (log2FC=0.68,
padj=0.033), and UBE3A (log2FC=0.51, padj=0.025), while the downregulated ones were
ADRM1 (log2FC=0.49, padj=0.036), NDFIP1 (log2FC=1.16, padj=0.008), and PSMB3
(log2FC=0.48, padj=0.028). Only two genes were related to protein nitrosylation, the NOS2
(log2FC=0.68, padj=0.017), upregulated in late-born chicks, and the GAPDH (log2FC=0.75,
padj=0.038), upregulated in early-born chicks.
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4. Discussion

The main objective of this study was to investigate whether individuals born in and
out of the peak food resources exhibit different early-life gene expression profiles that
could be tied to survival capacities under different selective pressures. To address this, we
analysed the blood transcriptomes of early- and late-born king penguin chicks that survived
harsh winter conditions (including long fasting periods impairing growth) on land before
fledging about 10 months later. Our study is the first to sequence the blood transcriptome of
the King penguin, so we also characterised the genes and pathways that may be involved
during the growth stage prior to fledging.

4.1. The King penguin blood transcriptome

The whole blood transcriptome of king penguin chicks at hatching and fledging is
characterised by a large number of genes common to both developmental stages. The
most representative biological processes in which these genes are involved are immune
defence, especially in adaptive immune defence. The adaptive immune system consists of
the acquired response against specific pathogens, different from the innate immune system,
which is the first barrier of defence of the body against foreign bodies (Vivier and Malissen
2005). The adaptive immune system takes longer to develop than the innate immune
system (Klasing et al. 1998). For this reason, the overrepresentation of active pathways
related to the adaptive immune system that is also observed in chicks at hatching may
indicate maternal transfer of antibodies (Grindstaff et al. 2003).

Immune system processes are commonly detected in blood transcriptomes, and for
that reason, are extensively used to study response profiles to specific infectious agents in
different vertebrate species (Zhao et al. 2014; Videvall et al. 2015; Z. Li et al. 2018; Jiminez
et al. 2021). Moreover, king penguins from the study colony are known to be exposed to
some pathogens as adults, including viruses such as influenza A (Gauthier-Clerc et al. 2002;
Chang et al. 2009), and bacteria such as Borrelia burgdorferia, the Lyme disease agent
transmitted by ticks Ixodes uriae infesting penguin colonies (Gauthier-Clerc et al. 1999;
Gauthier-Clerc et al. 2003). Even though we did not find any signals of specific infections in
the sequenced individuals, the blood transcriptome could be used, through dedicated
studies, to better understand the response to pathogenic infections in the species.

Because the transcriptome is a snapshot of the individual’s physiological conditions
at the moment of sampling, gene regulation is expected to change throughout
development (Cardoso-Moreira et al. 2019). In accordance with this, although hatching and
fledging chicks have a similar set of circulating transcripts, different genes are up and
downregulated at each stage. Hatching chicks exhibit upregulation of genes related to
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mitosis and cell division processes, while fledging chicks upregulate genes involved in
protein ubiquitination and deubiquitination. The overall upregulation of genes related to the
mitotic process in the hatching chicks may be a consequence of the intense growth period,
and thus cell division, to which newborns are passing through. Such upregulation of genes
related to mitosis is usually more studied in earlier stages of development, such as cell
division during foetal stages (Vesterlund et al. 2011; Lefebvre and Lécuyer 2018). However, it
can also be present at later stages, such as when individuals experience other pressures
that can lead to cell division, like body mass gain (Frias-Soler et al. 2020).

In the case of the king penguin, chick growth can be divided into two phases during
the first year of life: pre- and post-winter growth (Barrat 1976; (Descamps et al. 2002).
Briefly, chicks go through a first period of growth, from the moment of hatching to the
beginning of the first winter, when they are regularly fed by the parents (i.e., from
January/February to May/June). During winter, chicks stop growing and lose significant
amounts of body mass, as they are fed less frequently or, in some cases, spend the whole
winter without being nourished (Cherel and Le Maho 1985). When regular feeding restarts
around September, individuals that survive through the winter then resume a second phase
of growth until parental care ceases, leading to body mass loss and moulting of the chick
before its departure to the sea, i.e., fledgling (Corbel et al. 2008). In this context, the
efficient accumulation of body mass before the first winter is one of the main factors that will
determine king penguin chick survival through this fasting period. A previous study has
demonstrated that early- and late-born chicks that survive until fledgling already show a
faster growth in the first 10 days of life, in comparison to chicks that do not survive the first
year before fledging (Stier et al. 2014). Therefore, such a strong post-hatch, pre-winter
growth demand may explain why cell division is apparently more active in the surviving
hatchlings compared to fledglings that have already completed the second growth phase
and are entering a second fasting period.

Regarding the upregulation of genes related to protein ubiquitination and
deubiquitination in fledging chicks compared to hatching chicks, it is known that protein
ubiquitination is a post-translational process widespread among eukaryotes that determines
protein fate, usually leading to its degradation, which can be reversed through the
deubiquitination process (Wang et al. 2022). We propose that the upregulation of genes
related to protein post-translational modifications could be related to the allocation of amino
acids caused by a combination of fasting and moulting in fledging chicks. Fledglings are
sampled at the end of their first moult, which starts when they stop being fed by the parents
and undergo a short fasting period, which can take around 16 days before leaving the
colony for the sea (Corbel et al. 2008). As previously described in the king penguin and
other penguin species that undergo drastic moult (i.e., all feathers are replaced at the same
time), fasting while moulting leads to an increased use of and turnover of amino acids
through energy metabolism, increasing the production of uric and nitrogen excretion
(Cherel et al. 1994). Moreover, such a combination of moulting and fasting may lead to a
higher reuse of available proteins, which could upregulate the cell machinery related to
protein ubiquitination/deubiquitination in the fledging chicks.
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Overall, these results show that although the majority of gene transcripts in the blood
of king penguin chicks at hatching and fledging are the same, the regulation of these genes
differ according to pressures associated with each developmental stage.

4.2. The relative contribution of the reference genome and
transcriptome

From a methodological point of view, we found that a higher number of genes were
detected when mapping our RNA sequencing reads to the assembled transcriptome of the
species with the cds increment than when aligning to the reference genome. Although the
assembly of the king penguin transcriptome was produced using five tissues that did not
include the blood (i.e., brain, liver, kidney, pectoral muscle, and skin, Pirri 2022), a higher
proportion of transcripts mapped to it. Given this, we suggest that the blood transcriptome
has a low specificity compared to transcriptomes from other tissues, such as the brain
(Bentz et al. 2019). The permeability of blood in other tissues may provide blood transcripts
to the transcriptome assembly, as has been shown before in humans (Azevedo et al. 2021)
and in other birds (Bentz et al. 2019). As an example, the two haemoglobin subunit genes,
HBA and HBB, characteristic of the blood transcriptome, are also present in the
transcriptome annotation of the other tissues. Therefore, the low tissue-specificity of blood
may result in high detection of transcripts even with a reference transcriptome generated
from other tissues.

The limitation of the genome alignment pipeline for 3’ reads data could be due to the
fact that many 3’ reads were not assigned to a feature (i.e., gene) at the htseq-count step,
even for genes present in the genome annotation, which is expected to be mostly complete
(only 3.20% missing BUSCO) (Pan et al. 2019). This is because the alignment of 3’end reads
to a gene depends on the detection of the 3’ untranslated region (UTR), which is absent for
many genes in current published genome annotations (Fernandez-Valverde et al. 2015;
Lawson et al. 2020). A possible solution to this feature detection problem, apart from
generating a more complete genome annotation for the species of interest
(Fernandez-Valverde et al. 2015; Lawson et al. 2020), is to increase the feature length in
HTSeq to include the UTR regions. In any case, we acknowledge that using the two
complementary approaches allowed us to access a richer set of genes than if we used each
approach exclusively.

4.3. The unexpected sex-bias in chick blood transcripts

The King penguin is a species characterised by the absence of sexual dimorphism
(i.e., absence of visual cues that differentiate males and females) (Nicolaus et al. 2007),
apart from slight body size and acoustic variation in the calls between sexes at the adult
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stage (Kriesell et al. 2018). In any case, such slight differences between males and females
cannot be detected at an immature stage, and even in adults, they can lead to inaccurate
conclusions if appropriate tools are not used (i.e., recording calls and analysing these with
specific software).

Nevertheless, we did not initially expect a gene expression sex-bias in our sampling
design. Most published studies focused on bird sex-biassed gene expression use tissues
that are directly related to sex differentiation, such as gonads and the brain, in sexually
mature individuals (Vicoso et al. 2013; Mueller et al. 2016; Bentz et al. 2019; He et al. 2022).
More importantly, our sampling design is also limited by the small number of surviving
chicks after winter, especially in the late group. Therefore, we did not have the possibility of
accounting for a better sex-balance within the early and late groups for our DGE analyses.
Finally, we did not expect sex-bias patterns in the transcriptome of king penguin chicks, as
such bias is expected to be less prevalent at early stages of development (Mank et al. 2010;
Perry et al. 2014). However, we detected a clear sex separation between males and females
in the gene expression PCA, as well as differentially expressed genes between sexes.

Males showed a much higher number of upregulated genes in comparison to
females (264 in males, 75 in females), and we suspect that this could be related to the
possible absence or incompleteness of dosage compensation on birds (Itoh et al. 2007).
Dosage compensation consists on the expression silencing of one sexual chromosome in
the homogametic sex (i.e., XX females in mammals, ZZ males in birds), as the heterogametic
sex is usually characterised by the deterioration of the Y and W chromosomes (Disteche
2012). Several studies have previously demonstrated that birds do not effectively perform
this mechanism leading to males that have a higher overall gene expression than females
(Ellegren et al. 2007; Vicoso et al. 2013; Mueller et al. 2016; Ramstad et al. 2016). The higher
number of differentially expressed genes in males in our study indicate that the king
penguin may also ineffectively perform or even lack a dosage compensation mechanism.
However, a clear conclusion can only be taken through the quantification of differentially
expressed genes linked to each sex chromosome. Even if this was not the focus of our
study, this analysis could be done in the future using the sex-linked scaffolds identified in
Fernandes et al. in prep. (Chapter 1) for gene mapping and quantification.

Regarding the biological processes in which differentially expressed genes between
the sexes are likely involved, alcohol biosynthesis processes were the most representative.
This pattern could be related to the preen oil composition, which can vary between sexes
and developmental stages (Grieves et al. 2022). The preen oil, produced by the uropygial
gland of birds (Johnston 1988; Moreno-Rueda 2017), is composed of a combination of
waxes and volatiles (such as alcohols) (Campagna et al. 2012), and it has been proposed to
play a role in sexual selection and/or olfactory camouflage (Grieves et al. 2022). Although a
previous study on the composition of volatile compounds from the uropygial gland of king
penguin adults did not detect a differences between sexes (Gabirot et al. 2018), this should
be confirmed in newborn individuals, as our results indicate a sex differentiation in alcohol
biosynthesis. In our case, as samples are from chicks exposed to terrestrial predation (Le
Bohec et al. 2005; Descamps et al. 2005); this could also be an olfactory camouflage
strategy that differs between sexes and could to be further tested and investigated.
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Among the upregulated genes in females, GPBP1 (GC-rich promoter binding protein
1) is related to the development of atherosclerosis, a disease characterised by the
thickening or hardening of arteries caused by a buildup of plaque in the inner lining of an
artery, and also known to affect birds (Moghadasian 2002). This disease is related to the
accumulation of plasma cholesterol in other bird species of economic interest (Bavelaar and
Beynen 2004). Moreover, the upregulation of such genes in the females could suggest a
sex-related propensity for the development of atherosclerosis in this species, as it has
already been shown by studies in psittacine birds (Beaufrère et al. 2013).

To our knowledge, only two other studies have previously detected sex-biassed
expression in the blood transcriptome of birds, one in kiwis (Apteryx spp, Ramstad et al.
2016) and another in the European blackbird (Turdus merula, Franchini et al. 2017). As has
been also suggested by the other studies, the expression profiles of males and females
could even be used for individual sex identification, as we have shown in our study, by the
prediction of 2021 chick’s sex. The next step will be to perform a clustering analysis to
detect whether the sex differentiation pattern observed in the PCAs of gene expression can
be used as predictors of individual sex.

4.4. Plastic adaptations to stress and energy accumulation in late
chicks

To investigate whether being born out of the peak of food resources triggers
adaptive plastic responses, acting as a PAR, we performed a differential gene expression
analysis between early- and late-born chicks of 2020. Our results showed a slight
differentiation between the expression patterns of the two groups, with a set of 133
differentially expressed genes.

As our analyses use samples from same-age individuals in a wild environment, some
level of overlap could be expected, as a consequence of a higher heterogeneity of
responses generated by natural conditions in comparison to more homogeneous laboratory
experiments (Krishnan et al. 2020). This can be seen by the fact that even the most
differentially expressed genes between early and late chicks showed low log fold changes.
Additionally, a slight overlap between the groups in the PCA, especially when using the
genome-aligned data. In this case, the use of more biological replicates could clarify the
observed patterns, but even with a sample size of 10 individuals per group we were already
able to detect differences between the two groups.

As mentioned above, the actual function of up and downregulated genes and their
interactions was assumed according to the literature mostly based on human or other
model organisms, but also based on the chicken (Gallus gallus), which is phylogenetically
closer to the penguins, and therefore, any inferred gene function and synteny should be
more relevant for our study (Ellegren 2010).

Regarding the biological processes to which the differentially expressed genes
between early- and late-born chicks were involved, the most representative ones were
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protein catabolic and modification processes. More specifically, many genes were related to
ubiquitin-dependent protein catabolism. Ubiquitin-dependent protein catabolism involves
the degradation of proteins through ubiquitin marking, which is specially important for
ensuring correct signalling, cell fate and functioning at the beginning of development (Rape
2017). Among the upregulated genes related to ubiquitin-dependent protein catabolism in
the late group, USP7 (ubiquitin-specific protease 7) has been found to be related to food
efficiency uptake in chickens (Prakash et al. 2021). In this study, the authors demonstrated
that, when subjected to the same amount of food intake during the same period of time,
individuals capable of increasing body weight more efficiently showed the upregulation of
this gene. In king penguins, Stier et al. (Stier et al. 2014) have shown that late chicks which
survive the first winter already have higher body mass at 10 days of life in comparison to
early survivor chicks. If the overexpression of the USP7 gene has a similar effect in king
penguins as has been evidenced in the chicken study detailed above, it could represent a
promising candidate gene for plastic adaptation to the faster growth pressure late chicks
are subjected to before the first winter.

In addition to the USP7, one of the most upregulated genes in the late group, MXD4
(MAX dimerization protein 4), is physically located close to two quantitative trait loci (QTL)
related to abdominal fat weight in chickens (Sun et al. 2013). Although we do not have
information about this gene’s location in the king penguin genome, the MXD4 could also be
a target for further investigation of body mass accumulation by late chicks if the region
shows a significant level of synteny with the chicken genome. MXD4 is also known for
being a tumour suppressor, recently discovered to be regulated by p53, another key tumour
suppressor gene, under stressful conditions (Coronel et al. 2021). Along with the MXD4,
other tumour suppressor genes were upregulated in the late group, such as the APC and
CSNK1A1 genes, which are involved in cancer and embryonic development and are highly
conserved among metazoans (Croce and McClay 2008). Tumour suppressors are mostly
studied for protecting the organism from uncontrolled cell proliferation characteristic of
cancers (Cooper 2000). Additionally, they are also essential to protect the DNA strand from
external stressors, such as high amounts of reactive oxygen species (ROS) (Vurusaner et al.
2012).

Although king penguin chicks, whether early- or late-born, are exposed to intense
growth pressure before the first winter (Descamps et al. 2002), the higher growth pressure
in the late group has been shown to generate higher amounts of ROS and shorter
telomeres (Stier et al. 2014). In this case, even if late-born chicks seem to produce more
ROS than early chicks, our results suggest that late-born chicks that survive until fledgling
may have a more active tumour suppression machinery, which could be restraining the
harmful effects of ROS accumulation, such as slow growth (Alonso-Alvarez et al. 2007) or
death (Stier et al. 2014). Furthermore, the upregulation of tumour suppressor genes in the
late survivors could even be related to the lower accumulation of highly deleterious
mutations detected in this group shown in Fernandes et al. in prep. (Chapter 1).

According to our initial hypothesis, late-born individuals seem to show adaptations to
rapid accumulation of energetic reserves, through the overexpression of genes potentially
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related to higher efficiency of body mass accumulation and abdominal fat (USP7 and MXD4,
respectively). Additionally, even if faster growth can generate high amounts of ROS, late
chicks upregulate genes putatively related to the tumour suppression machinery, which can
avoid major damage to DNA integrity. Overall, these results indicate that late chicks express
genes indicative of plastic adaptation to stressful conditions that are not equally expressed
in early chicks at hatching, and such plasticity could contribute to their survival through the
first winter.

The breeding cycle of king penguins also generates pressures of efficient body mass
accumulation during adult-life, especially during the pre-reproductive season. If adults
successfully fledge a chick, they have around 15 days of interval until moulting, followed by
the beginning of the next breeding season (Descamps et al. 2002). Individuals have to use
this short time period to forage at sea and accumulate enough body mass to endure the
whole 15 days of moulting, which is highly energetically demanding (Cherel et al. 1994).
Apart from this, during incubation and chick rearing, breeding success also depends on the
foraging efficiency of parents, as one partner needs to stay on land fasting and feeding the
chick while the other leaves to the sea (Descamps et al. 2002).

Considering that king penguin adults also have the pressure of efficiently
accumulating body mass in short periods of foraging time during the breeding season and
between breeding seasons, the gene expression patterns detected in late-born chicks
could be considered as a predictive adaptive response (PAR). Late chicks suffer from a
much higher mortality through the first year (Olsson 1996; Weimerskirch et al. 1992; Stier et
al. 2014), and therefore, show individual detrimental costs of being born late, in a sort of
short-term silver spoon effect. However, the gene expression pattern of surviving late-born
chicks, which are downregulated in the early group, could be considered as a PAR.
Moreover, whether such differences in gene expression are also present during fledgling
and through the individual's lifetime is still a matter of study.

Finally, considering the increasing unpredictability on resource availability caused by
climate change, adaptations to a more asynchronous environment can be a way for species
to escape extinction (Kharouba and Wolkovich 2020). In this scenario, even if late-born
chicks may show a higher mortality during the first year of life, late individuals that survive
until fledging harbour plastic adaptations that could be close to the reaction norms limits of
the species. Therefore, if late-born individuals are indeed equally performant to early-born
individuals in adulthood, in terms of survival and reproduction, we can conclude that the
late breeding strategy enhances the adaptive potential of the King penguin species.
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5. Conclusion and perspectives

In this study, we characterised the King penguin blood transcriptome, using samples
from chicks at hatching and fledging. Although most genes are expressed at both
developmental stages, the regulation of these between the groups differ, probably
according to growth pressures at hatching, during the winter fasting, and during moulting
just before fledgling. We also detected a sex-biassed in the blood gene expression of the
sampled chicks. We suggest that the blood transcriptome could be used for the sexing of
individuals in this species independently of developmental stage, although a proper
clustering analysis is still needed to be certain of the reliability of such a method. Finally, we
detected genes indicative of adaptations to faster growth and tumour suppression in the
late-born chicks. Although the long-term consequences of being born outside of ideal
conditions is still an open question for this species, the gene expression patterns of these
chicks at hatching could be a predictive adaptive response to efficient accumulation of
body mass, also important for adult king penguins during moulting and the breeding
season.

Differences between years will be explored in the coming months by the sequencing
of a third year of early- and late-born chicks at hatching and fledging (i.e., 2022 born
chicks). We will also strengthen the 2021 analyses with more samples to compensate for the
sex-bias (i.e., including more 2021 late females and early males, at both hatching and
fledging).
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1.Introduction

In natural ecosystems, most organisms synchronise the onset of reproduction and
migration with the peak of environmental resources (Price 1988; Williams et al. 2017).
According to life history theory, this match between most energetically costly activities and
the period of highest resource abundance is known as the match-mismatch hypothesis
(MMH) (Cushing 1974; Cushing and Saleem 1982; Cushing 1990). In the MMH, a “mismatch”
refers to a reduction in the fitness of the individuals phenologically outside of the optimal
synchrony. In this case, individuals’ fitness is strongly dependent on resource availability
and the resource-consumer system is characterised by a high degree of seasonality
(Kharouba and Wolkovich 2020), which is usually the case of high latitude species. The
mortality rates of individuals born out of the peak of food resources can therefore be high
(Durant et al. 2005; Post and Forchhammer 2008; Schenk et al. 2018) and/or carryover
consequences are expected to affect survival and reproduction later in life (Wilson et al.
2021).

Carryover effects arise when an individual’s previous condition influences their
performance in a later stage (O’Connor et al. 2014). Poor birth conditions can, for instance,
impair body condition at the juvenile stage, and juvenile body condition, in its turn, can lead
to lower survival and reproductive performance in adulthood. For example, Olympia oysters
(Ostrea lurida) reared under acidic environments have slower growth rates than
conspecifics reared under a neutral pH, showing a carryover effect from bad larvae
condition in the juvenile stage (Hettinger et al. 2012). Another study on the post-fledging
survival of greater sage-grouse (Centrocercus urophasianus) showed that chick body
condition positively affects survival after fledging (Blomberg et al. 2014).

Carryover effects can persist through the individual’s lifetime and even through
generations (Salinas et al. 2013; Burton and Metcalfe 2014), remaining as a life history trait in
the population (Van Allen and Rudolf 2016). In this way, the positive or detrimental early-life
conditions can affect later fitness and population dynamics in what is known as the silver
spoon effect (Grafen 1988). Silver spoon effects have been largely studied in natural
systems (Taborsky 2006; Mugabo et al. 2010; Millon et al. 2011; Hamel et al. 2009; Hayward
et al. 2013; Pigeon et al. 2017), and can be especially important for population dynamics and
species persistence under variable conditions (Song et al. 2019).

On the other hand, if a strategy is maintained within a species or population, it is
expected to provide evolutionary advantages, or at least, not to be detrimental to the point
of being removed by selection (Crespi 2000). In the context of the silver spoon hypothesis,
if a poor early developmental condition will negatively affect lifetime fitness, it should be
removed from the population or occur at a low frequency. However, many natural systems
show a regular production of individuals under unfavourable conditions, such as under
mismatch with the peak of resources (Stenseth and Mysterud 2002; Singer and Parmesan
2010; Plard et al. 2014; Doiron et al. 2015). The widespread persistence of mismatch in
nature can be explained by the fact that these strategies provide some advantage to the
population, by producing individuals able to persist through harsh situations that could also
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be encountered in adult-life (i.e., predictive adaptive response, PAR) (Monaghan 2008).
Apparent “maladaptive” strategies (e.g., mismatch) can become adaptive with the increase
of environmental unpredictability due to climate changes, as such strategies can increase
fitness under variable conditions (Kharouba et al. 2018). Thus, measuring fitness
components, such as survival and reproductive success, of individuals born under
mismatched conditions through different years can bring to light the potential adaptive
response of such strategies.

In this study, we tested whether individuals naturally born under mismatched
conditions show carryover effects that can reduce fitness (survival and first reproductive
years after fledging). We used a time-series of mark-recapture data from a long-lived high
latitude species, the King penguin (Aptenodytes patagonicus). Two phenological peaks of
hatching take place in king penguin colonies every breeding season, generating two
groups of chicks, early and late, which are born in match and mismatch with the peak of
resources, respectively (Weimerskirch et al. 1992; Descamps et al. 2002).

Late-born chicks are known for having lower survival rates during the first year of life
and, more specifically, during the first winter (Weimerskirch et al. 1992; Olsson 1996; Stier et
al. 2014). This is because, by hatching later in the season, individuals have less time to grow
and accumulate enough energy reserves before winter, a period when food resources
become scarce and adults have to forage farther aways from breeding colonies (Bost et al.
2004). More specifically, during the winter, the king penguin’s main foraging ground during
the reproductive season, the Antarctic Polar Front (APF), becomes deeper and inaccessible
for adults, as it surpasses the diving capacity of the species (Charrassin et al. 1998). As a
consequence, chicks fast for long periods and individuals that are not large enough by the
beginning of winter have lower chances of surviving (Stier et al. 2014).

Even though the higher pre-fledging mortality of late-born king penguins is well
described in literature (Weimerskirch et al. 1992; Olsson 1996; Stier et al. 2014), no previous
study has assessed the post-fledging fitness effects on late-born individuals that survive
after fledging. Therefore, whether late-born individuals are able to catch-up with the early
born individuals in terms of body condition, survival and reproduction after fledging is still
an open question. In this context, our main goal was to test whether hatching date had an
impact on fitness in this species, in terms of survival in the first years of life and age of first
reproductive success. Our hypothesis was that late-born individuals would show similar
post-fledging survival and reproductive success in comparison to early-born conspecifics,
as most of the mortality and, therefore, selection, happens during the first winter (Saraux et
al. 2011).

Additionally, because chick survival in the first year of life is highly dependent on
body condition, we expected that late-born individuals that survive until fledgling would do
so by catching-up in terms of body size and condition with early-born conspecifics. As late
chicks are born around one month after early chicks, we also expected this morphological
catch-up to take place due to a later fledging by the late-born chicks, so both groups would
have the same time to grow from hatching to fledging. Investigating life history traits
underlying a successful breeding out of the peak of resources could help understanding
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how species may be able to cope with non-ideal conditions, which will be more common
under current climate changes (Kharouba et al. 2018).
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2. Material and Methods

2.1. Long-term monitoring

Our study was conducted in the King penguin colony of La Baie du Marin (here
referred to as BDM), on Possession Island, Crozet Archipelago (46°24′27″S 51°45′27″E). from
a sub-colony of BDM called ‘Antavia’, which represents a naturally enclosed zone with four
passages used by the penguins to exit and enter the breeding area (Gendner et al. 2005).
The four passageways of Antavia are equipped by underground systems of paired
antennas, which capture and store the entry and exit movements of penguins equipped
with Radio Frequency Identification (RFID) tags, as specified in the General Material and
Methods section 1. Location and life history data. This movement information allows the
remote monitoring of each penguin’s main activities during the lifetime, such as return to
the colony, breeding attempts, among others. More detailed information about the data
gathered by this system can also be found in Bardon et al. Accepted with minor revisions
(see Appendix General Material and Methods).

From 2010 to 2022, per year, ca. 200 early-born (January) and ca. 200 late-born
(February) king penguin chicks were captured and marked about 3 weeks after hatching
(i.e. chicks between 500g and 1.3 kg maximum). At this stage, chicks are temporarily tagged
with a small external plastic pin (Fishtag, Floytag), stamped with a unique number for
individual recognition during and after the winter. In order to avoid overlapping between the
phenological groups, a period of two weeks separated the captures of the last early chick
and the first late chick (early group tagged before the 5th of February; late group tagged
after the 17th of February of each year). Chicks that survived after winter were then
recaptured on the edge of the colony ca. 2 weeks before fledging, at the end of moulting
(i.e., between November and January). During recapture, each chick was measured and
implanted with a passive RFID-tag under the skin of their leg. Finally, the Fishtag was
removed and individuals released without any other external mark. Annual early fledging
groups were defined as chicks that fledged before December 8th of a given year (estimated
according to the mean distribution of the departures), while late fledging group were
leaving for the first time their natal colony after this date.

2.2. Individual traits: morphological measurements and body
condition

Measurements of flipper length (± 1 mm), beak length (± 1 mm), and body mass (kg)
were collected at fledging (N=1489 chicks), and for some birds in adulthood (N=75 males).
Analyses of adult birds’ measurements were performed only on males due to the sample
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size of females. Flipper and beak lengths represent good proxies of the penguin’s structural
size and are known to be highly correlated (Fahlman et al. 2006). We established a
Structural Size Index (SSI) using the first component of the principal component analysis
between flipper and beak, as previously described in Saraux et al. (2011). The following
equation, obtained from measures collected at fledging, was used to calculate the SSI at
fledging:

𝑆𝑆𝐼
𝑓𝑙𝑒𝑑𝑔𝑖𝑛𝑔

 =  𝑃𝐶1 =  0. 30 *  𝐵𝑒𝑎𝑘 +  0. 95 *  𝐹𝑙𝑖𝑝𝑝𝑒𝑟

The SSI equation was also computed on adult male measurements. The following
equation was obtained:

𝑆𝑆𝐼
𝑎𝑑𝑢𝑙𝑡𝑠

 =  𝑃𝐶1 =  0. 33 *  𝐵𝑒𝑎𝑘 +  0. 94 *  𝐹𝑙𝑖𝑝𝑝𝑒𝑟

Body mass is highly variable in this species, reflecting differences in nutritional status
as well as structural size (Saraux et al. 2011). In fact, an individual can have a high mass
because it has a large structural size or because it is carrying metabolised energetic
reserves in the form of fat or protein (Dobson 1992). When calculating the individual’s
energy store through its body mass, we must correct for structural body size. Therefore, we
used an Ordinary Least Squares (OLS) regression residuals of body mass on structural size
to provide a better reflection of the actual energy stores of the animal (Schulte-Hostedde et
al. 2005; Saraux et al. 2011; Bordier et al. 2014). Individuals with positive residuals are
considered to be in better body condition (BC) and have higher energy storage than
individuals with negative residuals (Jakob et al. 1996; Schulte-Hostedde et al. 2001).

2.3. Life history determination

To test early-life effects on pre-fledging traits, we estimated: I) the differential survival
of chicks during the first winter on land; II) the differential growth of chicks during the first
winter on land; and III) the fledging date of early- and late-hatchlings. Fledging dates were
defined as the first detection by the antennas in the two months following the RFID-tagging
that was followed by no detection for at least a month. This pattern represents the chick’s
first departure to the sea after the end of moulting. It allowed us to remove the birds that
were never detected (i.e., died between sampling and fledging or RFID tag was
nonfunctional) and the birds that would have come back during the summer of their
fledging. In the last case, several detections after the potential fledging date generate noise
and may confound the real fledging date.

To test early-life effects on post-fledging traits, we evaluated post-fledging return
rates, pattern (i.e., dates and age of first returns), and differential growth of early- and
late-hatchlings. We also estimated the breeding propensity and the age at first breeding for
both groups to investigate how early-life conditions affect the recruitment into the breeding
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population. For those means, we used the movement data from monitored penguins from
the ‘Antavia’ system and the reproduction patterns described in General Material and
Methods section 1. Location and life history data.

2.5. Statistics

Generalised Linear Models (GLMs) were fitted with Gaussian distribution for fledging
and return dates, flipper length, beak length, structural size and body condition. Poisson
distributions were used for age at first breeding and age at first successful breeding.
Binomial distributions were used for survival, return, and breeding rates. As not all variables
were available for all individuals, we computed separate models for different independent
variables. Model estimates, standard deviation (Std), and the significance (P-values < 0.05)
of the explanatory variables were given according to Type-II Anova. All statistics were
computed using the R v4.0.3 statistical environment (R Development Core Team, 2022).
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3. Results

3.1. Early-life effects on winter survival and growth before fledging

3.1.1. Differential survival of chicks during the first winter of growth on
land

Hatching date and year had a significant effect on the survival probability of chicks
during the first winter of growth on land (GLM – Binomial: P-value < 0.001; Figure 1; Table 1).
Early-hatched chicks survived better the winter compared to late-hatched chicks, and the
winter chick survival probability varied significantly between years, with lower winter
mortality after 2015 for both early and late-hatched chicks. The interaction between
hatching date and year was also significant (P-value < 0.001), meaning that in some years
the effect of hatching date was stronger.

Figure 1. Winter chick survival probability of Early-hatched chicks (in orange) and Late-hatched chicks (in blue)
according to the year (cohort). Orange and blue areas around lines represent the 95% confidence intervals.
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Table 1. Model estimates, standard deviation (Std), P-values for all response variables. The factor Early/Late is
reported for level ‘Late’ in reference to the level ‘Early’. The P-value corresponds to z value for binomial
models and t value for others. Pr(>F) or Pr(>Chisq) gives the significance of the variable according to Type-II
Anova. Estimates, standard deviation and P-values are not given for categorical variables and their interaction
(grey cells). Values in bold indicate variables with significant effect (under 0.05) in the models. SSI refers to
Structural Size Index and BC to body condition.

Response variables
Type of
model

Explanatory
variables

Estimate Std P-value
Pr(>F) or
Pr(>Chisq)

Winter Survival

Binomial

Intercept -0.431 0.098 <0.001

Early/Late -1.778 0.291 <0.001 <0.001
Year <0.001
Year*Early/Late <0.001

SSI at fledging Linear Intercept -2.1806 1.3783 0.1139

Early/Late -4.1681 0.6581 <0.001 <0.001
Year <0.001

BC at fledging Linear Intercept -1.32434 0.1831 <0.001

Early/Late -0.16725 0.0874 0.0560 0.0560

Year <0.001

Fledging date Linear Intercept 77.00 2.826 <0.001

Early/Late 12.50 8.238 0.1295 <0.001
Year <0.001
Year*Early/Late <0.001

Post-Fledging return at 2
y-o

Binomial Intercept -0.30061 0.4542 0.5081

Early/Late -0.20743 0.1226 0.0907 0.0912

Year 0.0333
Fledging date -0.00722 0.0038 0.0604 0.0553

Post-Fledging return at 2
to 4 y-o

Binomial Intercept 0.2342 0.1723 0.1739

Early/Late 4.7845 166.1940 0.9770 0.8935

Year 0.0013
Year*Early/Late 0.0146

Adult flipper length Linear Intercept 327.750 5.057 <0.001

Early/Late -6.124 3.109 0.0531 0.0531

Year 0.3285

Adult beak length Linear Intercept 129.2500 2.4372 <0.001

Early/Late -1.4097 1.4985 0.350 0.3503

Year 0.1107

Adult SSI Linear Intercept 1.03 5.2284 0.8442

Early/Late -6.244 3.2147 0.0564 0.0564

Year 0.24623

Differential size of flipper
length (adult - fledging)

Linear

Intercept 10.75 2.3414 <0.001

Early/Late -0.5625 1.4443 0.6982 0.6982

Year 0.00224

Differential size of beak
length (adult - fledging)

Linear

Intercept 20.75 2.9196 <0.001

Early/Late 1.6097 1.8010 0.3747 0.3747

Year <0.001

Breeding propensity
Binomial

Intercept -0.5194 0.1702 0.0023

Early/Late 0.1391 0.1143 0.2236 0.2224

Year <0.001
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Age of 1st breeding
attempt

Poisson
Intercept 1.437217 0.1119 <0.001

Early/Late 0.007026 0.0623 0.910 0.9103

Year 0.7980

Young breeding success Binomial
Intercept -1.10737 0.2040 <0.001

Early/Late -0.12799 0.1364 0.3481 0.3485

Year <0.001

Age at 1st breeding
success

Poisson Intercept 1.860752 0.1054 <0.001

Early/Late 0.049098 0.0757 0.5168 0.5181

Year 0.0002

3.1.2. Differential growth of chicks during the first winter on land

Hatching date and year had a significant effect on the developmental winter growth
of the chicks (GLM – Gaussian: P-value < 0.001; Figure 2; Table 1). Overall, the structural
size (SSI, flipper and beak lengths) of early-hatched chicks was significantly higher than
late-hatched chicks at fledging. Body condition (BC) at fledging was also greater for
early-hatched chicks compared to late-hatched chicks, even if it was not strictly significant (
P-value = 0.056). Structural size and body condition at fledging varied significantly between
years, with globally a better overall condition after 2016. However, in this case, most of the
SSI and BC data also concentrates after 2016.
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Figure 2. Morphological traits at fledging (at the end of moult) of Early-hatched chicks (in orange) and
Late-hatched chicks (in blue) according to the year (cohort). A. Flipper length, B. Beak length, C. Structural Size
Index (SSI), and D. Body Condition (BC). Orange and blue areas around lines represent the 95% confidence
intervals. Late-hatched chick data is missing from 2010 to 2012 due to the absence of morphological
information. Missing data in 2014 is due to the absence of late-survivor chicks at fledging.

3.1.3. Fledging date of Early- and Late-hatchlings

Hatching date and year had a significant effect on the fledging dates of chicks (GLM
– Gaussian: P-value < 0.001; Figure 3; Table 1). Overall, early-hatched chicks left their natal
colony earlier than late-hatched chicks (in average 12.5 ± 8.2 days). Fledging date varied
significantly between years, with globally an earlier departure after 2015. The interaction
between hatching date and year was also significant (P-value < 0.001), meaning that in some
years early and late-hatched chicks fledged synchronously (e.g., 2016 and 2020).
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Figure 3. Fledging date of early-hatched chicks (in orange) and late-hatched chicks (in blue) according to the
year (cohort). Dashed lines represent the 1st and 3rd quartiles of the distribution. Missing data in 2014 is due to
the absence of late-survivor chicks at fledging.

3.2. Early-life effects on post-fledging traits

3.2.1. Post-fledging return rate and pattern of early- and late-
hatchlings

While year had an effect on the post-fledging return of juveniles (GLM – Binomial:
P-value = 0.033; Figure 4; Table 1), hatching date appeared to have a slight effect on the
post-fledging return rate at age 2 (P-value = 0.091), although the trend was not significant,
with early-hatched chicks returning earlier to their natal colony compared to late-hatched
chicks, especially before 2017 (Figures 4 and 5). Post-fledging return rate varied
significantly between years, and the interaction between hatching date and year when all
age classes were all pooled together was also significant (P-value = 0.014). This means that
in some years early and late-hatched chicks returned synchronously (i.e., both at age 3
instead of age 2) to their natal colony (e.g., 2017).

We did not observe differences in post-fledging return patterns according to the
hatching date of the chicks (Figure 4). Overall, juveniles that did not come back to their
natal colony before 3 years old, arrived earlier in the summer season compared to the
juveniles that came back the year following their first departure, at 2 years of age. Two
peaks of return were observed in early-hatched and late-hatched birds coming back one
year after fledging, while in the second year, there was one main early return peak (Figure
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4). Finally, post-fledging return rates one year after fledging of late-hatched chicks that were
able to fledge early tended to be similar to early-hatched early-fledging chicks (Figure 6).

Figure 4. Post-fledging return rates (left panels, A and C) and patterns (right panels, B and D) at 2-years old
(top, A and B) and 3-years old (bottom, C and D) of early-hatched chicks (in orange) and late-hatched chicks (in
blue).
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Figure 5. Post-fledging return rates of early-hatched chicks (dots and solid lines) and late-hatched chicks
(crosses and dashed lines) at 2, 3, and 4-years old according to the year (cohort).

Figure 6. Post-fledging return rates of early-hatched chicks (in orange) and late-hatched chicks (in blue) at
2-years old (top) and 3+4-years old (bottom) according to the year (cohort) and according to the fledging date.
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3.2.2. Post-fledging differential growth of Early- and Late-hatchlings of
chicks

Hatching date appeared to have a slight effect on some adult morphological traits
(GLM – Gaussian: P-value = 0.053; Table 1; note that this analysis was performed only on
males for which the sample size at hatching/fledging and in adulthood was sufficient),
although the trend was not significant. Early-hatched individuals had longer flippers (327.75
± 5.05 mm) at adulthood compared to late-hatched individuals (6.12 ± 3.11 mm smaller).
Overall, flipper length in adulthood did not differ between years, while beak length tended
to differ according to the cohort, although it was not significant (Table 1). When using the SSI
(i.e., pooling individual morphological traits), differences between early- and late-born
groups were still observed, with a trend of individuals from the early-born group being
bigger than those from the late-born group. The differential length of flipper and beak
between adult stage and fledging stage did not differ between early-hatched individual and
late-hatched individual (Table 1).

3.3. Recruitment into the breeding population

3.3.1. Breeding propensity and age at first breeding

Year had a significant effect on the breeding propensity (GLM – Binomial: P-value <
0.001; Figure 7; Table 1), unlike the hatching date that appeared to have no effect. Age at
first breeding attempts did not differ between early and late-hatched chicks (Figure 8; Table
1), although the distribution of the age at first breeding attempt tended to be shifted to an
earlier attempt.
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Figure 7. Cumulative proportion of breeding attempts of early-hatched chicks (line) and late-hatched chicks
(dash) between 3 and 7-years old according to the year (cohort).

Figure 8. Age at first breeding attempts of early-hatched chicks (orange) and late-hatched chicks (blue) from 7
cohorts (2010 to 2016 combined).

3.3.2. Breeding success

Hatching date had no significant effect on the breeding success of the first breeding
attempts (e.g. at age 5 or lower) (GLM – Binomial: P-value = 0.348; Figure 9; Table 1).
Early-hatched chicks tended to perform better earlier in life compared to late-hatched

140



chicks, although the effect was not significant. Breeding success of young birds and age at
first breeding varied significantly between years (GLM – Binomial and Poisson: P-value <
0.001; Figure 9; Table 1).

Figure 9. Cumulative proportion of successful breeding attempts of early-hatched chicks (solid line) and
late-hatched chicks (dashed line) between 3 and 7-years old according to the year (cohort).
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4. Discussion

In this study, we investigated whether individuals born and raised under mismatch
with environmental resources showed carryover effects on fitness at fledging and in the first
years of adulthood, using a wild population of king penguins as a model. Our expectation
was that late-born chicks that survive through the first winter may catch-up with early-born
conspecifics at fledging, in terms of minimum body conditions (i.e. energy reserves) and/or
size to be able to fledge, leading to potentially similar return rates/patterns and
reproductive success in the first years of adulthood between both phenological groups.
Overall, our results indicated an equal return probability and reproductive success between
early- and late-born individuals in the first years after fledging, even without a complete
morphological catch-up by the late-born group. Even with smaller body size, late-hatchlings
fledged with similar body conditions as early-hatchlings. We also observed a strong
interannual variability both in pre-fledging survival and post-fledging return, as well as in the
recruitment of breeders in the population.

4.1. Interannual variability in pre-fledging survival and strong
winter selection on late-born chicks

Our results indicated a higher probability of winter survival in early-born chicks
compared to late-born chicks, while this pattern was stronger in some years than others.
Overall, the average survival rate from 2010 to 2014 was lower for both early and late
groups in comparison to the period of 2015 to 2022. Higher late chick mortality before
fledging has already been described in literature (vanHeezik et al. 1993; Stier et al. 2014),
but our results indicated that the difference in winter mortality between phenological
groups was strongly subjected to interannual variability. Our results supported that late-born
individuals were subjected to higher selective pressure than early-born, but also that such
selective pressure was stronger for both groups depending on the year.

In the investigated time-window, both early- and late-born chicks fledged later in the
years preceding 2015, with mean fledging dates around late November/early December
after 2015 compared to the previous late December/early January. We also found that 2012
and 2013 were characterised by lower winter survival rates when compared to more recent
years, specially after 2016. Both lower winter survival rates and later fledging dates could
reflect poor environmental conditions (e.g., lower food availability), pushing parents to make
longer foraging trips (Bost et al. 2015) during those years.

King penguin reproductive success is known to be influenced by climate variability,
being negatively affected by abnormally warmer ocean temperatures, a.k.a. negative
southern oscillation index (SOI) (Le Bohec et al. 2008; Bost et al. 2015). Previous studies
have shown that during years of negative SOI, species’ foraging grounds appeared to be
pushed southwards, reducing in turn the survival of chicks (Le Bohec et al. 2008; Pascoe et
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al. 2022) and adults from Crozet and Macquarie islands (Le Bohec et al. 2008). However,
our results showed a higher chick survival probability during a period of warmer southern
ocean temperatures (negative SOI), from 2016 to 2022 (Zhang et al. 2022), compared to
2012/2013. Although such global climatic oscillations, as well as local sea surface
temperature (SST), are considered as good proxies of the APF position, the direct impact of
such climatic events on myctophid fish availability and abundance is still unknown (Bost et
al. 2015). In fact, recent studies have shown patterns of population increase in other king
penguin colonies despite warming events (Foley et al. 2018; Brisson-Curadeau et al. 2023).

The first case concerns colonies located south of the APF, in South Georgia island on
the Atlantic sector of the Southern Ocean. These colonies are expected to be less affected
by the predicted southward shift of the APF (Cristofari et al. 2018). Moreover, it has been
suggested that king penguin population increase in South Georgia since 1883 might be the
outcome of the disruption of the complex trophic relationship between king penguins, its
main prey during summer (the myctophid fish, Olsson and North 1997; Raclot et al. 1998),
the Antarctic krill, and other kill predators. The decline of large krill predators, such as
whales and seals, due to intensive hunting during the 20th century (Laws 1973; Branch et al.
2004), could have led to a regional increase in myctophid in the last decades, favouring
king penguin foraging in the region (Foley et al. 2018).

The second study compared the effect of warmer sea surface temperatures on the
King penguin breeding success and chick mortality in our studied colony in the Crozet
archipelago, in contrast to a close-by colony also located in the Indian Ocean sector in the
Kerguelen islands (Ratmanoff's colony, 49°14′33″S, 70°33′40″E) (Brisson-Curadeau et al.
2023). Regardless of the proximity between the two colonies (ca. 1500 Km of distance,
BirdLife International), king penguins from Kerguelen are more closely located to the APF,
as the Kerguelen-Heard Plateau forms a southern barrier, which prevents the front from
moving polewards (Park et al. 2014). Consequently, the authors showed that years of
warmer temperatures had a positive effect on Kerguelen’s chick survival in contrast to what
is observed in Crozet (Le Bohec et al. 2008; Bost et al. 2015). Warmer years did not seem to
affect foraging distances of adults from Kerguelen, and warmer winter air temperatures
likely reduced the thermoregulation cost of chicks, resulting in better survival
(Brisson-Curadeau et al. 2023). Interestingly, survival curves from Kerguelen chicks during
the studied period showed a similar pattern compared to our study (see Figure 5 from
Brisson-Curadeau et al. 2023 and our study’s Figure 1).

We therefore suggest that the higher chick survival observed in Crozet after 2015
may be a short-term response to warmer winters. Indeed, warmer air temperatures during
the winter could limit the costs associated with offspring thermoregulation during winter, as
it was suggested by Brisson-Curadeau et al. (2023) for Kerguelen chicks. Adults from Crozet
may be able to cope, to some extent, with the higher foraging efforts of swimming farther to
the APF during warmer summer seasons in the short-term, as it has already been seen in
extreme climate dipole events (Bost et al. 2015). However, the long-term effect of such
higher foraging efforts during the summer season but also potentially during the winter, may
have negative consequences in adult survival, which can lead to population’s decline (Le
Bohec et al. 2008).
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Another non-exclusive hypothesis is that warmer years could lead to a shift in
summer diet to other types of prey that can be found outside the APF, such as squids
(Moroteuthis ingens), which are also known to be in the species’ diet during winter (Cherel
et al. 1996). Moreover, to feed their chick during winter, king penguins forage predominantly
on small- and medium-sized juvenile squids that spawned in the previous spring (Cherel
and Weimerskirch 1999) in the outer shelf, upper slope, and oceanic areas in the close
vicinity of Crozet Islands (Cherel et al. 1993). Some studies demonstrated a strong influence
of environmental conditions on squid growth and maturation, with individuals hatched in
warmer temperatures growing faster and maturing earlier compared to those hatched in
colder waters (Forsythe 2004; Pecl and Jackson 2008; Pang et al. 2022). Therefore,
warmer sea temperatures may increase food availability close by the colony to feed the
chicks. In combination with lower thermoregulatory costs, this could have a positive effect
on chick survival in the short-term. However, the lower energetic value of squid compared
to myctophids (Raclot et al. 1998) could impact the supply efficiency of adults (for their own
energetic needs and those of their chicks) and increase the rearing costs of chicks, which
could have, over a longer time, consequences on the survival of adults.

Our next step is now to select and incorporate local and global on-land and at-sea
environmental variables, such as the ambient or sea surface temperature (SST), the SOI or
the Southern annular mode (SAM), or even the winter position of the Antarctic marginal ice
zone (MIZ), which corresponds to an expected foraging area for adults during winter (Bost
et al. 2004). In addition, analyses of stable isotopes on archive samples will help us to
investigate a possible annual shift in summer and winter diets.

4.2. Late-born chicks fledge smaller, but with equal body
conditions as early-born chicks

Late-hatchlings fledged later than early-born ones, with smaller body size but similar
body condition. Although late-born chicks fledged later, this did not completely offset the
delay compared to the early ones. Hence, the shorter time-window to grow, especially
before the winter fasting and from the end of winter until fledging, may explain their smaller
body size. However, late-born fledging chicks appeared to be able to grow to a sufficient
threshold that allowed them to survive the winter, and to reach the same body condition as
early-hatchlings through energy accumulation over the last growing period. We suggest that
this might be the result of plastic adaptations of late-hatchlings, for example, via the
upregulation of genes related to efficient energy accumulation (e.g., USP7 and MXD4), as
shown in Fernandes et al. (in prep. - Chapter 2). Another study has shown physiological
responses at hatching of late chicks that survive through winter, such as high corticosterone
levels and higher body mass at 10 days of life (Stier et al. 2014). The same study showed
that high body mass 10 days after hatching was a strong predictor of survival until fledging
in both early and late groups.
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Overall, the fact that late-born chicks fledged with similar energy reserves but
smaller body sizes than early-born chicks underlines that energy reserve accumulation a
couple of weeks before fledging and up to an optimal body mass (see Jebb et al. 2021) is
the critical component to fledge. It also points out that producing smaller chicks for late
breeders should be an advantage in several ways: it is faster to produce (while the match
with resources availability is almost over), it is less costly to raise (i.e. lower energy demand)
under harsh environmental conditions (like the harsh austral winter), and, as the
reproduction is likely to fail, for the parents that may face poorer condition/nutritional stress
(linked to the costs of previous successful breeding), producing a less costly smaller chick
may avoid impairing future fitness (i.e. the ‘cost of reproduction hypothesis’, Williams 1966).
This assumption is supported by the sex-biassed allocation strategy depending on yearly
environmental conditions that has been observed in king penguins (Bordier et al. 2014). The
higher costs of producing the larger sex (i.e. male in king penguins) appeared to favour the
production bias towards the smaller one (i.e. female) under harsher conditions yearly, but
also seasonally as the late-hatched group was female-bias while the early one was
male-bias (Figure 2 in Bordier et al. 2014). Individual sex information is still unavailable in our
study, but the next step will also be to validate this seasonally sex-bias over several years

4.3. Return rates do not depend on hatching date, but vary among
years

King penguin juveniles spend from one to three years out of their birth colony after
fledging, when around 3⁄4 of juveniles return to the natal colony (Saraux et al. 2011). In spite
of fledging at smaller sizes, late-born individuals did not show differences in return rates in
the following years compared to early-born individuals. These results indicate that,
independently of catching-up in terms of size, individuals born in mismatch with resources
were equally likely to return to natal colonies in the first years of adulthood in this species.
This result indicates that the harsh conditions to which late survivors were exposed in their
first year of growth on land may trigger responses that can be beneficial as adults. Thus,
late-hatchling traits can be considered as a predictive adaptive response (PAR), instead of
carryover effects in their early years of life.

Depending on the location of their breeding colony, king penguin adults have to
swim for hundreds of kilometres to reach the main foraging grounds (Bost et al. 1997; Bost
et al. 2015), which is also the case for juveniles and non-breeders (Orgeret et al. 2019). A
proportion of juveniles do not survive until recruitment in the population, probably because
those individuals are less efficient in swimming and accumulating energy reserves than the
ones that survive and breed regularly (Saraux et al. 2011). In addition, during the yearly
moulting and reproduction (more specifically during incubation and brooding), individuals
have to fast for weeks while waiting for the new feathers to grow (Cherel et al. 1994;
Gauthier-Clerc et al. 2002) or for the partner to return from the sea (Weimerskirch et al.
1992; Groscolas and Robin 2001), respectively. This means that successful adults have to
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manage their energy reserves properly in order not to die of starvation or hypothermia, or
abandon the egg/chick during breeding. We suggest that the ability to efficiently
accumulate energy reserves before the first winter, prepare the late-born chicks to face
physiological challenges in adulthood (such as fasting in the colony during breeding and
moulting), as a PAR.

Our results showed a highly interannual variability in the juvenile return rate, which is
most likely related to the highly variable environmental conditions/food availability between
years. This result was consistent with those found previously, which indicate that interannual
variability of the return rate (from 68% to 87% depending on the year, Saraux et al. 2011) was
related to body condition, but not to structural size. In contrast to what is observed in king
penguin adults (Le Bohec et al. 2008), this study showed that juveniles returned at higher
rates in warmer years, due to the fact that juveniles forage in more subtropical areas while
adults are foraging in the APF (Saraux et al. 2011).

Our next step is to incorporate into our models on-land and at-sea environmental
variables experienced by juveniles during their first year of growth on land and their first
years at sea before returning to their colony to better understand the early-life selective
pressures in this species. As already mentioned earlier, climate change may not show
detrimental effects at the population level in the short-term. However, because King
penguin foraging grounds are projected to be affected by warming (Le Bohec et al. 2008;
Bost et al. 2015; Cristofari et al. 2018), lagged and long-term effects on population dynamics
are expected in the near future (Le Bohec et al. 2008).

4.4. Returning dates and recruitment in the population

King penguin juveniles are also known to show individual variation in the age of first
return to the colony (i.e., returning date) (Saraux et al. 2011). Our results showed a higher
proportion of individuals coming back at 3 and 4 years old (from 66% to 95% of return) than
at 2 years old (from 30% to 61%), in accordance with Saraux et al. (2011). Early-hatchlings
tended to return at a younger age compared to late-hatchlings, even if this trend was not
statistically significant. This trend may be blurred by the fact that not all individuals that
hatch early will fledge early, and vice-versa. Indeed, we observed some late-hatchlings that
fledged early in the season, having an extremely short period of development, while some
early-hatchlings fledged late, as their parents did not succeed to effectively rear them in a
timely window. How this rapid developmental rate will affect the fitness of late-hatchlings,
and if this is a result of plastic adaptations to faster growth and body mass accumulation or
driven exclusively by parental feeding efficiency are still open questions.

Independently on the hatching date, we found that chicks that fledged later in the
season came back later to their natal colony (i.e., at 3 years of age), while early-fledglings
returned a year younger. The pattern of late-fledglings returning at older ages has also
been previously observed in the studied colony (Saraux et al. 2011). Juvenile activity at sea
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has only started to be explored in recent years. For instance, a study of 2-year old king
penguins showed evidence of exploratory foraging behaviour throughout a wide area to
the western side of the APF to the Antarctic pack ice (Orgeret et al. 2019). A more recent
study has shown that juvenile’s foraging performance in the first months at sea, in terms of
diving depth, is lower than adults (Enstipp et al. 2021). Thus, juveniles pass through an
acclimation and training period, which likely facilitates their ability of swimming in cold
waters and diving deeper in adulthood. Moreover, penguins leave the colony for the first
time with a low body condition after moulting, meaning that the ability of efficient fat
accumulation is essential to stand the cold polar waters (Enstipp et al. 2019). We therefore
suggest that the potentially poorer conditions of the late-fledglings at the beginning of their
first winter at sea (as they had less time to replenish their reserves before winter since they
left the colony later) may impede them in terms of foraging efficiency during the winter,
resulting in a delayed return to the colony.

As in Saraux et al. 2011, we also observed two peaks of arrival to the colony at 2
years old, while a single peak was characteristic of the return at 3 years old. The bimodal
arrival at 2 years old also happened later in the summer season (December and March)
when compared to the unique earlier peak of arrival at 3 years old (November). We still do
not have a proper explanation to these patterns, apart from that the colony might be too
crowded in December/January so that the juveniles would stay out of the breeding colony
to avoid the aggressiveness of the breeders.

Finally, our results showed that some early-born individuals attempted to breed at 2
years old, while the majority of the birds (early- or late-born) attempted to breed for the first
time at 4 and 5 years of age. The mean age at first breeding of king penguins has been
estimated at 6 years old (Weimerskirch et al. 1992), and recent work on unbanded birds has
shown that they attempt to breed, even successfully, at a younger age, i.e., average age of
5 years (Le Bohec 2007; Kriesell et al. 2021; this study). In our study, early-born individuals
tended to achieve a first successful breeding attempt at a younger age than late-born
chicks, although the effect was not significant. Our long-term monitoring of these early- and
late-hatched chicks started 10 years ago for a species that can live up to 30 years in the
wild (Gauthier–Clerc et al. 2004), thus the long-term effects of early-life success in
reproduction can still not be estimated from our dataset. However, numerous studies on
long-lived birds have shown that breeding success can improve with experience (e.g., Lewis
et al. 2006; Limmer and Becker 2009; Limmer and Becker 2010; Zhang et al. 2015).
Therefore, attempting to breed at a young age to gain experience (learning the best place
to reproduce and/or the courtship behaviours, or meeting potential future partners) may
result in an earlier success. Their delayed secondary sexual characteristics (Nicolaus et al.
2007; Kriesell et al. 2021), such plumage and morphological differences, signalling a
noncompetitive status to adults, would lead to lower aggression from adults, while learning.

There may be a possible trade-off between the costs of attempting a potentially
unsuccessful early breeding attempt and the benefits of gaining experience. However, a
high investment in reproduction early in life could be balanced by associated costs, such as
reducing the probability of survival (Clutton-Brock 1984), accelerating senescence in later
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life (Nussey et al. 2006; Spagopoulou et al. 2020), and lifetime fitness (Spagopoulou et al.
2020). Thus, only high quality individuals may have the ability to adopt this strategy (Fay et
al. 2016). In our case, we expect that early- and late-hatched chicks that reach the condition
to fledge early in the season (a proxy of good body condition before the next winter), would
have this capacity, with late-hatched chick potentially better equipped to face the
environmental threats of a changing world (i.e. PAR). In a longer timeframe, we will
investigate whether these birds have a better lifetime reproductive success (LRS,
Clutton-Brock 1988).
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Synthesis and discussion



General conclusions

In the framework of the match/mismatch hypothesis (MMH), individuals can be
generated inside or outside the peak of environmental resources (match and mismatch,
respectively) in natural systems (Cushing 1974; Cushing and Saleem 1982; Cushing 1990).
Most individuals tend to reproduce under the peak of resources (match), as this strategy
generally results in higher offspring survival and fitness (e.g., Dunn 2004; Reed et al. 2013;
Doiron et al. 2015). Nevertheless, populations naturally harbour individuals that breed in
mismatch with the peak of resources, such as in the case of the King penguin (Descamps et
al. 2002). If such mismatched strategy is expected to negatively affect individual fitness,
then why is it often found in natural populations?

Our main hypothesis was that individuals born and surviving under mismatched
conditions could have even higher fitness than individuals born under match conditions
under future environmental change scenarios. More specifically, some individuals from the
mismatched group could have higher fitness than the mean fitness of the matched group,
while this difference would be intensified in more future challenging environmental
conditions. Given that environmental changes, such as climate changes, are increasing the
frequency of mismatches (Kharouba et al. 2018), the higher fitness of surviving mismatched
individuals could indeed contribute to the adaptive response of the King penguin to climate
change.

In the case of the King penguin, individuals born in mismatch with environmental
conditions, here represented by individuals born later in the season, have less time to grow
and accumulate energy reserves until the beginning of the austral winter (Weimerskirch et
al. 1992; Stier et al. 2014). Such late-born individuals face early-life conditions that may be
analogous to the forecasted scenario for the studied population in the next decades, as the
main foraging ground of the species during summer (the Antarctic Polar Front, APF), is
predicted to move southwards, farther away from many breeding colonies (Péron et al.
2012; Cristofari et al. 2018) (Figure 17).

In this thesis, we measured fitness under three different perspectives: through a
genetic component, in which we expected the stronger selection on mismatched
individuals to result in fitter genotypes, with lower genetic load and higher genetic
variability; through a plastic component, by which we expected to find signals of predictive
adaptive response (PAR) in early-life mismatched phenotypes that could reflect later
pressures of adult-life; and through a life history component, which would be characterised
by similar return and first reproductive patterns if mismatched individuals were able to
catch-up with matched offspring at fledging, via the predicted genetic and plastic
adaptations.
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Figure 17. Schema of the main results of this thesis. Mismatch graphic representation adapted from Kharouba
and Wolkovich (2020). Curves of resource and consumer abundance (King penguin and myctophid fish) are
merely illustrative. Projections of King penguin foraging distance from the breeding colonies of Crozet,
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projected according to three greenhouse gas concentration trajectories, RCP2.6, RCP4.5 and RCP8.5, were
taken from Cristofari et al. (2018). The horizontal red line in the projections graph represents the 700 km
projected distance of the APF to the archipelago, beyond which no successful breeding is expected. Items in
green represent results and conclusions taken from our study. PAR stands for predictive adaptive response.

Our first prediction was that the poor early-life conditions faced by mismatched king
penguins could act as a strong selection filter, reflected by the high mortality rates of
late-born chicks during the first winter (Olsson 1996; Weimerskirch et al. 1992; Stier et al.
2014; Fernandes and Bardon et al. in prep - Chapter 3), which would purge deleterious
alleles more efficiently from the population. At the same time, because deleterious
mutations occur in low frequencies at the population level (Bertorelle et al. 2022), we did
not expect this genetic purging to affect global genetic variability in neutral loci. In fact, as
higher levels of genetic variability are also considered as a proxy of better fitness (Kardos et
al. 2021), we expected survivors to harbour higher levels of heterozygosity (i.e., lower
homozygosity) compared to non-survivors, and potentially even more in mismatched versus
matched ones.

We detected signals indicative of stronger purifying selection acting on late chicks
that survived through the first winter, which showed a lower accumulation of highly
deleterious mutations in comparison to the early group. Yet, the higher genetic load
detected in early-born individuals was due to the early individuals that did not survive, while
in late-born individuals harboured lower frequencies of deleterious mutation independently
on survival. Moreover, the accumulation of highly deleterious mutations’ seemed to be
related to chick mortality in the early group, but not in the late group, which already started
with a lower genetic load threshold. Thus, our conclusion so far is that the whole late group
may have mechanisms that more efficiently purge deleterious alleles from the population.

Now if we look at breeding adults, late breeders are known to be individuals that
have been successful in year n-1, and arrived later for the breeding season of year n. Early
breeders, on the other hand, include those successful late breeders in year n-1, but also
individuals that start early in the season because of failed or non-breeding in year n-1
(Descamps et al. 2002). Thus, the late group of breeders is expected to be composed of
high quality breeders, which are also contained in the early group. However, the early group
is much more heterogeneous, also holding individuals of lower reproductive success.
Indeed, our results showed that the early-hatchlings were much more heterogeneous in
terms of deleterious mutations than the late group, supporting this parental quality
hypothesis. Further investigation on the genetic composition and breeding success of
breeders of each phenological group can bring light into the role of parental quality to
viability selection in the population.

Genetic diversity, in terms of heterozygosity at putatively neutral loci, did not seem to
differ greatly between phenological groups, in contrast to our expectations. However,
late-born chicks showed significant lower levels of homozygosity for the minor allele of
putatively neutral loci. Even though the real fitness effect of the less frequent MODIFIER
allele is unknown in our dataset, being less homozygous (for any MODIFIER allele) was
significantly related to survival. Accordingly, lower levels of heterozygosity were mostly
related to general mortality, as individuals that did not survive in both phenological groups
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had lower amounts of heterozygosity for presumably neutral alleles. This genetic diversity
pattern may indicate that mortality can be related to the overall heterozygosity carried by an
individual independent of the phenological group.

Even though there is currently a debate about the relative importance of genetic
diversity and genetic load to fitness (Teixeira and Huber 2021; Kardos et al. 2021), our
results indicated that both factors can be related to mortality, and therefore, to a total
reduction of individual fitness. Moreover, whether one of those factors can be predictive of
the other is still an open question. Our future objective is to test if higher heterozygosity for
neutral loci is correlated with a lower amount of highly deleterious mutations. If this
correlation holds true, both proxies could be used to measure fitness and thus for extinction
risk assessment in wild populations. Of course, these hypotheses would also have to be
tested in other species before any major conclusions can be drawn.

Although poor early-life conditions may act as a strong selective filter for individuals
that will be recruited in the population, they can also express carryover effects on survivors
at later developmental stages (i.e., silver spoon effects, Grafen 1988). On the other hand, if
the pressures acting on individuals during development are analogous to stressful
situations that will also be faced in adulthood, the expressed phenotypes (e.g., gene
expression, morphological traits) can act as a predictive adaptive response (PAR) (Gluckman
et al. 2005; Monaghan 2008). Our second prediction was that king penguins born in
mismatch with resources would show signals of PAR soon after hatching, as previous
studies have shown the capacity of late-survivor chicks to grow faster than early-survivors at
10 days of age (Stier et al. 2014). Also in line with the PAR hypothesis, we predicted that
mismatched fledging phenotypes would also present signals of catching-up with the early
group, in terms of body condition, which would allow individuals to equally perform in the
first post-fledging years and later in life.

In addition to the low genetic load, late individuals also showed evidence of
adaptation to efficient growth and tumour suppression at the gene expression level. These
could represent plastic adaptation to allow faster growth until the first winter, a period when
poor body condition leads to high mortality in the species (Stier et al. 2014). Because faster
growth usually generates high quantities of ROS (Stier et al. 2014), the upregulation of
tumour suppressor genes could act as a protection against DNA strand damage caused by
oxidative molecules (Vurusaner et al. 2012).

In fact, if further evidence of an effective tumour suppression machinery in late
chicks could be evidenced, this could be a possible molecular mechanism that leads to the
reduced accumulation of deleterious mutations in this group. If the same genes were found
to be upregulated in late chicks in other years, in a replicate of the 2020 data shown here,
this would give a better indication of target genes to be further explored in order to
supplement a better understanding of the mechanisms that inhibit uncontrolled cell growth
in penguins. To this end, we intend to sequence the blood transcriptome of a third year of
individuals, born in 2022, as well as supplementing 2021 data with more individuals to
balance the sex-bias inside each phenological group.
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Finally, no major carryover effects were detected in the early adult-life of individuals
born under mismatch when compared to individuals born in match with resources. Even if
late-born individuals fledged with lower body size in comparison to early-born conspecifics,
this did not seem to influence return rates and, therefore, survival, in the first years after
fledging. In addition, individuals from both phenological groups generally started their first
breeding attempts at the same age. Information about survival and reproductive success
through the whole adult-life is still needed to reach clear conclusions about the lifetime
impacts of mismatch conditions at birth.

Throughout the three studies included in this thesis, we provide the first evidence
that late breeding may have an adaptive advantage in king penguins, in stark contrast to
what has previously been postulated (Weimerskirch et al. 1992; Stier et al. 2014). Indeed,
late chick mortality is much higher during the first year of life, but this seems to come at the
cost of selecting the “best quality breeders” that can attempt to breed late in the season.
Because conditions are less favourable for late-season breeding, the selective pressure on
survivor chicks is also high, but this does not seem to negatively affect them, at least until
maturity is reached. Moreover, we here propose that the late breeding may have been
maintained in the species as a type of bet-hedging strategy. In this context, a set of good
quality breeders take a chance on breeding late, under less favourable conditions, instead
of skipping a year. Those individuals which succeed end up generating offspring with similar
fitness compared to the early breeders that successfully fledge a chick.

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). From a theoretical perspective, under variable environmental conditions,
bet-hedging will optimise a population’s geometric mean fitness (wgm, more sensitive to
variance) at the expense of the reduction of its arithmetic mean fitness (wam) (Simons 2011). If
individual fitness is measured at specific years with good environmental conditions, a
non-bet-hedging strategy will provide higher fitness. However, this will lead to a high
lifetime variance in success, as non-bet-hedgers will experience several years of minimal
fitness, while bet-hedgers will have constant yearly fitness. It then follows that if we
measure total fitness at the end of a non-bet-hedger lifetime, it will be lower. This is because
the low number of years with maximum success in non-bet-hedgers will not pay off for the
more frequent year of minimal success. A simplified representation of the impact of
bet-hedging and non-bet-hedging strategies on the arithmetic and geometric fitness can be
visualised in Figure 18, from (Simons 2011).
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Figure 18. Representation of the bet-hedging strategy, from (Simons 2011). At the top and middle, a theoretical
representation of the reproductive success under a non-bet-hedging (N) and a bet-hedging strategy (B),
respectively. The bottom image represents environmental fluctuations (favourable conditions in green,
unfavourable conditions in red). The numbers in the purple bars represent the number of offspring generated
under each strategy in four generations, and the numbers at the end of yellow boxes represent the total
offspring after four generations. The offspring number after each generation remains constant in the
bet-hedging strategy, while it varies according to the environmental conditions in the non-bet-hedging
strategy (i.e., unfavourable conditions lead to lower success, favourable conditions lead to higher success).
The expected arithmetic mean fitness (wam) and geometric mean fitness (wgm) at each strategy are displayed in
purple boxes at the right of the figure. While the bet-hedging strategy leads to lower wam, its wgm and offspring
number across generations are higher than in the non-bet-hedging strategy under variable environmental
conditions.

Considering that bet-hedgers can endure some degree of mismatch generated by
environmental variation (Sæther and Engen 2015), bet-hedging strategies could then
provide species with the ability to more rapidly counteract new conditions posed by climate
change (Villa Martín et al. 2019). As it was outlined throughout this thesis, climate change is
already increasing mismatches in the wild, by affecting the synchrony of many
consumer-resource systems, specially in bird species (Stevenson and Bryant 2000; Visser
and Holleman 2001; Dunn 2004; Both et al. 2009; Keogan et al. 2018). Under this scenario,
understanding the mechanisms that allow bet-hedgers to cope with changes under
mismatched conditions, could inform the adaptive potential of species under future
conditions.

A further step from our study would be to test whether late-breeding in king
penguins can be considered as a bet-hedging strategy. Preliminary simulation results on the
study system have shown evidence that the late-breeding strategy (i.e., two consecutive
years of breeding, early and late, with a third year of pause) increases the geometrical
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fitness of the population when compared to strategies of always breeding early (Massa
2021).

The results presented in this thesis represent an exploratory survey of how
individuals born under mismatch with environmental conditions can contribute to the
persistence of a population, through genetic, plastic, and life history components. To
overcome the limitations of some of our predictions, especially regarding the exact
functions of upregulated genes observed in our species, we aim to provide target genes
that can be further explored under another specific study design. Natural systems are highly
heterogeneous and noisier when compared to laboratory conditions (Krishnan et al. 2020).
However, exploring selective pressures in the wild can lead to more accurate predictions
about the real species response to different pressures. Ultimately, considering future
climate change scenarios, in which the king penguin is also predicted to be subjected to
drastic habitat losses (Cristofari et al. 2018), mismatched adaptations, such as the ones
detected here, could help to avoid extinction under unpredictable and variable
environments.
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Abstract

1. Automatic monitoring of wildlife is becoming a critical tool in the field of ecology. In particular,
radio-frequency identification (RFID) is now a widespread technology to assess the phenology,
breeding, and survival of many species. While RFID produces massive datasets, no major fast and
accurate methods are yet available for this type of data processing. Deep learning approaches have
been used to overcome similar problems in other scientific fields and hence might bear the potential
to easily overcome analytical challenges and unlock the full potential of RFID studies.

2. Here, we present a deep learning workflow, coined “RFIDeep”, to derive ecological features, such
as breeding status and outcome, from RFID mark-recapture data. To demonstrate the performance
of RFIDeep with complex datasets, we used long-term automatic monitoring of a long-lived seabird
breeding in densely packed colonies, i.e., king penguins (Aptenodytes patagonicus).

3. To determine individual breeding status and phenology at the individual level and for each
breeding season, we first developed a one-dimensional convolution neural network (1D-CNN)
architecture. Second, to account for variance in breeding phenology and technological limitations of
field data acquisition, we added a new data augmentation step mimicking a shift in breeding dates
and missing RFID detections (i.e., missing recaptures). Third, to identify segments of the breeding
activity used during classification, we also included a visualisation tool, allowing users to understand
what is usually considered a “black box” step of deep learning. With these three steps, we achieved
a high accuracy for all breeding parameters (breeding status accuracy = 95.1%; phenological
accuracy = 87.2%; breeding success accuracy = 97.3%).

4. RFIDeep has unfolded the potential of artificial intelligence for tracking changes in animal
populations, multiplying the benefit of automated mark-recapture monitoring of undisturbed wildlife
populations. RFIDeep’s code is open source to facilitate their use, adaptation, or enhancement in a
wide variety of species. In addition to a tremendous time saving, our study shows the capacities of
CNN models to blindly detect ecologically meaningful patterns in data through visualisation
techniques seldom used in ecology.

KEYWORDS

Artificial intelligence, behaviour, machine learning, RFID, wildlife monitoring
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1 | INTRODUCTION

Electronic monitoring systems have been widely used over the past two decades to better
understand animal populations without human disturbance (Fagerstone & Johns, 1987; Schooley et
al., 1993). Radio-frequency identification (RFID) technology allows the monitoring of uniquely
identified individuals and automated recording of the presence of tagged individuals at chosen
locations (Whitfield et al., 2004). By placing RFID antennas along animal paths at perches or narrow
entries of the breeding site (Gendner et al., 2005; Bonter et al., 2011), individual survival and
breeding rates as well as behaviour and movements, can be precisely estimated, e.g., in the
classical capture-mark-recapture framework (Descamps et al., 2002, 2009; Gauthier-Clerc et al.,
2004; Le Bohec et al., 2003, 2007). While RFID technology allows the recording of vast amounts of
data, it also creates new challenges for data treatment, even if the data structure itself is rather
simple (i.e., id, date and time, and location for each detection). Because RFID data are not directly
linked with biological parameters, one of the classic approaches is human expert interpretation
(Descamps et al., 2002; Afanasyev et al., 2015). Still, most of the information extraction from such
detection data and the ecological interpretation is done manually, although it remains extremely
time-consuming and potentially biassed by human interpretation. In addition to this difficulty in
manually processing potentially large numbers of detection data, RFID data also suffer from possible
missing detections (Hughes et al., 2021).

A natural solution to these challenges is the search for accurate and robust methods in the
automated data processing that can mimic the behaviour of an expert analyst. Artificial intelligence
has been the focus of intense methodological effort in ecology; being used to process various
sources of data, including imagery, passive and active acoustic data, to detect, classify, localise,
identify, estimate, and predict, at every biological scale, i.e., from individual to ecosystem (Christin et
al., 2019; Pichler & Hartig, 2022). Among artificial intelligence methods, deep learning has a wide
and promising scope but often lacks approachable workflows for ecologists. Convolutional Neural
Networks (CNN) have been initially developed for image content classification (Krizhevsky et al.,
2012), but have also been used for classifying signals (Hinton et al., 2012) such as human activity
classification (Mutegeki & Han, 2020), birds vocalisation classification (Kahl et al., 2021) or marine
mammal detection (Shiu et al., 2020). Yet, CNN capacities remain unexplored in numerous fields
such as RFID data processing.

Recent efforts have been made to automatically infer biological patterns such as behaviour from
diverse types of biologgers (Fannjiang et al., 2019; Wang, 2019). For instance, accelerometers have
shown promising capacities to detect food-catching events (Brisson-Curadeau et al., 2021) or activity
classification (Sakamoto et al., 2009; Jeantet et al., 2021). Yet, biologgers record time is limited
because of the required trade-off between miniaturisation, storage capacity and power consumption
while their impact on wildlife is still existent (Bodey et al., 2018). In contrast, passive RFID tags do not
need batteries to run and can be small enough to be attached or implanted in animals for life.
Although the tag moves with the animal, with RFID based mark-recapture technology (as opposed to
biologging), detections occur at one or more fixed points (the antenna): it is a rather unique
observation situation creating a specific challenge for data interpretation. RFID technology is also
exposed to two major constraints because of the impossibility to detect multiple tags at the same
time with a single antenna and the impossibility to install several antennas at the same place. By
increasing probability to miss detections, this tag collision problem and reader collision problem
create a trade-off between the number of deployed tags and the quality of the dataset. This leads to
challenges in inferring missing detections to correct the locations and movement patterns of
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individuals. Like in other automated data processes, such data imperfections need to be considered
and if possible repaired with suitable algorithms.

Only a few ecological studies using RFID technology described fully automatic data treatment
despite the vast amount of generated data. Recent studies have shown advances in facilitating RFID
data processing, as with the R package feedr (LaZerte et al., 2017) allowing RFID data visualisation
and pre-processing. Automatic pre-processing of RFID data has been tested with blue tits (Cyanistes
caeruleus) by Iserbyt et al., (2018) with a video recording system and showed high accuracy in three
behavioural estimates. However, such RFID data processing remained coupled with additional
instrumentation and a small number of monitored individuals.

Here, we demonstrate that non-explicit detection data from fixed observation points contain
comprehensive information to infer the general behavioural patterns of individuals. Taking
advantage of the recent developments in deep learning methods, we developed a deep learning
workflow, called “RFIDeep”, to automatically extract breeding status from detection data acquired by
RFID antennas using convolutional neural networks. We illustrate how deep learning methods detect
biological features in RFID data with very high classification accuracy and a visualisation method not
yet commonly used in ecology.

We use an “archetypal” RFID dataset to illustrate the application of RFIDeep to real-life biological
data with a 20 years-long RFID detection time series collected on king penguins (Aptenodytes
patagonicus) at Crozet Archipelago. Since 1998, RFID tags have been implanted subcutaneously in
ca. 15,000 penguins, mostly of known age (ca. 11-month-old chicks), to record every transit between
the colony and the sea throughout their life (Gendner et al., 2005). Unlike flipper bands used until
then, which are detrimental to the individuals (Gauthier-Clerc et al., 2004; Dugger et al., 2006;
Saraux et al., 2011), these RFID tags allowed a more accurate and unbiased description of the
reproductive patterns of the species (Descamps et al., 2002), and of the demographic parameters
(Le Bohec et al., 2007, 2008). In these previous studies, all RFID detections were manually analysed
by human experts and none of them used the entire dataset of RFID-tagged penguins. Since king
penguins express stereotyped movement patterns during their breeding (Descamps et al., 2002),
they were good candidates for artificial intelligence classification of their detection data.

Based on field observations made between 2011 and 2019, we trained several CNN to infer
RFID-tagged penguins’ sex, breeding status (Breeding vs. Non-Breeding; Success vs. Failure), and
breeding dates. We developed RFID-specific data augmentation steps to account for biological
variance and data acquisition imperfections. We trained our classification process with field
observation data and tested it using manually annotated data to compare the performance of
automatic classification with the human experts’ one.

We provide all source codes used in RFIDeep workflow that could be applicable for any study using
RFID data acquisition and that could inspire ecologists to develop their deep learning process.
Finally, a software named Sphenotron, developed to represent movements and locations (in or
outside the breeding site) based on RFID detections, is provided with a sample dataset as an
example of an RFID data visualisation method used for penguins.
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2 | MATERIALS AND METHODS

2.1 | Overall structure of RFIDeep workflow

Figure 1 summarises the steps needed to classify RFID data with a deep learning framework. To
illustrate a comprehensive view of the use of the RFIDeep workflow on a typical dataset of RFID
data, we present an application where each step is detailed in the following sections.

FIGURE 1 Overall structure of the RFIDeep workflow classifying RFID data with deep learning. The workflow is
divided into three phases: data preparation, model development, and model deployment. A) Data
preparation. 1) RFID data acquisition: many individuals are equipped with RFID tags and antenna systems are
installed at key locations to register the detections. A software called Sphenotron (Supplement A) has been
developed to represent detections and transitions (in or out) of RFID-tagged individuals. 2) RFID data
pre-processing: a correction of missing detections is applied and data are formatted to have a unique and
readable format for deep learning. 3) Building of the training dataset: direct observations of RFID-tagged
individuals are used to build a ground truth dataset of labelled vectors giving the true classification. B) Model
development. 4) Building and tuning of the CNN models: the architecture of deep learning models and
hyperparameters are tuned with the training dataset. Data augmentation is implemented to cover more
biological and technical variance. An individual network is built for each classification problem (e.g., breeding
status, sex). 5) Post-processing of the CNN models: classification networks are derived to get other biological
information needing a post-processing step such as location of stereotyped patterns in RFID data (e.g.,
determination of the breeding dates with a probability curve (in blue) over presence/absence pattern in black
and white, respectively). 6) Visualisation tools: models are validated and interpreted with visualisation tools
(e.g., with black curves representing the focus of the model during the season). C) Model deployment. 7)
Building of the testing datasets: a testing step is used to remove biases induced during parameterisation with
comparison of model classifications and manual techniques of data processing (i.e., human expert
classifications). Multiple manual classifications are used to assess variability between human and automatic
classification. 8) Testing of the CNN models: model tests using expert-labelled datasets assess performance
but also ensure that model performances are consistent according to classes and individual characteristics
(e.g., age, sex, life stage). 9) Application: classifications are applied to all detection data after pre-processing
and formatting (i.e., after correction of missing detections and building of vectors), and results are represented
in the Sphenotron for each individual (successful breeding cycles in green, failed breeding cycles in red).
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2.2| Application on a seabird species long-term monitored by RFID

2.2.1 | RFID data acquisition

Here, we used data collected from the colony of king penguins (Aptenodytes patagonicus) named
‘La Grande Manchotière’ and located at Possession Island, Crozet Archipelago (46°25S, 51°45E). A
sub-area of the colony of ca. 10,000 breeding pairs has been electronically monitored since 1998
with RFID technology. In 2022, four pathways between the sea and the colony (the only ways in or
out of the colony) have been equipped with permanent automatic identification systems (the
detailed information of the field site and systems are described in Gendner et al., 2005). In short,
these automatic systems are composed of paired antennas to record the direction of each
commuting bird that has been implanted with RFID tags. Patterns of presence and absence of ca.
15,000 RFID-tagged birds throughout their breeding seasons and life have then been recorded
since 1998. This has generated a large (and increasing) number of detection data, with, for instance,
7 million individual detections as of 2022. To manage, visualise and use information in the field (e.g.,
select specific groups of birds of known age or history), we developed a python software, called
Sphenotron, that displays the location (in or out of the colony) of the individuals during their life,
based on the latest known location transition (entrance or exit) for each bird (see Figure 2). More
details on the Sphenotron are given in Supplement A.

FIGURE 2 Representation of the presence/absence patterns at the breeding site of a given RFID-tagged
individual for one successful breeding cycle. Each cross corresponds to one RFID detection (outside antenna
in blue, and inside antenna in orange). The periods outside the colony (in blue) and inside (in orange, or in
yellow after the correction of missing detections) are interpreted from the sequence of detections. The
presence/absence patterns presented here correspond to the annual activities of a male king penguin but can
be applied to any individual or any targeted species to understand, for instance, how long an individual stays
or leaves a specific study area where RFID antennas are installed. Phases of the breeding cycle, identified
from the presence/absence patterns of a bird, are indicated by the white dashed lines. The duration in or out
of the colony is given in days (d).

Thanks to stereotyped presence/absence patterns at the breeding site of the targeted species and
a strong knowledge of the ecology of the species (Figure 2), we can classify the breeding status of
any RFID-tagged individual. For king penguins, for which a breeding cycle starts between November
and March, and a successful one lasts e.g. 12 to 14 months (Barrat, 1976), three status can be listed:
(1) Successful breeding with regular presence/absence patterns during the first austral summer and
after the austral winter, (2) Failed breeding when at least one major pattern of (1) is lacking, and (3)
Non-breeding when no regular presence/absence pattern is identified. Start of a breeding cycle
(breeding date) is defined as the beginning of the stereotyped pattern characteristic of the courtship
and incubation period, i.e., the first long sojourn at the colony following the annual moult (Descamps
et al., 2002). Additionally, the sex of an individual can also be derived from presence/absence
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patterns at the colony. An automatic sex detection has great potential application for many species
where sex determination is challenging (e.g. monomorphic species like king penguins; Kriesell et al.,
2018).

2.2.2 | RFID data pre-processing

Input data

To prepare the detection data in an appropriate format, we chose to represent absence and
presence time-series for each breeding cycle with two vectors providing the location of the
individual at the end of 12-hour periods (states 0 and 1) and the number of detections occurring
during the 12 hours. For one individual and one given year n, we built vectors encompassing the
breeding cycle. For the King penguin, vectors start October 1st of the year Y and end January 31th of
the year Y+2 to cover the entire >1-year breeding cycle of the species (Figure S1). We obtained two
vectors of 974 elements for each individual and each year.

Missing detection correction

To tackle missing detections that can occur when individuals exit or enter their breeding site, an
algorithm has been developed to repair the simple missing detections (i.e., those when the
detection of one antenna in a pair was missing, resulting in uncertainty in the individual’s walking
direction). These corrections are usually trivial: for example, when an individual is detected only on
the inside antenna followed by an entrance (i.e., outside-inside transition), an outside detection is
inferred to restore a valid pattern in detections corresponding to the missed exit from the colony. We
simply built the algorithm to detect all unrealistic successions of detections and to add the
corresponding missing detection in all possible cases (See Supplement A for more details).

2.2.3 | Building of the training dataset

To build a training/ground truth dataset, we visually monitored 295 RFID-tagged individuals over 9
years (2011-2019), assessing their breeding status and behaviour directly through field observations.

Birds were monitored from the beginning of the breeding season (November-January), thereby we
were able to detect early breeding failures that may have been difficult to distinguish from
non-breeding behaviour using RFID detections alone. Breeding outcome (S: Success; F: Failure)
from these study birds was determined according to the survival of their chicks until they fledged.

The sex of individuals was determined with the observation of their first period in the colony as
females leave the breeding site right after hatching, while males care for the egg (Barrat 1976). A
ground truth database with breeding status, timing of breeding, and sex for 463 breeding cycles
was then compiled over the years.

2.2.4 | Building and tuning of the CNN models

Overall classification workflow
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Several models were built to describe breeding activities from regular ecological patterns with a
classification workflow (all classification steps are shown in Figure S2):

1) two models to determine if an individual in a given year was a breeder (Breeding vs. Non
Breeding) and if the breeding cycle was successful (Success vs. Failure),

2) a model to distinguish the sex of an individual through classification of male and female breeding
cycles and a prediction compiling all the sexes identified over the lifetime breeding seasons,

3) a model to determine the most likely breeding date of males and females separately, through
post-processing of a CNN model.

Convolution Neural Network (CNN) architecture

FIGURE 3 CNN architecture used for the classification model of Success vs. Failure. The CNN architecture
consisted of three 1-D convolutional layers (with the number of kernels and their sizes shown in the three black
boxes on the top). Here, we kept the standard 2-D nomenclature of kernel sizes, but they correspond to 1-D
windows. Each convolutional layer was interleaved with a dropout layer (to avoid overfitting) and an average
pooling layer (with pool size of 2) to keep the most essential elements (see LeCun et al. (2015) for details on
CNN architectures). A flatten function was used at the end of convolution blocks to obtain a single 1-D vector
from the previous layers. Three fully connected layers (Dense) followed the building blocks with the Rectified
Linear Unit (ReLU) and were included just before the prediction layer in order to interpret the learned features.
The final classification uses softmax activation functions with a fully connected layer (Dense) producing 2
output probabilities.
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Several CNN models were trained to classify the detection vectors into different classes (Breeding
vs. Non-Breeding; Success vs. Failure; Male vs. Female), but the same CNN architecture was used
for each classification (Figure 3), meaning that the same layers were used in the same order. Only
kernel sizes changed between classification with 20x1, 10x1, and 5x1 for Success vs. Failure and sex
classification, and 50x1, 20x1, and 10x1 for Breeding vs. Non-Breeding classification.

Each model was trained on a training set of 80% of the dataset, and the remaining 20% was used as
a validation set to measure model performances and avoid overfitting (shown by low validation
accuracy and high training accuracy), as suggested by Christin et al. (2019). Multiple training of the
models with randomly splitting of training/validation sets was performed to cross-validate the
hyperparameters. Once the final hyperparameters were chosen, the validation accuracies with the
20% validation set were recorded and the final models were trained using 100% of the training
datasets.

When the models were applied to detection vectors to generate the classifications, the most
probable class was chosen for the classification.

The CNN was implemented using the Keras tensorflow framework (Abadi, 2015) in Python 3.9.7.

Data augmentation process

To extend the generalisation capacities of our models, we used a data augmentation process during
the training of the models (LeCun et al., 1998). We used two types of augmentation: the first one
consisted in shifting the breeding cycles by a random number of days, as usually done with imagery
data to make the models translational invariant. At each iteration of the training, we shifted each
training vector by a zero padding at the end or at the beginning of the vector, while trimming the
same number of elements on the opposite side. We used a random offset between -30 days and 30
days to cover a large biological variability in the phenology of the birds.

The second augmentation process consisted in simulating missing RFID detections. In the actual
dataset, the most frequent problem is the loss of a single detection due to a RFID-tag collision
problem (two or more RFID-tags passing over an antenna at the same time), which is solved by our
correction algorithm. Therefore, we chose to remove 10% of the detections at each iteration, before
applying our correction algorithm, allowing a complete recovery of the original detections for at least
50% of penguins (see Supplement C) and leaving uncorrected detections and erroneous locations
to improve training generality.

Models for determining the breeding status were trained with and without the data augmentation
processes to assess the benefits of this step.

2.2.5 | Post-processing of the CNN models

Sex determination: With RFID detections, males and females can only be distinguished based on a
few features at the beginning of the breeding cycles, therefore prediction over a single breeding
season may be less reliable than prediction over lifetime breeding seasons. To increase the
accuracy of sex classification of the individuals with lifetime data, we averaged the classification
probabilities of each sex for the classified breeding cycle and took the maximum. Then, we obtained
the most probable sex over the lifetime of the individuals, not only over separated breeding cycles.
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We also used the sex classification for each breeding cycle to measure the benefit of this pooling in
classification performance.

Breeding date: We used CNN models to determine the breeding date, defined as the beginning of
the first long sojourn at the colony following moult, by scanning all possible breeding cycles in a
year and determining the most probable one.

We trained a new CNN model (with the same architecture and hyperparameters as before) that
classifies whether the detection vector is aligned to the breeding date (positive class) or not
(negative class). To build the positive class, a dataset where each vector was aligned to a known
breeding date was designed. We used ground truth breeding cycles with a known breeding date
and truncated the detection vectors around the breeding date (30 days before and 75 days after).
These vectors constituted the positive class of our training dataset with vectors aligned on the
breeding date. The dataset was completed with a negative class corresponding to breeding cycles
that were not aligned to the breeding date (e.g., starting at an unrealistic date): we simply took a
random breeding date for each correct breeding cycle and truncated the vectors around this
random date, giving us the second half part of our training dataset.

This data generation was processed at each iteration of the training to cover the maximum number
of unrealistic breeding cycles possible while keeping a 50/50 ratio of positive to negative classes at
each iteration. We removed the data augmentation process with shifting breeding cycles that would
make our classification irrelevant.

To apply this model and obtain the most probable breeding date of a given breeding cycle, we
classified detection vectors that were aligned to each 12-hour period between November 1st to April
1st, and assessed the probability of having a correctly aligned vector with the previous trained model.
We obtained a certainty curve along the year, with the maximum corresponding to the most
probable breeding date (as shown for example in Figure 4 with two true breeding cycles).

In our king penguin study case, we trained two different models for males and females separately to
account for the difference in patterns at the beginning of their breeding cycles.
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FIGURE 4 Examples of certainty maps produced by the scanning algorithm to detect the beginning of a
stereotyped pattern. Here, the most probable breeding date of a male and a female was determined. The blue
curve represents the probability (between 0 and 1) that the breeding cycle starts on a relevant date. The black
and white bars in the lower part of the figures represent the location of the RFID-tagged individual (inside and
outside, respectively). The most probable breeding date corresponds to the maximum of the blue curve
(dashed line).

2.2.6 | Visualisation tools: identify important regions for decision making

We used visual explanation techniques to show parts of the input data that are identified by the
convolutional layers and used to perform the classification. We leveraged techniques recently
developed since CNN was first used for image classification, notably with saliency maps (Zeiler &
Fergus, 2013; Simonyan et al., 2013; Springenberg et al., 2014) and class activation mapping (Zhou et
al., 2016).

Standard visualisation techniques have been developed and used to produce heat maps on images
classified by a 2-D CNN algorithm to show which pixels contribute most to the classification. Thus,
we produced this type of visualisation on our breeding cycles to interpret the CNN decision process
and to identify the critical parts of the breeding cycle from an ecological point of view. To produce
heat maps on our breeding cycles, we used the GRADient-weighted Class Activation Mapping
(Grad-CAM) algorithm (Selvaraju et al., 2017) that was directly applicable to the 1-D CNN layers. In
short, the Grad-CAM uses the gradients of the final convolutional layer to produce a coarse
localization map from an input image (or vector) by searching for pixels whose intensity should be
increased to increase the probability of a given class.

We used the implementation of the Grad-CAM algorithm in tf-keras-vis package
(https://github.com/keisen/tf-keras-vis) that worked directly for 1-D structure, and we obtained a
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graph of importance value for each element of the vector (each 12-hour period in our example) for a

particular class of interest (e.g., classification as a successful breeding).

We ran this algorithm on all breeding cycles in our dataset to identify the regions important to the
detection vector in the decision making: we computed our activation maps 1) for the Breeding vs.
Non-Breeding model with all breeding cycles classified as Breeding to identify where the algorithm
was able to detect a breeding cycle, and 2) for the Success vs. Failure model with all successful
breeding cycles to identify which regions of the breeding cycle indicating a success. Activation
maps were then generated for both classifications and compared to the raw input detection data to
highlight the critical parts of the detection vectors and then the critical biological phases of the
breeding cycle.

2.2.7 | Building of the testing datasets and testing of the CNN models

Since we are interested in the overall classification performance and not the perfect classification of
a specific class, the global accuracy metric was effective for comparing the performance of different

models. We chose a global accuracy metric (Powers, 2020) given by:  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛𝑠 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛𝑠

Since our ground truth datasets were well balanced across classes (168 Non-Breeding; 131 Failure;
164 Success), the global accuracy metric did not suffer from its limits with unbalanced classes and it
provided a simple and effective metric of overall classification performance. To provide a measure of
classification accuracy for all possible classification thresholds, we also used the AUC-ROC score
(Area Under the Receiver Operating Characteristic Curve) (Fawcett, 2006).

To assess the accuracy of breeding date determination, we used a threshold of 5 days between the
true breeding date and the predicted date to define whether a breeding date was correctly
predicted. The breeding date is defined as the beginning of a first sojourn on the breeding site
exceeding 10 days, so any date that is no more than 5 days away from this true breeding date can
be easily corrected and then defined as a good prediction (see Supplement C).

To quantify an unbiased estimate of model performance, the accuracy of the classification models
was then tested using a dataset not included in the training (Kuhn & Johnson, 2013). This testing
dataset encompassed 917 breeding cycles of penguin individuals that were never used in model
training. These breeding cycles were blind-labelled, i.e., breeding status and breeding date were not
determined through field observations, but by human experts who examined the RFID detections of
individuals using our custom-designed Sphenotron software (see Supplement A). Human experts,
with a strong knowledge and experience of the species in the field, were trained using the ground
truth dataset, blindly examining detection data to infer breeding cycles, and cross-checking
previously assigned breeding cycles. Two human experts were chosen to label the same dataset,
and we tested our models with both classifications. We also computed the global accuracy metric
between the datasets labelled by the two human experts to assess human variability in
classification.

The performance of the lifetime sexing method was compared to a molecular sexing dataset of
6,196 birds with the same metric (molecular sexing method adapted from Griffiths et al. (1998), see
Kriesell et al. (2018)). However, the accuracy of the molecular method itself was not measured
despite the known imperfections of the method (98% of accuracy). Because sex was estimated with
a variable number of breeding cycles between individuals (we did indeed use all available breeding
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cycles for each bird), we also tested whether the accuracy of pooled sexing increased with
additional breeding cycles used for sexing.

Finally, we computed the accuracy of the models for each age class and for males and females
separately to test whether the performance of our models was consistent over the whole dataset.

3 | RESULTS

3.1 | Training of the models

We chose 200 epochs (i.e., training iterations) for training of each model, which yielded the best
results for validating model accuracy while avoiding overfitting. Each model took approximately 1
hour to train using a CPU Intel Core i7-10750H (2.60GHz) and a GPU Nvidia GeForce GTX 1660 Ti, a
non-prohibitive technology for many.

The performance of models, according to the validation datasets used to select the CNN
architecture and hyperparameters, reached near perfection for the three models, i.e., Breeding vs.
Non Breeding, Success vs. Failure, and Male vs. Female, with global accuracy of 99.1%, 99.7%, and
100%, respectively.

As expected, the three models without a data augmentation step achieved lower performances with
global accuracy of 94.6%, 91.5%, and 96.6% for Breeding vs. Non Breeding, Success vs. Failure, and
Male vs. Female, respectively.

3.2 | Visualisation of the models

The activation maps of visualisation techniques are given in Figure 5 with an example for𝐿
𝑔𝑟𝑎𝑑−𝐶𝐴𝑀
𝑐

the breeding class (Figure 5A) and the breeding outcome class (Figure 5B). The blue curve shows
the weights applied to the elements of the breeding cycle during the last convolutional layer of the
CNN: it detects parts of the breeding cycle that can be used by the CNN procedure to produce the
classifications. It also displays where the differences in the breeding cycles lie for various classes.
The median maps (Figures 5C and 5D) illustrate the maps for all the breeding cycles classified as
Breeding and as Success, respectively.
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FIGURE 5 Activation map (blue curve) and simplified presence/absence pattern (black: inside; white: outside)
for two true breeding cycles (A and B), and median maps (C and D) illustrating all maps with the median curve,
the first quartile, and the third quartile. A and C correspond to the Breeding class (all breeding cycles classified
as Breeding) and to the Success class (all breeding cycles classified as Success), respectively.

For the vectors classified in the Breeding class (i.e., individuals that attempt to breed) (Figures 5A
and 5C), the model focused on the beginning of breeding, when long periods in the colony occur
(approximately in January and February). This indeed corresponds to the incubation phase, which
occurs for both successful and failed breeding, but not for non-breeding birds that do not have long
fasting periods on the breeding site.

For the Success class (Figures 5B and 5D), the model focused on two regions: the pre-winter period,
when chicks are fed alternately by both parents, and the post-winter feeding period. As expected,
these are the parts of the breeding cycle that can be missing if the breeding fails during incubation,
brooding, or even during the winter fasting period.

As expected, the visualisation maps relied on the same regions that human experts have used as
criteria for determining whether individuals actually attempted to breed and succeeded to breed.

3.3 | Model deployment

The trained models were used to predict the breeding status and dates of all RFID-tagged
individuals since 1998 (i.e., 79,805 breeding cycles from 14,111 different individuals). On the laptop
computer used here, prediction (from raw RFID data to classification) of breeding status and sex of
all birds required 140 seconds, but it took 1.1 hours for the determination of the breeding date due to
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the number of predictions needed (320 for each breeding cycle, i.e., 160 days). In comparison, it
took a human about 1 minute to make the same decision as RFIDeep for one bird and one breeding
cycle, which corresponded to 1320 hours or 165 work days (8h per day) to classify all breeding
cycles.

We tested our model’s classifications against two human expert classification datasets. These
datasets were well balanced across classes, with about 50% of Failure and 25% of Success and Non
breeding. Testing accuracy using these datasets that were never used in model training was carried
out with the global accuracy metric (Table 1) and AUC-ROC (Figure S3).

TABLE 1 Results of the comparison between the predictions yielded by RFIDeep and two datasets labelled by
human experts. For each model (with and without data augmentation ‘DA’ procedure), global accuracy metrics
between CNN predictions and the two datasets labelled by human experts are given, as well as the global
accuracy between the two datasets. These accuracy metrics are given for the classifications of Breeding vs.
Non-Breeding (B vs. NB), Success vs. Failure (S vs. F), compiled Non-Breeding vs. Failure vs. Success (NB vs. F
vs. S), and Breeding date.

B vs.
NB

B vs. NB
(without
DA)

S vs.
F

S vs. F
(without DA)

Compiled
NB vs. F vs.
S

Compiled
NB vs. F vs.
S (without
DA)

Breeding
date

Prediction vs. Dataset
1

0.931 0.904 0.973 0.945 0.910 0.828 0.814

Prediction vs. Dataset
2

0.951 0.938 0.967 0.898 0.938 0.863 0.872

Dataset 1 vs Dataset 2 0.951 0.951 0.975 0.975 0.932 0.932 0.858

As expected, models with data augmentation consistently performed better than models without
any transformation of the input data, highlighting the benefits of the augmentation process to cover
more biological variability than the one present in the ground truth data, and to compete with human
performance.

Furthermore, the similarities between the expert-labelled datasets were globally equivalent to the
accuracy of our CNN models, indicating the high performance of the automatic classification
procedure. The AUC scores of Breeding vs. Non-Breeding and Success vs. Failure computed with
the human expert classification were even higher (e.g., AUCB vs.NB = 0.993 and AUCS vs.F = 0.992 for
Prediction vs. Dataset 2, see Figure S3).

The lifetime classification sexing procedure yielded an accuracy of 88.5% compared to the
molecular data. Before pooling lifetime sex probabilities, the global accuracy of sexing was only
81.7%. The AUC-ROC score also yielded a high accuracy of 93.0%. As expected, we also found that
sex classification accuracy from the pooling of lifetime sex probabilities increased with the number
of breeding cycles used to determine the sex an individual (see Supplement C).

Age- and sex-specific performances were also computed with global accuracy metrics (Figure S4).
Predictions were slightly better for males than for females for the breeding status (males: 94.5% vs.
females: 93.2%) and the breeding dates (males: 89.4% vs. females: 83.7%). The breeding dates also
appeared to be less predictable for young individuals (see Figure S4).
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4 | DISCUSSION

In this study, we developed, tested, and provided a complete workflow based on CNN models to
automatically infer behavioural and fitness traits from RFID-tagged animal detection data. Based on
a train-test split approach (i.e., a classical 20% validation dataset during the training, and a testing
dataset never used in training), we showcased the potential of deep learning to adequately replace
human expertise in RFID data processing in a much shorter time span. Remarkably, human-like
performance to translate patterns from detection data into biological parameters was reached with a
rather simple CNN architecture and a standard desktop computing power. To improve results, we
used time-shift data augmentation to mimic the variability that could occur due to biological
mechanisms (e.g., a shift in breeding dates) and simulated data dropouts to mimic technical
constraints (e.g., missing detections). We also developed a post-processing step of CNN models to
extract dates of breeding and, with a visualisation technique, we identified the regions of the dataset
used by the models to classify the breeding cycles. We argue that such a framework can be used
beyond our example dataset, and help to quickly classify the breeding activities of many individuals,
even more so for long-term projects for which pre-processing analysis is very time- and
labor-consuming (in our example, we worked on ca. 15,000 individuals over 20 years).

While it is still challenging to successfully transfer pre-trained deep learning from a study case to
another (Marcus, 2018), RFIDeep workflow is tailored for any study classifying behaviours based on
RFID-tagged animal detections. RFIDeep was successfully tested and used on another species, the
Adélie penguin (Pygoscelis adeliae), for which breeding is markedly different from our first dataset
example, yet monitored with a similar automatic RFID setup. Given that our model performed well for
these contrasting datasets (see Supplement E for details), we argue that any RFID-monitored
species with stereotyped movements during a given life stage could certainly benefit from the
RFIDeep workflow, such as bumblebees (Molet et al., 2008), Leach’s Storm-petrels (Zangmeister et
al., 2009), hummingbirds (Bandivadekar et al., 2018), as well as other penguin species (Kerry et al.,
1993; Ballard et al., 2001; Ballerini et al., 2009; Chiaradia et al., 1999; Horswill et al., 2014).
Furthermore, the missing detection correction and data augmentation algorithms implemented in
RFIDeep have great potential to tackle uncompleted and/or low-quality datasets, such as those
produced by mobile RFID antennas temporarily deployed (Cristofari et al., 2018). We are confident
that the RFIDeep workflow will help biologists to more easily adopt deep learning applications,
either by using the software directly or by adapting it for their requirements.

Both validation and testing steps showed the high performances of the RFIDeep models, on the one
hand, in reference to the ground truth data and, on the other hand, from a human-machine
comparison point of view. Even though we developed a software to efficiently display detections
and locations (inside or outside the colony) of RFID-tagged individuals during their life (Sphenotron,
see Supplement A), the distinction between specific breeding status can be challenging, if not
impossible, like in our case between non-breeding and failed breeding when the failure occurs very
early in the season. By using automatic classification, we standardised the bias among all breeding
classifications throughout the years of monitoring by removing variability related to potential
differences in human expert interpretation. It allows for remarkably fast extraction of life history
parameters of the monitored individuals, necessary to estimate population vital rates (e.g., survival,
breeding success) and viability, in addition to other breeding and/or phenological traits. For
example, breeding success with a very good classification accuracy (97.3% of accuracy in the
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classification of successful vs. non- or failed breeding) can then be used to estimate fecundity rates
of the monitored population with high confidence in estimates for all monitored years.

Our analysis highlighted the benefits of data augmentation to cope with more biological variance
than that contained in our ground truth data. This part of the process, commonly used to improve
deep learning application (Taylor, 2018) and sometimes developed in the application of deep
learning in ecology (e.g., with image data (Kalin et al., 2018) or audio data (Kahl et al., 2021)), has
significantly enhanced our classification process. While data augmentation is usually done by adding
random noise to the dataset (e.g., in pictures for 2-D CNN classification with image rotations for
instance, Pawara et al., 2017), here we aimed to mimic biological variance and technical limitations of
the RFID data acquisition systems. Doing so, we covered a large variance in breeding dates,
enabling us to anticipate breeding seasons that could begin earlier or later than those existing in our
ground truth data, as a consequence of environmental shifts already observed or expected in the
coming years/decades (Visser et al. 2021). It also highlighted the fact that it is not critical to have a
ground truth dataset that does not fully cover the entire biological variability and that enlarging the
training dataset by simulating the missing variability improves predictive power. This applies not only
for the Sphenisciformes species used in this study but likely to other species with a high variance in
breeding phenology (de Villemereuil et al., 2020).

Another interesting aspect of the automatic classification of breeding cycles is the independence
among predictions. Indeed, each breeding cycle was analysed without supplement information
about the year (e.g., average breeding success, phenological data), the individual (e.g., age, body
condition), and/or previous and future breeding cycles. The breeding classification of lifetime
datasets by human experts can induce bias for quantifying the inter-individual and intra-individual

heterogeneity in breeding cycles since they are not classified independently. However, while there
may be an advantage to having independent classifications, the lifetime information may also be
beneficial, for instance to better determine the breeding date of the very first breeding seasons that
tend to be less predictable for numerous species (see Figure S4). It would also be useful to train
CNN models with mixed data (e.g., RFID detections and weights at the detection) to increase the
classification accuracy and/or complexity to refine further some of the analyses (e.g., the stage of
breeding failure), as it has also been done in other fields (Ahsan, 2020).

With visualisation techniques (e.g., see Figure 5), we showed which parts of the datasets are mostly
used to perform classification by providing a peek into the deep learning ‘black box’, making the
process more transparent for the user, a shortcoming that often prevents its use by ecologists
(Borowiec et al., 2021). We argue that such a step can help expand the potential of deep learning to
describe and analyse ecological big data. In our example, while activation maps are primarily used
by CNN for classification, their visualisation allows the detection of the particular breeding activities
or features, such as seasonal phenology. In our application in king penguins, the CNN models
showed that the presence or absence of pre- and post-winter chick feeding patterns were the most
important criteria for predicting breeding outcome. Although it is clear that these regions can be
used to distinguish between failure and success, it reinforces our interest in using these visualisation
techniques not only to understand how our deep learning models work, but also to detect regions of
interest in our datasets. It also highlights the use of CNN models that are not frequently found in
ecological studies but have great potential, for instance, to detect hidden patterns in large datasets.
Moreover, to cope with the recent explosion of big data acquisition due to increasingly
sophisticated, miniaturised, autonomous, and powerful data collection instruments (Williams et al.,
2020), visualisation tools are critical and they could be powerful in detecting similar patterns in
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given classes or differences between similar classes. For instance, identifying parts of the
vocalisation essential to distinguish between species or even individuals is key in bioacoustic
studies (Stowell et al., 2016; Kobayashi et al., 2021). Visualisation techniques have also been used to
select the most informative variables to infer animal behaviours from multi-sensor data (in green
turtles (Chelonia mydas), Jeantet et al., 2021) or to select the most relevant morphological
characters to identify species (among midges (Milošević et al., 2020) and mosquitoes (Park et al.,
2020)).

By developing tools to help users unleash the vast potential of machine learning in ecology and to
increase numerous benefits of RFID technology, we also aim with RFIDeep to foster low-impact
monitoring of sensitive species by reducing human presence and intervention in wild habitats
(Hughes et al., 2021; Rafiq et al., 2021; Harrison & Kelly, 2022). We are convinced that combining
automatic data collection and real-time data analysis and storage will help secure key ecological
information over time necessary to continuously monitor the health of wild populations and their
ecosystems.
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SUPPORTING INFORMATION

Supplement A: Sphenotron software

Sphenotron is open-source software written in Python. The current version of Sphenotron has been
developed to interact with MySQL databases composed of several tables compiling all known
information on each RFID-tagged individual, such as biometric or phenological data, sampling and
recapture events if any, past breeding territories/coordinates, etc., in addition to detections (see
Figure SI A1). Sphenotron was initially developed to interact with databases related to specific
species (order Sphenisciformes). Yet, the code can be reused and adjusted to manage and interact
with databases of similar or different formats of other species. The complete Sphenotron software
and codes, with examples of database, are downloadable at the following link
(https://github.com/g-bardon/RFIDeep), and can be fully modified for a wide range of species (e.g.,
sea or terrestrial birds or mammals) and monitoring scheme (e.g., with and without mass tracking).

With automatic data pre-processing and analysis, Sphenotron allows the organisation, aggregation,
management, and storage of biological time series in near real time. The development,
improvement and tests have been implemented to long-term monitored penguin populations since
2002. With the development of this novel interface, we aim to optimise data reuse following the
FAIR principles (Wilkinson, 2016). In addition to automating the time-consuming pre-processing of
detection data into biologically meaningful data (e.g., breeding outcome, sexing), the other
advantage of this automatisation is to assist scientists in the field by accessing information from
RFID-tagged individuals in order to conduct specific experiments or observations on selected
individuals with the desired characteristics.

FIGURE SI A1 Schematic illustration of the main tables of the database. Each light grey box
corresponds to one table. The database is built around the main table (IDENTITY CARD) containing
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all the key information of the individuals. The other tables refer to this main IDENTITY CARD table
with the identity of the individuals given by the RFID numbers. For example, the DETECTIONS table
records all RFID detections with the RFID identity of the detected individual and the identity of the
antenna, also linked to ANTENNAS table compiling all information about the different antennas.
Additional information on the individuals is given in other tables for better clarity and flexibility in
data storage. Extract of the IDENTITY CARD and DETECTIONS table are given on the top and
bottom right side, respectively. The ‘id’ column stands for the unique identification number assigned
to each row of the table. The ‘rfid’ column corresponds to the RFID-tag number (and by extension
the identity of the associated individual). The ‘name’ column gives the name of the individuals used
on the field for simplicity and clarity. The ‘sex’ column gives the molecular sex if known. The ‘rfid
date’ column gives the date of RFID-tagging. The ‘last_detection’ column gives the date of the last
detection on the antennas and is continuously updated. The column ‘antenna_id’ corresponds to
the identification number of the antenna. The ‘dtime’ column gives the date and time of the
detection.

FIGURE SI A2 (A) Main window of the Sphenotron showing a search feature to easily find one or
more individuals in the database . The left side of the window contains common filters used to
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search for specific birds according to chosen filters (e.g., filter by Sex, Pit-tagging date, or
Manipulations). The right side gives the result of the search in the database and the main
information known on the individual. These individuals can be selected and the detections can be
displayed in (B) Individual window showing the presence/absence pattern of a selected individual
(here KIN-BDM-2013-A-008) during its electronically monitored lifetime. The right panel displays the
individual’s information. The central chart displays the lifetime locations of the individual: inside the
colony in orange, and outside the colony in blue. Each cross corresponds to one detection. The
bottom panel displays the breeding cycles analysed by human experts (top) and by RFIDeep
function (bottom): Success in green, Failure in red, and Non-Breeding in grey. Black triangles
correspond to the Breeding dates.

Supplement B: Missing detection correction algorithm

To build the missing detection correction algorithm, the detections have been converted into short
or long transitions (duration between two following detections and the side of both detections),
which were coded in 3 bits: the 1st bit gives the side of the first detection (0 for outside and 1 for
inside), the 2nd bit gives the duration between the two detections (0 for less than 10 minutes and 1 for
more), and the 3rd bit gives the side of the second detection. These encoded transitions have then
been converted into numerical and the vectors of all transitions have been built. A correct schema of
transition is therefore 1-7-4-2 (corresponding to 001 – 111 – 100 – 010 in 3-bit code) as shown in
Figure SI B1. The algorithm has then been built to detect the incorrect successions of transitions and
to correct each possible error by adding one or several detections to recover the 1-7-4-2 successive
transitions. Some missing detections remain impossible to correct in this way, e.g., an individual
leaving the colony two successive times without entering in between, because no information is
known on the date of the entering.

FIGURE SI B1 The blue crosses correspond to true detections at the outside antenna and the
orange crosses to true detections at the inside antenna. The green cross corresponds to a logically
added detection. Arrows represent transitions. A) Correct schema of transition. B) Incorrect schema
of transition leading to an impossible long duration between detection time recorded by the outside
and inside antennas. C) Schema that gives the correction of B) with the addition of a logical
detection (green cross) just after the first one to recover the correct schema.
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Supplement C: Missing detection correction algorithm performance

The algorithm to solve the missing detections was tested based on the detections from our ground
truth dataset in order to assess its performances according to various degrees of missing
detections. The first step was to get a cleaned detection dataset with corrected detections (because
we used detections from the field). Thus, detections have been corrected with the algorithm to
remove original missing detections and we manually validated the new corrected detections.

Then, this cleaned dataset was used to test the algorithm performance by removing a various
number of detections and by comparing the cleaned dataset with the newly corrected one.

FIGURE SI C1 Performance of missing detection correction algorithm with various rates of removed
detections. Similarity of location vectors giving the location (inside or outside) of the individuals in
12-hour periods during the breeding season are compared to the cleaned location vector where raw
RFID data was corrected by the algorithm. The blue curve gives the median of the similarity of the
vectors for the corrected one while the red curve gives the uncorrected vectors similarity.

Supplement D:

To compute the accuracy of breeding date determination, we used a score giving the proportion of
breeding dates that were correctly determined by taking a threshold of 5 days between the true
breeding date and the prediction. Indeed, most predictions are either perfectly accurate or
completely false (Figure D1). This threshold were chosen to take into account uncertainties in the
definition of the breeding date (the beginning of the first long period on the breeding site is not
always well clearly recognisable) and because the period of 5 days before and after the predicted
date leads to only one possible breeding date given that the first period on the breeding site lasts
more than 10 days for our species.
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FIGURE D1 Regression of the Breeding date datasets obtained by the two human experts (Datasets
1 and 2) and the one predicted by RFIDeep (Prediction).

Supplement E: Applying RFIDeep to another species, the Adélie penguin

Similar to king penguins, Adélie penguins (Pygoscelis adeliae) routinely perform foraging trips
between their breeding colonies and the sea during reproduction. However, their breeding cycle is
much more constrained temporally than that of the king penguin. All land-based breeding activities
take place during a 6-month window between October and March (Ainley, 2002).

As part of the long-term monitoring program 137 of the French polar Institute Paul-Emile Victor
(IPEV), an Adélie penguin colony of ca. 300 breeding pairs are electronically monitored with RFID
tags off the coast of Adélie Land, Antarctica (ANTAVIA colony, Île des Pétrels, Pointe Géologie
archipelago). Every breeding season since 2009-2010, two-access pathways equipped with RFID
antennas record the colony attendance patterns of known RFID-tagged individuals. As for king
penguins, these patterns are informative on both the breeding outcome (Success or Failure) and the
sex of individuals. These biological parameters are not easily determined by direct observations, yet
are critical for understanding population processes from individual-based data. There is thus a
genuine interest in an automated assessment of individual sex and breeding outcome, especially
given the potential for comparisons with other locations around Antarctica, where similar electronic
monitoring setups exist (Kerry et al., 1993; Olmastroni et al., 2000; Ballard et al., 2001; Lescroël et al.,
2014; Afanasyev et al., 2015).

Here, the RFIDeep approach was applied to 3,959 breeding cycles collected between 2009-2010
and 2021-2022 (n=907 unique individuals). One breeding cycle corresponds to all the detections of
an individual in a given breeding season (Figure SI D1). The algorithm was trained using ground truth
data from 319 breeding cycles, where breeding outcome and sex were determined by
(labor-intensive) field observations. The resulting model’s accuracy was then tested on a separate
dataset of 1,164 breeding cycles, where breeding outcome and sex were determined by human
observation of breeding cycles (e.g., as in Figure SI E1). In this new application, no hyperparameter in
the architecture of the model was changed (i.e., we kept the same number of layers, filters, and
kernel), but the length of the input vector (364,2) was modified to fit the shorter breeding season of

204



the Adélie penguins (here it corresponds to 182 days with a 12 hours timesteps, meaning 6 months,
encompassing all possible breeding season lengths).

The accuracy of RFIDeep reached 95.2% for breeding outcome determination and 93.5% for sex.
These values are comparable to those obtained for king penguins.

These results further demonstrate the broad applicability and effectiveness of RFIDeep for
extracting biologically meaningful parameters from RFID data. This electronic monitoring is also
coupled with weighbridges, meaning that weights are recorded when an individual crosses the
bridge and is detected by the antenna. In future development of the RFIDeep, mass information
could be coupled with the detection vectors to help the model to determine individual status and
sex.

FIGURE SI E1: Typical pattern of presence/absence of a successfully breeding male Adélie penguin .
Each cross corresponds to one detection by an antenna (blue and orange indicating outside and
inside, respectively).
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FIGURES (SUPPORTING INFORMATION):

FIGURE S1: Example of one breeding cycle converted into 2 vectors of length 975. The first row
corresponds to the location of the individual at each 12-hour period (0 for outside and 1 for inside).
The second row gives the number of detections per 12-hour period.

FIGURE S2 Classification scheme used to determine breeding specifications. The top part of the
scheme gives the classification procedure performed on each individual and each season: it leads
to classification of the breeding status (Breeding vs. Non Breeding), the breeding outcome (Success
vs. Failure) and the sex (Male vs. Female). The lower part of the scheme corresponds to the
determination of sex from the pooled classification of breeding cycles and to the determination of
breeding dates of each breeding season according to the sex.

FIGURE S3 Receiver Operating Characteristic (ROC) curves and associated Area Under the Curve
(AUC)-ROC scores, and best classification threshold for the Breeding vs. Non-Breeding model and
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for the Failure vs. Success model. These metrics were computed using human expert (2) labelled
dataset. AUC-ROC scores of 0.993 and 0.992 reveal high accuracies in comparison to the human
performances. The values of the threshold reveal that the models tend to be less restrictive to
classify a breeding cycle as a success than the human expert.

FIGURE S4 Age-specific (A, B, C, D) and sex-specific (C, D) accuracy metrics of output classification
and breeding date determination. Output classification (Non-Breeder vs. Failure vs. Success)
accuracy appeared stable according to age and sex. Age-specific accuracy metrics are given for
age classes with sample sizes greater than 10 individuals. Accuracy of breeding date determination
is slightly lower for young birds (breakpoint at 7 years old, from segmented regression analysis,
‘segmented’ R package).

FIGURE S5 (A) Receiver Operating Characteristic (ROC) curve of the sex probability for each
individual given by the pooling of its lifetime sex probabilities against the molecular sexing. The
Area Under the Curve (AUC)-ROC score and the best threshold are indicated in the figure. (B)
Accuracy of sex classification according to the number of breeding cycles pooled together to
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determine the most probable sex of an individual. Higher number of breeding cycles leads to a
better classification of the sex supporting the benefit of the pooling method.
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Appendix Chapter 1

Identification of sex-linked scaffolds

Figure S1. Identification of sex-linked scaffolds and sex identification of individuals with SATC. On the left,
the PCA projection of the 40 individuals’ sequencing depth; on the right, the normalised sequencing depth per

sex associated scaffold (both sex- and XZ-linked).
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Appendix Chapter 2

Control for outliers and overrepresented genes

We started with a routine control on our data to check for sources of noise that could
affect the main analyses (e.g., overrepresented genes, sex bias, batch effects). First, we
checked for overrepresented sequences that could affect the differential expression
analysis. In the data generated by the genome alignment approach, we found that more
than half of each individual’s reads mapped to two haemoglobin genes, HBA and HBB
(Figure S2), which code for the alpha and beta haemoglobin subunits, respectively.

Figure S2. Histogram of the percentage of reads mapped to haemoglobin (HB) genes. On the x-axis,
hatching individuals from 2020 and 2021. Yellow bars represent the percentage of reads mapped to the
HBB_1 gene (i.e., beta haemoglobin), and red bars represent the percentage of reads mapped to the HBA
gene (i.e., alpha haemoglobin).

As it can be seen in Figure S2 the two overrepresented haemoglobin genes are
highly expressed in all samples (around 30-35% of reads aligning to each gene, around
60-75% of reads considering the two genes). The abundance of haemoglobin subunits’
transcripts in the whole blood is well known, (mostly (Melé et al. 2015; Désert et al. 2016;
Meitern, Andreson, and Hõrak 2014), and was, therefore, already expected. Generally, blood
transcriptome studies in human samples deal with the overrepresentation of haemoglobin
genes by performing a haemoglobin depletion step before sequencing (Field et al. 2007).
Although this depletion step is usually indicated for blood transcriptome analyses, the
available kits for globin depletion are designed for humans (e.g., GLOBINclear or Ribo-Zero),
and the attempt of using them in non-model species can compromise RNA integrity and
gene discovery (Choi et al. 2014).

Moreover, even if the production of a custom-made species-specific depletion
method is possible, as it has been shown in polar bears (Byrne et al. 2019), it was not in the
scope of this thesis in both terms of time and methodology. For all the reasons mentioned
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above, we chose not to perform a haemoglobin depletion library preparation, proceeding
with a bioinformatic removal of these gene’s read counts before the differential expression
analysis step. In any case, haemoglobin reads did not seem to affect the differential gene
expression analyses in our study (i.e., the same differentially expressed genes were
detected with or without the removal of these sequences).

We performed a second quality to check for outlier samples in our data. We clustered
the log transformed counts per million (CPM) of all individuals, and observed a clear
separation of one 2021 sample: an early individual at hatching (KP21_E570) in the
genome-aligned dataset (Figure S3, bottom figure). The isolation of this individual was also
detected in PCA analysis (Figure S3, top figure). It can also be seen that the outlier sample
also has a slightly higher percentage of HBB_1 reads in Figure S2 (yellow bar). However,
even after the removal of haemoglobin gene’s this outlier remained (plots in Figure S3 were
done after haemoglobin removal). For these reasons, we removed this sample from all
further analysis.

Figure S3. Detection of outlier sample. Top figure shows the principal component analysis (PCA) of
normalised genome-mapped counts for all samples, indicating the outlier sample, coloured by developmental
stage; at the bottom, clustering of the log transformed raw CPM of hatching individuals with the
genome-mapped data.

Finally, we confirmed that the use of the RUVSeq normalisation allowed the removal
of excessive noise in both genome-aligned and transcriptome-mapped counts (Figure S4).
This can be visualised in the boxplots of the relative log expression (RLE) distributions (i.e.,
the log-ratio of gene counts) in Figure 4. After normalisation, RLE distributions are centred
around zero, which is the expected pattern of unwanted noise elimination (Risso et al. 2014).
We are not showing the transcriptome-mapped normalisation plots, as the visualisation of
this dataset is much larger the initial non-normalised transcript counts dataset was much
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larger (i.e., 80 Kb of transcripts, versus 14 Kb of genes) and no clear visualisation of the
normalisation effects is perceptible.

Figure S4. Relative log expression (RLE) plots of the log-ratio of gene counts of the genome-aligned data
of 2020 hatching samples. a) RLE of gene counts before normalisation with RUVSeq; b) RLE of gene counts
after normalisation with RUVSeq.
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Gene Ontology terms of blood characterisation

Table S1. Biological process gene ontology (GO) terms of all genes detected in the blood of hatching and
fledging King penguins from PANTHER. The second column represents the GO description and annotation
ID; the third column contains the number of genes in the reference list (Gallus gallus) that map to this
category; the fourth column contains the number of genes in our uploaded list; the fifth column contains the
expected number of genes expected in our list for this category based on the reference list; the sixth column
shows the fold enrichment of genes observed in the uploaded list over the expected; the seventh column
shows the P-value of the Fisher exact test; the eighth column shows the false discovery rate (FDR) using the
Benjamini-Hochberg procedure.

GO biological process complete
Gallus gallus

(18109
genes)

upload_1
(8236
genes)

upload_1
(expected)

upload_1
(fold

Enrichment)

upload_1
(raw

P-value)

upload_1
(FDR)

1 cytoplasmic translation (GO:0002181) 52 49 23.65 02.07 3.34E-04 1.34E-02

2 translational initiation (GO:0006413) 53 49 24.1 02.03 3.84E-04 1.50E-02

3
ribosomal large subunit biogenesis
(GO:0042273) 65 60 29.56 02.03 9.51E-05 4.30E-03

4 ribosome biogenesis (GO:0042254) 226 204 102.79 1.98 1.84E-12 2.71E-10

5 rRNA processing (GO:0006364) 160 144 72.77 1.98 5.00E-09 5.67E-07

6 rRNA metabolic process (GO:0016072) 169 152 76.86 1.98 1.43E-09 1.73E-07

7
ribosomal small subunit biogenesis
(GO:0042274) 58 52 26.38 1.97 4.27E-04 1.64E-02

8 translation (GO:0006412) 290 254 131.89 1.93 3.16E-14 5.81E-12

9 mitochondrial gene expression (GO:0140053) 55 48 25.01 1.92 1.27E-03 4.27E-02

10
ribonucleoprotein complex biogenesis
(GO:0022613) 321 280 145.99 1.92 2.62E-15 5.54E-13

11 peptide biosynthetic process (GO:0043043) 298 257 135.53 1.9 7.99E-14 1.36E-11

12 ncRNA processing (GO:0034470) 308 264 140.08 1.88 6.44E-14 1.13E-11

13 tRNA modification (GO:0006400) 75 64 34.11 1.88 3.09E-04 1.25E-02

14 regulation of protein stability (GO:0031647) 74 63 33.66 1.87 2.93E-04 1.19E-02

15
nuclear-transcribed mRNA catabolic process
(GO:0000956) 70 59 31.84 1.85 5.68E-04 2.11E-02

16 mRNA catabolic process (GO:0006402) 82 69 37.29 1.85 2.00E-04 8.47E-03

17
endoplasmic reticulum to Golgi
vesicle-mediated transport (GO:0006888) 87 73 39.57 1.84 1.50E-04 6.56E-03

18 vacuolar transport (GO:0007034) 93 78 42.3 1.84 8.91E-05 4.09E-03

19 tRNA metabolic process (GO:0006399) 164 137 74.59 1.84 2.35E-07 1.94E-05

20 ncRNA metabolic process (GO:0034660) 398 331 181.01 1.83 6.16E-16 1.35E-13

21
ribonucleoprotein complex subunit
organisation (GO:0071826) 136 113 61.85 1.83 3.52E-06 2.24E-04

22 tRNA processing (GO:0008033) 105 87 47.75 1.82 4.36E-05 2.16E-03

23
ribonucleoprotein complex assembly
(GO:0022618) 130 107 59.12 1.81 7.92E-06 4.72E-04

24 amide biosynthetic process (GO:0043604) 374 307 170.1 1.8 2.22E-14 4.15E-12

25 protein targeting (GO:0006605) 133 109 60.49 1.8 7.12E-06 4.32E-04

26
negative regulation of cellular amide
metabolic process (GO:0034249) 99 81 45.03 1.8 1.34E-04 5.94E-03

27 RNA methylation (GO:0001510) 71 58 32.29 1.8 1.13E-03 3.85E-02

28 Golgi vesicle transport (GO:0048193) 188 153 85.5 1.79 1.36E-07 1.17E-05
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29
negative regulation of cellular macromolecule
biosynthetic process (GO:2000113) 102 83 46.39 1.79 1.19E-04 5.37E-03

30
negative regulation of translation
(GO:0017148) 95 77 43.21 1.78 1.92E-04 8.16E-03

31 cytosolic transport (GO:0016482) 82 66 37.29 1.77 6.80E-04 2.48E-02

32 mitochondrion organisation (GO:0007005) 234 186 106.42 1.75 2.04E-08 2.06E-06

33 peptide metabolic process (GO:0006518) 377 299 171.46 1.74 8.68E-13 1.37E-10

34 RNA localization (GO:0006403) 98 77 44.57 1.73 4.06E-04 1.58E-02

35 RNA catabolic process (GO:0006401) 98 77 44.57 1.73 4.06E-04 1.57E-02

36 RNA modification (GO:0009451) 139 109 63.22 1.72 2.47E-05 1.34E-03

37 protein folding (GO:0006457) 157 123 71.4 1.72 9.22E-06 5.38E-04

38 RNA processing (GO:0006396) 650 508 295.62 1.72 3.60E-20 1.35E-17

39
establishment of RNA localization
(GO:0051236) 91 71 41.39 1.72 8.54E-04 3.03E-02

40 RNA transport (GO:0050658) 91 71 41.39 1.72 8.54E-04 3.02E-02

41 nucleic acid transport (GO:0050657) 91 71 41.39 1.72 8.54E-04 3.01E-02

42
establishment of protein localization to
membrane (GO:0090150) 99 77 45.03 1.71 5.67E-04 2.11E-02

43
regulation of protein modification by small
protein conjugation or removal (GO:1903320) 88 68 40.02 1.7 1.28E-03 4.27E-02

44 endosomal transport (GO:0016197) 140 108 63.67 1.7 4.51E-05 2.23E-03

45
regulation of cellular amide metabolic
process (GO:0034248) 213 164 96.87 1.69 5.49E-07 4.27E-05

46
proteasomal protein catabolic process
(GO:0010498) 250 192 113.7 1.69 6.27E-08 5.76E-06

47
double-strand break repair via homologous
recombination (GO:0000724) 86 66 39.11 1.69 1.54E-03 4.99E-02

48
cellular response to DNA damage stimulus
(GO:0006974) 434 332 197.38 1.68 1.08E-12 1.66E-10

49 protein catabolic process (GO:0030163) 472 361 214.67 1.68 1.26E-13 2.07E-11

50
modification-dependent macromolecule
catabolic process (GO:0043632) 412 315 187.38 1.68 4.14E-12 5.95E-10

51 regulation of translation (GO:0006417) 198 151 90.05 1.68 2.22E-06 1.48E-04

52 DNA repair (GO:0006281) 324 247 147.36 1.68 1.37E-09 1.69E-07

53
proteolysis involved in protein catabolic
process (GO:0051603) 440 335 200.11 1.67 1.44E-12 2.18E-10

54
proteasome-mediated ubiquitin-dependent
protein catabolic process (GO:0043161) 226 172 102.79 1.67 4.69E-07 3.70E-05

55 double-strand break repair (GO:0006302) 146 111 66.4 1.67 6.05E-05 2.90E-03

56
modification-dependent protein catabolic
process (GO:0019941) 403 306 183.28 1.67 1.68E-11 2.33E-09

57 histone modification (GO:0016570) 203 154 92.32 1.67 2.17E-06 1.46E-04

58
regulation of proteolysis involved in protein
catabolic process (GO:1903050) 91 69 41.39 1.67 1.51E-03 4.91E-02

59 cellular respiration (GO:0045333) 103 78 46.84 1.67 9.12E-04 3.19E-02

60
cellular macromolecule catabolic process
(GO:0044265) 523 396 237.86 1.66 2.03E-14 3.86E-12

61
ubiquitin-dependent protein catabolic
process (GO:0006511) 395 299 179.65 1.66 3.33E-11 4.55E-09
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62
nucleobase-containing compound transport
(GO:0015931) 127 96 57.76 1.66 2.04E-04 8.59E-03

63 protein polyubiquitination (GO:0000209) 138 104 62.76 1.66 1.20E-04 5.37E-03

64
regulation of cellular macromolecule
biosynthetic process (GO:2000112) 223 168 101.42 1.66 1.16E-06 8.21E-05

65
macromolecule catabolic process
(GO:0009057) 605 455 275.15 1.65 4.42E-16 1.01E-13

66
DNA-templated transcription elongation
(GO:0006354) 137 103 62.31 1.65 1.47E-04 6.48E-03

67 macromolecule methylation (GO:0043414) 169 127 76.86 1.65 2.23E-05 1.21E-03

68
negative regulation of cell cycle phase
transition (GO:1901988) 104 78 47.3 1.65 9.64E-04 3.34E-02

69 mRNA metabolic process (GO:0016071) 407 305 185.1 1.65 4.49E-11 6.06E-09

70 chromatin organisation (GO:0006325) 306 229 139.17 1.65 1.74E-08 1.77E-06

71
cellular amide metabolic process
(GO:0043603) 533 398 242.41 1.64 6.92E-14 1.19E-11

72
energy derivation by oxidation of organic
compounds (GO:0015980) 130 97 59.12 1.64 3.02E-04 1.23E-02

73
regulation of protein catabolic process
(GO:0042176) 128 95 58.21 1.63 3.59E-04 1.42E-02

74 autophagy (GO:0006914) 147 109 66.86 1.63 1.38E-04 6.13E-03

75
process utilising autophagic mechanism
(GO:0061919) 147 109 66.86 1.63 1.38E-04 6.11E-03

76 DNA replication (GO:0006260) 139 103 63.22 1.63 2.10E-04 8.80E-03

77
post-transcriptional regulation of gene
expression (GO:0010608) 243 180 110.52 1.63 1.01E-06 7.24E-05

78 peptidyl-lysine modification (GO:0018205) 161 119 73.22 1.63 7.20E-05 3.40E-03

79 cellular response to stress (GO:0033554) 758 559 344.74 1.62 1.91E-18 5.79E-16

80
protein modification by small protein removal
(GO:0070646) 117 86 53.21 1.62 8.03E-04 2.88E-02

81
response to endoplasmic reticulum stress
(GO:0034976) 112 82 50.94 1.61 1.37E-03 4.49E-02

82 intracellular transport (GO:0046907) 853 624 387.95 1.61 6.10E-20 2.07E-17

83 mRNA processing (GO:0006397) 308 225 140.08 1.61 8.39E-08 7.40E-06

84
protein localization to organelle
(GO:0033365) 341 249 155.09 1.61 1.70E-08 1.76E-06

85 cell division (GO:0051301) 211 154 95.96 1.6 1.09E-05 6.34E-04

86
generation of precursor metabolites and
energy (GO:0006091) 188 137 85.5 1.6 3.09E-05 1.62E-03

87
cellular macromolecule biosynthetic process
(GO:0034645) 603 439 274.25 1.6 4.91E-14 8.73E-12

88 RNA splicing (GO:0008380) 258 187 117.34 1.59 1.47E-06 1.03E-04

89
establishment of protein localization to
organelle (GO:0072594) 194 140 88.23 1.59 3.87E-05 1.96E-03

90
phosphatidylinositol metabolic process
(GO:0046488) 122 88 55.49 1.59 1.25E-03 4.22E-02

91 regulation of catabolic process (GO:0009894) 344 248 156.45 1.59 3.93E-08 3.83E-06

92
negative regulation of cell cycle process
(GO:0010948) 118 85 53.67 1.58 1.37E-03 4.49E-02

93 intracellular protein transport (GO:0006886) 435 313 197.84 1.58 6.18E-10 7.78E-08
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94 chromatin remodelling (GO:0006338) 196 141 89.14 1.58 4.18E-05 2.08E-03

95 gene expression (GO:0010467) 1525 1095 693.57 1.58 4.72E-33 3.52E-30

96 methylation (GO:0032259) 207 148 94.14 1.57 3.12E-05 1.63E-03

97 protein transport (GO:0015031) 668 477 303.81 1.57 3.99E-14 7.21E-12

98 mitotic cell cycle process (GO:1903047) 296 211 134.62 1.57 7.31E-07 5.42E-05

99
establishment of protein localization
(GO:0045184) 695 494 316.09 1.56 2.03E-14 3.92E-12

100
protein modification by small protein
conjugation or removal (GO:0070647) 609 431 276.97 1.56 1.69E-12 2.53E-10

101
cellular component disassembly
(GO:0022411) 136 96 61.85 1.55 1.31E-03 4.35E-02

102
regulation of cellular catabolic process
(GO:0031329) 288 203 130.98 1.55 2.18E-06 1.46E-04

103
mRNA splicing, via spliceosome
(GO:0000398) 199 140 90.51 1.55 9.39E-05 4.30E-03

104

RNA splicing, via transesterification reactions
with bulged adenosine as nucleophile
(GO:0000377) 199 140 90.51 1.55 9.39E-05 4.28E-03

105
RNA splicing, via transesterification reactions
(GO:0000375) 199 140 90.51 1.55 9.39E-05 4.26E-03

106
regulation of mRNA metabolic process
(GO:1903311) 174 122 79.14 1.54 3.09E-04 1.25E-02

107
protein modification by small protein
conjugation (GO:0032446) 494 346 224.67 1.54 7.68E-10 9.57E-08

108 chromosome organisation (GO:0051276) 280 196 127.34 1.54 4.14E-06 2.61E-04

109 RNA biosynthetic process (GO:0032774) 345 241 156.91 1.54 4.05E-07 3.22E-05

110
establishment of organelle localization
(GO:0051656) 179 125 81.41 1.54 2.92E-04 1.20E-02

111
cellular macromolecule metabolic process
(GO:0044260) 1850 1288 841.38 1.53 5.88E-35 5.99E-32

112
phospholipid biosynthetic process
(GO:0008654) 144 100 65.49 1.53 1.37E-03 4.48E-02

113 DNA-templated transcription (GO:0006351) 340 236 154.63 1.53 6.72E-07 5.06E-05

114
nucleic acid-templated transcription
(GO:0097659) 340 236 154.63 1.53 6.72E-07 5.02E-05

115 organelle localization (GO:0051640) 254 176 115.52 1.52 2.03E-05 1.13E-03

116 nucleic acid metabolic process (GO:0090304) 1708 1181 776.8 1.52 5.92E-31 3.49E-28

117
nucleobase-containing compound catabolic
process (GO:0034655) 168 116 76.41 1.52 6.26E-04 2.31E-02

118
organonitrogen compound catabolic process
(GO:1901565) 678 468 308.36 1.52 2.65E-12 3.86E-10

119 protein localization (GO:0008104) 991 684 450.71 1.52 1.20E-17 3.45E-15

120
cellular macromolecule localization
(GO:0070727) 993 685 451.62 1.52 1.27E-17 3.56E-15

121 protein ubiquitination (GO:0016567) 453 312 206.03 1.51 1.72E-08 1.77E-06

122 cellular catabolic process (GO:0044248) 994 684 452.07 1.51 2.03E-17 5.30E-15

123
regulation of cell cycle phase transition
(GO:1901987) 173 119 78.68 1.51 5.88E-04 2.18E-02

124
establishment of localization in cell
(GO:0051649) 1020 700 463.9 1.51 1.45E-17 3.97E-15

125 RNA metabolic process (GO:0016070) 1245 854 566.23 1.51 2.00E-21 8.95E-19
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126 vesicle organisation (GO:0016050) 156 107 70.95 1.51 1.29E-03 4.29E-02

127
cellular nitrogen compound metabolic
process (GO:0034641) 2557 1744 1162.93 1.5 3.47E-45 5.56E-42

128
macromolecule biosynthetic process
(GO:0009059) 1045 712 475.27 1.5 2.40E-17 6.12E-15

129
regulation of cellular response to stress
(GO:0080135) 216 147 98.24 1.5 2.01E-04 8.51E-03

130
positive regulation of catabolic process
(GO:0009896) 197 134 89.6 1.5 4.13E-04 1.59E-02

131
positive regulation of cellular catabolic
process (GO:0031331) 165 112 75.04 1.49 1.36E-03 4.49E-02

132 cell cycle (GO:0007049) 638 432 290.16 1.49 1.39E-10 1.83E-08

133
cellular nitrogen compound biosynthetic
process (GO:0044271) 1062 719 483 1.49 3.90E-17 9.71E-15

134
protein localization to membrane
(GO:0072657) 207 140 94.14 1.49 3.61E-04 1.41E-02

135 nitrogen compound transport (GO:0071705) 919 621 417.96 1.49 1.08E-14 2.19E-12

136 mitotic cell cycle (GO:0000278) 365 246 166 1.48 2.15E-06 1.46E-04

137
glycerophospholipid metabolic process
(GO:0006650) 190 128 86.41 1.48 6.40E-04 2.35E-02

138
nucleobase-containing compound metabolic
process (GO:0006139) 2067 1392 940.07 1.48 3.55E-33 3.06E-30

139 cellular localization (GO:0051641) 1457 980 662.65 1.48 1.11E-22 5.40E-20

140
organonitrogen compound biosynthetic
process (GO:1901566) 969 651 440.7 1.48 5.06E-15 1.05E-12

141 cell cycle process (GO:0022402) 466 313 211.94 1.48 1.08E-07 9.38E-06

142 heterocycle metabolic process (GO:0046483) 2156 1446 980.55 1.47 6.03E-34 5.63E-31

143
non-membrane-bounded organelle assembly
(GO:0140694) 191 128 86.87 1.47 8.05E-04 2.88E-02

144 localization within membrane (GO:0051668) 266 178 120.98 1.47 8.30E-05 3.83E-03

145
negative regulation of gene expression
(GO:0010629) 324 216 147.36 1.47 1.51E-05 8.53E-04

146
cellular nitrogen compound catabolic process
(GO:0044270) 194 129 88.23 1.46 8.81E-04 3.10E-02

147 heterocycle catabolic process (GO:0046700) 191 127 86.87 1.46 9.94E-04 3.42E-02

148
cellular aromatic compound metabolic
process (GO:0006725) 2182 1450 992.38 1.46 1.07E-32 7.52E-30

149 catabolic process (GO:0009056) 1188 787 540.3 1.46 5.42E-17 1.29E-14

150
organic substance catabolic process
(GO:1901575) 1034 683 470.26 1.45 1.16E-14 2.31E-12

151 macromolecule modification (GO:0043412) 2126 1392 966.91 1.44 3.15E-29 1.68E-26

152
organic cyclic compound metabolic process
(GO:1901360) 2299 1493 1045.59 1.43 2.50E-30 1.40E-27

153 regulation of cell cycle process (GO:0010564) 288 187 130.98 1.43 1.73E-04 7.44E-03

154 macromolecule localization (GO:0033036) 1268 822 576.69 1.43 4.12E-16 9.62E-14

155 protein modification process (GO:0036211) 1972 1273 896.87 1.42 8.96E-25 4.56E-22

156 cellular metabolic process (GO:0044237) 4993 3191 2270.82 1.41 2.80E-72 1.57E-68

157 cellular biosynthetic process (GO:0044249) 1696 1083 771.34 1.4 8.47E-20 2.79E-17

158
organic substance biosynthetic process
(GO:1901576) 1740 1106 791.35 1.4 9.25E-20 2.96E-17
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159 regulation of cell cycle (GO:0051726) 452 287 205.57 1.4 1.10E-05 6.35E-04

160 biosynthetic process (GO:0009058) 1787 1132 812.73 1.39 6.05E-20 2.12E-17

161
macromolecule metabolic process
(GO:0043170) 4503 2851 2047.97 1.39 8.36E-59 1.56E-55

162
protein-containing complex organisation
(GO:0043933) 730 462 332.01 1.39 2.06E-08 2.06E-06

163
regulation of cellular localization
(GO:0060341) 266 168 120.98 1.39 9.81E-04 3.38E-02

164
nitrogen compound metabolic process
(GO:0006807) 5103 3213 2320.85 1.38 1.45E-67 4.06E-64

165
protein-containing complex assembly
(GO:0065003) 641 403 291.53 1.38 3.05E-07 2.46E-05

166 protein metabolic process (GO:0019538) 2941 1834 1337.57 1.37 4.21E-31 2.62E-28

167 cell death (GO:0008219) 320 199 145.54 1.37 5.64E-04 2.11E-02

168 programmed cell death (GO:0012501) 312 194 141.9 1.37 6.85E-04 2.49E-02

169
peptidyl-amino acid modification
(GO:0018193) 556 345 252.87 1.36 5.56E-06 3.40E-04

170 primary metabolic process (GO:0044238) 5565 3450 2530.97 1.36 5.16E-69 1.93E-65

171
organophosphate biosynthetic process
(GO:0090407) 352 218 160.09 1.36 3.59E-04 1.41E-02

172 organelle assembly (GO:0070925) 456 282 207.39 1.36 5.46E-05 2.64E-03

173 apoptotic process (GO:0006915) 293 181 133.26 1.36 1.35E-03 4.46E-02

174
regulation of response to stress
(GO:0080134) 353 218 160.54 1.36 4.31E-04 1.65E-02

175
organonitrogen compound metabolic process
(GO:1901564) 3655 2243 1662.3 1.35 3.14E-36 3.52E-33

176 cellular component biogenesis (GO:0044085) 1451 889 659.92 1.35 4.80E-13 7.68E-11

177
organic substance metabolic process
(GO:0071704) 5871 3588 2670.14 1.34 1.60E-67 3.58E-64

178
organophosphate metabolic process
(GO:0019637) 609 372 276.97 1.34 6.79E-06 4.14E-04

179 metabolic process (GO:0008152) 6180 3772 2810.67 1.34 1.78E-72 2.00E-68

180 organic substance transport (GO:0071702) 1205 734 548.04 1.34 1.57E-10 2.04E-08

181 DNA metabolic process (GO:0006259) 594 360 270.15 1.33 1.62E-05 9.10E-04

182
heterocycle biosynthetic process
(GO:0018130) 702 425 319.27 1.33 2.57E-06 1.70E-04

183
nucleobase-containing compound
biosynthetic process (GO:0034654) 638 386 290.16 1.33 8.89E-06 5.22E-04

184
negative regulation of protein metabolic
process (GO:0051248) 403 243 183.28 1.33 4.96E-04 1.87E-02

185
regulation of organelle organisation
(GO:0033043) 487 293 221.49 1.32 1.63E-04 7.08E-03

186
negative regulation of cellular metabolic
process (GO:0031324) 872 521 396.59 1.31 5.86E-07 4.50E-05

187
negative regulation of biosynthetic process
(GO:0009890) 640 381 291.07 1.31 3.02E-05 1.60E-03

188
negative regulation of cellular biosynthetic
process (GO:0031327) 635 378 288.8 1.31 3.28E-05 1.70E-03

189
negative regulation of macromolecule
biosynthetic process (GO:0010558) 617 367 280.61 1.31 4.05E-05 2.04E-03

218



GO biological process complete
Gallus gallus

(18109
genes)

upload_1
(8236
genes)

upload_1
(expected)

upload_1
(fold

Enrichment)

upload_1
(raw

P-value)

upload_1
(FDR)

190
aromatic compound biosynthetic process
(GO:0019438) 699 415 317.91 1.31 1.48E-05 8.41E-04

191
carboxylic acid metabolic process
(GO:0019752) 539 320 245.14 1.31 1.54E-04 6.73E-03

192 cellular lipid metabolic process (GO:0044255) 607 359 276.06 1.3 7.34E-05 3.44E-03

193 oxoacid metabolic process (GO:0043436) 544 321 247.41 1.3 2.18E-04 9.13E-03

194 phosphorus metabolic process (GO:0006793) 1373 810 624.44 1.3 1.37E-09 1.67E-07

195
regulation of protein metabolic process
(GO:0051246) 1021 601 464.35 1.29 3.05E-07 2.47E-05

196
phosphate-containing compound metabolic
process (GO:0006796) 1360 800 618.53 1.29 2.45E-09 2.89E-07

197 organelle organisation (GO:0006996) 2032 1189 924.16 1.29 3.08E-13 5.00E-11

198 phosphorylation (GO:0016310) 719 419 327 1.28 4.94E-05 2.41E-03

199
organic cyclic compound biosynthetic
process (GO:1901362) 769 448 349.74 1.28 2.50E-05 1.35E-03

200
small molecule metabolic process
(GO:0044281) 1069 617 486.18 1.27 1.50E-06 1.05E-04

201
carbohydrate derivative metabolic process
(GO:1901135) 673 388 306.08 1.27 1.73E-04 7.47E-03

202
organic acid metabolic process
(GO:0006082) 560 322 254.69 1.26 7.65E-04 2.77E-02

203
negative regulation of nitrogen compound
metabolic process (GO:0051172) 977 561 444.34 1.26 7.37E-06 4.44E-04

204
negative regulation of metabolic process
(GO:0009892) 1186 681 539.39 1.26 6.46E-07 4.89E-05

205 cellular component assembly (GO:0022607) 1269 725 577.14 1.26 4.90E-07 3.84E-05

206 response to stress (GO:0006950) 1366 780 621.26 1.26 1.71E-07 1.44E-05

207
negative regulation of macromolecule
metabolic process (GO:0010605) 1130 644 513.93 1.25 2.99E-06 1.94E-04

208
positive regulation of nucleobase-containing
compound metabolic process (GO:0045935) 844 477 383.85 1.24 1.23E-04 5.49E-03

209
positive regulation of RNA metabolic process
(GO:0051254) 778 437 353.84 1.24 3.41E-04 1.35E-02

210
positive regulation of nitrogen compound
metabolic process (GO:0051173) 1276 707 580.33 1.22 1.46E-05 8.32E-04

211
positive regulation of macromolecule
biosynthetic process (GO:0010557) 775 429 352.47 1.22 9.30E-04 3.23E-02

212 proteolysis (GO:0006508) 922 509 419.33 1.21 3.45E-04 1.37E-02

213
regulation of cellular component organisation
(GO:0051128) 855 470 388.86 1.21 8.17E-04 2.92E-02

214
intracellular signal transduction
(GO:0035556) 861 473 391.58 1.21 8.49E-04 3.02E-02

215
positive regulation of macromolecule
metabolic process (GO:0010604) 1374 753 624.9 1.2 2.17E-05 1.18E-03

216
negative regulation of cellular process
(GO:0048523) 1849 1012 840.93 1.2 6.40E-07 4.88E-05

217
cellular component organisation or
biogenesis (GO:0071840) 3660 2001 1664.57 1.2 1.22E-13 2.04E-11

218 vesicle-mediated transport (GO:0016192) 909 494 413.41 1.19 1.25E-03 4.22E-02

219
positive regulation of metabolic process
(GO:0009893) 1531 821 696.3 1.18 7.40E-05 3.45E-03
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220
negative regulation of biological process
(GO:0048519) 2170 1162 986.92 1.18 1.93E-06 1.32E-04

221
positive regulation of cellular metabolic
process (GO:0031325) 1304 696 593.06 1.17 4.41E-04 1.68E-02

222
cellular component organisation
(GO:0016043) 3489 1848 1586.8 1.16 3.90E-09 4.50E-07

223
regulation of nitrogen compound metabolic
process (GO:0051171) 3100 1637 1409.88 1.16 8.05E-08 7.22E-06

224
regulation of cellular metabolic process
(GO:0031323) 3079 1621 1400.33 1.16 1.73E-07 1.45E-05

225
regulation of primary metabolic process
(GO:0080090) 3152 1657 1433.53 1.16 1.53E-07 1.31E-05

226
regulation of macromolecule metabolic
process (GO:0060255) 3330 1750 1514.49 1.16 6.34E-08 5.77E-06

227 localization (GO:0051179) 3015 1578 1371.23 1.15 7.77E-07 5.73E-05

228
regulation of macromolecule biosynthetic
process (GO:0010556) 2210 1156 1005.11 1.15 4.10E-05 2.05E-03

229
regulation of metabolic process
(GO:0019222) 3609 1880 1641.38 1.15 9.52E-08 8.34E-06

230
regulation of cellular biosynthetic process
(GO:0031326) 2264 1178 1029.67 1.14 6.77E-05 3.21E-03

231
regulation of biosynthetic process
(GO:0009889) 2283 1186 1038.31 1.14 7.77E-05 3.61E-03

232
regulation of nucleobase-containing
compound metabolic process (GO:0019219) 2313 1201 1051.96 1.14 7.22E-05 3.40E-03

233 regulation of gene expression (GO:0010468) 2622 1355 1192.49 1.14 3.76E-05 1.91E-03

234 establishment of localization (GO:0051234) 2730 1401 1241.61 1.13 6.76E-05 3.22E-03

235
regulation of RNA metabolic process
(GO:0051252) 2182 1115 992.38 1.12 7.94E-04 2.86E-02

236 transport (GO:0006810) 2665 1357 1212.05 1.12 2.53E-04 1.04E-02

237 cellular process (GO:0009987) 11844 5991 5386.67 1.11 1.30E-32 8.57E-30

238 biological_process (GO:0008150) 14632 7165 6654.66 01.08 2.54E-36 3.17E-33

239 response to stimulus (GO:0050896) 4343 1779 1975.2 0.9 2.15E-05 1.18E-03

240 response to chemical (GO:0042221) 1562 600 710.4 0.84 2.31E-04 9.64E-03

241 developmental process (GO:0032502) 2350 870 1068.78 0.81 2.36E-08 2.34E-06

242 system development (GO:0048731) 1527 564 694.48 0.81 8.51E-06 5.02E-04

243
multicellular organism development
(GO:0007275) 1691 621 769.07 0.81 1.45E-06 1.02E-04

244
anatomical structure development
(GO:0048856) 2109 765 959.18 0.8 9.52E-09 1.02E-06

245
cellular developmental process
(GO:0048869) 1500 543 682.2 0.8 1.59E-06 1.10E-04

246 signal transduction (GO:0007165) 2919 1051 1327.57 0.79 9.39E-13 1.46E-10

247 cell differentiation (GO:0030154) 1491 536 678.11 0.79 8.79E-07 6.36E-05

248
anatomical structure morphogenesis
(GO:0009653) 963 345 437.97 0.79 7.84E-05 3.63E-03

249 cell communication (GO:0007154) 3157 1129 1435.81 0.79 1.62E-14 3.19E-12

250 response to external stimulus (GO:0009605) 837 298 380.67 0.78 1.88E-04 8.03E-03

251 animal organ development (GO:0048513) 1124 398 511.2 0.78 7.60E-06 4.55E-04

252 signalling (GO:0023052) 3113 1097 1415.8 0.77 8.79E-16 1.89E-13
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253 nervous system development (GO:0007399) 911 313 414.32 0.76 8.33E-06 4.94E-04

254
biological process involved in interspecies
interaction between organisms (GO:0044419) 489 167 222.4 0.75 1.02E-03 3.46E-02

255
multicellular organismal process
(GO:0032501) 2555 858 1162.02 0.74 4.36E-17 1.06E-14

256 neurogenesis (GO:0022008) 591 194 268.79 0.72 4.68E-05 2.30E-03

257 defence response (GO:0006952) 437 142 198.75 0.71 3.37E-04 1.34E-02

258
cell surface receptor signalling pathway
(GO:0007166) 1188 382 540.3 0.71 5.10E-10 6.49E-08

259
positive regulation of immune system process
(GO:0002684) 334 107 151.9 0.7 1.29E-03 4.30E-02

260 neuron differentiation (GO:0030182) 519 165 236.04 0.7 3.40E-05 1.76E-03

261 generation of neurons (GO:0048699) 552 175 251.05 0.7 1.64E-05 9.17E-04

262
defence response to other organism
(GO:0098542) 336 104 152.81 0.68 4.12E-04 1.59E-02

263 Unclassified (UNCLASSIFIED) 3477 1071 1581.34 0.68 2.54E-36 3.56E-33

264 animal organ morphogenesis (GO:0009887) 368 113 167.37 0.68 1.58E-04 6.86E-03

265 cell junction organisation (GO:0034330) 235 70 106.88 0.65 1.49E-03 4.86E-02

266 regulation of ion transport (GO:0043269) 266 78 120.98 0.64 4.32E-04 1.65E-02

267 axon development (GO:0061564) 220 64 100.06 0.64 1.25E-03 4.22E-02

268 immune response (GO:0006955) 502 143 228.31 0.63 2.28E-07 1.89E-05

269
positive regulation of immune response
(GO:0050778) 227 64 103.24 0.62 4.58E-04 1.73E-02

270 cell-cell signalling (GO:0007267) 479 131 217.85 0.6 6.21E-08 5.80E-06

271 locomotion (GO:0040011) 270 70 122.8 0.57 1.20E-05 6.90E-04

272
immune response-regulating signalling
pathway (GO:0002764) 182 47 82.77 0.57 3.25E-04 1.31E-02

273 chemotaxis (GO:0006935) 262 65 119.16 0.55 4.49E-06 2.80E-04

274 taxis (GO:0042330) 263 65 119.61 0.54 3.51E-06 2.25E-04

275 response to bacterium (GO:0009617) 250 61 113.7 0.54 4.65E-06 2.88E-04

276 cell adhesion (GO:0007155) 541 132 246.05 0.54 6.85E-12 9.60E-10

277 pattern specification process (GO:0007389) 201 49 91.42 0.54 3.64E-05 1.85E-03

278 phagocytosis (GO:0006909) 132 32 60.03 0.53 9.25E-04 3.22E-02

279 axon guidance (GO:0007411) 157 38 71.4 0.53 2.53E-04 1.04E-02

280 neuron projection guidance (GO:0097485) 158 38 71.86 0.53 2.55E-04 1.05E-02

281 synaptic signalling (GO:0099536) 250 60 113.7 0.53 2.50E-06 1.66E-04

282 trans-synaptic signalling (GO:0099537) 230 54 104.6 0.52 4.23E-06 2.65E-04

283
regulation of membrane potential
(GO:0042391) 192 44 87.32 0.5 1.49E-05 8.41E-04

284 regionalization (GO:0003002) 166 38 75.5 0.5 5.35E-05 2.59E-03

285 chemical synaptic transmission (GO:0007268) 223 51 101.42 0.5 2.82E-06 1.85E-04

286
anterograde trans-synaptic signalling
(GO:0098916) 223 51 101.42 0.5 2.82E-06 1.84E-04

287
positive regulation of cell activation
(GO:0050867) 171 39 77.77 0.5 3.63E-05 1.86E-03

288
anterior/posterior pattern specification
(GO:0009952) 115 26 52.3 0.5 7.09E-04 2.57E-02
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289
positive regulation of leukocyte activation
(GO:0002696) 167 37 75.95 0.49 2.70E-05 1.45E-03

290 activation of immune response (GO:0002253) 169 37 76.86 0.48 2.06E-05 1.14E-03

291
positive regulation of lymphocyte activation
(GO:0051251) 160 35 72.77 0.48 3.46E-05 1.78E-03

292 system process (GO:0003008) 714 156 324.73 0.48 1.66E-19 5.15E-17

293 cell-cell adhesion (GO:0098609) 307 65 139.62 0.47 1.71E-09 2.04E-07

294 regulation of B cell activation (GO:0050864) 111 23 50.48 0.46 2.49E-04 1.03E-02

295 cell fate commitment (GO:0045165) 129 26 58.67 0.44 5.51E-05 2.65E-03

296
immune response-regulating cell surface
receptor signalling pathway (GO:0002768) 142 26 64.58 0.4 3.49E-06 2.25E-04

297 adaptive immune response (GO:0002250) 173 30 78.68 0.38 7.44E-08 6.73E-06

298 immune effector process (GO:0002252) 194 33 88.23 0.37 8.58E-09 9.33E-07

299 viral process (GO:0016032) 71 12 32.29 0.37 5.36E-04 2.02E-02

300 nervous system process (GO:0050877) 487 82 221.49 0.37 8.15E-21 3.51E-18

301
external encapsulating structure organisation
(GO:0045229) 167 28 75.95 0.37 6.12E-08 5.82E-06

302
extracellular matrix organisation
(GO:0030198) 167 28 75.95 0.37 6.12E-08 5.77E-06

303
immune response-activating cell surface
receptor signalling pathway (GO:0002429) 138 23 62.76 0.37 8.62E-07 6.31E-05

304
immune response-activating signal
transduction (GO:0002757) 138 23 62.76 0.37 8.62E-07 6.27E-05

305
extracellular structure organisation
(GO:0043062) 169 28 76.86 0.36 4.41E-08 4.26E-06

306
positive regulation of B cell activation
(GO:0050871) 99 16 45.03 0.36 2.78E-05 1.48E-03

307
antigen receptor-mediated signalling pathway
(GO:0050851) 131 21 59.58 0.35 9.80E-07 7.04E-05

308
defence response to bacterium
(GO:0042742) 154 24 70.04 0.34 5.46E-08 5.23E-06

309

adaptive immune response based on somatic
recombination of immune receptors built from
immunoglobulin superfamily domains
(GO:0002460) 142 22 64.58 0.34 1.67E-07 1.42E-05

310 leukocyte mediated immunity (GO:0002443) 149 23 67.77 0.34 8.15E-08 7.25E-06

311

adenylate cyclase-modulating G
protein-coupled receptor signalling pathway
(GO:0007188) 165 25 75.04 0.33 9.23E-09 9.94E-07

312
G protein-coupled receptor signalling
pathway (GO:0007186) 672 100 305.63 0.33 4.36E-33 3.49E-30

313

adenylate cyclase-activating G
protein-coupled receptor signalling pathway
(GO:0007189) 102 15 46.39 0.32 4.99E-06 3.07E-04

314 membrane invagination (GO:0010324) 104 15 47.3 0.32 3.56E-06 2.26E-04

315
regulation of postsynaptic membrane
potential (GO:0060078) 78 11 35.47 0.31 4.74E-05 2.32E-03

316 humoral immune response (GO:0006959) 131 18 59.58 0.3 6.26E-08 5.80E-06

317 sensory perception (GO:0007600) 313 43 142.35 0.3 1.92E-17 5.13E-15

318
plasma membrane invagination
(GO:0099024) 103 14 46.84 0.3 1.73E-06 1.19E-04
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319
cell-cell adhesion via plasma-membrane
adhesion molecules (GO:0098742) 174 23 79.14 0.29 1.24E-10 1.65E-08

320 B cell mediated immunity (GO:0019724) 107 14 48.66 0.29 5.61E-07 4.33E-05

321
lymphocyte mediated immunity
(GO:0002449) 139 18 63.22 0.28 6.81E-09 7.55E-07

322
immunoglobulin mediated immune response
(GO:0016064) 106 13 48.21 0.27 2.55E-07 2.09E-05

323
homophilic cell adhesion via plasma
membrane adhesion molecules (GO:0007156) 135 16 61.4 0.26 2.93E-09 3.42E-07

324
chemical synaptic transmission, postsynaptic
(GO:0099565) 68 8 30.93 0.26 3.12E-05 1.63E-03

325 phagocytosis, engulfment (GO:0006911) 97 11 44.12 0.25 3.38E-07 2.71E-05

326 cell recognition (GO:0008037) 124 14 56.4 0.25 5.56E-09 6.23E-07

327 zymogen activation (GO:0031638) 45 5 20.47 0.24 6.31E-04 2.32E-02

328
excitatory postsynaptic potential
(GO:0060079) 65 7 29.56 0.24 3.07E-05 1.62E-03

329
positive regulation of pathway-restricted
SMAD protein phosphorylation (GO:0010862) 40 4 18.19 0.22 8.87E-04 3.11E-02

330
neuropeptide signalling pathway
(GO:0007218) 91 7 41.39 0.17 1.02E-08 1.08E-06

331
B cell receptor signalling pathway
(GO:0050853) 91 7 41.39 0.17 1.02E-08 1.07E-06

332 complement activation (GO:0006956) 94 7 42.75 0.16 4.24E-09 4.85E-07

333
humoral immune response mediated by
circulating immunoglobulin (GO:0002455) 83 6 37.75 0.16 2.87E-08 2.82E-06

334 entry into host (GO:0044409) 31 2 14.1 0.14 1.00E-03 3.43E-02

335 viral entry into host cell (GO:0046718) 31 2 14.1 0.14 1.00E-03 3.42E-02

336 detection of stimulus (GO:0051606) 209 13 95.05 0.14 1.50E-20 5.78E-18

337
complement activation, classical pathway
(GO:0006958) 82 5 37.29 0.13 8.50E-09 9.34E-07

338
sensory perception of chemical stimulus
(GO:0007606) 143 7 65.04 0.11 5.81E-16 1.30E-13

339 phagocytosis, recognition (GO:0006910) 75 2 34.11 0.06 2.43E-10 3.13E-08

340 detection of chemical stimulus (GO:0009593) 152 4 69.13 0.06 5.64E-20 2.04E-17

341 DNA integration (GO:0015074) 86 2 39.11 0.05 4.87E-12 6.91E-10

342 sensory perception of smell (GO:0007608) 131 3 59.58 0.05 7.97E-18 2.35E-15

343
detection of stimulus involved in sensory
perception (GO:0050906) 149 3 67.77 0.04 1.30E-20 5.22E-18

344
detection of chemical stimulus involved in
sensory perception (GO:0050907) 135 1 61.4 0.02 8.31E-21 3.45E-18

345 cytotoxic T cell differentiation (GO:0045065) 21 0 9.55 < 0.01 5.61E-04 2.10E-02

346
detection of chemical stimulus involved in
sensory perception of smell (GO:0050911) 128 0 58.21 < 0.01 1.92E-21 8.96E-19
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Gene Ontology terms at hatching and fledging DEGs
Table S2. Biological process gene ontology (GO) terms of differentially expressed genes between hatching
and fledging from PANTHER. The second column represents the GO description and annotation ID; the third
column contains the number of genes in the reference list (Gallus gallus) that map to this category; the fourth
column contains the number of genes in our uploaded list; the fifth column contains the expected number of
genes expected in our list for this category based on the reference list; the sixth column shows the fold
enrichment of genes observed in the uploaded list over the expected; the seventh column shows the P-value
of the Fisher exact test; the eighth column shows the false discovery rate (FDR) using the Benjamini-Hochberg
procedure.
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1
attachment of mitotic spindle microtubules
to kinetochore (GO:0051315)

8 7 0.89 7.87 3.10E-04 1.58E-02

2
mitotic chromosome condensation
(GO:0007076)

10 8 1.11 7.19 1.73E-04 9.74E-03

3 kinetochore organization (GO:0051383) 17 13 1.89 6.88 2.27E-06 2.17E-04

4 kinetochore assembly (GO:0051382) 14 10 1.56 6.42 5.17E-05 3.41E-03

5
mitotic metaphase plate congression
(GO:0007080)

12 8 1.33 5.99 4.14E-04 1.99E-02

6
centromere complex assembly
(GO:0034508)

26 17 2.89 5.88 3.14E-07 3.70E-05

7
attachment of spindle microtubules to
kinetochore (GO:0008608)

17 10 1.89 5.29 1.68E-04 9.55E-03

8
metaphase plate congression
(GO:0051310)

19 11 2.11 5.21 8.83E-05 5.44E-03

9
formation of cytoplasmic translation
initiation complex (GO:0001732)

14 8 1.56 5.14 8.77E-04 3.60E-02

10 nuclear DNA replication (GO:0033260) 16 9 1.78 05.06 4.56E-04 2.14E-02

11 cell cycle DNA replication (GO:0044786) 16 9 1.78 05.06 4.56E-04 2.13E-02

12
mitotic sister chromatid segregation
(GO:0000070)

76 42 8.45 4.97 5.87E-14 1.43E-11

13 chromosome localization (GO:0050000) 24 13 2.67 4.87 3.45E-05 2.41E-03

14 cytoplasmic translation (GO:0002181) 52 28 5.78 4.84 1.38E-09 2.39E-07

15
DNA unwinding involved in DNA
replication (GO:0006268)

15 8 1.67 4.8 1.23E-03 4.73E-02

16
mitotic spindle assembly checkpoint
signaling (GO:0007094)

17 9 1.89 4.76 6.35E-04 2.79E-02

17
mitotic spindle checkpoint signaling
(GO:0071174)

17 9 1.89 4.76 6.35E-04 2.78E-02

18
spindle assembly checkpoint signaling
(GO:0071173)

17 9 1.89 4.76 6.35E-04 2.77E-02

19 spindle checkpoint signaling (GO:0031577) 17 9 1.89 4.76 6.35E-04 2.76E-02

20
mitotic G2 DNA damage checkpoint
signaling (GO:0007095)

21 11 2.34 4.71 1.73E-04 9.78E-03

21
establishment of chromosome localization
(GO:0051303)

23 12 2.56 4.69 9.06E-05 5.55E-03

22
sister chromatid segregation
(GO:0000819)

94 48 10.45 4.59 9.56E-15 2.82E-12

23
negative regulation of mitotic
metaphase/anaphase transition
(GO:0045841)

18 9 2 4.5 8.69E-04 3.58E-02

24
cytoplasmic translational initiation
(GO:0002183)

24 12 2.67 4.5 1.24E-04 7.29E-03
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25 chromosome condensation (GO:0030261) 29 14 3.23 4.34 4.60E-05 3.13E-03

26
negative regulation of mitotic nuclear
division (GO:0045839)

21 10 2.34 4.28 6.08E-04 2.69E-02

27
negative regulation of mitotic sister
chromatid separation (GO:2000816)

19 9 2.11 4.26 1.17E-03 4.58E-02

28
negative regulation of
metaphase/anaphase transition of cell
cycle (GO:1902100)

19 9 2.11 4.26 1.17E-03 4.56E-02

29
negative regulation of mitotic sister
chromatid segregation (GO:0033048)

19 9 2.11 4.26 1.17E-03 4.55E-02

30
negative regulation of sister chromatid
segregation (GO:0033046)

19 9 2.11 4.26 1.17E-03 4.53E-02

31
mitotic G2/M transition checkpoint
(GO:0044818)

28 13 3.11 4.17 1.16E-04 6.90E-03

32
mitotic DNA damage checkpoint signaling
(GO:0044773)

38 17 4.23 04.02 1.58E-05 1.28E-03

33 mitotic nuclear division (GO:0140014) 106 47 11.79 3.99 9.88E-13 2.26E-10

34
negative regulation of chromosome
organization (GO:2001251)

25 11 2.78 3.96 5.52E-04 2.51E-02

35 mitotic cytokinesis (GO:0000281) 37 16 4.11 3.89 3.86E-05 2.67E-03

36
negative regulation of cell cycle G2/M
phase transition (GO:1902750)

35 15 3.89 3.85 7.26E-05 4.65E-03

37
negative regulation of G2/M transition of
mitotic cell cycle (GO:0010972)

35 15 3.89 3.85 7.26E-05 4.63E-03

38 chromosome segregation (GO:0007059) 172 73 19.13 3.82 3.57E-18 1.43E-15

39
nuclear chromosome segregation
(GO:0098813)

141 59 15.68 3.76 9.74E-15 2.80E-12

40
mitotic cell cycle checkpoint signaling
(GO:0007093)

65 27 7.23 3.73 1.84E-07 2.34E-05

41
mitotic DNA integrity checkpoint signaling
(GO:0044774)

41 17 4.56 3.73 3.41E-05 2.41E-03

42
signal transduction by p53 class mediator
(GO:0072331)

27 11 3 3.66 9.17E-04 3.71E-02

43 translation (GO:0006412) 290 113 32.25 3.5 5.57E-25 6.24E-22

44
DNA-templated DNA replication
(GO:0006261)

90 35 10.01 3.5 1.15E-08 1.78E-06

45
execution phase of apoptosis
(GO:0097194)

31 12 3.45 3.48 7.81E-04 3.29E-02

46 DNA conformation change (GO:0071103) 81 31 09.01 3.44 1.03E-07 1.41E-05

47
heterochromatin organization
(GO:0070828)

34 13 3.78 3.44 5.25E-04 2.39E-02

48
cell cycle checkpoint signaling
(GO:0000075)

84 32 9.34 3.43 7.04E-08 9.99E-06

49
ATP synthesis coupled electron transport
(GO:0042773)

50 19 5.56 3.42 3.18E-05 2.29E-03

50
peptide biosynthetic process
(GO:0043043)

298 113 33.14 3.41 3.36E-24 3.14E-21

51 electron transport chain (GO:0022900) 74 28 8.23 3.4 5.07E-07 5.75E-05

52
DNA damage checkpoint signaling
(GO:0000077)

53 20 5.89 3.39 2.16E-05 1.69E-03

53 oxidative phosphorylation (GO:0006119) 61 23 6.78 3.39 5.41E-06 4.89E-04

54 nuclear division (GO:0000280) 176 66 19.57 3.37 1.76E-14 4.92E-12

55
DNA integrity checkpoint signaling
(GO:0031570)

59 22 6.56 3.35 9.91E-06 8.35E-04

56
double-strand break repair via
homologous recombination (GO:0000724)

86 32 9.56 3.35 1.09E-07 1.47E-05
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57
signal transduction in response to DNA
damage (GO:0042770)

62 23 6.9 3.34 6.72E-06 5.93E-04

58
cytoskeleton-dependent cytokinesis
(GO:0061640)

54 20 06.01 3.33 2.68E-05 2.06E-03

59
protein-DNA complex assembly
(GO:0065004)

92 34 10.23 3.32 5.04E-08 7.25E-06

60 recombinational repair (GO:0000725) 87 32 9.68 3.31 1.35E-07 1.78E-05

61 organelle fission (GO:0048285) 192 70 21.35 3.28 8.80E-15 2.66E-12

62 chromosome organization (GO:0051276) 280 102 31.14 3.28 6.34E-21 3.38E-18

63
regulation of G2/M transition of mitotic cell
cycle (GO:0010389)

44 16 4.89 3.27 1.98E-04 1.09E-02

64
mitochondrial ATP synthesis coupled
electron transport (GO:0042775)

47 17 5.23 3.25 1.33E-04 7.70E-03

65 mitotic cell cycle process (GO:1903047) 296 106 32.92 3.22 3.02E-21 1.69E-18

66
negative regulation of mitotic cell cycle
phase transition (GO:1901991)

73 26 8.12 3.2 3.18E-06 2.97E-04

67 double-strand break repair (GO:0006302) 146 52 16.24 3.2 4.85E-11 9.71E-09

68 aerobic respiration (GO:0009060) 90 32 10.01 3.2 2.51E-07 3.13E-05

69
aerobic electron transport chain
(GO:0019646)

45 16 5 3.2 2.44E-04 1.31E-02

70 meiotic cell cycle process (GO:1903046) 94 33 10.45 3.16 2.08E-07 2.62E-05

71 cytokinesis (GO:0000910) 57 20 6.34 3.15 5.00E-05 3.34E-03

72 cell division (GO:0051301) 211 74 23.47 3.15 7.76E-15 2.42E-12

73 meiotic cell cycle (GO:0051321) 120 42 13.35 3.15 5.20E-09 8.45E-07

74
respiratory electron transport chain
(GO:0022904)

60 21 6.67 3.15 3.37E-05 2.39E-03

75
regulation of cell cycle G2/M phase
transition (GO:1902749)

49 17 5.45 3.12 2.00E-04 1.10E-02

76 mitotic cell cycle (GO:0000278) 365 125 40.59 03.08 1.76E-23 1.32E-20

77 DNA geometric change (GO:0032392) 73 25 8.12 03.08 8.53E-06 7.30E-04

78
protein-DNA complex subunit organization
(GO:0071824)

106 36 11.79 03.05 1.17E-07 1.56E-05

79 translational initiation (GO:0006413) 53 18 5.89 03.05 1.64E-04 9.41E-03

80 amide biosynthetic process (GO:0043604) 374 127 41.59 03.05 1.98E-23 1.39E-20

81
mitochondrial transmembrane transport
(GO:1990542)

62 21 6.9 03.05 4.99E-05 3.35E-03

82 DNA replication (GO:0006260) 139 47 15.46 03.04 1.62E-09 2.76E-07

83
microtubule cytoskeleton organization
involved in mitosis (GO:1902850)

81 27 09.01 3 5.70E-06 5.07E-04

84
negative regulation of cell cycle phase
transition (GO:1901988)

104 34 11.57 2.94 5.36E-07 6.00E-05

85
negative regulation of mitotic cell cycle
(GO:0045930)

99 32 11.01 2.91 1.40E-06 1.47E-04

86
ribosomal large subunit biogenesis
(GO:0042273)

65 21 7.23 2.9 8.71E-05 5.43E-03

87 meiosis I cell cycle process (GO:0061982) 62 20 6.9 2.9 1.29E-04 7.56E-03

88 peptide metabolic process (GO:0006518) 377 121 41.93 2.89 7.98E-21 4.07E-18

89 spindle assembly (GO:0051225) 53 17 5.89 2.88 4.26E-04 2.03E-02

90 cellular respiration (GO:0045333) 103 33 11.46 2.88 1.69E-06 1.68E-04

91
regulation of chromosome segregation
(GO:0051983)

50 16 5.56 2.88 6.36E-04 2.75E-02
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92
meiotic chromosome segregation
(GO:0045132)

50 16 5.56 2.88 6.36E-04 2.74E-02

93 mitotic spindle organization (GO:0007052) 57 18 6.34 2.84 3.42E-04 1.72E-02

94 meiotic nuclear division (GO:0140013) 83 26 9.23 2.82 3.06E-05 2.27E-03

95 meiosis I (GO:0007127) 61 19 6.78 2.8 2.74E-04 1.43E-02

96
intrinsic apoptotic signaling pathway
(GO:0097193)

55 17 6.12 2.78 6.05E-04 2.69E-02

97 spindle organization (GO:0007051) 91 28 10.12 2.77 1.67E-05 1.34E-03

98 DNA duplex unwinding (GO:0032508) 69 21 7.67 2.74 2.48E-04 1.32E-02

99 chromatin remodeling (GO:0006338) 196 59 21.8 2.71 6.55E-10 1.15E-07

100
energy derivation by oxidation of organic
compounds (GO:0015980)

130 38 14.46 2.63 1.56E-06 1.57E-04

101 DNA repair (GO:0006281) 324 94 36.03 2.61 4.15E-14 1.03E-11

102 cell cycle process (GO:0022402) 466 135 51.83 2.6 8.79E-20 3.94E-17

103 cell cycle (GO:0007049) 638 184 70.96 2.59 1.88E-26 2.34E-23

104
negative regulation of cell cycle process
(GO:0010948)

118 34 13.12 2.59 7.37E-06 6.46E-04

105
cellular response to DNA damage stimulus
(GO:0006974)

434 124 48.27 2.57 7.19E-18 2.78E-15

106 DNA recombination (GO:0006310) 186 53 20.69 2.56 2.46E-08 3.68E-06

107
generation of precursor metabolites and
energy (GO:0006091)

188 53 20.91 2.53 3.11E-08 4.59E-06

108
nucleoside monophosphate metabolic
process (GO:0009123)

71 20 7.9 2.53 6.34E-04 2.80E-02

109
regulation of chromosome organization
(GO:0033044)

83 23 9.23 2.49 4.52E-04 2.13E-02

110 rRNA processing (GO:0006364) 160 44 17.79 2.47 8.40E-07 9.32E-05

111 ribosome biogenesis (GO:0042254) 226 62 25.13 2.47 7.25E-09 1.16E-06

112
cellular amide metabolic process
(GO:0043603)

533 146 59.28 2.46 2.04E-19 8.81E-17

113
nucleoside triphosphate metabolic
process (GO:0009141)

99 27 11.01 2.45 1.32E-04 7.64E-03

114
negative regulation of cell cycle
(GO:0045786)

147 40 16.35 2.45 3.42E-06 3.17E-04

115 chromatin organization (GO:0006325) 306 82 34.03 2.41 5.35E-11 1.05E-08

116
regulation of mitotic cell cycle phase
transition (GO:1901990)

120 32 13.35 2.4 5.41E-05 3.54E-03

117 rRNA metabolic process (GO:0016072) 169 45 18.8 2.39 1.51E-06 1.54E-04

118
regulation of cell cycle phase transition
(GO:1901987)

173 46 19.24 2.39 1.13E-06 1.22E-04

119
purine nucleoside triphosphate metabolic
process (GO:0009144)

79 21 8.79 2.39 1.10E-03 4.38E-02

120
ribonucleoside triphosphate metabolic
process (GO:0009199)

84 22 9.34 2.35 8.84E-04 3.60E-02

121
ribonucleoprotein complex biogenesis
(GO:0022613)

321 84 35.7 2.35 8.22E-11 1.56E-08

122
cellular macromolecule biosynthetic
process (GO:0034645)

603 149 67.06 2.22 2.35E-16 7.74E-14

123
negative regulation of organelle
organization (GO:0010639)

130 32 14.46 2.21 1.76E-04 9.85E-03

124
regulation of mitotic cell cycle
(GO:0007346)

188 46 20.91 2.2 8.05E-06 6.99E-04

125
regulation of cell cycle process
(GO:0010564)

288 69 32.03 2.15 9.26E-08 1.28E-05
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126
ribonucleoprotein complex assembly
(GO:0022618)

130 31 14.46 2.14 3.19E-04 1.61E-02

127
non-membrane-bounded organelle
assembly (GO:0140694)

191 45 21.24 2.12 2.48E-05 1.92E-03

128
ribonucleoprotein complex subunit
organization (GO:0071826)

136 32 15.13 2.12 3.89E-04 1.89E-02

129
purine-containing compound biosynthetic
process (GO:0072522)

136 32 15.13 2.12 3.89E-04 1.88E-02

130
nucleoside phosphate biosynthetic
process (GO:1901293)

182 42 20.24 02.07 6.87E-05 4.42E-03

131
cellular nitrogen compound biosynthetic
process (GO:0044271)

1062 242 118.11 02.05 2.31E-22 1.44E-19

132
organonitrogen compound biosynthetic
process (GO:1901566)

969 220 107.77 02.04 3.74E-20 1.82E-17

133 ncRNA metabolic process (GO:0034660) 398 89 44.26 02.01 1.69E-08 2.56E-06

134 ncRNA processing (GO:0034470) 308 68 34.25 1.99 1.38E-06 1.45E-04

135 DNA metabolic process (GO:0006259) 594 131 66.06 1.98 1.41E-11 2.93E-09

136
nucleotide metabolic process
(GO:0009117)

306 67 34.03 1.97 2.01E-06 1.98E-04

137
nucleoside phosphate metabolic process
(GO:0006753)

321 70 35.7 1.96 1.43E-06 1.48E-04

138
establishment of organelle localization
(GO:0051656)

179 39 19.91 1.96 3.64E-04 1.77E-02

139 regulation of cell cycle (GO:0051726) 452 98 50.27 1.95 1.33E-08 2.04E-06

140
nucleotide biosynthetic process
(GO:0009165)

176 38 19.57 1.94 5.01E-04 2.29E-02

141
purine-containing compound metabolic
process (GO:0072521)

252 54 28.03 1.93 4.50E-05 3.10E-03

142 mitochondrion organization (GO:0007005) 234 50 26.02 1.92 8.45E-05 5.32E-03

143
nucleobase-containing small molecule
metabolic process (GO:0055086)

372 78 41.37 1.89 1.45E-06 1.49E-04

144 cellular response to stress (GO:0033554) 758 158 84.3 1.87 5.58E-12 1.20E-09

145
purine nucleotide metabolic process
(GO:0006163)

226 47 25.13 1.87 2.21E-04 1.20E-02

146 regulation of translation (GO:0006417) 198 41 22.02 1.86 6.75E-04 2.89E-02

147
cellular nitrogen compound metabolic
process (GO:0034641)

2557 527 284.38 1.85 2.21E-40 2.47E-36

148
cellular macromolecule metabolic process
(GO:0044260)

1850 381 205.75 1.85 5.30E-28 7.43E-25

149
ribose phosphate metabolic process
(GO:0019693)

240 49 26.69 1.84 2.29E-04 1.23E-02

150
protein-containing complex assembly
(GO:0065003)

641 130 71.29 1.82 2.11E-09 3.48E-07

151 gene expression (GO:0010467) 1525 309 169.6 1.82 1.71E-21 1.01E-18

152
regulation of cellular amide metabolic
process (GO:0034248)

213 43 23.69 1.82 7.12E-04 3.01E-02

153
macromolecule biosynthetic process
(GO:0009059)

1045 210 116.22 1.81 2.98E-14 7.59E-12

154
protein-containing complex organization
(GO:0043933)

730 146 81.19 1.8 5.14E-10 9.14E-08

155
ribonucleotide metabolic process
(GO:0009259)

231 46 25.69 1.79 5.60E-04 2.53E-02

156
regulation of cellular macromolecule
biosynthetic process (GO:2000112)

223 44 24.8 1.77 9.28E-04 3.73E-02

157
nucleobase-containing compound
metabolic process (GO:0006139)

2067 396 229.88 1.72 9.35E-24 7.49E-21
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158
heterocycle metabolic process
(GO:0046483)

2156 413 239.78 1.72 7.40E-25 7.54E-22

159
nucleic acid metabolic process
(GO:0090304)

1708 324 189.96 1.71 1.01E-18 4.17E-16

160
cellular aromatic compound metabolic
process (GO:0006725)

2182 412 242.67 1.7 7.86E-24 6.78E-21

161
cellular biosynthetic process
(GO:0044249)

1696 316 188.62 1.68 3.21E-17 1.20E-14

162
organic substance biosynthetic process
(GO:1901576)

1740 322 193.51 1.66 3.63E-17 1.31E-14

163
organic cyclic compound metabolic
process (GO:1901360)

2299 423 255.68 1.65 1.74E-22 1.15E-19

164 RNA processing (GO:0006396) 650 119 72.29 1.65 1.52E-06 1.53E-04

165 biosynthetic process (GO:0009058) 1787 327 198.74 1.65 8.12E-17 2.84E-14

166
regulation of organelle organization
(GO:0033043)

487 89 54.16 1.64 3.00E-05 2.24E-03

167
organophosphate biosynthetic process
(GO:0090407)

352 64 39.15 1.63 4.92E-04 2.26E-02

168
cellular component biogenesis
(GO:0044085)

1451 258 161.37 1.6 4.96E-12 1.09E-09

169
heterocycle biosynthetic process
(GO:0018130)

702 121 78.07 1.55 1.38E-05 1.15E-03

170
modification-dependent macromolecule
catabolic process (GO:0043632)

412 71 45.82 1.55 9.27E-04 3.74E-02

171 microtubule-based process (GO:0007017) 538 92 59.83 1.54 1.98E-04 1.09E-02

172
nucleobase-containing compound
biosynthetic process (GO:0034654)

638 109 70.96 1.54 5.09E-05 3.38E-03

173
macromolecule catabolic process
(GO:0009057)

605 103 67.29 1.53 9.54E-05 5.81E-03

174
cellular macromolecule catabolic process
(GO:0044265)

523 89 58.17 1.53 3.53E-04 1.74E-02

175 cellular metabolic process (GO:0044237) 4993 844 555.3 1.52 7.96E-39 4.46E-35

176
aromatic compound biosynthetic process
(GO:0019438)

699 118 77.74 1.52 3.83E-05 2.67E-03

177 cellular catabolic process (GO:0044248) 994 167 110.55 1.51 1.20E-06 1.28E-04

178 protein catabolic process (GO:0030163) 472 79 52.49 1.5 1.14E-03 4.50E-02

179
nitrogen compound metabolic process
(GO:0006807)

5103 850 567.53 1.5 6.43E-37 1.80E-33

180
macromolecule metabolic process
(GO:0043170)

4503 740 500.8 1.48 8.06E-29 1.29E-25

181
organophosphate metabolic process
(GO:0019637)

609 100 67.73 1.48 4.37E-04 2.07E-02

182
cellular component assembly
(GO:0022607)

1269 208 141.13 1.47 2.56E-07 3.15E-05

183 organelle organization (GO:0006996) 2032 332 225.99 1.47 2.69E-11 5.49E-09

184
organic cyclic compound biosynthetic
process (GO:1901362)

769 125 85.52 1.46 1.02E-04 6.16E-03

185
organonitrogen compound metabolic
process (GO:1901564)

3655 589 406.49 1.45 8.36E-20 3.91E-17

186 primary metabolic process (GO:0044238) 5565 892 618.91 1.44 1.53E-33 3.43E-30

187 RNA metabolic process (GO:0016070) 1245 199 138.46 1.44 2.07E-06 2.01E-04

188
organic substance catabolic process
(GO:1901575)

1034 165 115 1.43 1.88E-05 1.49E-03

189
organonitrogen compound catabolic
process (GO:1901565)

678 108 75.4 1.43 6.62E-04 2.84E-02

229



190 catabolic process (GO:0009056) 1188 189 132.12 1.43 4.87E-06 4.44E-04

191 metabolic process (GO:0008152) 6180 982 687.31 1.43 2.77E-37 1.04E-33

192 protein metabolic process (GO:0019538) 2941 465 327.08 1.42 7.40E-14 1.76E-11

193
organic substance metabolic process
(GO:0071704)

5871 925 652.95 1.42 1.06E-32 1.98E-29

194
small molecule metabolic process
(GO:0044281)

1069 168 118.89 1.41 3.13E-05 2.26E-03

195
cellular component organization or
biogenesis (GO:0071840)

3660 558 407.05 1.37 2.75E-14 7.17E-12

196
regulation of cellular component
organization (GO:0051128)

855 129 95.09 1.36 1.29E-03 4.95E-02

197 response to stress (GO:0006950) 1366 201 151.92 1.32 1.89E-04 1.06E-02

198
cellular component organization
(GO:0016043)

3489 511 388.03 1.32 2.30E-10 4.22E-08

199 macromolecule modification (GO:0043412) 2126 309 236.44 1.31 5.47E-06 4.91E-04

200 protein modification process (GO:0036211) 1972 286 219.32 1.3 1.53E-05 1.26E-03

201
negative regulation of cellular process
(GO:0048523)

1849 255 205.64 1.24 8.34E-04 3.45E-02

202 cellular process (GO:0009987) 11844 1497 1317.24 1.14 2.54E-16 8.14E-14

203 biological_process (GO:0008150) 14632 1762 1627.3 01.08 2.69E-14 7.35E-12

204 response to stimulus (GO:0050896) 4343 411 483.01 0.85 2.91E-04 1.50E-02

205 system development (GO:0048731) 1527 123 169.83 0.72 2.26E-04 1.23E-02

206
multicellular organism development
(GO:0007275)

1691 133 188.07 0.71 2.92E-05 2.21E-03

207 developmental process (GO:0032502) 2350 180 261.36 0.69 8.26E-08 1.16E-05

208
anatomical structure development
(GO:0048856)

2109 161 234.55 0.69 3.47E-07 4.05E-05

209 signal transduction (GO:0007165) 2919 221 324.64 0.68 3.83E-10 6.92E-08

210 cell communication (GO:0007154) 3157 235 351.11 0.67 1.08E-11 2.28E-09

211
cellular response to chemical stimulus
(GO:0070887)

1039 77 115.55 0.67 2.59E-04 1.38E-02

212 animal organ development (GO:0048513) 1124 83 125.01 0.66 1.10E-04 6.57E-03

213
anatomical structure morphogenesis
(GO:0009653)

963 71 107.1 0.66 3.55E-04 1.74E-02

214 signaling (GO:0023052) 3113 228 346.21 0.66 3.27E-12 7.34E-10

215 Unclassified (UNCLASSIFIED) 3477 252 386.7 0.65 2.69E-14 7.18E-12

216
regulation of multicellular organismal
process (GO:0051239)

816 57 90.75 0.63 2.72E-04 1.43E-02

217 cell differentiation (GO:0030154) 1491 104 165.82 0.63 4.23E-07 4.89E-05

218 cell development (GO:0048468) 703 49 78.18 0.63 7.96E-04 3.32E-02

219
cellular developmental process
(GO:0048869)

1500 104 166.82 0.62 2.86E-07 3.45E-05

220
response to external stimulus
(GO:0009605)

837 57 93.09 0.61 1.27E-04 7.44E-03

221 response to chemical (GO:0042221) 1562 105 173.72 0.6 3.44E-08 5.01E-06

222
multicellular organismal process
(GO:0032501)

2555 170 284.16 0.6 1.26E-13 2.94E-11

223
response to organic substance
(GO:0010033)

995 66 110.66 0.6 9.45E-06 8.03E-04

224
cellular response to organic substance
(GO:0071310)

787 49 87.53 0.56 1.62E-05 1.30E-03

225 cell motility (GO:0048870) 457 28 50.83 0.55 9.59E-04 3.84E-02
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226
biological process involved in interspecies
interaction between organisms
(GO:0044419)

489 29 54.38 0.53 3.53E-04 1.74E-02

227 response to other organism (GO:0051707) 432 24 48.05 0.5 3.52E-04 1.75E-02

228
response to external biotic stimulus
(GO:0043207)

433 24 48.16 0.5 2.71E-04 1.43E-02

229
regulation of immune system process
(GO:0002682)

508 28 56.5 0.5 7.44E-05 4.71E-03

230 response to biotic stimulus (GO:0009607) 444 24 49.38 0.49 1.68E-04 9.59E-03

231
cell surface receptor signaling pathway
(GO:0007166)

1188 64 132.12 0.48 1.44E-10 2.69E-08

232
defense response to other organism
(GO:0098542)

336 18 37.37 0.48 1.20E-03 4.65E-02

233 defense response (GO:0006952) 437 23 48.6 0.47 1.09E-04 6.53E-03

234
regulation of immune response
(GO:0050776)

337 17 37.48 0.45 4.57E-04 2.12E-02

235 cell-cell adhesion (GO:0098609) 307 15 34.14 0.44 6.83E-04 2.91E-02

236
positive regulation of immune system
process (GO:0002684)

334 16 37.15 0.43 2.91E-04 1.51E-02

237 regulation of ion transport (GO:0043269) 266 12 29.58 0.41 8.03E-04 3.33E-02

238 immune response (GO:0006955) 502 22 55.83 0.39 9.18E-07 1.01E-04

239 cell adhesion (GO:0007155) 541 23 60.17 0.38 1.62E-07 2.11E-05

240 chemotaxis (GO:0006935) 262 11 29.14 0.38 3.42E-04 1.71E-02

241 taxis (GO:0042330) 263 11 29.25 0.38 3.44E-04 1.72E-02

242 locomotion (GO:0040011) 270 11 30.03 0.37 1.91E-04 1.06E-02

243 cell-cell signaling (GO:0007267) 479 19 53.27 0.36 3.05E-07 3.63E-05

244
cell surface receptor signaling pathway
involved in cell-cell signaling (GO:1905114)

203 8 22.58 0.35 1.13E-03 4.49E-02

245 regulation of hormone levels (GO:0010817) 204 8 22.69 0.35 1.14E-03 4.51E-02

246 system process (GO:0003008) 714 27 79.41 0.34 5.40E-11 1.04E-08

247
muscle structure development
(GO:0061061)

201 7 22.35 0.31 4.41E-04 2.09E-02

248
cell-cell adhesion via plasma-membrane
adhesion molecules (GO:0098742)

174 6 19.35 0.31 1.08E-03 4.32E-02

249
immune response-regulating signaling
pathway (GO:0002764)

182 6 20.24 0.3 5.74E-04 2.56E-02

250
regulation of lymphocyte activation
(GO:0051249)

194 6 21.58 0.28 3.13E-04 1.59E-02

251 nervous system process (GO:0050877) 487 15 54.16 0.28 1.67E-09 2.79E-07

252
regulation of leukocyte activation
(GO:0002694)

211 6 23.47 0.26 8.53E-05 5.34E-03

253 synaptic signaling (GO:0099536) 250 7 27.8 0.25 1.31E-05 1.10E-03

254 regulation of cell activation (GO:0050865) 220 6 24.47 0.25 2.98E-05 2.24E-03

255
chemical synaptic transmission
(GO:0007268)

223 6 24.8 0.24 3.10E-05 2.27E-03

256
anterograde trans-synaptic signaling
(GO:0098916)

223 6 24.8 0.24 3.10E-05 2.26E-03

257 trans-synaptic signaling (GO:0099537) 230 6 25.58 0.23 1.54E-05 1.26E-03

258
defense response to bacterium
(GO:0042742)

154 4 17.13 0.23 4.66E-04 2.15E-02

259 sensory perception (GO:0007600) 313 8 34.81 0.23 2.63E-07 3.21E-05

260 response to bacterium (GO:0009617) 250 6 27.8 0.22 2.76E-06 2.60E-04
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261
antigen receptor-mediated signaling
pathway (GO:0050851)

131 3 14.57 0.21 7.82E-04 3.28E-02

262 phagocytosis (GO:0006909) 132 3 14.68 0.2 7.85E-04 3.28E-02

263
immune response-activating cell surface
receptor signaling pathway (GO:0002429)

138 3 15.35 0.2 5.71E-04 2.57E-02

264
immune response-activating signal
transduction (GO:0002757)

138 3 15.35 0.2 5.71E-04 2.56E-02

265
immune response-regulating cell surface
receptor signaling pathway (GO:0002768)

142 3 15.79 0.19 4.00E-04 1.93E-02

266
G protein-coupled receptor signaling
pathway (GO:0007186)

672 14 74.74 0.19 8.50E-17 2.89E-14

267
regulation of membrane potential
(GO:0042391)

192 4 21.35 0.19 2.03E-05 1.61E-03

268
positive regulation of lymphocyte
activation (GO:0051251)

160 3 17.79 0.17 6.43E-05 4.19E-03

269
adenylate cyclase-modulating G
protein-coupled receptor signaling
pathway (GO:0007188)

165 3 18.35 0.16 4.51E-05 3.08E-03

270
positive regulation of leukocyte activation
(GO:0002696)

167 3 18.57 0.16 4.75E-05 3.21E-03

271 developmental growth (GO:0048589) 112 2 12.46 0.16 8.81E-04 3.60E-02

272
positive regulation of cell activation
(GO:0050867)

171 3 19.02 0.16 3.30E-05 2.35E-03

273 adaptive immune response (GO:0002250) 173 3 19.24 0.16 2.18E-05 1.69E-03

274
lymphocyte mediated immunity
(GO:0002449)

139 2 15.46 0.13 9.89E-05 5.99E-03

275

adaptive immune response based on
somatic recombination of immune
receptors built from immunoglobulin
superfamily domains (GO:0002460)

142 2 15.79 0.13 6.64E-05 4.30E-03

276
leukocyte mediated immunity
(GO:0002443)

149 2 16.57 0.12 3.09E-05 2.28E-03

277
skeletal system morphogenesis
(GO:0048705)

94 1 10.45 0.1 8.90E-04 3.62E-02

278 immune effector process (GO:0002252) 194 2 21.58 0.09 4.74E-07 5.42E-05

279
immunoglobulin mediated immune
response (GO:0016064)

106 1 11.79 0.08 2.78E-04 1.45E-02

280 sensory perception of smell (GO:0007608) 131 1 14.57 0.07 2.74E-05 2.09E-03

281
sensory perception of chemical stimulus
(GO:0007606)

143 1 15.9 0.06 8.46E-06 7.29E-04

282
detection of stimulus involved in sensory
perception (GO:0050906)

149 1 16.57 0.06 3.71E-06 3.41E-04

283 detection of stimulus (GO:0051606) 209 1 23.24 0.04 9.64E-09 1.52E-06

284 humoral immune response (GO:0006959) 131 0 14.57 < 0.01 2.35E-06 2.24E-04

285
complement activation, classical pathway
(GO:0006958)

82 0 9.12 < 0.01 3.02E-04 1.55E-02

286 complement activation (GO:0006956) 94 0 10.45 < 0.01 8.80E-05 5.45E-03

287 phagocytosis, recognition (GO:0006910) 75 0 8.34 < 0.01 7.04E-04 2.99E-02

288
humoral immune response mediated by
circulating immunoglobulin (GO:0002455)

83 0 9.23 < 0.01 3.10E-04 1.59E-02

289
regulation of postsynaptic membrane
potential (GO:0060078)

78 0 8.67 < 0.01 4.56E-04 2.12E-02

290
detection of chemical stimulus involved in
sensory perception of smell (GO:0050911)

128 0 14.24 < 0.01 2.12E-06 2.05E-04

291
detection of chemical stimulus involved in
sensory perception (GO:0050907)

135 0 15.01 < 0.01 9.31E-07 1.01E-04
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292
detection of chemical stimulus
(GO:0009593)

152 0 16.9 < 0.01 1.81E-07 2.33E-05
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Gene Ontology terms enriched for males and females DEGs
Table S3. Biological process gene ontology (GO) terms of differentially expressed genes between males
and females of 2020 from PANTHER. The second column represents the GO description and annotation ID;
the third column contains the number of genes in the reference list (Gallus gallus) that map to this category;
the fourth column contains the number of genes in our uploaded list; the fifth column contains the expected
number of genes expected in our list for this category based on the reference list; the sixth column shows the
fold enrichment of genes observed in the uploaded list over the expected; the seventh column shows the
P-value of the Fisher exact test; the eighth column shows the false discovery rate (FDR) using the
Benjamini-Hochberg procedure.

GO biological process complete
Gallus gallus

(18109
genes)

upload_1
(297 genes)

upload_1
(expected)

upload_1
(fold

Enrichment)

upload_1
(raw

P-value)

upload_1
(FDR)

1 alcohol biosynthetic process (GO:0046165) 66 8 01.08 7.39 2.50E-05 2.81E-02

2
small molecule biosynthetic process
(GO:0044283) 293 16 4.81 3.33 4.52E-05 4.22E-02

3
cellular nitrogen compound metabolic
process (GO:0034641) 2557 76 41.94 1.81 2.42E-07 6.78E-04

4
heterocycle metabolic process
(GO:0046483) 2156 63 35.36 1.78 5.88E-06 9.42E-03

5
nucleobase-containing compound metabolic
process (GO:0006139) 2067 59 33.9 1.74 3.12E-05 3.18E-02

6
cellular aromatic compound metabolic
process (GO:0006725) 2182 62 35.79 1.73 2.15E-05 2.67E-02

7
organic cyclic compound metabolic process
(GO:1901360) 2299 63 37.71 1.67 4.93E-05 4.25E-02

8 cellular metabolic process (GO:0044237) 4993 129 81.89 1.58 6.63E-09 7.43E-05

9
nitrogen compound metabolic process
(GO:0006807) 5103 128 83.69 1.53 5.62E-08 3.15E-04

10 primary metabolic process (GO:0044238) 5565 136 91.27 1.49 8.29E-08 3.10E-04

11
macromolecule metabolic process
(GO:0043170) 4503 108 73.85 1.46 1.38E-05 1.93E-02

12
organic substance metabolic process
(GO:0071704) 5871 139 96.29 1.44 3.61E-07 6.74E-04

13 metabolic process (GO:0008152) 6180 145 101.36 1.43 2.62E-07 5.87E-04
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Gene Ontology terms enriched for early and late DEGs
Table S4. Biological process gene ontology (GO) terms of differentially expressed genes between early
and late chicks of 2020 from PANTHER. The second column represents the GO description and annotation
ID; the third column contains the number of genes in the reference list (Gallus gallus) that map to this
category; the fourth column contains the number of genes in our uploaded list; the fifth column contains the
expected number of genes expected in our list for this category based on the reference list; the sixth column
shows the fold enrichment of genes observed in the uploaded list over the expected; the seventh column
shows the P-value of the Fisher exact test; the eighth column shows the false discovery rate (FDR) using the
Benjamini-Hochberg procedure. GOs with one asterisk (*) represent offspring GO terms of Protein catabolic
process GOslim, and GOs with two asterisks (**) represent offspring GOterms of Protein modification process
GOslim.

GO biological process complete
Gallus gallus
(18109 genes)

upload_1
(106 genes)

upload_1
(expected)

upload_1
(fold

Enrichment)

upload_1
(raw

P-value)

upload_1
(FDR)

1
peptidyl-cysteine S-nitrosylation
(GO:0018119)** 3 3 0.02 > 100 3.78E-06 2.23E-03

2 protein nitrosylation (GO:0017014)** 3 3 0.02 > 100 3.78E-06 2.12E-03

3 response to interferon-gamma (GO:0034341) 34 4 0.2 20.1 6.87E-05 2.57E-02

4 cytoplasmic translation (GO:0002181) 52 6 0.3 19.71 1.07E-06 7.47E-04

5
reactive oxygen species metabolic process
(GO:0072593) 40 4 0.23 17.08 1.23E-04 4.05E-02

6 translation (GO:0006412) 290 13 1.7 7.66 2.30E-08 5.16E-05

7 peptide biosynthetic process (GO:0043043) 298 13 1.74 7.45 3.13E-08 5.85E-05

8 amide biosynthetic process (GO:0043604) 374 14 2.19 6.4 5.61E-08 6.98E-05

9 peptide metabolic process (GO:0006518) 377 14 2.21 6.34 6.17E-08 6.91E-05

10 regulation of proteolysis (GO:0030162) 303 9 1.77 05.07 8.67E-05 3.13E-02

11
cellular amide metabolic process
(GO:0043603) 533 15 3.12 4.81 6.44E-07 4.81E-04

12
ubiquitin-dependent protein catabolic
process (GO:0006511)* 395 11 2.31 4.76 2.46E-05 1.25E-02

13
modification-dependent protein catabolic
process (GO:0019941)* 403 11 2.36 4.66 2.94E-05 1.37E-02

14
modification-dependent macromolecule
catabolic process (GO:0043632) 412 11 2.41 4.56 3.57E-05 1.54E-02

15
proteolysis involved in protein catabolic
process (GO:0051603)* 440 11 2.58 4.27 6.37E-05 2.55E-02

16 protein catabolic process (GO:0030163) 472 11 2.76 3.98 1.17E-04 3.98E-02

17
cellular macromolecule biosynthetic process
(GO:0034645) 603 14 3.53 3.97 1.35E-05 7.22E-03

18
cellular macromolecule catabolic process
(GO:0044265) 523 12 03.06 3.92 6.53E-05 2.52E-02

19 RNA processing (GO:0006396) 650 14 3.8 3.68 3.05E-05 1.37E-02

20 gene expression (GO:0010467) 1525 29 8.93 3.25 1.06E-08 5.95E-05

21
cellular nitrogen compound biosynthetic
process (GO:0044271) 1062 20 6.22 3.22 3.68E-06 2.29E-03

22
regulation of protein metabolic process
(GO:0051246) 1021 18 5.98 03.01 2.89E-05 1.41E-02

23
organonitrogen compound biosynthetic
process (GO:1901566) 969 17 5.67 3 5.25E-05 2.18E-02
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24
macromolecule biosynthetic process
(GO:0009059) 1045 17 6.12 2.78 1.30E-04 4.17E-02

25
cellular macromolecule metabolic process
(GO:0044260) 1850 30 10.83 2.77 1.87E-07 1.75E-04

26
cellular nitrogen compound metabolic
process (GO:0034641) 2557 37 14.97 2.47 7.43E-08 7.57E-05

27 protein metabolic process (GO:0019538) 2941 41 17.21 2.38 3.40E-08 5.45E-05

28 cellular biosynthetic process (GO:0044249) 1696 23 9.93 2.32 1.42E-04 4.31E-02

29 biosynthetic process (GO:0009058) 1787 24 10.46 2.29 1.07E-04 3.75E-02

30
organonitrogen compound metabolic
process (GO:1901564) 3655 45 21.39 2.1 2.95E-07 2.54E-04

31 cellular metabolic process (GO:0044237) 4993 61 29.23 02.09 1.22E-10 1.36E-06

32
macromolecule metabolic process
(GO:0043170) 4503 54 26.36 02.05 1.16E-08 4.35E-05

33
nitrogen compound metabolic process
(GO:0006807) 5103 58 29.87 1.94 1.33E-08 3.73E-05

34
regulation of macromolecule metabolic
process (GO:0060255) 3330 36 19.49 1.85 1.32E-04 4.11E-02

35 primary metabolic process (GO:0044238) 5565 58 32.57 1.78 4.02E-07 3.22E-04

36 metabolic process (GO:0008152) 6180 64 36.17 1.77 4.58E-08 6.41E-05

37
organic substance metabolic process
(GO:0071704) 5871 59 34.37 1.72 1.08E-06 7.14E-04
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Differentially expressed genes between early and late groups
Table S5. Differentially expressed genes (DEGs) between the early and late chicks of 2020 from DESeq2.
The second column contains gene symbols; the third column contains the average of the normalised count
values, divided by size factors, taken over all samples; the fourth column contains the log2 fold changes in
expression between early and late chicks; the fifth column contains the log fold change standard error; the
sixth column contains the Wald statistic; the seventh column contains the P-value of the Wald test; the eighth
column contains the adjusted P-value for false discovery rate using the Benjamini-Hochberg test; the ninth
column indicates the methodology in which the gene was detected, HTSeq corresponds to the
genome-aligned approach, Salmon corresponds to the transcriptome-mapped approach. Genes are ordered
by log2 fold change level.

Gene code baseMean log2FC lfcSE stat P-value padj Method

1 APC
52.405213025
3108

1.28287814036
756

0.2796947677
9304

4.58670768312
988

4.50290453574
814E-06

0.002529506
622957 HTSeq

2 BFAR
12.638628061
7075

0.9709228097
1226

0.266890965
911925

3.6379006175
6032

0.00027486944
2082

0.0189279860
99251 HTSeq

3 MXD4
31.944882586
541

0.9598639217
46805

0.19735318946
8154

4.8636858838
387

1.1521971666278
3E-06

0.0017823487
39104 HTSeq

4 ZBTB24
15.306867950
7831

0.9466379506
09543

0.2818591665
5391

3.3585494563
9487

0.00078352699
2643

0.0279019079
95983 HTSeq

5 CSNK1A1
18.590056682
5816

0.9383985143
90872

0.24171642078
4787

3.8822290655
4776

0.000103503307
864

0.0127577685
06694 HTSeq

6 KIF11
20.238104327
6004

0.9358635175
70107

0.2282548178
21684

4.1000822085
6576

4.130034015253
92E-05

0.0084369781
51847 HTSeq

7 MINDY3
19.3282707120
966

0.9136703326
99737

0.2046462110
42855

4.46463351578
204

8.020592031363
88E-06

0.00300371171
5746 HTSeq

8 DDX59
57.643866708
9479

0.90761032192
4952

0.2098101927
6418

4.3258638199
0067

1.519352704609
33E-05

0.0166694696
73428 SalmonCDS

9 CCNL1
39.8381411942
259

0.8253613204
50506

0.2013042021
73063

4.10007000122
599

4.130251876738
85E-05

0.0084369781
51847 HTSeq

10 THUMPD3
47.939305677
9282

0.8104570748
55295

0.2458224616
9505

3.2969203435
1479

0.000977512205
379

0.029575242
208395 HTSeq

11 PPP1R21
20.519519969
6551

0.7888097899
34993

0.20371323818
5925

3.87215772995
106

0.000107876102
193

0.0127577685
06694 HTSeq

12
FQA23_000
4894

45.928688516
1317

0.7563904687
53231

0.252560898
821883

2.9948835005
0049

0.00274549680
948

0.049835556
086759 HTSeq

13 PLAT
820.39946344
4244

0.7487980261
00747

0.1856494584
43492

4.0333973089
863

5.497621147458
44E-05

0.0364197456
81228 SalmonCDS

14 UBR3
18.262736244
3969

0.7478612909
60235

0.2187100636
44009

3.41941874324
319

0.000627550721
714

0.0254987499
56827 HTSeq

15 CPSF2_1
17.4183457285
984

0.74751976303
8389

0.22879148713
7219

3.2672533947
4742

0.001085964319
172

0.0312841259
6384 HTSeq

16
FQA23_0010
887

221.014676987
154

0.7466409842
70329

0.1583036907
91707

4.71651027551
055

2.39924255438
012E-06

0.0017970326
73231 HTSeq

17 BNIP3L_1
25.581223484
402

0.74460485173
6776

0.2165357665
98762

3.43871529139
351

0.00058448158
0603

0.025256348
300274 HTSeq

18 WASHC2D
20.261794365
5115

0.7442358832
268

0.2315962152
50113

3.21350624155
52

0.001311249480
518

0.033866408
996837 HTSeq

19 DDX60
34.843070713
7958

0.7394675697
23897

0.2107038439
73143

3.50951152945
341

0.00044893059
5043

0.02311403133
8794 HTSeq

20 CHMP1B
27.6738148193
436

0.73188123608
5087

0.2408780166
32781

3.0383894982
0332

0.002378463164
028

0.0466241459
7435 HTSeq

21 ITSN2
47.2051613490
126

0.71805364221
7883

0.2096758894
5145

3.42458851180
477

0.000615731237
65

0.0254987499
56827 HTSeq

22 SAMD9L
70.7908111882
568

0.716163207161
809

0.2247762327
29754

3.18611624754
315

0.0014419664511
42

0.03618172187
7918 HTSeq

237



23 ST3GAL1
68.5781421817
977

0.71451717982
3756

0.1758760070
51955

4.0626188404
009

4.85252292408
882E-05

0.0089615665
78613 HTSeq

24 DROSHA
24.628193984
4364

0.70660712611
0107

0.1970393686
96234

3.58612154913
798

0.00033563256
4815

0.02117097100
2915 HTSeq

25 ADSS
41.1526532241
499

0.7043684370
42417

0.2011232898
8977

3.50217241090
508

0.000461480888
556

0.02311403133
8794 HTSeq

26 CLINT1
78.7113895579
299

0.6946233627
68949

0.16782155536
0296

4.13905926016
275

3.48732869768
694E-05

0.0084369781
51847 HTSeq

27
FQA23_000
0462

35.630655914
3391

0.6915929903
50153

0.18779500185
0466

3.68270179469
868

0.00023077505
9312

0.01788108821
6366 HTSeq

28 MARCH6
103.63930372
9624

0.6854635834
70411

0.15261193503
8302

4.49154637413
106

7.070790040532
29E-06

0.0090506112
51881 SalmonCDS

29 NOS2
27.9299321511
343

0.6838094681
29041

0.1851693226
06303

3.6928874529
7686

0.000221722165
38

0.01788108821
6366 HTSeq

30 USP7
29.088189104
4288

0.6818953660
69595

0.21197775538
5921

3.21682510897
502

0.001296175853
856

0.0338663621
35049 HTSeq

31 CEP89
42.788498457
5919

0.67302415161
5871

0.1923850383
4935

3.49831856671
585

0.00046820152
4531

0.02311403133
8794 HTSeq

32 SMG1
25.655912869
6633

0.6665637720
44363

0.21801061820
7525

3.0574830598
8408

0.00223204257
0346

0.045594542
32335 HTSeq

33
FQA23_000
2226

210.83754012
296

0.6378215629
77996

0.1834010940
09034

3.477741321142
72

0.00050565765
3524

0.0241157898
62584 HTSeq

34 HNRNPH1
503.09766577
2997

0.6222279527
40846

0.1854833687
84465

3.3546293493
5091

0.000794713890
406

0.0279019079
95983 HTSeq

35 DDX17
185.113150609
345

0.6216753746
95389

0.134417114051
865

4.62497189498
888

3.746491979691
23E-06

0.008202786
802969 SalmonCDS

36 EPB41
367.82068848
2241

0.6216630857
03062

0.1792977526
09104

3.4672106964
9089

0.00052588949
8561

0.0241157898
62584 HTSeq

37 FKBP3
270.03860738
3876

0.6193966022
85104

0.1934472476
29068

3.2018889380
7777

0.001365296257
66

0.0348615987
60929 HTSeq

38 FOXN3
110.634506061
213

0.60713115962
6611

0.13205173259
7418

4.5976765899
5853

4.272284793212
86E-06

0.008202786
802969 SalmonCDS

39
FQA23_0013
493

32.1464372138
066

0.60479731972
8662

0.18098751552
7524

3.34165214636
966

0.000832813595
28

0.0280487315
16336 HTSeq

40 ATM
34.885758996
4249

0.6017599799
07617

0.17975515593
2763

3.3476646429
697

0.000814955633
417

0.0280487315
16336 HTSeq

41 TMEM131L
226.53127969
5061

0.5899133259
69411

0.1227463678
35376

4.8059534173
8003

1.540157594053
5E-06

0.008202786
802969 SalmonCDS

42 ZMYND8
144.63875537
2176

0.5838184737
27288

0.1669841355
04308

3.49625113765
508

0.000471844391
839

0.02311403133
8794 HTSeq

43
FQA23_0013
572

63.452938256
4448

0.5836722166
23614

0.16134563844
0939

3.6175270820
0581

0.000297431217
473

0.0196567042
84144 HTSeq

44 UBR4
141.504734295
808

0.5722765458
07159

0.18863784751
0152

3.03373131829
423

0.002415494510
248

0.0467897945
21793 HTSeq

45 RBFA
26.787201200
0847

0.5689913529
98012

0.18732770533
0523

3.037411641775
44

0.002386193496
685

0.0466241459
7435 HTSeq

46 NFE2L2
402.6995509
26629

0.55862221418
2136

0.14134552415
629

3.95217476829
653

7.7444145267314
8E-05

0.04575161812
7152 SalmonCDS

47 NARF
40.480625813
6797

0.55492131841
82

0.1825231905
45263

3.0402784257
74

0.00236359534
7239

0.0466241459
7435 HTSeq

48 TRANK1
86.52906846
65527

0.5475086471
44579

0.17612352050
7455

3.1086628609
6867

0.001879360356
697

0.042229227
214971 HTSeq

49
FQA23_0013
833

585.35661856
5614

0.5340445835
24951

0.111258612124
081

4.8000291692
4181

1.586425223946
52E-06

0.0017823487
39104 HTSeq

50 UBE3A
42.1070141365
554

0.51432074130
5583

0.15078219158
6504

3.411017812474
99

0.00064720863
2602

0.0254987499
56827 HTSeq

51
FQA23_000
4721

148.62385850
2673

0.5109858670
29387

0.15387567091
327

3.3207710094
5605

0.000897691575
345

0.0288158995
68561 HTSeq
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52 SKP1
455.705123514
204

0.50411886382
1513

0.16332662619
1859

3.0865687706
6282

0.002024811032
78

0.0436742697
92324 HTSeq

53 CCDC66
82.275259692
636

0.4963818959
27346

0.16575818407
2669

2.9946147075
8953

0.002747917102
967

0.049835556
086759 HTSeq

54 DOT1L
88.158202222
3959

0.494117613018
766

0.16509143694
6079

2.9929935928
7878

0.00276255548
7538

0.049835556
086759 HTSeq

55 NCOA4
103.88303650
8295

0.48994510913
4651

0.1596304542
09829

3.0692458501
0974

0.002145999107
725

0.044239082
523465 HTSeq

56 NUB1
158.96376025
0866

0.4882123302
82241

0.1225762868
40984

3.98292641149
742

6.8071838321112
1E-05

0.0098999134
94661 HTSeq

57 FXR1
335.97421956
0437

0.4843593549
04482

0.13958087714
7072

3.4700982312
5074

0.00052026805
2271

0.0241157898
62584 HTSeq

58 BCLAF1
169.907715793
77

0.4794457165
66401

0.1369969269
39127

3.4996822722
851

0.000465813017
476

0.02311403133
8794 HTSeq

59 ST3GAL1
215.159357890
846

0.4756010852
98786

0.11440145916
9541

4.15729911795
927

3.22032228803
488E-05

0.027480083
524564 SalmonCDS

60 STK17A
99.2339767110
918

0.4698268340
59553

0.1523323750
78209

3.084221813113
21

0.00204085372
8613

0.0436742697
92324 HTSeq

61 BRD1
296.711184326
107

0.4509808882
23132

0.13989492701
5676

3.22371152295
32

0.001265408047
055

0.0338663621
35049 HTSeq

62 ITPK1
229.323115610
619

0.4501850773
0509

0.14957577454
4146

3.0097459209
3603

0.002614663144
908

0.0488182488
19783 HTSeq

63 CIR1
165.94791207
044

0.4404892180
99075

0.12357749701
3763

3.5644775848
6335

0.000364581604
525

0.0221409423
07225 HTSeq

64 MARCH6
136.870479411
106

0.4278289672
08073

0.1255944424
41016

3.40643231414
478

0.000658178681
574

0.0254987499
56827 HTSeq

65 PDE3B
342.74433268
6354

0.42335441512
4271

0.13924734731
8794

3.0403050634
4253 0.002363386291

0.0466241459
7435 HTSeq

66
FQA23_000
3308

312.43641098
058

0.39068415515
9161

0.1253502599
23614

3.11673988867
065

0.001828628372
348

0.0415855406
65053 HTSeq

67 THRAP3
246.60027642
3727
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Flávia Akemi NITTA FERNANDES 

Ongoing selective forces 
driving King penguin evolution 

 

 

Résumé 
Selon l’hypothèse du décalage, une mauvaise adéquation entre la reproduction et le pic de ressources 
alimentaires réduit la qualité des individus. Cela peut aussi engendrer des réponses adaptatives, dans des 
conditions environnementales variables. C’est pourquoi nous avons testé l’effet d’un décalage phénologique 
sur le potentiel adaptatif d’une population sauvage; en comparant les génomes, les transcriptomes et les 
données d’histoire de vie d’individus nés précocement (conditions favorables, match) à ceux nés tardivement 
(conditions défavorables, mismatch). Au sein d’une population de manchots royaux, les poussins nés 
tardivement ont montré un fardeau génétique plus faible, une régulation positive de gènes liés à l'efficacité de 
la croissance et à la suppression de tumeurs; tout en ayant une survie après envol similaire. Ces résultats 
démontrent une sélection plus forte des individus de meilleure qualité en mismatch, et confortent le rôle 
adaptatif du décalage temporel dans la nature.  

 

Hypothèse du décalage, fardeau génétique, plasticité phénotypique, viabilité, réponse adaptative prédictive, 
Manchot royal 

 

 

Résumé en anglais 
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. Even if mismatches usually reduce individual 
fitness, they may provide quick adaptive responses when external environmental conditions are variable. Here, 
we assessed whether mismatches can increase the adaptive potential of a population by comparing genomes, 
transcriptomes, and life history data derived from individuals born under match (early) and mismatch (late) 
conditions in a wild population of king penguins. Late-borns showed a lower accumulation of highly deleterious 
mutations, suggesting lower genetic load in comparison to the early group. The late group also showed an 
upregulation of genes related to growth efficiency and tumour suppression. Finally, we detected patterns of 
equal post-fledging survival in both phenological groups, supporting the hypothesis on the adaptive role of 
mismatch in nature. 

 

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

 

 


