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BL: body length

BW: body weight

CA: cortical alveoli

DEB: Dynamic Energy Budget
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LRC: late reproductive cycle
MG: migration stage

OW: ovary weight

PF: potential fecundity

PG: primary growth
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Abstract

Abstract

Resum

Comprendre com els peixos individuals adquireixen, assignen i inverteixen energia al llarg
del seu cicle vital és essencial per elucidar processos ecologics i fisiologics. Aquesta Tesi
proporciona una avaluaci6 integradora i1 multi-escalar de I’adquisicid d’energia i de les
dinamiques reproductives en el llobarro (Dicentrarchus labrax), combinant enfocaments
observacionals innovadors amb un marc mecanicista de la teoria del Balang Energétic Dinamic
(DEB). Al llarg de quatre capitols, demostra que la variabilitat entre individus és una
caracteristica omnipresent i fonamental dels éssers vius, que afecta el comportament alimentari,
el desenvolupament gonadal, el creixement dels ovocits, els perfils hormonals i I’assignaci6
energetica.

El primer capitol d’aquesta Tesi va quantificar les taxes d’ingesta alimentaria individuals en
48 femelles adultes de D. labrax monitorades, allotjades en gabies marines, mitjancant
experiments d’alimentacié analitzats amb models bayesians. Els resultats van revelar
diferéncies fortes i consistents en les taxes d’ingesta entre individus, en gran part independents
de la mida corporal, juntament amb la identificaci6 de I’estrés antropogenic com un determinant
negatiu principal de les taxes d’ingesta. Més del 70% de la variancia en les taxes d’ingesta fou
atribuible exclusivament a efectes especifics de cada individu, donant suport a 1’existéncia de
tipus conductuals/metabolics intrinsecs 1 estables que estructuren jerarquies alimentaries.

El segon capitol va validar I’ecografia com una técnica altament precisa i no-invasiva per
avaluar el pes de I’ovari en els especimens experimentals esmentats. El pes gonadal observat 1
el calculat per ecografia van mostrar una correlacio gairebé perfecta (1> = 0,94). A més, es va
constatar que les trajectories de creixement de 1’ovari presentaven una marcada heterogeneitat
entre individus pel que fa a la mida maxima, el moment d’assoliment d’aquesta i la durada del
cicle reproductiu.

El tercer capitol va integrar aquestes mesures ovariques amb altres variables
convencionalment utilitzades per a I’avaluaci6 del procés reproductiu: distribucié de mides
d’ovocits, nivells d’hormones sexuals i densitats energetiques especifiques dels organs. Aquests
conjunts de dades combinades van confirmar que els processos reproductius varien de manera
considerable entre individus. En conjunt, les dades recopilades en aquesta Tesi constitueixen
un dels primers conjunts de dades longitudinals, a nivell individual, que capten multiples
dimensions reproductives en un teleosti mari.

Finalment, el quart capitol va presentar un model DEB expandit que integra explicitament
tres nivells d’organitzacio biologica (cel-lules, organs i organismes), enllagant I’energetica dels
ovocits, el desenvolupament ovaric 1 I’assignacid energética a escala de 1’organisme. Tot 1 que
fou necessari adoptar diversos supOsits simplificadors per centrar-se en els processos
reproductius essencials, i malgrat certes limitacions computacionals, el model va reproduir amb
¢xit patrons observats clau i va explicar bona part de la variabilitat entre individus en la inversid
reproductiva. Aquest marc proporciona una base mecanicista solida per a futurs
desenvolupaments, incloent-hi la incorporacié de noves funcionalitats com dades d’ingesta
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alimentaria, regulaci6 hormonal, i permet simulacions predictives sota escenaris ambientals
alternatius.

En conjunt, els resultats d’aquesta Tesi subratllen el paper central de la variabilitat entre
individus en la configuraci6 dels resultats energetics i reproductius en D. labrax, 1 estableixen
les bases per a models bioenergetics conceptualment més complexos, amb aplicacions
potencials en aqiiicultura, ecologia i ciéncia pesquera. A més a més, aquesta Tesi també
proporciona una prova de concepte metodologica, demostrant que un mostreig detallat i de llarg
termini a nivell individual es pot dur a terme de manera segura, i que permet obtenir conjunts
de dades multi-escalars i d’alta resolucié essencials per comprendre millor els processos
reproductius.
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Abstract

Understanding how individual fish acquire, allocate and invest energy across their life cycle
is essential for elucidating ecological and physiological processes. This Thesis provides an
integrative, multi-scale assessment of energy acquisition and reproductive dynamics in
European seabass (Dicentrarchus labrax), combining novel observational approaches with a
mechanistic Dynamic Energy Budget (DEB) framework. Across four chapters, it demonstrates
that between-individual variability is a ubiquitous and fundamental feature of living beings,
affecting feeding behaviour, gonadal development, oocyte growth, hormone profiles and
energetic allocation.

The first chapter of this Thesis quantified the individual feed ingestion rates in 48 monitored
adult female D. labrax, reared in sea cages, using feeding trials analysed through Bayesian
models. Results revealed strong, consistent differences in feed intake rates among individuals,
which were largely independent of their body size, alongside the identification of anthropogenic
stress as a major negative driver of intake rates. Over 70% of the variance in intake rates was
attributable to fish-specific effects alone, supporting the existence of stable, intrinsic
behavioural/metabolic types that structure feeding social hierarchies.

The second chapter validated ultrasonography as a highly accurate, non-invasive technique
for assessing ovary weight in the aforementioned experimental specimens. Observed and
ultrasonography-based ovary weight was almost perfectly correlated (r> = 0.94). Moreover,
ovary growth trajectories were found to display marked between-fish heterogeneity in
maximum size, timing and duration of the reproductive cycle.

The third chapter integrated these ovarian measurements with other variables typically used
for assessing the reproductive process: oocyte size distribution, sexual hormone levels and
organ-specific energy densities. These combined datasets confirmed that reproductive
processes vary considerably among individuals. Overall, the data gathered in this Thesis
constitute one of the first longitudinal, individual-level datasets capturing multiple reproductive
dimensions in a marine teleost.

Finally, the fourth chapter presented an extended DEB model that explicitly integrates three
levels of biological organisation (cells, organs and organisms), by linking oocyte energetics,
ovary development and whole-organism energy allocation. Although several simplifying
assumptions were required to focus on the essential reproductive processes, and despite some
computational limitations, the model successfully reproduced key observed patterns and
explained most of the between-individual variability in reproductive investment. This
framework provides a robust mechanistic basis for future developments, including the
incorporation of new features such as feeding data, hormonal regulation, and it enables
predictive simulations under alternative environmental scenarios.

Altogether, the findings in this Thesis underscore the central role of between-individual
variability in shaping energetic and reproductive outcomes in D. labrax and lay the foundation
for more conceptually complex bioenergetic models with potential applications in aquaculture,
ecology and fisheries science. Importantly, this Thesis also provides a methodological proof-
of-concept, demonstrating that detailed and long-term longitudinal sampling can be conducted
safely at the individual level, yielding the high-resolution, multi-scale datasets required for
better understanding the reproductive processes.
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Resumen

Comprender como los peces individuales adquieren, asignan e invierten energia a lo largo
de su ciclo vital es esencial para dilucidar procesos ecoldgicos y fisiologicos. Esta Tesis
proporciona una evaluacion integradora y multi-escalar de la adquisicidon de energia y de las
dindmicas reproductivas en la lubina (Dicentrarchus labrax), combinando enfoques
observacionales innovadores con un marco mecanicista de la teoria del Balance Energético
Dindamico (DEB). A lo largo de cuatro capitulos, se demuestra que la variabilidad entre
individuos es una caracteristica omnipresente y fundamental de los seres vivos, que afecta al
comportamiento alimentario, al desarrollo gonadal, al crecimiento de los ovocitos, a los perfiles
hormonales y a la asignacion energética.

El primer capitulo de esta Tesis cuantifico las tasas individuales de ingesta alimentaria en 48
hembras adultas de D. labrax monitorizadas, alojadas en jaulas marinas, mediante experimentos
de alimentacion analizados con modelos bayesianos. Los resultados revelaron diferencias
fuertes y consistentes en las tasas de ingesta entre individuos, en gran medida independientes
de su tamafio corporal, junto con la identificacion del estrés antropogénico como un importante
factor negativo de dichas tasas. Mas del 70% de la varianza en las tasas de ingesta fue atribuible
exclusivamente a efectos especificos de cada individuo, lo que respalda la existencia de tipos
comportamentales/metabodlicos intrinsecos y estables que estructuran jerarquias alimentarias.

El segundo capitulo validé la ecografia como una técnica altamente precisa y no-invasiva
para estimar el peso del ovario en los especimenes experimentales mencionados. El peso
gonadal observado y el estimado mediante ecografia mostraron una correlacion practicamente
perfecta (1> = 0,94). Ademas, las trayectorias de crecimiento del ovario evidenciaron una
marcada heterogeneidad entre individuos en cuanto al tamafio maximo, el momento de
alcanzarlo y la duracion del ciclo reproductivo.

El tercer capitulo integré estas mediciones ovaricas con otras variables tipicamente
empleadas para evaluar el proceso reproductivo: distribucion de tamafios de los ovocitos,
niveles de hormonas sexuales y densidades energéticas especificas de los 6rganos. Estos
conjuntos de datos combinados confirmaron que los procesos reproductivos varian
considerablemente entre individuos. En conjunto, los datos recopilados en esta Tesis
constituyen uno de los primeros conjuntos de datos longitudinales a nivel individual que
integran multiples dimensiones reproductivas en un teledsteo marino.

Finalmente, el cuarto capitulo presentd un modelo DEB ampliado que integra explicitamente
tres niveles de organizacion bioldgica (cé€lulas, 6rganos y organismo), relacionando la
energética de los ovocitos, el desarrollo ovérico y la asignacion energética a escala del
organismo. Aunque fue necesario adoptar varios supuestos simplificadores para centrarse en
los procesos reproductivos esenciales, y pese a ciertas limitaciones computacionales, el modelo
reprodujo con €xito patrones clave observados y explicé gran parte de la variabilidad entre
individuos en la inversion reproductiva. Este marco proporciona una base mecanicista sélida
para futuros desarrollos, incluyendo la incorporacion de nuevas funcionalidades, como datos
de ingestion alimentaria o regulacion hormonal, y permite simulaciones predictivas bajo
escenarios ambientales alternativos.

En conjunto, los resultados de esta Tesis subrayan el papel central de la variabilidad entre
individuos en la configuracion de los resultados energéticos y reproductivos en D. labrax, y
sientan las bases para modelos bioenergéticos conceptualmente mas complejos con potenciales
aplicaciones en acuicultura, ecologia y ciencias pesqueras. Asimismo, esta Tesis aporta una
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prueba de concepto metodologica, demostrando que un muestreo detallado y de largo plazo a
nivel individual puede realizarse de manera segura, permitiendo obtener conjuntos de datos
multi-escalares y de alta resolucion esenciales para comprender mejor los procesos
reproductivos.
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General Introduction

General introduction

Background

Marine ecosystems are increasingly exposed to multiple anthropogenic stressors that
profoundly alter their functioning. Climate change, overexploitation of marine resources,
pollution, and habitat loss constitute major threats, reshaping marine species dynamics on a
global scale.

By the end of the century, most water masses are projected to be replaced by warmer ones
(Soto-Navarro et al., 2020), which may translate into effects on marine ecosystems and,
therefore, on fisheries (Jorda et al., 2012). It is widely evidenced that at least since the beginning
of the XX century, the Western Mediterranean Sea is amidst of a warming process (Bethoux et
al., 2002), and the climatic projections state the singular vulnerability of this region (Albouy et
al., 2012). Accordingly, the Mediterranean Sea has been identified as a climate change hotspot
due to the rate and magnitude of warming observed over the last century, exceeding the global
ocean average (Lionello & Scarascia, 2020). Marine organisms may respond to these new
scenarios through various adaptive strategies, for example, through distribution shifts, generally
to higher latitudes and deeper waters, which are expected to affect stock availability to fisheries
(Cheung et al., 2013).

In parallel to climate-driven changes, some marine populations are strongly impacted by
overexploitation (Dulvy et al., 2003; Planque et al., 2010). Excessive fishing pressure has
historically reduced the abundance of fish populations, disrupting entire ecological
communities (Heppell et al., 2005). Intense fishing effects extend far beyond the decline of
stocks biomass. It also causes shifts in size-class distributions (Bell et al., 2018; Genner et al.,
2010; Zgliczynski & Sandin, 2017), size and age at maturity (De Roos et al., 2006; A. Hunter
et al., 2015; Tsikliras & Stergiou, 2014) and erosion of genetic diversity (Pinsky & Palumbi,
2014; Sadler et al., 2023), ultimately compromising the adaptative capacity of fish populations
(Planque et al., 2010).

Pollution represents another major chronic threat, arising from a wide variety of sources.
Runoff of agricultural fertilizers to marine ecosystems causes an excess of nutrients in the water,
which in turn leads to algal blooms and oxygen depletion (Dagg & Breed, 2003; Howarth et al.,
2000). Organic pollutants, such as toxins and oil spills, as well as inorganic pollutants such as
heavy metals (Islam & Tanaka, 2004; Peterson et al., 2003), can interfere with metabolic
pathways, whose long-term ecosystem effects remain poorly understood (Crain et al., 2009). In
addition, ocean acidification driven by increasing CO: levels has been shown to cause
biological impacts on neurosensory and behavioural endpoints, otolith growth, mitochondrial
function, and metabolic rate (Heuer & Grosell, 2014).

The degradation and loss of habitats due to coastal urbanization, dredging, and destructive
fishing practices further exacerbate marine ecosystem vulnerability by reducing the extent and
quality of essential habitats (Dulvy et al., 2003; Hanski, 2011). Habitat erosion not only
diminishes biomass and biodiversity (Moyle & Williams, 1990), but also disrupts key
ecological processes, including reproduction, recruitment (Macura et al., 2019; McCormick et
al., 2010), and feeding (Hempson et al., 2017), among others.
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Altogether, the cumulative effect of these and other stressors is reshaping marine ecosystems
at an alarming pace. These changes affect ecosystems as well as key biological processes, both
at the individual and population scales such as growth and reproduction (Pankhurst & Munday,
2011; Schreck, 2010), which altogether determine population dynamics. Understanding how
organisms are affected by environmental threats and how they may cope with them remains a
critical challenge for fisheries assessment.

Some examples of stressors triggering changes to life-history traits of marine fish are
alterations in growth rates and body size-at-age (Huss et al., 2019; Molt6 et al., 2021),
accelerating phenology and shifts in biogeographic distributions (Poloczanska et al., 2016;
Rubino et al., 2024). Beyond these changes, population-level processes such as those related to
recruitment success (Goikoetxea & Irigoien, 2013; Nunn et al.,, 2010), age structure
(Charbonneau et al., 2019; Ohlberger et al., 2022), and mortality rate (Jorgensen & Holt, 2013;
Rouyer et al., 2012) are being modified, altering both community composition and ecosystem
functioning.

Among processes that affect fish population dynamics, reproduction holds a pivotal role for
population renewal, as it determines the number of recruits entering each cohort. Despite its
importance, reproduction is often overlooked in studies of population dynamics under global
change (Mclean et al., 2016).

Fish reproduction, as many other biological processes, is inherently sensitive to
environmental variability. Temperature, food availability, and other factors shape gamete
quantity and quality, ultimately influencing reproductive success (Alix et al., 2020; Donelson
et al., 2010; Lahnsteiner & Leitner, 2013; Yoneda & Wright, 2005). A deeper understanding of
reproductive processes in the global change context is crucial, since it is essential to ensure the
survival of fish populations and, consequently, the fishing industry.

Moreover, reproduction links individual physiology to population dynamics, making it a
critical process for anticipating species’ responses to global change. Therefore, addressing the
knowledge gaps in reproductive processes should be prioritized to improve both fisheries
assessment and aquaculture management.

Fish, fisheries and aquaculture as case studies

Fish constitute one of the major protein sources for humans worldwide and provide a wide
range of ecosystem services through their ecological functions and human use (Holmlund &
Hammer, 1999). According to FAO (2020c), fisheries and aquaculture together accounted for
17% of the total animal protein consumed by humans, with fisheries contributing 48% and
aquaculture the remaining 52% of the total weight of aquatic animals harvested for human
consumption in 2018 (FAO, 2020a, 2020b). On the one hand, fisheries remain an important
source of global fish production although they remain highly sensitive to stock fluctuations. On
the other hand, aquaculture production has increased rapidly since the 1950s (Boyd et al., 2022)
but reproductive efficiency remains a major bottleneck to the economic viability and
sustainability of the industry (Engdaw & Geremew, 2024; Torsabo et al., 2022; Zohar, 2021).

In fisheries, mismanagement or disregard of reproductive biology has often led to severe
declines or even collapses of commercially important stocks. Some examples include the
collapse of cod stocks (Gadus morhua) in the North Atlantic in the early 1990s, after decades
of overfishing together with a prolonged period of cold surface water temperatures (Lilly et al.,
2013; Myers et al., 1996). To address the collapse of the fishing industry, a provisional fishing
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moratorium was imposed; however, the cod stock recovery has been much slower than expected
(Hutchings & Rangeley, 2011). Similarly, small pelagic species such as anchovy (Engraulis
encrasicolus) and sardine (Sardina pilchardus) have exhibited dramatic fluctuations linked to
the interaction of fishing pressure and environmentally driven changes in reproductive success.
For instance, the body condition (i.e., a simple biometric measurement that compares fish
weight in relation to its length, as a proxy of the quantity of stored energy (Brosset et al., 2017;
Schulte-Hostedde et al., 2001)) of European sardine, is tightly linked to its reproductive
potential and, consequently, to its value as a fishery resource (Caballero-Huertas et al., 2022).
Environmental fluctuations further shape these population dynamics, either indirectly through
changes in food quantity and quality, or directly influencing annual recruitment, growth and
condition of organisms (Basilone et al., 2017). These examples highlight the need to integrate
reproductive parameters into fish stock management. One example is the case of the models of
spawning stock biomass of European pilchard (Sardinops sagax), whose estimates of total egg
production vary greatly depending on whether isometry in egg production versus individual
body size is assumed or not (Marshall et al., 2021).

In a similar vein, aquaculture management also faces the challenge of improving
reproductive assessment, since broodstock management in aquaculture is aimed to provide
enough larvae to ensure production for grow-out farms while maximizing sustainability and
efficiency (Berlinsky et al., 2020). Effective protocols covering the control of spawning and
selective breeding can only be developed when the underlying reproductive cues are thoroughly
understood, a goal currently achieved for only a few species (Teletchea & Fontaine, 2014).

A particular challenge lies in monitoring gamete development and controlling spawning
events (Lallement et al., 2022; Migaud et al., 2013), in order to secure larval supply. A detailed
monitoring of gonadal development, through a variety of methods such as ultrasonography
(Naeve et al., 2018), gonad biopsy (Mansur et al., 2021) and blood hormones analysis (Curry
Woods III & Sullivan, 1993) is essential for a fine-tuning bloodstock management. This
capability is particularly crucial when managing broodstocks in which early and late spawners
have divergent contributions to the overall reproductive output (Skjerven et al., 2022).

Therefore, a better understanding of fish reproductive dynamics, together with the energetic
processes that sustain them, is a key requirement for ensuring global fish supply. Accurate
prediction of ovulation, crucial for a fine tuning of larval production, requires detailed
monitoring of the gonadal development as a reliable proxy for broodfish reproductive status
(Boles et al., 2022; Ortenburger et al., 1996). Furthermore, assessing and predicting the intrinsic
and extrinsic factors shaping organisms’ life cycles is of paramount importance (Gilman et al.,
2010; Mounier et al., 2020), as a comprehensive understanding of these factors is necessary to
improve management strategies and ensure sustainability in both aquaculture and fisheries. In
this context, understanding reproduction alone is not sufficient, since reproductive output
ultimately depends on the energetic resources acquired and allocated by individuals.

Feeding as a key process of population dynamics

Feeding is the primary entry point of energy into organisms, which ultimately shapes all
biological processes. At the individual level, energy ingestion and assimilation determine the
amount of energy available for growth, somatic maintenance, reproduction, and behavioural
activities, i.e. the partitioning of ingested energy into the major physiological components of
the energy budget equation (Jobling, 1993).
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The balance between energy intake and metabolic expenditure determines growth
trajectories, reproductive investment and success, and ultimately, survival. Therefore, the
fitness of organisms can be strongly influenced by their energetic status across the continuum
of their life cycle (Brett, 1983). Consequently, variations in food ingestion rates among
individuals can substantially affect their life histories (Goodrich & Clark, 2023; Kooijman,
2010; Sara et al., 2012). At the population level, feeding dynamics have important ecological
and applied implications. Differences in energy acquisition influence biomass production,
recruitment potential and the resilience of fish populations facing environmental variability. In
aquaculture contexts, feeding performance is a key determinant of growth efficiency, feed
conversion ratio and production yield (Sun et al., 2016).

Fish feeding itself is shaped by a complex interaction of ecological, physiological and
behavioural factors. Among intrinsic factors, body size is among the most frequently reported
factors affecting feed intake rates: larger fish tend to consume disproportionately larger shares
of the available food (Azevedo et al., 2025; Batzina et al., 2020; Goodrich & Clark, 2023;
Huntingford et al., 1990; Irwin et al., 2002; Wang et al., 1998), a pattern linked to an enhanced
competitive ability and higher metabolic demands (Fritschie & Olden, 2016; Gill & Hart, 1996;
Johne et al., 2023). However, this relationship is not always straightforward, suggesting that
additional intrinsic and extrinsic factors may also modulate the feeding behaviour (Goodrich &
Clark, 2023; Imsland et al., 1998; Kooijman, 2009). In addition, fish behavioural traits also can
affect feeding. For example, boldness is positively associated with higher food intake
(Macgregor et al., 2021), but it implies ecological trade-offs as higher risk of exposure to
predators (Planas-Sitja & loannou, 2025).

Environmental conditions also exert a strong influence on feeding dynamics. Among these
other drivers affecting fish food ingestion rates, temperature is consistently reported as a major
environmental driver, since fish ere ectothermic organisms, thus metabolic rates are strongly
temperature-dependent (Azevedo et al., 2025; Fore et al., 2016; Handeland et al., 2008; Leblanc
et al., 2019; Nati et al., 2016; Stavrakidis-Zachou et al., 2021; Volkoff & Rennestad, 2020;
Wade et al., 2019). Food availability, habitat structure and environmental variability may further
modulate feeding activity (Dill, 1983; Nunes et al., 2020).

In addition to environmental drivers, social interactions and stress responses can
substantially influence feeding behaviour. Across many fish species, individuals form
dominance hierarchies in which high-rankers gain priority access to profitable feeding positions
or food patches, producing skewed access to food, leading to consistently higher feeding rates
and growth in dominants, and reduced intake in subordinates (Nakano, 1995; Ward et al., 2006),
which therefore can generate substantial differences in energy acquisition among individuals.

Stress is another well-documented factor, known to significantly alter fish feeding through
appetite modulation. Environmental disturbances, handling procedures, crowding or social
stress by competition may therefore lead to temporary or persistent disruptions in food intake
(Ashley, 2007; Assan et al., 2021; Bernier, 2006; Dambrine et al., 2020; Goodrich & Clark,
2023; Leal et al., 2011; Madison et al., 2015). In some cases, stress may increase the energetic
costs of maintenance (Sadoul et al., 2021), further forcing fish to adopt coping compensation
strategies, where energy originally allocated to other vital functions is diverted to fuel stress-
coping mechanisms (Petitjean et al., 2019).

Since feeding determines the energy available for allocation to maintenance, growth and
reproduction, it is tightly linked to reproductive processes. Energy intake directly influences
any subsequent process. Specifically, it has been shown that food intake affects reproduction at
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multiple levels: gametogenesis, egg production and spawning (Berlinsky et al., 2020), with
female energetic status and feeding capacity being critical determinants of the reproductive
output (Migaud et al., 2013; Serrat et al., 2019).

From an energetic perspective, reproductive strategies may range along a continuum that
ranges between these two ends: capital breeders, in which energy is stored in somatic tissues
before the spawning period and then mobilised to reproduction (often accompanied by a
reduction of feeding during spawning); and income breeders, in which energy directly acquired
from recent food intake is allocated rapidly into reproductive processes (McBride et al., 2015).
As McBride et al. (2015) also state, many species use mixed strategies within this continuum.

From a bioenergetic perspective, feeding constitutes the starting point of the energetic
pathways that determine how energy is subsequently allocated among maintenance, growth and
reproduction. Therefore, understanding fish feeding dynamics is a necessary step toward
building mechanistic models of energy allocation and reproductive investment. And,
consequently, accounting for individual differences is indispensable for providing more realistic
bioenergetic predictions, both at individual and population levels.

Reproduction as a key process of population dynamics

As stated above, reproduction is a keystone function of all living organisms and, by
extension, of populations, since it ensures their renewal and resilience (Mustonen et al., 2002;
Nielsen et al., 2012). In fishes, the reproductive outputs, together with larval and juvenile
survival, determine recruitment, i.e., the number of offspring entering the population.

Understanding the dynamics behind reproduction is therefore of paramount importance in
fish biology, ecology, and physiology, as well as in fisheries and aquaculture sciences.
Individual-level reproductive traits, such as potential fecundity and spawning phenology,
contribute to shape population trajectories (Moran et al., 2016).

Traditional approaches to population dynamics have often focused primarily on fishing and
natural mortality as the main determinants of fish stock sizes (Allen & Hightower, 2010; Pauly,
1980). While mortality certainly shapes population dynamics, reproduction plays a central role
in population renewal. Therefore, to forecast and mitigate the impacts of global change,
reproductive biology must also be considered (Lowerre-Barbieri et al., 2017; Myers et al.,
1999).

Many reproductive traits are relevant for population dynamics assessments, including size
and age at maturity (Dominguez-Petit et al., 2008; Nash et al., 2010), fecundity and oocyte size
distribution (Ganias & Lowerre-Barbieri, 2018), seasonal reproductive cycles and reproductive
strategies (Murua et al., 2003), among others. Altogether, integrating these traits should provide
a mechanistic understanding of recruitment variability and population resilience, which has
become crucial in a context of rapid global change.

Reproduction in fish encompasses remarkable diversity of strategies that have evolved to
maximise reproductive success under contrasting ecological and physiological contexts. At the
core of this vital function lies the gametogenesis, i.e., the production of oocytes and sperm,
which is a complex process driven by the brain-pituitary-gonad axis (Nagahama et al., 1994),
under endocrine control and regulated by complex interactions of several factors, including
environmental cues (e.g., photoperiod and temperature), social factors (e.g., size structure,
dominance/hierarchy) and physiological conditions (e.g., adequate nutritional status) (Migaud
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et al., 2013). Regarding the production of oocytes in females, namely the oogenesis, consists of
three main steps: the proliferation of oogonia in the lamellar germinal epithelium followed by
the development of primary oocytes and then secondary oocytes, that culminates in the
ovulation (Grier et al., 2009).

Fish exhibit a wide spectrum of diversity in reproductive strategies (Mechaly et al., 2025).
Regarding the fecundity type, the temporal relation between oocyte recruitment from primary
to secondary growth and the spawning season defines the reproductive strategy, ranging from
determinate to indeterminate, but including intermediate patterns. In species with determinate
fecundity, oocyte recruitment is completed before the onset of the spawning season, which
implies that potential fecundity can be estimated by the standing stock of prespawning oocytes.
Meanwhile, species with indeterminate fecundity are capable of recruiting oocytes to secondary
growth throughout the spawning season (J. R. Hunter & Macewicz, 1985). Nevertheless, the
limits between the two strategies are not clearly defined, and moreover, the biological and
ecological mechanisms underlying determinate, indeterminate, or intermediate patterns remain
unclear (Saborido-Rey & Trippel, 2011).

Regarding the reproductive timing, most fish species have an annual reproductive cycle,
which includes several phases: a gonadal development phase (i.e. the prespawning period), a
spawning capable phase (i.e., the spawning period), followed by gonadal regression and
regeneration phases (i.e., the postspawning period) (Ganias et al., 2025).

At the temporal scale of the annual reproductive cycle, the timing of recruitment of oocytes
into the secondary growth phase prior to ovulation determines whether fish are total or batch
spawners. Species with the former strategy release all eggs in a single event or over a brief
period, while those with the latter strategy exhibit multiple recruitments of primary oocytes to
secondary growth and release multiple batches of eggs over a more extended breeding season
(Ganias et al., 2025).

In fact, the amount of energy allocated to reproduction, growth, and survival, as well as the
recovery of energy reserves after reproduction determine the size, age of maturity, reproductive
lifespan, and overall reproductive capacity of fish throughout their lives (Alonso-Fernandez &
Saborido-Rey, 2012). For fish, it is widely accepted that the energetic investment to produce
eggs is costlier than producing sperm, and thereby it is expected that female reproductive
strategy exerts the greatest influence over the dynamic of the population (Ganias et al., 2025).
In terms of energy acquisition and allocation for reproduction, a generally accepted set of
strategies can be described, ranging from income breeders to capital breeders (Lowerre-
Barbieri, Ganias, et al., 2011; McBride et al., 2015). The capital breeder strategy includes fishes
that store energy reserves by feeding before the spawning season to fuel reproduction, whereas
income breeders rely solely on energy acquired during the spawning season. However, a
continuous gradient between these two extreme strategies has been described (Ganias et al.,
2025).

Overall, the reproductive cycle is the outcome of a myriad of interacting factors and a range
of different strategies, which in turn are affected by internal factors such as the physiological
condition, and external factors, including environmental cues, intra-species social interactions
and inter-species trophic interactions (Migaud et al., 2013). Thus, a multifactorial perspective
is required for a holistic understanding of the reproductive process. Unfortunately, there remain
many open questions.
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For example, how would fish reproductive processes respond to changing environmental
conditions? Exogenous cues ensure that gonadal development occurs at the appropriate time so
that fish should spawn when conditions favour offspring survival (Lowerre-Barbieri, Ganias, et
al., 2011). Although photoperiod is the primary cue in temperate and cold-water species with
restricted spawning seasons (Bromage et al., 2001), temperature (Lam, 1983) and rainfall
(Okuzawa, 2002) are also known to act as environmental cues. Therefore, understanding how
expected temperature changes will affect spawning timing and offspring survival is essential
for population and ecosystem assessment.

Regarding the bioenergetics of the reproductive processes, a detailed understanding of
differences in reproductive energetic strategies and how they respond to environmental
variability can improve the assessment of fish reproductive outcomes. For example, in the case
of sardine and anchovy fisheries, sardine was found to be more dependent on its energy reserve
than anchovy for spawning (Gatti et al., 2017). Moreover, it is widely known that fecundity
rises with age and size of the female in most teleost fish, both within and across species (Blaxter,
1969; Carlos & Miguel, 1989). All these patters appear to result of the existence of differences
in the environmental history experienced at the individual level, as well as differences in the
metabolic capacities between individuals (Sadoul et al., 2020).

Bioenergetics and bioenergetic modelling

Energy is the fundamental currency of life, shaping ecological systems across multiple levels
of organisation, from the growth and reproductive rates of individual organisms to population
dynamics and the structure of biological communities (Brownscombe et al., 2022). Because
energy can be quantified in organisms, monitoring its dynamics provides a powerful tool to
understand how intrinsic factors and extrinsic drivers affect life-history performance, with
effects that scale up to populations and entire ecosystems.

When describing and predicting life histories of individuals and populations, bioenergetic
modelling offers a powerful tool to explain — in a mechanistic way — the vast number of
processes that take place simultaneously in organisms, at different scales of organization, from
molecular to individual, population, and ecosystem levels (Martin et al., 2013; Murphy et al.,
2018). Among the various approaches, the Dynamic Energy Budget (DEB) theory (Kooijman,
2010), has emerged as one of the most comprehensive and widely applied frameworks, since it
considers the processes of energy assimilation and allocation.

DEB models explicitly account for how energy is assimilated, allocated and used to fuel vital
functions such as growth, reproduction and maintenance. Their strength lies in their
universality, since DEB models are based on the principle that many basic metabolic processes
are well conserved across all organisms (Jusup et al., 2017), which allows for a generalised
framework applicable to all living beings.

DEB models are among the most validated tools for modelling bioenergetic processes across
a wide array of species. Moreover, they are supported by the development and continuous
updating of a database (Add My Pet portal,
https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/), which compiles DEB parameters derived
from independent studies in thousands of species.

Beyond the general approach of quantification of energy fluxes between compartments,
DEB modelling can also be extended to explore the extent of between-individual variability:
how individuals differ in obtaining, storing and using their energy, result in divergent life
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trajectories that may ultimately generate emergent properties at the population dynamics level
(Martin et al., 2013).

While DEB modelling has provided valuable insights into somatic growth and maintenance,
energy investment in reproduction remains one of the least explored aspects (but see (Muller et
al., 2019)). In DEB models, the reproductive output is determined by the dynamics of the
reproductive buffer, which depends on feeding history, species-specific reproductive strategies
and individual life-history traits (Kearney, 2019). The gametogenic cycle and gonad size
dynamics are expected to be tightly regulated by the individual energetic status (Muller et al.,
2019).

In fish, reproduction is characterized by a remarkable degree of between-individual
variability, Differences in gonad development, oocyte recruitment, hormonal levels, and energy
allocation can be considerable; even among conspecific individuals from the same genetic line,
reared in the same facilities, and exposed to similar environmental conditions throughout their
lives (Leblanc et al., 2019; Lowerre-Barbieri, Ganias, et al., 2011; Murua & Saborido-Rey,
2003). Therefore, bridging DEB modelling with reproductive physiology may improve both the
biological accuracy and predictive capabilities.

In essence, DEB theory suggests that between-individual differences in how energy is
acquired, assimilated, stored, and allocated at the within-individual level will determine the
existence of individual differences in their life histories, with implications that extend beyond
individuals to populations. Despite its potential, between-individual variability in the major
energy fluxes, which can be quantified by flux-specific DEB parameters, is still poorly
documented (Koch & De Schamphelaere, 2020; Railsback & Grimm, 2019; Sadoul et al.,
2020). Incorporating such heterogeneity into models could significantly enhance predictions of
population-level performance by explicitly accounting for individual-level differences.

Recent efforts have been made addressing this gap. Studies by (Oliveira et al., 2024; Palmer
et al., 2024; Stavrakidis-Zachou et al., 2019)have focused on the estimation of DEB parameters
at the individual level and assessing between-individual variability. Significant efforts have also
been dedicated to developing software and methodologies for precise individual-level
estimation of DEB parameters (Augustine & Kooijman, 2019). DEB parameter estimation,
however, requires solving complex systems of differential equations (Filgueira et al., 2020; Lika
et al., 2011), a computational challenge that has motivated the adoption of advanced statistical
frameworks. In particular, Bayesian inference combined with hierarchical modelling has
emerged as a promising approach for incorporating individual variability in a structured and
robust manner, improving both the accuracy and reliability of parameter estimation (Boersch-
Supan et al., 2017; Palmer et al., 2024).

Conventional approaches and their limitations

Most studies on fish reproduction are conducted at the population level (Lowerre-Barbieri,
2009; Wright & Trippel, 2009). However, understanding reproductive processes ultimately
requires linking reproductive output with the energetic resources acquired by individuals
through feeding (McBride et al., 2015). Despite this fundamental bioenergetic connection,
feeding and reproduction have often been studied using different methodological frameworks
that share important limitations (Lowerre-Barbieri, Brown-Peterson, et al., 2011).

The existence of intraspecific feeding variability has long been acknowledged in fish
populations (Cachera et al., 2017; Jobling & Reinsnes, 1986; Musseau et al., 2020). However,
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between-fish variability in feed ingestion rates arising from intrinsic fish-specificities beyond
the influences of body size and external drivers has been rarely quantified, in spite that the
existence of stable, context-independent differences in feeding behaviour may lead among-fish
hierarchy (Staffan et al., 2002), but have recently begun to be quantified rigorously (Besson et
al., 2019; de Verdal et al., 2017). This gap is probably related with the methodological
challenges for assessing fish feed intake at individual level. Reliability of the methodological
approaches proposed for wild fish are under debate (Jobling et al., 2001) and the methods
developed for captive fish have advantages, limitations and specific applicability. The simplest
approach involves rearing fish individually, and allows precise measurement of feed intake, but
at the price of neglecting social interactions (Besson et al., 2019; Martins et al., 2011; Rodde et
al., 2021; Silverstein, 2006; Wang et al., 1998). Another approach is the use of radio-opaque
markers incorporated into feed pellets to visualize ingested feed via X-radiography, which
allows relatively low-invasive quantification of feed intake in group-reared individuals (Ahmad
et al., 2025; Carter et al., 1992, 1996; Difford et al., 2024; Elvy et al., 2022, 2024; Irwin et al.,
2002; McCarthy et al., 1993, 1999). The third approach is based on video identification of
individual fish, which is currently limited to small groups but allows non-invasive and
continuous monitoring of the intake and feeding behaviour (Batzina et al., 2020; de Verdal et
al., 2017; Qverli et al., 1998; Smith et al., 1995).

The temporal dynamics of the Gonado-Somatic Index (GSI), which is the ratio of gonad
weight to fish body weight expressed in percentage (Picket & Pawson, 1994), is among the
most widely used methods for assessing the reproductive stage of fish populations. The GSI is
typically reported alongside one or more complementary methods for assessing maturation,
such as sex hormone analysis (King & Pankhurst, 2003; Pham et al., 2026; Taranger et al.,
1998), histology of gonad tissues (Estay et al., 2003; Flores et al., 2019; Manan et al., 2022;
Taranger et al., 1999), endoscopy (Ortenburger et al., 1996; Swenson et al., 2007; Webb et al.,
2019) or the expression of genes related to sexual maturation (Campbell et al., 2006;
Luckenbach et al., 2008; Palomino et al., 2025; Skjold et al., 2024).

Focusing on oocyte development stage assessment, traditionally several lines of evidence
have been employed to discriminate between fecundity types. As mentioned before, oocytes
pass through several developmental stages, with the main stages being primary growth, and
secondary growth. Criteria used to determine the type of oocyte recruitment (or fecundity type)
include the presence/absence of a hiatus between primary growth and secondary growth oocytes
in mature ovaries, the seasonal dynamics in the number and size of advanced vitellogenic
oocytes (belonging to the secondary growth category) and the simultaneous occurrence of
recent and imminent spawning markers (e.g., post-ovulatory follicles) (Ganias et al., 2025;
Murua & Saborido-Rey, 2003).

Despite the widespread use of these methods, they present some limitations. Monitoring
broodstock populations over time requires sampling many individuals. Conventional tools such
as GSI estimations and gonad histology require sacrificing fish, thereby providing only static
snapshots of the reproductive development for each individual (Breton & Berlinsky, 2014;
Bureau du Colombier et al., 2015; Nave et al., 2018). Even less invasive alternatives, such as
endoscopy and blood sampling, may compromise animal health and survival (Ortenburger et
al., 1996; Swenson et al., 2007). This issue becomes particularly sensitive when monitoring
endangered species or valuable and limited aquaculture broodstocks.

Moreover, another major limitation of conventional assessments is their reliance on
aggregate measurements, such as mean GSI (Mlingi et al., 2023) and the proportion of the
population at each developmental stage (Alvarez-Lajonchére et al., 2001; Estay et al., 2003;
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Taranger et al., 1999), which includes gonadal macroscopic evaluation (West, 1990) and
histological examination of gonad tissues (Estay et al., 2003; Taranger et al., 1999). Analysis of
blood sex hormone levels (King & Pankhurst, 2003; Mananos et al., 1997; Taranger et al., 1998)
and gene expression analysis (Diaz & Piferrer, 2015) also fall into this category when applied
to wild populations in fisheries studies.

These metrics provide highly valuable information, but they inherently mask the diversity
of reproductive strategies at the individual level: the outcomes of the coexistence of individuals
with contrasting reproductive strategies within the same population are diluted into population
means (Fritschie & Olden, 2016).

Finally, conventional methods often focus on describing different processes at specific scales
(e.g. either cellular or gonadal level). This lack of integration makes it difficult to interpret how
microscale processes at individual-level, such as oocyte development, scale up to shape the
entire population reproductive outcome, although some recent studies have begun to address
this issue (Barrett et al., 2020).

While group-level data may describe the overarching trends of the reproductive process, it
can lead to biased or inaccurate interpretations of reproductive dynamics and, ultimately,
misguided management decisions. One example is the beforementioned iconic collapse of the
Northwestern Atlantic cod stocks, where assessments of the post-collapse recovery scarcely
accounted for the variable nature of cod fecundity, potentially leading to erroneous perceptions
of stock reproductive potential (Stares et al., 2007).

In summary, the fundamental conceptual problem lies in equating total biomass of
reproduction capable individuals with population reproductive capacity. Although biomass is
relatively easy to measure, it does not necessarily reflect reproductive potential, and
incorporating explicit metrics such as fecundity and egg viability could improve our
understanding of stock dynamics (Kell et al., 2016).

The role of inter-individual variability

No two fish are alike. Individual variability is one of the most ubiquitous properties of all
biological systems (Des Roches et al., 2018). Genotypic and phenotypic differences exist in a
wide range of biological traits (Koch & De Schamphelaere, 2020; L’Honor¢ et al., 2020), and
such differences are not restricted to interspecific differences, but extend down to individuals
within the same species. Fish can differ in many biological traits that ultimately shape growth,
survival and reproductive processes (Campeas et al., 2009; Carlson & Satterthwaite, 2011).

Biological variability is directly linked to ecosystem functioning and populations resilience.
On the one hand, inter-specific variation has been demonstrated to be essential for ecosystem
functioning, as for example, species-rich communities have been shown to be more productive
and less vulnerable to environmental changes (McCann, 2000; Wahl et al., 2011). On the other
hand, intra-specific variation has been recognised to have relevant effects on population
dynamics (Doebeli, 1996; Fox & Kendall, 2002; Lloyd-Smith et al., 2005; Morozov et al., 2013;
Vindenes et al., 2008), community structure (Becks et al., 2010; Crutsinger et al., 2006; Fridley
& Grime, 2010; Johnson, 2008) and ecological functions (Des Roches et al., 2018; Hughes et
al., 2008; Imura et al., 2003); and it is a key factor in adaptive evolutionary responses to
environmental changes and human impacts, enhancing the persistence of the population and,
therefore, preventing species extinction (Agashe, 2009; Forsman & Wennersten, 2016; Koch &
De Schamphelaere, 2020; Potter et al., 2021). Therefore, populations with heterogeneous life-
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history traits and greater phenotypic plasticity are expected to be more resilient to
environmental change (Bolnick et al., 2011; Humanes et al., 2022; Koch & De Schamphelaere,
2020).

Despite its relevance, exploring individual differences remains a challenge, largely due to
methodological and logistical difficulties in collecting detailed data at the individual level
across time. This challenge is particularly acute in fisheries science. Nevertheless, neglecting
such differences can have major consequences for both ecological understanding and applied
management.

Current models for fisheries assessment typically focus on species-level traits, but there is
growing interest in accounting for the fact that these traits are neither static nor homogeneous
in space or time (Bolnick et al., 2011; Violle et al., 2014). Such intraspecific variation can
strongly influence ecological processes and the conclusions drawn from ecological models
(Boyce, 1977; Grear & Elderd, 2008; Kearney et al., 2009; Kendall & Fox, 2002; Kramer et al.,
2010; Oney et al., 2013; Schindler et al., 2010). Understanding and incorporating individual
variation in traits is therefore important not only for basic science but also for predicting global
change impacts and improving management (Moran et al., 2016).

By assessing individual trajectories, it becomes possible to describe different developmental
archetypes, identify the mechanisms generating variability, and assess their ecologic and
demographic consequences. In contrast, neglecting individual heterogeneity in favour of
population-level means can blur key ecological processes, underestimate the role of individual
responses to environmental change, and diminish our understanding of their contributions to
ecosystem functioning (Fritschie & Olden, 2016).

The question of how among-individual variation influences the performance of populations
is poorly explored but it is an emerging field of research (Forsman & Wennersten, 2016).
Individuals within the same population and under similar environmental conditions can differ
in their reproductive investment and reproductive outcome (Scherer et al., 2023). Thus, a
critical step in understanding the evolution and maintenance of alternative reproductive tactics
is to identify the factors that shape individual and population fitness (Garant et al., 2003; Rios-
Cardenas et al., 2018). Individual-level differences in physiology, behaviour, and genetic
background are expected to play a role, but disentangling their relative contributions remains
a major challenge.

Within-population variability at this temporal scale should be assessed, since it has important
implications for estimating fecundity, maintaining the age structure of the spawning stock, and
spatial management (Claramunt et al., 2007; Hsieh et al., 2010). Although studies analysing
individual reproductive frequency are scarce, it has been shown that, for a given species,
reproductive intervals vary both among individuals of the same sex and between sexes within
a spawning season (Asoh, 2003; Patzner, 2008). Furthermore, population dynamics models
ignoring individual-level variability may lead to misestimation of spawning frequency and
fecundity (Curtis, 2007).

Another key implication of ignoring individual variability is that fish contribute unevenly to
population reproductive success. In some cases, in many teleosts, a fraction of individuals,
typically the largest and oldest females, sustain population renewal (Blaxter, 1969; Carlos &
Miguel, 1989). Between-fish variability in the phenology of the gametogenic cycle is well
known (Asturiano et al., 2002; Slesinger et al., 2021). Such variability may arise from intrinsic
factors such as genetic differences (Liu et al., 2017; Roa et al., 2008), but is also shaped by
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environmental conditions experienced throughout the lifespan, such as photoperiod and
temperature conditions (Kjesbu et al., 2010; Migaud et al., 2010).

Indeed, accurate forecasting of population dynamics should ideally include a robust
assessment of between-individual variability (Cam et al., 2002; Johne et al., 2023; Palmer et
al., 2024; Sibly et al., 2013). In fisheries, failing to incorporate individual variability into stock
assessments may result in inaccurate predictions of recruitment and resilience (Woodson et al.,
2024). Beyond its ecological relevance, between-individual diversity also bears practical
implications for aquaculture, where phenotypic differences among fish often lead to divergent
growth trajectories even within the same rearing cage (Leblanc et al., 2019). These disparities
can ultimately reduce production efficiency and profitability (de Verdal et al., 2017; Mccarthy
etal., 1992).

A precise understanding of individual life history traits and their variability is therefore
critical for both productivity and sustainability. For example, many studies focus on calculating
the amounts of feed to optimise or maximise gain while minimising feed waste (Sun et al.,
2016). While these studies consider consumption rates, feed conversion efficiencies and
satiation (Riche et al., 2004; Talbot et al., 1999), they usually refer to the population means
rather to the individual values. Likewise, studies of between-fish variability in the phenology
of the gametogenic cycle are highly relevant to understand the degree of synchronisation of fish
life cycles and their energy expenses (Asturiano et al., 2002; Slesinger et al., 2021). In summary,
individual variability is not a marginal detail but a central determinant of both the ecology and
management of fish populations. Recognizing and incorporating this variability enhances our
ability to interpret population dynamics, anticipate responses to environmental change, and
optimize practices in fisheries and aquaculture.

In addition, a growing body of evidence indicates that feeding activity can vary markedly
among individuals of the same species, population or cohort. Between-individual variability in
food consumption has been widely reported across fish species (Ahmad et al., 2025; Batzina et
al., 2020; Carter et al., 1992, 1996; de Verdal et al., 2017; Difford et al., 2024; Elvy et al., 2022;
Irwin et al., 2002; Mccarthy et al., 1992; McCarthy et al., 1993; Overli et al., 1998; Smith et
al., 1995). These individual differences in energy acquisition may propagate through multiple
biological processes, influencing growth trajectories, energy reserves and ultimately
reproductive investment.

Despite its fundamental role, feeding dynamics are often simplified in population-level
studies, where individuals are assumed to exhibit homogeneous feeding rates within cohorts or
populations (Palamara et al., 2022; Van Winkle et al., 1993). However, ignoring between-
individual variability in energy acquisition may lead to biased estimates of growth potential,
energy allocation and reproductive output (Scherer et al., 2023). A growing research effort is
therefore aimed at understanding how individual differences in feeding behaviour and energy
assimilation contribute to shaping population-level patterns.

Knowledge gaps and thesis contribution

Despite the major advances made in the study of fish reproductive biology, important gaps
remain in our ability to connect processes across scales. Most current approaches still focus
primarily on population-level trends, often overlooking the diversity of reproductive trajectories
among between individuals. This fact limits our ability to understand how reproduction is
shaped by both intrinsic factors (e.g., physiology, energetic status, individual strategies) and
extrinsic factors (e.g., temperature, stress).
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A key link lies in the integration of multiple reproductive variables with the energetic
processes that sustain them. By jointly exploring the dynamics of gonad development, oocyte
stage progression and hormonal profiles, it becomes possible to gain new insights into how
these processes are linked and how they interact over time in different individuals. This aim is
crucial, as the reproductive outcome of each individual emerges from the interaction of multiple
factors. Furthermore, multi-scale approaches linking individual processes with population-level
outputs remain scarce, despite their importance both in ecological and aquaculture applied
management.

In this thesis, I propose a new framework for a deeper understanding of fish reproductive
processes, explicitly addressing individual level variability. Based on the background and gaps
commented above, the novelty of this work relies on:

1) Monitoring reproductive processes at the individual-level. A keystone contribution of
this thesis is the simultaneous monitoring of gonad size development, oocyte stage succession,
hormonal profiles, and energy fluxes across individuals and over time. This intensive
assessment enables the reconstruction of reproductive trajectories and strategies, allowing the
detection of between-individual differences and the exploration of their underlying causes.
Emerging methodological tools enable new possibilities. In particular, non-lethal approaches
such as ultrasonography (ultrasound imaging), biomarkers and molecular approaches provide
promising alternatives to traditional invasive samplings. Among these, ultrasonography has
emerged as one of the most promising and powerful tools for monitoring gonad development
in fish. It allows for repeated, non-invasive measurements of gonad size (and many other
organs) across the reproductive cycle (Jennings et al., 2005; McGarvey et al., 2021; Nave et
al., 2018). Ultrasonography has already been successfully applied in many fish species, such as
European seabass (Macri et al., 2013), striped bass (Jennings et al., 2005), salmonids (Nave et
al., 2018), rainbow trout (Evans et al., 2004), eels (Bureau du Colombier et al., 2015; Jéhannet
et al., 2017), sturgeons (Bonev & Nikolova, 2019; Bryan et al., 2007; Petochi et al., 2011),
lumpfish (Mlingi et al., 2023), among others. Beyond its non-invasiveness, ultrasonography
enables the monitoring of a considerably large number of specimens at a relatively low cost,
providing the scale necessary to explore between-fish variability in gonad dynamics across
time.

2) Assessing between-fish variability. Another key novelty of this work is its explicit focus
on assessing and quantifying individual differences. By capturing individual nuances in
reproductive timing, gonad development, oocyte progression, hormonal cycles, etc., this thesis
contributes to moving beyond populational averages. Documenting such variability is essential
for identifying developmental archetypes in reproductive strategies and their potential influence
on the population outcomes. At the same time, the strong emphasis on quantifying variability
at the individual level offers a more accurate representation of biological diversity and allows
for the explicit incorporation of individual heterogeneity into bioenergetic models.

3) Linking energy allocation, gonad growth and oocyte dynamics across scales. A further
contribution is the ultimate integration of the energetic status in the reproductive processes by
providing the framework to link energy intake and gonad growth and oocyte recruitment. Such
integration will help explain how environmental and nutritional conditions translate into
reproductive outcomes, with a particular focus at the individual level, which can in turn result
in different population-level contributions.

4) Contributions to reproduction modelling within the DEB framework. This thesis
contributes to this topic by exploring the mechanistic basis for linking energy dynamics with
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reproductive traits at the oocyte level. By integrating empirical data of oocyte stage
development and gonad growth, this work offers insights into how the DEB framework can be
extended to capture the mechanistic link between energy allocation to reproduction and oocyte
maturation, which ultimately translates into gonad growth and the reproductive outcome.

Altogether, this approach aims to provide a mechanistic understanding of reproductive
processes and their energetic basis, which can ultimately be incorporated into bioenergetic
modelling. By combining multiple reproductive parameters from different scales within an
individual-level based framework, this thesis provides a data generation approach that supports
deeper integration of individual heterogeneity into bioenergetic models, with the ultimate goal
that this approach may be incorporated in the future to stock assessment models. This is
particularly relevant for fisheries science, where accurate forecasting of reproductive potential
is critical for sustainable management, and for aquaculture, where understanding reproductive
efficiency can directly enhance production and welfare (Tomlinson et al., 2014). In summary,
the contribution of this thesis is twofold: expanding the fundamental understanding of fish
reproductive processes by integrating energy allocation, gonad development, and oocyte
dynamics at the individual level, and providing empirical insights into between-individual
variability in the assessed processes.

Main hypotheses

This thesis is guided by two key hypotheses that provide the conceptual foundation for the
methodological approaches and analyses developed in the upcoming chapters:

1) Gonad dynamics should not be viewed as an independent process, but rather as an
emergent property of the underlying oocyte dynamics. Since oocytes individually follow a
sequence of development through different stages, the overall development of the oocyte pool
determines gonad size progression as a function of this cellular-level process. The timing and
success of oocyte development are themselves strongly dependent on the energetic state of the
individual, meaning that a fish’s energy acquisition and allocation ultimately shape gonadal
dynamics through their effects at the oocyte level.

2) Reproductive dynamics can only be fully understood at the individual scale. Each fish
experiences a unique combination of external drivers, such as food acquisition, temperature and
social interactions, which interact with the fish intrinsic characteristics through which each
individual acquires, assimilates, stores, and allocates energy. As a result, reproductive outcomes
cannot be adequately captured from population-level averages alone but should instead
incorporate the outcomes of individuals’ unique trajectories.

Thesis structure

Within this context, I structured my thesis research in four chapters, each addressing a key
dimension of fish reproductive processes. The conceptual framework of the thesis is illustrated
in the Figure 0.1:

The Chapter I, “Individual variability in size-independent feed intake rates”, studies the
drivers and the magnitude of between-individual variability in feed intake rates among group-
reared D. labrax. It explores whether these variations can arise from intrinsic fish-specific, size-
independent factors by specifically quantifying the residual variability in ingestion rate (i.e., the
variability beyond body size effects and extrinsic influences) to assess the role of context-
independent, stable, intrinsic behavioural differences that may lead to feeding hierarchies.

20



General Introduction

Results revealed a substantial between-individual variability in ingestion rates across feeding
trials, with individual-specific effects independent of size and external factors accounting for
more than 70% of the variance in ingestion rate, suggesting that intrinsic and stable behavioural
differences may play a central role in energy acquisition. This chapters provides a key insight
on how energy acquisition varies among individuals.

In Chapter II, “Ultrasonography as a non-invasive technique for assessing fish ovarian
dynamics”, the use of ultrasonography as a non-invasive approach to monitor gonad
development in fish across time is explored, providing a practical alternative to traditional
invasive techniques. The gonad volume estimated with ultrasound measurements had been
found to be an accurate predictor of gonad weight. These findings evidence that
ultrasonography can be used for an effective monitoring of gonad size dynamics in D. labrax,
providing real-time insights with minimal harming to the fish. Furthermore, the results revealed
a relevant between-individual variability in the magnitude, timing, and duration of gonad
development, as well as individual feed intake rates obtained from the previous chapter affected
maximum gonad size. Overall, this chapter demonstrates that ultrasonography provides a
reliable and non-invasive method to quantify gonad dynamics in broodstock, offering valuable
insights for reproductive assessments.

Then in Chapter III, “Individual variability in reproductive processes”, information from
the previous chapter is integrated to an analysis of reproductive dynamics that focuses on the
between-individual variability in key reproductive processes. This chapter emphasises the
importance of individual-level monitoring to capture the diversity of reproductive strategies
that coexist within a fish population. By jointly assessing gonad development, oocyte stage
progression, hormonal profiles and organ energy density throughout the reproductive cycle, the
study reveals substantial heterogeneity among females in the timing, intensity, and coordination
of these processes. The observed differences highlight the existence of distinct developmental
archetypes and underscore the role of intrinsic physiological and behavioural traits in shaping
reproductive trajectories. By integrating multiple indicators of reproductive status, this chapter
offers a comprehensive framework to mechanistically link individual variability in reproductive
physiology to broader population-level outcomes, providing a valuable empirical foundation
for future bioenergetic and modelling applications in fish reproductive studies.

Finally, in Chapter IV, “A multiscale DEB-based framework for modelling reproductive
dynamics”, implements an extended DEB model based on the empirical information collected
through the past chapters, with an approach that links three levels of biological organisation:
oocytes, ovaries and organisms. This chapter presents a functional, computationally stable
version of the model that explicitly incorporates a reproductive buffer and the energetics of
individual oocytes, allowing ovary weight to emerge mechanistically from their cumulative
growth. The resulting model successfully reproduces key seasonal patterns, including ovarian
and body dynamics, and displays substantial between-individual variation in reproductive
energy allocation. At the same time, the chapter identifies several methodological, conceptual
and computational limitations, underscoring both the complexity of reproductive energetics and
the challenges of constraining multiscale processes. By establishing a mechanistic bridge
between cellular-level oocyte dynamics and organismal-level energy budgets, this chapter
provides a foundational modelling framework that can be progressively extended in future
research.

Together, these chapters progressively build a bottom-up understanding of fish reproductive
biology, from feeding and energy acquisition to reproductive investment, ultimately
contributing to more realistic individual-based bioenergetic models.
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Figure 0.1: Diagram illustrating the conceptual framework of the thesis, conceptualising the link between the
different chapters. The colour-coded system represents the different scales of the assessed processes, from
cellular and organ level to fish and population level. Arrows indicate relationship flows between the different
conceptual components. The conceptual diagram shows how feeding is the access gate of energy to the fish-
system, which determines the energy available for the fish to allocate to different vital processes, among which
there is the energy invested to reproduction. Consequently, the amount and the manner in which energy is
allocated to reproduction directly affects the oocyte development at cellular level. In turn, oocyte growth and
maturation determine the overall dynamics of gonad development, which ultimately defines the reproductive
output of each individual. The aggregation of these individual reproductive outputs constitutes the reproductive
outcome of the population as a whole, which is not explicitly considered in this Thesis, but it sets the conceptual
basis for future studies. It is important to note that every process occurring at the individual level is governed by
the organism s physiological traits, which may vary substantially among conspecifics within the same
population, while all of them are concurrently modulated by environmental drivers.
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Highlights of the Thesis

This thesis has two key contributions to the current knowledge, both of which have broader
implications for fisheries science, aquaculture, and ecological modelling.

1) The first insight is the investigation and quantification of inter-individual variability in
key physiological processes. While individual variability among organisms, even within the
same species, is widely acknowledged, this work advances further by providing quantitative
estimates of the magnitude of this variability. These new insights will subsequently provide
valuable input data that can be incorporated into bioenergetic modelling, thereby improving our
ability to link individual dynamics and populational outcomes. Classical population-level
bioenergetic studies have traditionally relied on population averages, often overlooking the role
of individual nuances. By explicitly accounting for inter-individual variability in key
parameters, this thesis contributes to more accurate and robust assessments of reproductive
dynamics and population resilience.

2) The second highlight is the application and advancement of emerging non-invasive
techniques, with particular emphasis on ultrasonography. This thesis develops a calibration
model for estimating gonad size using ultrasound measurements, enabling the continuous
monitoring of this parameter within the same individuals over time. This technique provides
real-time insights into gonad morphological dynamics and opens new possibilities for intensive,
continuous and non-lethal sampling of this variable.

Together, these two main contributions strengthen the link between individual-level
processes and their consequences for population outcomes, while also providing
methodological innovations for fish reproduction studies in both for fisheries and aquaculture
contexts.

Broader perspective and significance

Understanding a complex process such as fish reproduction requires bridging multiple scales
of biological organisation. A bottom-up perspective - starting from the energy allocation level
and oocyte developmental dynamics, then extending it to gonad dynamics and ultimately to
population-level reproductive outcomes - offers a potentially powerful framework. By
assessing reproductive processes at the scale of individual organisms, it becomes possible to
infer how the particularities of their life-history strategies scale up to the reproductive
performance. This perspective would provide a mechanistic link between physiology and
ecology, bridging the complexity of individual heterogeneity with population-level
consequences.

Adopting this bottom-up framework would have direct applicability to both fisheries and
aquaculture. Populations are not composed of clone individuals but rather of specimens with
unique differences in their responses to environmental and energetic constraints. Accounting
for the variability at this level can improve the accuracy of assessments of reproductive
potential, recruitment variability and population resilience under multiple stressors. This fine-
tuned understanding can, in turn, support management strategies better aligned with the
biological realities, strengthening our capacity to anticipate the impacts of global change on
fish populations.

The relevance of fish reproduction research extends beyond ecological studies. Both
fisheries and aquaculture provide an essential source of animal protein for millions of people
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worldwide, making sustainability in both fields an ecological and societal imperative. A deeper
knowledge of fish reproductive processes contributes to more accurate forecasting of stock
performance, improves the efficiency and sustainability of aquaculture breeding programs, and
ultimately supports food security. At the same time, understanding how reproductive processes
respond to global change provides a tool for adaptative management under new ecological
realities.

Therefore, this thesis addresses the knowledge gaps identified in the background by
explicitly focusing on the integration of individual-level reproductive processes into a multi-
scale framework. By combining empirical monitoring of gonad size, oocyte dynamics,
hormonal profiles, and energy allocation with mechanistic modelling approaches such as the
DEB theory, this work establishes a novel methodological basis for linking physiology to
population outcomes. In doing so, this thesis also provides practical tools and conceptual
frameworks for future research.

In conclusion, I propose that focusing on a bottom-up, individual-level understanding of fish
reproductive processes provides the basis for a deeper understanding of individual life-history
strategies.

Case of study

The model species selected for this thesis is the European seabass - llobarro in Catalan -
(Dicentrarchus labrax), because of its central role in Mediterranean aquaculture and its
suitability for experimental research, management, and stock availability. As a cultured species,
it is relatively easy to handle under controlled conditions, making it particularly valuable for
experimental studies.

D. labrax 1s a eurythermal marine fish inhabiting shallow coastal waters distributed from the
northeastern Atlantic to the Mediterranean and the Black Sea. It is a dioic species (i.e., with
distinct unisexual individuals, either male or female) in which the first sexual maturity in
Mediterranean wild populations generally occurs between 2 and 4 years of age, with spawning
taking place once a year, typically during the winter months (Fritsch et al., 2007; Pawson et al.,
2007; Sanchez Véazquez & Mufioz-Cueto, 2014).

Economically, D. labrax is of major commercial importance. Aquaculture is by far the
dominant contributor, accounting for 96% of total production (FAO, 2016). European seabass
aquaculture is widely spread throughout the Mediterranean basin (Vandeputte et al., 2019),
where it has been one of the most commonly reared species since the 1980s (Chatain &
Chavanne, 2009).

While this thesis was conducted using D. labrax as the experimental model species, its
methodological and conceptual contributions are applicable to other fish species as well.
Furthermore, although the data on inter-individual variability were obtained from this specific
species, the methodological approaches and conceptual framework presented in this thesis are
equally applicable to other species, in both ecological and aquaculture contexts.
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Chapter I: Individual variability in size-independent
feed intake rates

Abstract

Understanding between-individual variability in energy acquisition is essential for
elucidating many ecological processes in wild fish populations and for enhancing the efficiency
of aquaculture production. This chapter explores whether individual variations in feed ingestion
rates among group-reared fish can arise from intrinsic fish-specific, size-independent factors.
Specifically, we quantify the residual variability in ingestion rate (i.e., the variability beyond
body size effects and extrinsic influences) to assess the role of context-independent, stable,
intrinsic behavioural differences that may lead to feeding hierarchies. We monitored for 4
months the individual feeding behaviour of 48 European seabass (Dicentrarchus labrax)
externally marked adult specimens reared in sea cages (6 cages housing 8 fish each) under three
feeding levels (two cages per level). Across 8 repeated feeding trials per cage, fish were offered
feed pellets one at a time using an automatic feeder, and their responses were video recorded.
Using a Bayesian statistical model, we evaluated the probability of pellet consumption as a
function of body size, temperature, anthropogenic stress and feeding level, while accounting
for variation across individuals and feeding trials. Our results showed: i) a substantial and
consistent between-individual variability in ingestion rates across feeding trials, and ii) a
relevant negative effect of anthropogenic stress on feeding activity. Notably, individual-specific
effects, independent of body size and external variables, accounted for over 70% of the variance
in ingestion rate, suggesting that intrinsic and stable behavioural differences, indicative of fish
behavioural type, may play a central role in shaping feeding hierarchies.

Introduction

Fish can differ in many biological traits (Campeas et al., 2009; Carlson & Satterthwaite,
2011), including differences in how energy is acquired, managed and invested in different
biological processes (Palmer et al., 2024). In particular, differences in feed ingestion rate will
influence the energy available to invest into growth, somatic maintenance, reproduction and
behavioural activities (Goodrich & Clark, 2023; Kooijman, 2010; Sara et al., 2012). Therefore,
unsurprisingly, between-individual variation in feed consumption has been widely reported
(Carter et al., 1996; Difford et al., 2024; Irwin et al., 2002; Mccarthy et al., 1992; McCarthy et
al., 1993). This between-individual variability bears practical implications for aquaculture,
where phenotypic differences among fish often lead to divergent growth trajectories even within
the same rearing cage (Leblanc et al., 2019). Such disparities can ultimately reduce production
efficiency and profitability (de Verdal et al., 2017; Mccarthy et al., 1992).

Fish feeding behaviour seems to result from the combination of intrinsic and extrinsic factors
(Goodrich & Clark, 2023). Body size is among the most frequently reported factors affecting
feed intake and feed intake rate. Larger fish tend to display disproportionately larger
consumption shares of the available feed (Azevedo et al., 2025; Batzina et al., 2020; Goodrich
& Clark, 2023; Huntingford et al., 1990; Irwin et al., 2002; Wang et al., 1998). This pattern has
been related to enhanced competitive ability and metabolic demands (Fritschie & Olden, 2016;
Gill & Hart, 1996; Johne et al., 2023). However, the relationship between body size and feed
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ingestion rate is often blurred (Imsland et al., 1998; Kooijman, 2009), suggesting that additional
factors beyond size itself may modulate feeding behaviour.

Temperature is widely reported as a major environmental factor affecting fish feed ingestion
rates (Azevedo et al., 2025; Stavrakidis-Zachou et al., 2021; Wade et al., 2019), through its
effects on many key aspects of metabolism (Fere et al., 2016; Handeland et al., 2008; Volkoff
& Ronnestad, 2020), which in turn seems to outcome on fish behaviour (Oppedal et al., 2011).
Fish feed ingestion rate typically describes a bell-shaped pattern peaking at an optimal
temperature (Leblanc et al., 2019; Nati et al., 2016).

Stress is also a well-documented driver that can alter fish feeding. Both acute and chronic
stressors can lead to subsequent appetite suppression and decreasing fish ingestion rates
(Ashley, 2007; Assan et al., 2021; Bernier, 2006; Dambrine et al., 2020; Goodrich & Clark,
2023; Leal et al., 2011; Madison et al., 2015). Stressors affecting feeding behaviour can be
anthropogenic, notably machine-generated noise (Barcelo-Serra et al., 2021; Kim et al., 2025)
and chemical pollutants (Besson et al., 2020), or social (Goodrich & Clark, 2023), the latter
ones occurring, for example, among conspecifics in aquaculture environments by competition,
particularly in feed-limited circumstances (Azaza et al., 2013; Gilmour et al., 2005).

Feeding variability has been reported for a long time (Jobling & Reinsnes, 1986), and recent
studies have increasingly highlighted the importance of individual variability in feeding
dynamics (Batzina et al., 2020; Cachera et al., 2017; Difford et al., 2024; Musseau et al., 2020).
Nevertheless, between-fish variability in feed ingestion rates arising from intrinsic fish-
specificities beyond the influences of body size and external drivers has been rarely quantified,
despite the fact that stable, context-independent differences in feeding behaviour may lead to
among-fish hierarchies (Staffan et al., 2002), , but have recently begun to be quantified
rigorously (Besson et al., 2019a; de Verdal et al., 2017). This gap is probably related to the
methodological challenges for assessing fish feed intake at the individual level. Reliability of
the methodological approaches proposed for wild fish is under debate (Jobling et al., 2001) and
the methods developed for captive fish have advantages, limitations and specific applicability.
The simplest approach involves rearing fish individually, and allows precise measurement of
feed intake, but at the price of neglecting social interactions (Besson et al., 2019b; Martins et
al., 2011; Rodde et al., 2021; Silverstein, 2006; Wang et al., 1998). Another approach is the use
of radio-opaque markers incorporated into feed pellets to visualize ingested feed via X-
radiography, which allows relatively low-invasive quantification of feed intake in group-reared
individuals (Ahmad et al., 2025; Carter et al., 1992, 1996; Difford et al., 2024; Elvy et al., 2022,
2024; Irwin et al., 2002; McCarthy et al., 1993, 1999). The third approach is based on video
identification of individual fish, which is currently limited to small groups but allows non-
invasive and continuous monitoring of the intake and feeding behaviour (Batzina et al., 2020,
de Verdal et al., 2017; @Qverli et al., 1998; Smith et al., 1995).

This chapter aimed to determine whether fish differ consistently in their feed ingestion rates
beyond what can be explained by body size or external conditions. To address this question, we
conducted eight repeated feeding trials over four months, video-monitoring groups of reared
fish to track individual feeding behaviour. By quantifying the residual variability in ingestion
rate (i.e., the variability beyond body size and potential external influences), we sought to reveal
intrinsic, fish-specific, and temporally stable differences in feeding behaviour. This approach
provides a direct assessment of whether individual fish exhibit consistent behavioural traits
related to feed ingestion.
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Materials & Methods

Fish husbandry

All the European seabass specimens monitored in this study were supplied by the
aquaculture company (Aquicultura Balear S.A.U.), located at Palma (Mallorca, Balearic
Islands), and transported as 3.5-year-old adults to the IRFAP-LIMIA facilities at Port d’ Andratx
(Mallorca, Balearic Islands), 6 months prior to the start of the experiment.

A total of 48 D. labrax specimens originating from a single parental pool, in order to ensure
that all individuals came from the same genetic background, were reared in 6 sea cages (8 m?
each), located 200 m off the shoreline, with a bottom depth ranging between 5 and 8 m, in the
inner waters of the Port d’Andratx marina (Fig. 1.1), where the mean water temperature
fluctuates annually between 11.0 and 29.8 °C, and the photoperiod oscillates between 9 h 20
min and 15 h (Fig. 1.2).

At the beginning of the experiment, the fish had an average weight of 2276 + 386 g and an
average total length of 57.4 = 3.2 cm (mean + SD). All the specimens used for this experiment
were females.

Figure I.1: Location of the experimental sea cages (yellow rectangle) and IRFAP-LIMIA facilities (orange oval)
within the Port d’Andratx, and location of the Port d’Andratx within the island of Mallorca (Balearic Islands).
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Figure 1.2: Mean daily sea surface temperature (red) and photoperiod (orange) in Port d’Andratx.
Experimental design

Fish were randomly distributed into 6 groups of 8 individuals each. Each fish was
individually tagged with a double identification system consisting of a subcutaneous passive
integrated transponder (PIT) tag (ID-100A Microtransponder, Trovan) and an external
spaghetti-tag with a unique colour code. These groups were established 3 months before
monitoring to enable the establishment of stable social hierarchies (Stefansson et al., 2000).
Feeding trials were conducted from early August to early November, covering a temperature
range from 21.8 to 27.6 °C.

Fish were fed a commercial seabass broodstock dry pellets diet (Vitalis Repro, Skretting).
Pellets had a mean weight of 0.71 + 0.02 g, a digestible energy of 19.1 KJ/g, and a 9% water
content. Daily rations were adjusted for biomass and temperature, following the manufacturer’s
guidelines, which oscillated between 0.59% and 1.14% of the cage biomass, depending on
temperature. Fish were hand-fed 6 days a week in a single daily meal with varying proportions
(diet levels (D): 60%, 75%, and 90%, 2 cages each) of the recommended daily ration, in order
to promote some degree of between-fish competition.

For the feeding trials, an automatic feeder containing a screw conveyor system and equipped
with an underwater camera was used. The feeder was left floating at the centre of the sea cage
during the trial, with the underwater camera being placed in the bottom of the feeder, at surface-
level, pointing to the bottom of the net, allowing a wide field of vision to ensure capturing the
feeding events. The feeder delivered feed pellets one at a time at a constant rate of 4 pellets/min,
allowing enough time for a single pellet to sink and either being consumed by one of the fish
or pass through the net bottom, the latter taking about 10-12 seconds, so there was never more
than 1 pellet at a time in the sea cage. Then, for each delivered pellet, it was recorded which
fish (if any) consumed it.

The single daily meal was monitored in 48 feeding trials (8 trials per cage, in the course of
4 months). Given that the primary interest is to estimate the individual ingestion rate, the ration
(number of pellets) delivered during each one of the 48 feeding trials was randomly set between
10 and 80% of the planned ration for the given cage and day, in order to reduce resource
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predictability, since it may cause dominant fish monopolising an even greater share of feed
(Grand & Grant, 1994), thus conditioning the feeding behaviour of all the fish in a group.
Nevertheless, the number of pellets delivered in any given feeding trial (ration, R) were
recorded in order to test its effects on ingestion rate. Thus, note that two different variables
related to feed availability were considered: the percentage of pellets delivered over the planned
ration during a feeding trial (ration, R) and the number of pellets delivered according to the
long-term diet level (diet, D).

Sea surface temperature was recorded daily (Pendant Temperature/Light 64K Data Logger,
HOBO). Given that the experimental sea cages are located very close to the navigation channel
of a crowded marina, the number of motorised boats passing through the channel during the
feeding trials time span on the days when feeding trials were performed was recorded as a proxy
for anthropogenic stress (Harding et al., 2020).

Modelling ingestion rate

Functional response theory predicts that ingestion rate at time ¢ depends on the amount of
feed consumed till # (Rosenbaum & Rall, 2018). At the time scale of meal duration, feeding
dynamics models predict that, when an organism is fed ad libitum, ingestion rate will decrease
as the stomach is filling (Thomas et al., 2017). Thereafter, ingestion rate should be in
equilibrium with the handling time (the average time spent on fully processing a feed item).
However, a preliminary inspection of the data obtained (Fig. I.3) suggests that, in spite of some
stochasticity, no apparent slowdown in ingestion rate was observed, suggesting that maximal
stomach capacity (i.e., satiation) is not reached with our experimental settings. Therefore,
ingestion rate could be treated as constant during the feeding trials, assuming satiation is not
attained, as in (Elliott & Persson, 1978).
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Figure 1.3: Observed feed ingestion rate of the 8 fish during a given feeding trial (cage 6, replicate 4). Solid lines
represent the cumulated consumed pellets across time, while the dashed lines represent a constant feeding rate.
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Accordingly, the probability (prob) that the i fish from the replicate j of the cage c eats a
given pellet is assumed to be the same at any moment of the feeding trial. The value of probi;
is given by the softmax mapping (Franke & Degen, 2023) of the score sco;,:

e—SCOi‘j’C
Eq 1.1 probi’j’c = W
Where i = 1 to 8 denotes the eight fish in a cage and i = 9 corresponds to the case when the
pellet is not consumed. The score sco;j. is given by a lineal combination of body size,
temperature, stress, diet, ration, fish, and replicate. Regarding fish size, (Kooijman, 2010)
bioenergetic theory proposes that ingestion and assimilation rates are proportional to the
organism’s surface. Therefore, we use the squared structural length - that is, the fish structural
surface - (L°, units: cm?) as a proxy of body size:

Eq.1.2 L? = (LT; 6)?

Where LT is the total length of the 7 fish (in cm) and 0 is a species-specific shape coefficient,
which for D. labrax has a value of 0.148 (Stavrakidis-Zachou et al., 2019).

Temperature (7) effects on many physiological processes are expected to be unimodal,
peaking at an optimal temperature and decreasing both at lower and higher temperatures (Assan
et al., 2021). For the sake of simplicity, here we assume a simple parabolic model.

The number of boats passing close to the cages during the feeding trials was used as a proxy
for anthropogenic stress (S). Diet level (D, 3 discrete categories: 60, 75 and 90%) and delivered
ration size (R) effects were also included into the model, although not as parameters of primary
interest but as covariables their putative effects should be accounted for.

Size-independent, fish-specific (Fish;.) effects were modelled as a normally distributed
random effect with zero mean and a between-fish standard deviation (oris). Similarly, the
variability between replicated feeding trials was modelled as a random effect with a between-
replicate standard deviation (Grepiicate). Therefore:

Eq. L3 $¢0jc = Bopeorseow T Bizlic + BrTje + Br2Tic + BsSjc + BrRjc +
Fish;. + Replicate;

For preventing overfitting, the score corresponding to the probability that a pellet was not
consumed (sco;j.) 1s defined as:

_ i=8
Eq. 1.4 SCOpcjc = — Ni=15C0; j

Finally, the actual observation (i.e., which fish has consumed each one of the pellets
delivered along each feeding trial) was considered a random realization of a multinomial
distribution with a probability vector given by prob = (prob;—1 ¢ g, PT0by.).

Estimating model parameters

The model parameters (Egs. I.1 to 1.4) were estimated using a Bayesian approach. Samples
from the joint posterior distribution for the model parameters, given the data, were obtained
using STAN (Plummer, 2023) and cmdstanr library (Gabry et al., 2023) of the R package (R
Core Team, 2022). Continuous explanatory variables were standardised (mean = 0.0, sd = 1.0)
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prior to the analysis. Weakly informative priors were supplied for all parameters. Convergence
was assessed visually and from the Gelman-Rubin diagnostic (Vehtari et al., 2021). Posterior
distribution of the parameters was estimated from 3 chains, 2000 iterations each after 2000
warm-up iterations (Stan Development Team, 2022). Model predictions were compared with
actual pellet consumption across different cages and replicates to assess predictive accuracy.

Results

Figure 1.4 shows the observed individual meal share distribution of the experimental
specimens. Notably, the distribution of meal share varies substantially from fish to fish, and
similar hierarchy of feeding behaviour is evident across all the cages and diet levels. Clearly,
some individuals consistently monopolise most of the feed resources while others consistently
eat less than expected, considering that, in the absence of feed waste, each fish should receive
approximately 12.5% of the total ration supplied per cage (8 fish/cage). Moreover, most fish
consume consistently a similar meal share across trials, in comparison with the larger between-
fish variability in mean feed consumption. Additionally, the mean share of non-consumed
pellets was low across all feeding trials, being 4.9% in the 60%, 4.2% in the 75% and 6.7% in
the 90% diet, suggesting fish consumed most of the feed delivered and feed waste was low.
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Figure 1.4: Individual meal shares distribution of the 48 experimental fish. The box plot for each fish shows the
median (black line), interquartile range (box) and 95% range excluding outliers (whiskers); outliers are plotted
as individual dots. Fish are grouped according to their diet level (D), each colour representing a cage, and
sorted by decreasing median meal share. The dashed line at 12.5% represents the expected share if feed was
evenly distributed among the 8 fish of each cage.

Preliminary inspection of the correlation pattern between the explanatory variables
evidenced that temperature and anthropogenic stress (number of boats passing close to the
cages) were highly correlated (r = 0.83) since temperature and touristic activity display close
patterns in the Balearic Islands. Accordingly, the potential effects of these two variables on
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feeding cannot be disentangled. Therefore, two models were evaluated, each including all
variables from Equation 1.3 except for one, either temperature or stress. Both models converged
satisfactorily, with all parameters exhibiting rhat values close to 1 and effective sample sizes
well above standard thresholds (Table SM.I.1 and SM.I.2). Model comparison using leave-one-
out cross-validation (Vehtari et al., 2024) indicates that the predictive accuracy of the two
models falls well within the range of uncertainty (Table SM.I.3). Thus, the two models are
indistinguishable from the statistical side.

However, the model prediction for temperature effects on ingestion rate suggests an
unrealistic pattern, inconsistent with the biological expectations: feeding probability is
predicted to decrease along the full range of temperatures actually experienced during the
experiment (between 21.8 and 27.4 °C), thus the model estimation of the optimal temperature
for feeding should be under 21 °C (Fig. SM.I.1). Instead, the optimal thermal range for D. labrax
has been reported to be between 24 and 27 °C for many metabolic and physiological processes
(Abdel-Tawwab et al., 2025; Claridge & Potter, 1983; Islam et al., 2020; Person-Le Ruyet et
al., 2004; Vinagre et al., 2012). Accordingly, the model including the anthropogenic stress proxy
(number of boats passing close to the cages) was considered the most plausible and interpretable
representation of the underlying processes. Therefore, all results and interpretations hereafter
refer to the stress model only.

Regarding predictive accuracy, the actual number of pellets consumed by each fish at each
trial is relatively well predicted by the model (Fig. 1.5), considering the large stochasticity
inherent to the feeding process (Augustine et al., 2011).

10 20 30 40 50 60 70 80

Model predicted consumed pellets

0
|

0 10 20 30 40 50 60 70 80
Observed consumed pellets
Figure 1.5: Predictive accuracy of the Bayesian model for pellet consumption by individual fish. Each dot
represents the actual number of pellets consumed by a fish during a meal (x-axis) and the corresponding model

prediction (v-axis). The solid diagonal line represents the 1:1 relationship between predicted and observed
values.
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The parameters estimations for the stress model are summarized in Table I.1.

Table I.1: STAN selected result values for the different estimated variables in the stress-based model, including
the median and the 95% CI posterior distributions.

Variable Name Q05 Median Q95
B General intercept 0.065 0.266 0.484
Pro Between-fish standard deviation 0.362 0.431 0.526
Br o Between-replicates standard deviation 0.138 0.183 0.249
B2 Slope for size effect -0.016 0.101 0.210
Bs Slope for stress effect -0.170 -0.104 -0.049
Bpiet 60% Intercept for 60% diet level 0 0 0
Bpiet 75% Intercept for 75% diet level -0.369 -0.072 0.222
Bpiet 90% Intercept for 90% diet level -0.458 -0.136 0.151
Br Slope for ration size effect -0.119 -0.050 0.013

Regarding between-fish intrinsic variability, Figure 1.6 shows the probability of eating a
pellet for each fish, assuming equal body size, stress level, and diet across all fish. These
probabilities are directly derived from the fish-specific effects in equation 1.3 (fr values, Table
SM.1.4), which correspond to the fish-specificities independent of the influences of body size
and all other external variables. All cages, irrespective of the diet, seem to display the same
pattern of between-individual variability, which is substantial (o= 0.431, Table I.1) in relation
with the variability between repeated feeding trials (6°z = 0.183). The ratio ¢°r / (6°r + o°&) is
70.2%, which reinforces the patterns depicted in Figure 1.4 and 1.6, in the sense that some fish
tend to monopolise most of the feed resources while others eat less than expected. Moreover,
such a large percentage strongly suggests that fish tended to consume a similar feed share across
replicates throughout the duration of the experiment. These two patterns are consistent with the
existence of well-defined hierarchies of feeding behaviour, which are stable in time and are
context-independent (i.e., body size, stress and feed availability).
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Figure 1.6: Br (fish-specific variability after removing the effects of size and external variables). The box plot for

each of the 48 fish show the median (black line) of fr posterior distribution, the interquartile range (box) and the

95% range excluding outliers (whiskers). Fish are grouped by diet level (D) and cage, and sorted by decreasing
median meal share, for consistency with Figure 1.4.

Regarding the effects of body size, stress and feed availability, they are all small or even not
relevant. Therefore, it is not surprising that fish-specific fr values are strongly correlated to the
median of the actually observed meal shares (r = 0.89; Fig. SM.1.2). The median for the slope
of body size effects in equation 1.3 (f12) is positive (Table I.1), indicating a positive effect of
size on the probability that a fish eats a given pellet. However, the 5-95% quantile distribution
for fr2 includes zero, suggesting that size effect on fish ingestion rate is not relevant. The
expected effects of body size, being all other constant, are depicted in Figure 1.7, which
reinforces the irrelevance of body size effects within the actual size range of the fish included
in the experiments. Obviously, it cannot be excluded that feeding behaviour can be affected by
body size when smaller fish would be included in the experimental groups.
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Figure 1.7 Effect of fish structural surface (L?) on the probability of pellet consumption. The x-axis represents
the experimental range of L>. The y-axis shows the estimated probability of an individual fish consuming a given
pellet, assuming all 8 fish in the cage are clones with the same body size, while all external variables are fixed.
The solid line indicates the model-predicted median probability of consumption, while the dashed lines represent

the 5th and 95th percentiles of the posterior distribution.

In contrast, the slope corresponding to stress (8s) shows a clearer negative impact on prob,
indicating that environmental anthropogenic disturbances during the feeding trials reduced the
feed intake rate (Figure 1.8).
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Figure 1.8: Effect of boat noise-induced stress on the probability of pellet consumption. The x-axis represents the
number of boats passing close to the cage during the feeding trial, as a proxy for stress. The y-axis shows the
estimated probability of an individual fish consuming a given pellet, assuming all 8 fish in the cage are clones

with the same body size, while all other external variables are fixed. The solid line indicates the model-predicted

median probability of consumption, while the dashed lines represent the 5th and 95th percentiles of the posterior
distribution.

Finally, neither the diet level (8pso, fp7s, fpso) nor the feeding ration supplied in each feeding
trial (fr) did not show a relevant effect on the ingestion rate. The three intercepts for diet level
largely overlap, suggesting that the differences in the amount of feed delivered had no relevant
effects on fish feeding, at least within the experimental range (60 to 90% of the recommended
daily ration). Regarding the effect of the actually delivered ration at any given feeding trial, Sz
was slightly negative but the 95% credibility interval includes zero. This result suggests that
while fish are consuming more feed throughout a feeding trial, their feeding intake rate slightly
decreases, albeit this decrease is not relevant within the observed range. This result reinforces
the a priori assumption that feed intake rate remained the same during a given experimental
trial, with no clear evidence of a slowdown that could be attributed to satiation (Fig. SM.1L.3).

Discussion

This study investigated the between-individual variability in feed intake rates in D. labrax
under controlled experimental conditions, with the specific goal of disentangling intrinsic, fish-
specific factors from the effects of variables previously identified as potential drivers of feeding
behaviour, namely, body size, temperature, stress and feed availability. Between-fish
differences in body size and growth have been usually attributed to differences in feed intake
(Azaza et al., 2013; Campeas et al., 2009) which is considered a primary driver of growth
(Assan et al., 2021). Contrary to these expectations, our results suggest that the role of body
size in determining feeding behaviour and shaping feeding hierarchies is not relevant. In our
case, fish with higher ingestion rates were not necessarily the largest, and other unaccounted
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intrinsic factors seem to play a crucial role. This result aligns with the observations of (Elvy et
al., 2022), who emphasise the importance of energetic efficiency rather than body size itself;
and those of (Staffan et al., 2002) who found that body size, although it is generally a good
predictor of feed intake, did not influence individual feeding success in perch, pointing to other
intrinsic factors (fish morphology, behaviour and metabolism) as potential drivers. The role of
intrinsic factors other than size has also been suggested by (Henriksen et al., 2020). Therefore,
the relationship between ingestion rate and body size remains elusive.

In any case, the lack of relationship between ingestion rate and body size reported here leaves
an open research question: where does the surplus energy go in fish with higher food intake if
it is not allocated to growth? Here we suggest two non-mutually exclusive hypotheses. First,
individual-specific differences in the energetic costs related to maintaining the social status
within a hierarchy may mean that the effective energy input could be smaller than the expected
one from the actually ingested feed amount (Elvy et al., 2022; Silverstein, 2006). Nevertheless,
evidence is contradictory. For example, it has also been hypothesised that individuals at lower
social status would reduce feed consumption, metabolic activity and growth in order to prevent
conflict (Wong et al., 2008). Moreover, it has reported that individuals at lower social status
tend to display higher levels of stress bioindicators, which in turn has been related to appetite
inhibition (Bernier, 2006; Leal et al., 2011).

Second, individual-specific differences in the way reserve energy is mobilized may drive to
opposite life history strategies, even with similar energy input (Palmer et al., 2024). For
example, some fish may display smaller mobilization rate of the reserve energy, which outputs
in less energy available for growth and results in heavier and probably more resilient, but
smaller individuals. The existence of such individual specificities in the strategies of energy
management would be better explored by bioenergetic modelling, where frameworks like the
one provided by the Dynamic Energy Budget theory (Kooijman, 2010) are particularly well-
suited for this task, as they provide a formal structure to quantify how energy is assimilated,
stored, mobilized, and allocated to maintenance, growth, and reproduction. In this context,
measurements of the feed intake at the fish level, like those reported here are essential for
accurate assessment of energy budgets (Doulah et al., 2019).

Regarding the effects of temperature, the expectation is that ingestion rate should increase
untill reaching an optimal temperature, which, for many metabolic and physiological processes
of the D. labrax, should be around 24-28 °C (Person-Le Ruyet et al., 2004; Stavrakidis-Zachou
et al., 2022; Vinagre et al., 2012). However, in our case, the temperature actually experienced
by the fish is highly correlated to anthropogenic stress. Thus, the specific effects of temperature
cannot be disentangled from those of stress. Certainly, the model including temperature passed
all the standard statistical quality controls and suggests a relevant effect of temperature.
However, this model was discarded due to its lack of biological consistency. Our reasoning
when selecting the model excluding temperature and including stress was not only to maximise
the model’s predictive power, which is similar in both cases, but to select the model offering a
sensible explanation of the biological processes behind. Thus, in our case, model selection was
guided by the dilemma between quantitative vs qualitative fit (Navarro, 2019). Given the widely
reported temperature-dependence pattern of other physiological and metabolic processes in D.
labrax, a negative impact of temperature on ingestion rate in temperatures above 21°C is
considered unlikely. Thus, we hypothesise that the apparent effect of temperature reported here
is an artefact resulting from collinearity of temperature with anthropogenic stress. However, as
suggested above, note that we are not proposing that ingestion rate is, in general, temperature
independent but that, in our case, any temperature effect is blurred by the stronger effects of
stress on ingestion rate. This distinction is important, since temperature remains one of the main
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environmental determinants of metabolic and feeding processes in ectotherms. What our results
indicate is that, under farming or experimental conditions where handling and anthropogenic
stress are significant, these stress effects can override or mask the expected thermal response.

In any case, our results reinforce the role of stress as a driver capable to negatively impact
on fish feeding, indicating an association of stress with reduced appetite, as proposed by other
authors (Bernier, 2006; Best et al., 2023; Conde-Sieira et al., 2018). These findings raise
awareness of the central role of animal welfare in aquaculture facilities (Arechavala-Lopez et
al., 2022), since it can affect production outcomes by reducing feed ingestion, and indeed a
potential feed waste and its ecological consequences (Qverli et al., 2006). Further research
should aim to better understand the effects of stress in fish feeding and whether differences in
stress coping styles modulate the impact on feeding dynamics.

Ingestion rate remained relatively stable over the four months duration of the experiment,
and it was not affected by the ration actually delivered in each feeding trial, which varied within
a large range (10 to 80% of the planned ration for each cage and day, which in addition may be
between 60 and 90 % of the feed manufacturer’s guidelines). This finding supports that fish do
not seem to reach satiation because no sign of slowdown of ingestion rate was detected. From
an applied standpoint, this stability in ingestion rate across a broad range of feed rations
suggests that feeding efficiency may remain high even when the delivered ration is reduced,
provided that social interactions and stress are properly managed. In other words, within this
range, competition for feed does not seem to intensify, and subordinate fish are still able to
access feed. This observation may have practical implications for ration optimization and feed
cost reduction, as it indicates that moderate ration adjustments may not necessarily compromise
individual feed intake. Nevertheless, caution is needed when extrapolating this conclusion
beyond the tested range or under different stocking densities and social contexts. This result is
consistent with the low ratios of feed wasted reported here (4.2 to 6.7%), which is especially
important in cage-based marine farming where fish are fed using sinking extruded or pelleted
feed, as the fish have a limited time window to capture and consume the pellets before it passes
through the bottom net at the cage base and is wasted (Kousoulaki et al., 2015).

Given that satiation is not reached and ingestion rate can be considered constant within the
rations actually delivered, the total amount of feed consumed by fish can be readily estimated
from the fish-specific probability of pellet consumption and the total cage ration. This may be
of applied interest in aquaculture, as taking individual fish as the unit of analysis enables the
design of detailed guidelines for refining feeding and production techniques (Du et al., 2023).
Moreover, in-depth examination of feeding behaviour and its physiological consequences
requires individual consumption rates to be known (McCarthy et al., 1993). However, not
reaching satiation also evidences a limitation of the experimental setting in our case: the
maximum amount of feed each fish can consume when fed ad /ibitum remains unknown.
Estimating maximum consumption would require longer feeding trials and models allowing
variable ingestion rate when approaching satiation (Thomas et al., 2017).

Substantial between-individual variability in fish feed intake (Carter et al., 1996; Goodrich
& Clark, 2023; Mccarthy et al., 1992; Metcalfe, 1986) and behaviour (Bierbach et al., 2017)
has been widely reported, even among genetically similar individuals reared in identical
conditions. Consistent with this, both the observed meal shares and the consumption
probabilities inferred by our Bayesian model revealed substantial between-individual
differences in ingestion rates. Notably, these differences persisted beyond the explanatory
power of body size, anthropogenic stress, or feed availability, suggesting the presence of stable,
intrinsic traits shaping feeding dynamics.
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One likely mechanism behind this variation is the expression of social hierarchies, even in
the absence of explicit aggressive behaviours. Subtle dominance-submission relationships may
determine access to feed, feeding latency, or competition avoidance strategies, leading to
consistent individual differences (Best et al., 2023; Carter et al., 1996; Irwin et al., 2002;
McCarthy et al., 1999). In this line, individual metabolic needs and personality traits could
underlie the persistent differences in feeding behaviour (Campos-Candela et al., 2019; Dijkstra,
2025; Réale et al., 2007a). However, note that all specimens used for this study were females,
therefore sex-effects, which were not accounted for, can also be a factor to consider in future
studies.

In practical terms for aquaculture, this between-individual variability can lead to suboptimal
feed efficiency, where dominant fish overeat and subordinates underperform, which ultimately
will promote cohort size dispersion.

The fact that fish-specific effects accounted for more than 70 % of the residual variance in
ingestion rate underscores the importance of individual specificities, which should be
considered stable in time and context-independent, emphasizing the need for assessment and
management models that move beyond population averages and explicitly account for
individual-level differences.

Beyond its implications for behavioural ecology, the strong individual component of
ingestion rate variability observed here also opens new perspectives for selective breeding.
Identifying individuals that consistently exhibit higher ingestion efficiency or better feed
conversion could help to enhance aquaculture productivity. Integrating such behavioural and
physiological traits into breeding programs may contribute to improving feed efficiency, growth
uniformity, and overall resource use sustainability. However, realizing this potential requires
that the heritability and stability of these traits are further assessed across different
environments and developmental stages.

In summary, we reported a considerable range of between-individual variability in feed
ingestion rates in a group of fish reared in the same conditions. These between-fish differences,
largely caused by fish-specific characteristics reinforce the relevance of fish personalities
(Conrad et al., 2011; Reéale et al., 2007b). Moreover, these differences may be driven by
different strategies of energy acquisition and allocation, which ultimately could result in
divergent life histories that, in turn, impliy a wide spectrum of outcomes with potential
consequences for ecology and aquaculture. Finally, the results reported here underscore the
limitations of assuming uniformity within fish cohorts and highlight the value of individualized
approaches to feeding management (Goodrich & Clark, 2023). A better monitoring and
understanding of the individual variability in feeding behaviour could help to refine feeding
practices in the context of precision aquaculture (Fore et al., 2018). In addition, the observed
effects of stress on fish feeding behaviour highlight the need for proactive management
strategies that minimize stressors and support the development of welfare-oriented indicators
in aquaculture monitoring. Looking ahead, while video-monitoring of externally tagged fish
cannot be readily scaled to commercial farming, recent advances in computer vision and
artificial intelligence (Cui et al., 2025; Feng et al., 2025) show promise for real-time monitoring
of between-individual variability in feed intake. Integrating these technological developments
with mechanistic bioenergetic models, such as the DEB framework, may offer a powerful path
forward to predict, manage, and ultimately optimize individual performance in aquaculture
systems, as well as to a better understanding of ecological processes in wild populations.
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Chapter Il: Ultrasonography as a non-invasive
technique for assessing fish ovarian dynamics

Abstract

Understanding individual variation in reproductive dynamics is essential for assessing both
fish biology and applied aquaculture approaches, which require precise monitoring of the
reproductive cycle. Traditional methods such as histology, often require fish sacrifice, making
them unsuitable for monitoring reproductive dynamics at fish-level. This study evaluates
ultrasonography as a non-invasive tool for describing ovary size dynamics in European seabass
(Dicentrarchus labrax) females. We monitored 48 females fed with different feed amounts with
ultrasonography throughout an entire reproductive cycle, to assess the effect of feed intake on
ovarian development. The ovary volume estimated with ultrasounds has been found to be highly
correlated with ovary weight (1 = 0.94, n = 36). The temporal dynamics of ovary size were
modelled using a Bayesian approach, revealing relevant between-individual variability in
maximum ovary weight, timing and duration of gonad development. Results indicate that
individual, but not cage-level, food intake significantly affects maximum ovary size (slope =
11.12 ovary g/ pellets per meal; 95% confidence interval between 5.29 and 16.81), though it
has negligible effects on the date at which the maximum is reached and on the duration of the
gonad cycle. Precise estimates of the maximum ovary size, the date in which this maximum is
reached, and the gonad cycle duration obtained through this approach provide valuable
individual-level descriptors of reproductive dynamics, thereby supporting future studies on
energetics, reproductive physiology, and model development.

Introduction

Understanding and monitoring reproductive processes in fish is fundamental both for
aquaculture and fisheries management, since reproduction is one of the most energetically
demanding processes in the life history of fish, and its success determines the sustainability of
both wild populations and aquaculture operations. Therefore, understanding and accurately
monitoring the reproductive cycle is an unavoidable first step to assess reproductive
performance and to anticipate the environmental and energetic drivers of spawning success.

Histological examination of gonad tissues (Estay et al., 2003; Taranger et al., 1999),
measurement of gonadosomatic index (Mlingi et al., 2023), analysis of blood sex hormone
levels (King & Pankhurst, 2003; Mafianos et al., 1997; Taranger et al., 1998), gonad biopsy
(Alvarez-Lajonchére et al., 2001), and gene expression analysis (Diaz & Piferrer, 2015) are
standard benchmarks for understanding the reproductive cycle. However, gonad dissection,
whether for estimating gonad size or characterizing the reproductive developmental stage
histologically, necessarily requires euthanising the fish. These methods are therefore not suited
for individual monitoring (Breton & Berlinsky, 2014; Bureau du Colombier et al., 2015)
because they provide only a static snapshot of information, implying that several individuals
must be sacrificed over time to monitor the group-level reproductive cycle (Neve et al., 2018).
Although gonad biopsy for oocyte collection and blood sample analysis for hormonal profiling
are less invasive, they can stress mature broodfish, introduce pathogens, delay or prevent
ovulation, and even pose a risk to the survival of examined fish (Blythe et al., 1994; Eriksen et
al., 2015; Swenson et al., 2007). These limitations underscore the need to explore less invasive
techniques that offer a continuous monitoring capability of individual fish.
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Ultrasonography has become a promising non-invasive tool for monitoring the size of
internal organs in fishes, particularly gonads (Jennings et al., 2005; McGarvey et al., 2021;
Neave et al.,, 2018). By offering real-time insights, ultrasonography enables continuous
monitoring of gonad morphological dynamics. Ultrasonography has already been successfully
applied in many fish species, such as European seabass (Macri et al., 2013), striped bass
(Jennings et al., 2005), salmonids (Nave et al., 2018), rainbow trout (Evans et al., 2004), eels
(Bureau du Colombier et al., 2015; Jéhannet et al., 2017), sturgeons (Bonev & Nikolova, 2019;
Bryan et al., 2007; Petochi et al., 2011), lumpfish (Mlingi et al., 2023), and Prochilodus brevis
(Salmito-Vanderley et al., 2023).

In addition, ultrasonography can assess a large number of specimens, which allows to
explore between-fish variability in the dynamics of gonad development. While group-level data
may describe the overarching trends, assessing between-individual variability is paramount for
making precise management decisions. This capability becomes particularly relevant in cases
where females exhibit asynchronous reproductive trajectories (Yu et al., 2024), when fish
display markedly different growth, feeding histories, or energetic statuses (Goodrich & Clark,
2023; Martin et al., 2017); or for when the assessment of the gametogenic cycle of certain
female broodfish (e.g., early or late spawners) is needed for fulfilling aquaculture requirements
for egg and larval production (Migaud et al., 2013).

Between-fish variability in the phenology of the gametogenic cycle is well known (Asturiano
et al., 2002; Slesinger et al., 2021). Such variability is related not only to intrinsic differences,
e.g., genetic factors (Liu et al., 2017; Roa et al., 2008), but also to specific environmental
conditions experienced throughout the fish’s lifespan, e.g., photoperiod and temperature
conditions (Kjesbu et al., 2010; Migaud et al., 2010). However, this between-fish variability in
the gonad cycle in the species D. labrax has not been explicitly measured before in terms of
longitudinal ovary weight measurements. Some bioenergetic models, such as the ones emerged
from the Dynamic Energy Budget theory (Kooijman, 2010), explicitly consider the processes
of energy assimilation and allocation to either growth or reproduction. According to these
models, the gametogenic cycle and gonad size dynamics are expected to be regulated by the
energetic status of an individual (Muller et al., 2019). From the experimental side, nutrition
seems to affect fish reproduction at many levels, including gametogenesis and spawning
(Berlinsky et al., 2020). Moreover, egg production has been suggested to depend not only on
female size but also on its energetic status and feeding capacity (Serrat et al., 2019). Therefore,
nutrition is expected to play a vital role in determining the spawning success (Migaud et al.,
2013).

Accordingly, the aims of this chapter are 1) to describe and validate a protocol for estimating
ovary size by ultrasonography, 2) to describe between-fish variability in the ovary size
dynamics (peak and extent) throughout the annual gametogenic cycle, and 3) to test the effects
of feed intake on the ovary size dynamics.

Materials and Methods

Fish husbandry and experimental design

All the animals monitored in this experiment were the same 48 individually tagged D. labrax
specimens used for the experiment in Chapter I, which allowed us to cross-reference data
obtained from the two experimental approaches on the same individuals. This design
maximized the amount of information collected per fish and enabled a comprehensive and
longitudinal assessment of their physiological and reproductive status. At the start of the
experiment (right after the end of the Chapter I experiment), the fish weighed 2490 + 403 g and
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measured 58.2 + 3.2 cm of total length (mean + SD). At the time they were 4 years old, ensuring
all the specimens were reproductively mature, since the age of maturation in this species is 2-3
years for males and 3-4 years for females (Pérez-Ruzafa & Marcos, 2014). The specimens were
still kept in the same groups in 6 different sea cages of approximately 8 m? each, located 200
m off the shoreline, where the water temperature fluctuates annually between 11.0 and 29.8 °C.
In addition, two male specimens were introduced into each cage before the start of the
experiment, at the onset of the pre-reproductive period, to promote normal ovarian development
in females via social and chemical cues, such as pheromones (Migaud et al., 2013).

Fish were fed following the same diet settings as in Chapter I, maintaining the same fish
feed, daily rations (adjusted by temperature and biomass) and feed levels (60, 75 and 90% of
the amount recommended by the manufacturer, referred thereafter as low, medium and high
diet). Therefore, accordingly with the aims of the study, the average number of feed pellets
consumed per meal by the i fish (intake;) was standardised by the amount of feed pellets
delivered per meal and cage levels and was used as explanatory variable for modelling ovarian
dynamics (see Modelling ovary weight dynamics).

Ultrasonography

The 48 females underwent biweekly ultrasound examinations. Throughout the experiment,
36 individuals (6 from each cage) were sequentially sacrificed at regular intervals to obtain
ovarian tissue (for Chapter III analysis) and calibrate ultrasound-based estimates against actual
ovary weights (explained in detail in the next section), leaving 12 females alive at the end of
the experiment. Consequently, the number of ultrasound records per fish ranged from 2 in those
sacrificed early to 12 in those monitored until the end, obtaining a total of 369 ultrasound
analyses between November 2021 and April 2022, fully covering the species spawning season
(Pawson et al., 2007). The 36 sacrificed fish were euthanised with an overdose of unbuffered
anaesthetic tricaine methanesulfonate (MS-222) (dose of 500 mg/L for at least 20 min, as in
Topic Popovic et al., (2012)). The remaining 12 fish were kept alive during the whole
experiment.

At each scheduled sampling date, all fish from a given cage were transferred from the sea
cages to the laboratory’s indoor facilities. Prior to ultrasound measurements, they were
tranquilized with a phenoxyethanol dose of 600 mg/L for 2 min. Fish were placed on their right
side, with the left side facing upwards, in a water tray containing enough water to cover the
entire body, with a phenoxyethanol concentration of 300 mg/L to maintain sedation during the
ultrasound examination. Body weight (to the nearest 5 g) and total length (to the nearest mm)
of the fish were also measured after each ultrasound examination.

Ultrasound examinations were performed using a ultrasound portable unit (Exapad, IMV
Imaging) with a linear transducer (7.5-15 MHz). Ultrasound scanning of fish was performed at
7.5-10 MHz frequency, depth penetration was set between 50-70 mm with the focus point at
15-25 mm, and a signal amplification (gain) between 80-90 %.

The volume of an organ can be determined from ultrasound measurements by approximating
the organ’s shape using a combination of simpler geometrical shapes (Bryan et al., 2007). In
our case, only the left ovary lobe was measured to estimate the ovary volume. This
simplification was adopted because the ultrasound procedure was time-consuming and, given
the size of the fish and the probe’s field of view, it was only feasible to image one lobe at a time.
For standardisation, we always measured the left lobe, similarly to McGarvey et al. (2021). The
approach assumes bilateral symmetry between ovarian lobes.
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Ovary lobe volume was calculated from the combination of six geometrical shapes: 4
truncated cones of ellipsoid base (representing ovary sliced sections) and 2 cones of ellipsoid
base (ovary ends). The volume of the geometrical shapes was calculated from 11 different
measurements taken on the ovary transversal plane: the ovary length (measured with a tape on
the fish flank, after locating the ovarian ends by ultrasound), and 2 cross-sectional (height and
width) measurements (Fig. II.1a) at 5 equidistant points along the longitudinal axis of the ovary
(Fig. II.1b). The device’s calliper function was used for calculating the cross-sectional
measurements. Then, the ovary left lobe volume was doubled to obtain the total ovary volume,
which was subsequently corrected using the calibration formula described in the results section.

Figure I1.1: (a) Example of an ultrasound image (transversal plane), showing the two ovary lobes and the height
(blue) and width (green) measurements on the left lobe. (b) Generic geometrical shape construction used to
calculate ovary lobe volume from ultrasound measurements. Height and width measurements are represented in
the central slice. The distance between each slice or slice and ovary end is one sixth of the ovary lobe total
length.

Calibration

To calibrate and validate ultrasonography as a suitable method for estimating ovary weight
in European seabass adult females, the ovary volume as calculated from ultrasound
measurements was regressed against the actual ovary weight. As mentioned above, a subsample
of 36 specimens was sacrificed sequentially throughout the experiment timeframe to ensure that
the full gradient of ovary sizes was sampled. Sacrificed fish were euthanised after their last
ultrasound examination, in order to ensure minimum changes in ovary size between last
ultrasound measurements and actual gonad size. Once euthanised, the ovary was dissected,
measured (repeating the same measurements as in the ultrasound examinations) and weighed
(to the nearest 0.1 g). A simple linear model was considered, and the parameters of the
regression line were estimated using the /m function of the R package (R Core Team, 2022).

Modelling ovary weight dynamics

After validation (see Results), ultrasound measurements of ovary volume allowed reliable
estimation of the temporal changes of the ovary weight of each fish. Only fish with 6 or more
ultrasound gonad measurements were used for modelling ovary weight dynamics, being a total
of 32 fish out of the 48 fish monitored. The temporal pattern of the expected ovary weight of
the i fish at time ¢ (W;;) was adjusted to a normal function, defined by the maximum ovary size
(h, in grams), the date at which /4 is attained (u, in days from January 1), and the extent of the
reproductive period (s, in days):
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_1<(t—ﬂi)2>
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The ovary weight calculated from ultrasound measurements (WU;;) was assumed to be
normally distributed around W;; with a standard deviation (o»), that accounts for the
measurement error at the observation level:

Eq.11.2 WU, ; ~ Normal(W,;, o)

The expected value of / for the i fish, hi is predicted from a linear combination of the feed
pellets intake score (intake;) (Eq. I1.3¢, where the parameter of interest is the slope, a;). Then,
the A; value that best fits Eq. I1.3a is assumed to be a random realization from a normal

distribution with a mean resulting from the sum of ht and a cage level random contribution (Eq.
I1.3b):

Eq.11.3a h; ~ Normal(h, + heqge, on)
Eq. I1.3b heage ~ Normal(0.0, 0 cqge)
Eq.11.3¢ h,= ag+ a, * intake;

The three parameters describing the ovary dynamics (%4, s and ) were modelled using the
same equations. Thus, here only those concerning / are detailed (intercepts and slopes in Eq.
I1.3¢ for s and x are mentioned as fo, B1, yo and y;, respectively, in Table II.1). Model parameters
were estimated using a Bayesian approach, implemented in a custom R (R Core Team, 2022)
script using STAN (https://mc-stan.org/) throughout the cmdrstan library (Gabry et al., 2023).
Three independent chains were run, and convergence was evaluated by visual inspection of the
trace-plots and the Gelman-Rubin statistic (Gelman & Rubin, 1992). Posterior distributions
were estimated based on 10,000 iterations per chain after appropriate warm-up (2,000
iterations). Weakly informative priors were assumed for all parameters.

Results

Ultrasonography validation

The ovary volume as calculated from ultrasonographic measurements was highly correlated
(r=0.97) with the actual ovary weight (Fig. I1.2). The slope of the linear regression was 0.816
(95% CI between 0.74 and 0.89), thus suggesting that the organ’s density is smaller than one.
Overall, this result strongly supports that ultrasonographic measurements can provide accurate
and precise estimates of real time in vivo gonad weight. Therefore, to calculate ovary weight
(OW) as a function of left ovary lobe ultrasound-calculated volume (LOLYV), the following
formula has to be applied:

GW =-4.973 + 0.816*%(LOLV*2)
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Figure I1.2: Relationship between the actual ovary weight and the ovary volume as calculated from ultrasound
measurements.

Ovary weight dynamics

The temporal dynamics of measured ovary weight of the 32 females with at least 6 sequential
ultrasound measurements are displayed in Fig. I11.3. Although the experimental group exhibited
a general pattern of winter spawning, individual seabass exhibited marked variability in
maximum ovary size, the timing of peak gonadal development, and the duration of ovarian
growth and depletion. The magnitude of between-individual variability was further assessed

fitting the ovary weight, calculated from ovary volume to the model described in Egs. II.1 to
I1.3.
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Figure I1.3: Temporal dynamics of ovary weight for the 32 fish analysed with 6 or more ultrasound
measurements. Each colour of the spectrum represents an individual fish. (a) Full range of ovary weight
measured values. (b) Same data with the y-axis truncated to highlight visualisation of the most frequent ovary

weight values range.

The estimated values of 4 (maximum gonad size), s (extent of the reproductive period) and
u (date at which 4 is attained) for each fish are plotted against the feed intake of the fish at Fig.
I1.4. Regarding the parameters estimated by the fitted model, the estimated maximum ovary
size (h) ranged between 56.4 and 1048.9 g (an 18.6-fold difference). The date at which 4 is
attained (x) ranged between 14.1 and 78.7 days after January 1 (January 15" and March 20™).
Finally, the extent of the ovarian maturity expressed as the standard deviation of the gaussian

function describing the ovary cycle (s) ranged between 16.8 and 44.7 days.

The average standardized pellet consumption (intake;) is highly variable at the fish level
(between 4.9 to 56.0 pellets per meal, with each feed pellet weighing 0.888 + 0.066 g). Note
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that the variability between the fish that have been fed with the same diet is clearly larger than
the between-diet differences (Fig. 11.4: 18.4 = 7.5 pellets per meal for the low, 22.4 + 9.4 for
the medium and 26.5 + 11.2 for the high diet). For instance, in the case of the high diet (fish
receiving 90% of the feed amount recommended by the producer), the difference in
consumption between the fish that consumes the least and the fish that consumes the most is
15.5 and 56.0 pellets per meal, respectively (a 3.6-fold difference). This difference increases as
the food availability decreases (4.5-fold difference in medium (values between 10.2 and 46.0)
and 6.6-fold difference in low diet (values between 4.9 and 32.5). This fact strongly suggests
that a few fish in each cage are hoarding most of the available food, while others may be
consuming less than their nutritional requirements (as detailed in Chapter I).
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Figure I1.4: Relationship between the parameters describing gonad weight dynamics at the fish level and
standardised feed intake. (a) maximum gonad size; (b) extent of the reproductive period,; and (c) date at which h
is attained. Different colours represent different diet groups. The dotted line indicates the slope of the linear
relationship between intake and each parameter. Each dot represents an individual fish value for the given
parameter and pellet intake score, with whiskers indicating the 95% CI.
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As expected, these differences on feed consumption are affecting the ovary weight.
Specifically, the estimated maximum ovary weight (%) is linearly dependent on the fish-specific
intake score (slope (o1 in Table I1.1) = 11.1 ovary g / pellets per meal; 95% CI between 5.3 and
16.8). Conversely, it seems that the intake score is not affecting either the date at which 4 is
attained (u) or the extent of the ovary cycle (s), as the confidence intervals for the respective
slopes include zero. The estimates and the CI for all the parameters of the model in Egs. II.1 to
I1.3 are detailed at Table II.1.

Table I1.1: STAN result values for the different estimated variables, including the median, 95% CI, r_hat values,
and ess_bulk values.

Variable R code symbol Q5 median Q95 R_hat Ess_bulk
Yo gamma0 5.3081 27.84 52.3062 1.0001 10340
Y1 gamma -0.5272 0.4479 1.3918 1.0001 12149
oy mu_sd 12.6954 17.2254 23.5562 1.0002 12500

Oucage mu_cage_sd 0.5424 6.0260 20.1076 1.0032 2169
Bo betal 28.1140 42.5744 57.7998 1.0004 7881
b1 beta1 -0.8420 -0.2567 0.3210 1.0003 8495
A sigma_sd 5.1566 7.7083 11.4741 1.0002 8045

s cage sigma_cage_sd 0.3450 3.2999 11.2304 1.0010 2356
ag alpha0 -69.2916 51.3287 175.2542 1.0000 25830
a alpha1 5.2909 11.1190 16.8114 1.0002 26375
on h_sd 127.4980 163.5165 211.6990 1.0000 21070

Ohcage h_cage_sd 13.2549 75.8310 172.7523 1.0010 3962

Owithin sd_within 47.7893 51.4406 55.6094 1.0001 24333

The estimated ovary weight dynamics for the 32 fish with at least 6 sequential ultrasound
measurements are presented in Figure I1.5. Individual estimates for all 32 fish (and intake;
scores), plotted against ovary weight measurements, are provided in the Supplementary
Materials (Fig. SMLIL.1). Again, the between-fish variability is apparent, but is also self-evident
that fish with larger feed intakes tend to develop larger ovaries. The fish-level values of 4, u
and s, as well as fish-level plots comparing the expected ovary weight according to the model
in Egs. II.1 to II.3, and the ovary weight as calculated from the observed ultrasonographic
measurements are reported at Supplementary Materials (Table SM.II.1), as well as individual
estimates of 4, u and s and the individual intake scores of all 32 fish.
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Figure I11.5: Estimated ovary weight dynamic at the fish level. The colour ramp between green and red is
proportional to feed intake.
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Discussion

Our findings can be compared with those of previous studies that also applied
ultrasonography to assess gonadal traits in fish. Macri et al. (2013) examined juvenile D. labrax
with the main objective of developing a non-invasive method for sex identification. However,
the results from that study are not directly comparable to ours, given the distinct developmental
stage of the individuals examined. Jennings et al. (2005) performed a conceptually similar study
on adult Morone saxatilis, a species within the same taxonomic family as D. labrax. Their
approach also involved calibration of ultrasound-derived measurements against actual gonad
weights, although they used a logarithmic regression model based on mean gonad area from
five cross-sectional images, whereas we applied a linear calibration using six images and eleven
linear measurements. Despite these methodological differences, both studies yielded
comparable coefficients of determination (adjusted r?), supporting the robustness of
ultrasonography as a quantitative tool for estimating gonad size in large teleosts.

The results confirm that ultrasonography is an accurate and reliable approach for non-
invasive, in vivo assessment of ovary size in adult female D. labrax. This is evidenced by the
high correlation between the ovary volume calculated from ultrasound measurements and the
actual ovary weight. Although a slight bias was initially detected between ultrasound-derived
and actual ovary sizes, the calibration function developed here, derived from a regression across
a wide range of ovary weights, effectively corrected this bias and yielded unbiased, precise
estimates of ovary weight.

The handling protocol for ultrasound examinations has proved to be safe and represents
minimal risk to the fish welfare, as females exhibited normal ovarian development throughout
the reproductive cycle. Moreover, the protocol allows the efficient longitudinal monitoring of
a relatively large number of individuals throughout the reproductive season. In summary,
ultrasonography provides an effective tool for monitoring ovary size dynamics in European
seabass females, offering real-time insights for broodstock management with minimal harm to
the fish. These advantages clearly justify the investment in equipment and training (Webb et al.,
2019).

After a successful calibration, ultrasonography has been applied here to describe the full
ovary cycle of 48 European seabass females. While it is well known that this species spawns in
winter (Pawson et al., 2007), we report here, for the first time, a marked between-fish variability
around this general trend, as evidenced by ovary weight directly calculated from ultrasound
measurements (Fig. I1.3) and by the estimated ovary weight dynamics resulting from fitting
these observations to a Gaussian function (Fig. I1.5). Individual fish exhibit specific ovary
development patterns that ultimately may reflect different strategies for the spawning timing
and for the ovary growth and depletion pace.

The ovary weight calculated from ultrasonography measurements is well explained by the
model in Egs. II.1 to II.3, which describes ovary weight dynamics with a unimodal and
symmetric temporal trend, characterised by the maximum ovary weight (%), the date at which
h is attained (u), and the temporal extent of the ovary cycle (s). The largest estimated ovary
weight was 18.6-fold larger than the smallest one, suggesting the existence of inter-individual
differences in reproductive capability, even among fish of the same age and similar size, reared
under identical conditions of temperature and photoperiod. Despite its conceptual simplicity,
the good fit of the data to the model at the fish level (Fig. SM.IL.1), and its apparent predictive
power, we recognise that this model is not mechanistic. Asymmetric patterns of ovary growth
and depletion paces could also be considered.
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Assuming that ovary maximum weight could be a proxy of the reproductive potential, the
results obtained would support that higher feed intakes lead to greater reproductive potentials,
as already suggested by (Serrat et al., 2019). Despite fish in each cage have been fed at three
differentiated diet levels (see Fish husbandry and experimental design), it is noteworthy that the
feed amount ultimately consumed by a fish depends more on its individual capability, rather
than on the total feed supplied at cage level. It is apparent that a few fish in each cage hoarded
most of the available feed, while others consumed far less than their optimal nutritional
requirements. Accordingly, the model in Egs. II.1 to II.3 was explicitly designed to test the
existence of a linear effect of food intake on each one of the three parameters of ovary dynamics.
Strong evidence was found (Table II.1) for feed intake affecting maximum ovary weight, but
not 4 and s, which seem unrelated with feed intake. Interestingly, cage-level variability was
small (Table II.1), reinforcing the relevance of individual feed consumption over total feed
supplied at group-level, since despite precise control over feed servings at group-level,
individual fish largely vary in their food consumption if not fed ad libitum. Because of this
inherent variability, fish do not consume the same average amount of food, which is proposed
as the main cause of size divergence issues (Campeas et al., 2009; Ryer & Olla, 1996).

Certainly, the maximum ovary weight is also well correlated with fish size. In this paper, we
propose feed intake as the primary cause of both, larger body size and ovary weight. Still, we
recognise that the linear relationship proposed in Egs. II.1 to I1.3 is an oversimplification. The
vast number of processes implied in the energy flow from feed to ovarian tissues will be better
addressed by bioenergetic models. In this sense, the Dynamic Energy Budget theory (DEB)
(Kooijman, 2010), may improve our understanding of the relationship between weight and feed
intake. Particularly, DEB theory proposes that a fixed ratio of the energy assimilated is invested
in reproduction. Therefore, between-fish differences in this ratio will result in different life
history strategies, ones promoting a faster somatic growth and the others promoting a larger
energy investment in reproductive processes. Between-fish differences in the efficiency of
processes related to food acquisition and/or processing, as well as in somatic maintenance costs,
may also affect the available energetic outcome for growth and reproduction. The combination
of all these processes will probably modulate the apparently linear relationship between food
intake and ovary size reported here.

Specific reproductive modules within the DEB model have been proposed to predict not only
fecundity but also the temporal dynamics of reproduction (Muller et al., 2019; Pecquerie et al.,
2009). Ultrasonography, when combined with other data such as blood levels of sexual
hormones and yolk egg precursors, or ovarian histological data, can enhance the predictive
capability of DEB and other bioenergetic models. This, in turn, may allow us to design
bioenergetic models with a mechanistic basis. Ultimately, ultrasonography can be exploited to
select phenotypes with smaller reproductive energy investments or early/late spawners.

In summary, ultrasonography is a promising technique for measuring ovary size and
assessing ovary maturation and the spawning process at the individual level. It enables real-
time and continuous monitoring of a large number of fish, helping to describe individual-
specific reproductive patterns (Bureau du Colombier et al., 2015). Unlike other methods such
as gonad histology, ultrasonography is able to assess reproductive condition indices without
sacrificing specimens (Blythe et al., 1994; McGarvey et al., 2021). The observed variability in
ovary development patterns among fish suggests that individuals of the same species may
respond differently to dietary and environmental factors. This detailed temporal analysis
highlights the importance of considering inter-individual variability when assessing
reproductive processes. Consequently, ultrasonography is supported as a valuable tool for a

86



Chapter II

non-invasive monitoring of ovary dynamics in D. labrax, as well as other fish species,
throughout their lifespan.
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Chapter lll: Individual variability in reproductive
processes

Abstract

Understanding how reproductive processes unfold and vary among individuals is essential
for both ecological and aquaculture research. This chapter provides an integrative analysis of
the reproductive dynamics of Dicentrarchus labrax, combining repeated, minimally invasive
measurements of gonad size, oocyte developmental stages, plasma sex steroid levels, and organ
energy density. Forty-eight female individuals originating from a single genetic pool were
monitored under homogeneous controlled conditions between a reproductive cycle (from
November to April) using ultrasonography, ovarian biopsies, and blood sampling.
Complementary histological and calorimetric analyses were conducted on sacrificed
individuals to calibrate ultrasound-based measurements, define oocyte size thresholds, and
quantify tissue energy density. Despite homogeneous conditions, fish exhibited strikingly
different reproductive trajectories in both the magnitude and timing of ovarian development.
Maximum ovary weight varied from 105 to 1266 g, and the timing to peak gonad size spanned
nearly two months. Oocyte development profiles revealed that hydrated oocytes appeared when
ovarian size approached its maximum, linking organ-level growth with cellular maturation.
Potential fecundity ranged from 0.9 to 3.0 -10° oocytes, showing a weak positive correlation
with body weight. Plasma 17B-estradiol and testosterone levels displayed large inter-individual
differences in amplitude and timing, while calorimetric analyses suggested energy transfer from
hepatic to gonadal tissues during the reproductive season. Together, these results demonstrate
that even in standardized conditions, between-individual variability is a defining feature of fish
reproduction, influencing gonadal growth, oocyte maturation, hormonal regulation, and
energetic allocation. This study establishes a methodological framework for acquiring detailed,
longitudinal datasets on the reproductive dynamics of fish by combining non-lethal and
integrative approaches. Furthermore, this dataset constitutes one of the first longitudinal,
individual-level records integrating multiple reproductive dimensions in a marine teleost. It
provides an empirical basis for individual-based bioenergetic models that explicitly incorporate
reproductive processes, such those presented in the following Chapter IV, contributing to a
mechanistic understanding of reproductive energy budgets and offering practical insights for
aquaculture management and population-level assessments.

Introduction

Understanding the dynamics of reproduction processes is of paramount importance to the
study of fish biology, ecology and physiology, as it is one of the main functions of living beings
and plays a key role in energy allocation and use (Mustonen et al., 2002; Nielsen et al., 2012).
However, reproductive processes are often overlooked in bioenergetic studies (Muller et al.,
2019). A deep understanding of the relationship between the different reproductive processes
and the factors that shape their dynamics is therefore essential for both fundamental biological
research and applied disciplines such as fisheries science and aquaculture assessment.
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Most studies on fish reproduction are carried out at the population level (Lowerre-Barbieri,
2009; Wright & Trippel, 2009), relying on aggregate measurements such as mean
gonadosomatic index (Mlingi et al., 2023), percentage of population at each development stage
(Alvarez-Lajonchére et al., 2001; Estay et al., 2003; Taranger et al., 1999), gonadal macroscopic
evaluation (West, 1990), among others. While these metrics provide a very valuable
information, they inherently mask the underlying variability among individuals in each of the
biological parameters. Individual processes and strategies often become blurred when diluted
into population means (Fritschie & Olden, 2016), hiding the diversity of reproductive strategies
and outcomes that coexist within individuals of the same population. Despite its relevance,
exploring individual differences in reproductive processes remains a challenge, largely because
of the methodological and logistical difficulties, especially in fisheries science, related to
intensive and detailed data collection at the individual level across time.

Fish reproductive processes display a remarkable degree of between-individual variability
(Lowerre-Barbieri et al., 2011; Murua & Saborido-Rey, 2003). Differences in spawning
dynamics, gonad development, oocyte recruitment, hormonal levels, energy allocation and
behaviour can be considerable, even among conspecific individuals from the same genetic line,
reared in the same facilities and exposed to similar environmental conditions during all their
life (Leblanc et al., 2019). This variability underlines the need for approaches that look beyond
population averages and instead focus on monitoring the reproductive dynamics of individual
fish across time. By assessing individual trajectories, it becomes possible to describe different
developmental archetypes, identify the mechanisms underlying this variability, and assess its
consequences, both for ecology and aquaculture. This individual variability also has
evolutionary implications, since both fisheries and aquaculture impose selection pressures that
can shape life-history trajectories: unintentionally in wild populations, and deliberately in
cultured stocks. Indeed, accurate forecasting of population dynamics should ideally include a
robust assessment of between-individual variability (Cam et al., 2002; Johne et al., 2023;
Palmer et al., 2024; Sibly et al., 2013).

The present chapter takes an integrative approach to fish reproductive dynamics by
simultaneously tracking gonad size development over time, oocyte stage succession, hormonal
profiles, and energy density across individuals. This intensive assessment captures the
progression of the different reproductive processes and their link, and the between-individual
variability in the observed variables. By combining multiple reproductive parameters, the
approach of this study provides detailed insights about data suitable for mechanistic
bioenergetic models that explicitly account for reproduction, ultimately supporting more
accurate stock assessments and informed aquaculture management (Tomlinson et al., 2014).

The specific goal of this chapter is to explore and describe the between-individual variability
in already known reproductive dynamics, with a particular emphasis on the relationships among
gonad size development, oocyte development and two main reproductive hormone levels, as
well as energetic density profiles. By describing the relationship between gonad weight, oocyte
stages and hormone signals, we aim to provide new insights into the relationship between these
variables and how they differ between different individuals, as well as describing the main
archetypal strategies in the reproductive processes.

This approach aims to contribute to the link between individual processes and the
population-level output, by providing a mechanistic understanding of the reproductive variables
suitable for applied biological modelling.
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Materials & Methods

Fish husbandry and experimental design

The experimental design of this chapter was conducted in parallel with the experiments from
Chapter II, using the same 48 individually tagged D. labrax specimens monitored in the
experiments of Chapter I and II. This experimental setting was designed to maximise the
amount of data collected across multiple parameters for the same individuals over time,
allowing for the most comprehensive monitoring possible. At the beginning of the experiment,
the fish had an average weight of 2490 + 403 g and an average total length of 58.2 £ 3.2 cm
(mean + SD, as in Chapter II).

The experimental samplings took place between November 2021 and April 2022, as in
Chapter II. The 48 fish included in the experiment were subjected to three types of sampling:
ultrasound gonad measurements (Chapter II), ovarian biopsy by cannulation and blood
extraction. For each of the procedures, fish were transferred from the sea cages to the
laboratory’s indoor facilities and prior to any procedure, they were tranquilized with a
phenoxyethanol dose of 600 ppm. Ultrasound measurements were performed biweekly, while
the other two procedures were performed monthly. For individuals undergoing two or three of
the procedures, these were carried out sequentially on the same session, in order to minimise
handling stress.

To minimise potential adverse effects of the invasive sampling’s intensity on fish health, the
48 individuals were divided into 4 groups of 12 specimens each, each subjected to a different
sampling regime: one group received all three types of sampling, another only ultrasound and
ovarian biopsy, another only ultrasound and blood extraction, and the last group only ultrasound
measurements.

In addition, for the experiments of Chapter II, 32 of the 48 fish were sequentially sacrificed
throughout the experimental period, with 8 individuals being sacrificed from each of the 4
sampling groups. These sacrifices were also used for gonadal tissue dissection for histological
purposes, to calibrate the relationship between oocyte developmental stage and oocyte diameter,
and to measure the energy density of the ovary and liver. Table SML.III.1 summarises the number
of valid ultrasound measurements, ovary biopsy samples and blood extractions performed in
each experimental fish and consequently used in the subsequent analyses.

Ovary size measurements

A total of 404 ultrasound examinations were performed across the experiment span. The
methodological procedures of this chapter section were the same as those described for the
experiments in Chapter II. It should be noted that, as body weight was recorded concurrently
with gonad volume estimation, it was possible to derive continuous gonadosomatic index (GSI,
a commonly used indicator of reproductive periods, which is the ratio of gonad weight to body
weight) values for each individual.
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Oocyte analysis
Biopsy and morphometry

A total of 98 ovary tissue biopsy samples from 24 fish were obtained during the experiment
span. For the ovary tissue biopsy, a plastic cannula was carefully inserted into the gonad to
extract the sample from the central part of the gonad (which was calculated previously with the
ultrasound measurements). Then, the content of the cannula, which averaged 0.108 g of ovary
tissue, was stored in 4% neutral buffered formaldehyde (the tissue/formalin ratio being 1:10
v/v) for later analysis.

Before the morphometry analysis, since oocytes are bound to connective tissue which makes
them difficult to count and measure (Anderson et al., 2020), the ovarian tissue samples
formalin-fixed were separated using an ultrasonic pen (130 Watt, 50% amplitude, 10 s;
Ultrasonic Homogenizer - Model 3000, BioLogics), as in Anderson et al., (2020). Then, a
rosehip stain was added and left overnight to allow the stain to impregnate the oocytes. Samples
were then passed through a 63 pm mesh sieve. Subsequently, the sample was spread over a
Bogorov chamber with a 1x1 c¢cm grid, which matched the field of view of the camera of the
stereomicroscope (M165 FC, Leica Microsystems), and a photograph was taken of each grid
cell. Finally, the images were semiautomatically processed using the Cellpose (Stringer et al.,
2021) and /mageJ (Schindelin et al., 2012) frameworks, where the oocytes in each image were
counted and their diameter measured as the mean between the minimum and maximum Feret
diameters (Walton, 1948).

Histology

In parallel, a histological calibration was performed on ovarian tissue samples obtained from
36 sacrificed experimental fish to determine the oocyte diameter thresholds corresponding to
the different developmental stages. Histological analysis enables the simultaneous
identification of oocyte developmental stages and measurement of oocyte diameter, but it is
considerably more time-consuming and requires the sacrifice of the fish. Therefore, histology
was used solely for calibration purposes, whereas morphometric analysis was employed for
routine oocyte measurements.

Ovary subsamples were progressively dehydrated in a series of alcohols of ascending
concentration, infiltrated and embedded in paraffin wax, sectioned at 4 pm using a microtome,
and stained with haematoxylin-eosin. Slides were subsequently examined and measured under
a light microscope equipped with a digital camera (DM2500 LED, Leica Microsystems).

Oocytes were classified into 5 distinct developmental stages, according to a simplification
of the stage classification proposed by Murua & Saborido-Rey (2003). The 5 oocyte
developmental stages considered were: 1) primary growth stage (PG), 2) cortical alveoli stage
(CA), 3) vitellogenic stage (including early and advanced, V'G), 4) migration stage (including
early and final, MG), and 5) hydrated (HY).

For the first four stages, 100 oocytes were measured by recording their minimum and
maximum Feret diameters and calculating the mean, as in the morphometrical analysis (no
oocytes of the last stage were found for histological analysis). Then, to determine the oocyte
size thresholds between consecutive stages, we defined these thresholds as at which the
probability of stage transition reaches 50% (L50). Accordingly, a logistic regression model
(GLM with binomial error distribution and logit link) was fitted, relating oocyte developmental
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stage (assumed discrete response) to oocyte size (continuous predictor). The inflection points
of the fitted curve, calculated as the ratio between the model intercept and slope
(—intercept/slope), represented the L50 value.

The resulting thresholds between oocyte developmental stages were a) stage 1-2: 204.2 pm,
b) stage 2-3: 300.6 um and c) stage 3-4: 553.7 um. The threshold for stage 4-5 was defined as
the size of the maximum stage 4 oocyte measured: 808 um. Accordingly, the stage ranges were
established as the following: primary growth (<204.2 um), cortical alveoli (204.2 — 300.6 um),
vitellogenic (300.6 — 553.7 um), migration (553.7 — 808 um) and hydrated (> 808 um) (Fig.
IL.1).
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Figure I11.1: Boxplot representing the median and 25% and 75% quartiles for the different conventional oocyte
substages (Murua & Saborido-Rey, 2003). Note that these are the disaggregated oocyte stages before its
simplification for Chapter III analyses. PV corresponds to PG, V1, V2 and V3 correspond to stage VG, and EM
and LM correspond to stage MG in Chapter III. The four dotted lines represent the L50 value which act as size
thresholds between Chapter III considered oocyte stages.

Hormone analysis

A total of 78 blood samples from 24 fish were obtained during the experiment span. Blood
samples were used to analyse two sex steroid hormones: 17p-estradiol (E2) and testosterone
(T). E2 is the main oestrogen in female fish and plays a key role in teleost reproduction,
adjusting the number and size of developing oocytes during vitellogenesis to match conditions
(Campbell et al., 2006; Nagahama et al., 1994), since most of the energy and nutrients required
for ovarian growth goes to the production of yolk protein precursors, vitellogenins, which are
produced in the liver in response to E2 (Davis et al., 2009; Reading et al., 2018; Schafhauser-
Smith & Benfey, 2003). T is a major androgen in fish that exerts regulatory reproductive
functions in both males and females, but it also acts as a precursor molecule in the biosynthesis
of E2 (Nakamura et al., 2003).
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Blood samples of 1 ml were collected from the caudal vein using heparinized syringes fitted
with 23G needles. Blood was dispensed into ice-cold heparinized tubes and kept at 4 °C. Plasma
was obtained by centrifugation (4 °C, 15 min, 3,000 g; Centrifuge 5415R, Eppendorf) and stored
at -20 °C until analysis. For steroid analysis, plasma samples were first extracted with methanol
and then, analysed by enzyme-linked immunosorbent assays (ELISAs), developed and
validated for sea bass at the IATS-CSIC laboratory (Molés et al., 2011; Rodriguez et al., 2000).
In the steroid ELISA, mouse anti-rabbit IgG monoclonal antibody (Cayman Chemical) coated
microtiter plates (Maxisorp, 96-well microplates, Nunc) were incubated (overnight at 4 °C) with
a mixture containing: 1) standard (E2 or T) (Sigma—Aldrich) or sample, 2) the specific steroid
antibody and, 3) the acetylcholinesterase tracer (Cayman Chemical). Colour development was
then achieved by addition of Ellman’s reagent (room temperature for 4 h in the dark) and the
absorbance measured at 405 nm, using a microplate reader. The sensitivities of the ELISAs
were 16.5 pg/ml (n=8) and 11.7 pg/ml (n=9), for E2 and T, respectively. The inter-assay
coefficients of variation were 3.18% (n=8) and 2.50% (n=9), for E2 and T, respectively.

Energy density

A calorimetric analysis was performed on ovarian and liver tissue samples obtained from
sacrificed fish in order to measure their energy density in these organs. A total of 48 calorimetric
analyses were performed for 24 of the 36 sacrificed specimens, one for each analysed organ.
Samples for direct calorimetry (C200, IKA) were prepared following a protocol similar to Albo-
Puigserver et al. (2017), where each subsample was homogenised with a blender, dried at 55 °C
for two weeks, homogenised in a mixer (Mixer Mill MM400, Retsch) and two subsamples of
approximately 0.5 g from each organ and fish were used for energy density determination. If
energy densities of the two pellets from an individual differed by more than 3%, a third pellet
was analysed. The average of the two or three subsamples was used to calculate the energy
density of each organ.

Results

Ovary size measurements

Figure II1.2 illustrates four archetypal patterns of ovary weight development identified in
this study. These represent extreme cases along two main axes of variation: NV2 corresponds
to a female exhibiting exceptionally large ovarian growth, whereas BV4 represents a fish with
minimal ovarian development over the study period. Similarly, BB6 shows an early growth
pattern with attainment of peak values at an advanced stage, while NB6 exemplifies a late and
slow increase in ovary size, in addition to displaying limited overall growth.
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Figure I11.2: Evolution of gonadal weight assessed by ultrasonography (black lines), complemented with
gonadal tissue sampling by cannulation (blue dots), blood sampling (red dots), and gonadosomatic index (GSI;
dashed line, secondary axis); of 4 examined fish.

The magnitude of ovary growth exhibited substantial variability among individuals, with
maximum peak weights recorded ranging from 105 g to 1266 g, while the average peak weight
was 291 + 234 g (mean + SD). Likewise, the timing of maximum ovary weight varied
considerably between females: the earliest peaks were observed in early January (11 days after
January 1% (DAJF)), whereas in some cases maximum ovary size was not reached until early
March (67 days DAJF), with the most common timing occurring in the first half of February,
where the mean and SD values are 35 + 17 DAJF (Fig. II1.3). However, no significant
correlation was found between the maximum ovary weight attained and the timing of this peak
(R*=0.066, p = 0.227).
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Figure I11.3: Relationship between the maximum gonad weight (g) measured by ultrasound attained by each
female and the day of the year when this maximum was recorded. Only females for which a clear gonad weight
peak was observed before a subsequent decline are shown.

Oocyte analysis

In Figure I11.4, patterns indicate that the appearance of HY oocytes occurs when the ovary
1s approaching its maximum size. For instance, in individual VV35, a substantial proportion of
HY oocytes is observed when the ovary nearly reached its largest size, whereas during growth,
only oocytes at earlier developmental stages are present. A similar pattern is observed in VV1:
the first two measurements contain secondary growth oocytes only at stages CA and VG, while
the third measurement, near the maximum measured ovarian size, shows a proportion of
oocytes at stage MG and a few at stage HY. In the final two measurements, when the ovary was
nearly emptied, predominantly CA oocytes remain, with occasional oocytes at later
developmental stages likely representing those that were not spawned and may undergo atresia
(Grau et al., 1996, 2016; Kurita et al., 2003; Refiones et al., 2010). In NB3, a high density of
early stages of secondary growth oocytes is observed. From the fourth measurement onward,
near maximal ovary size, the first HY oocytes appear. In contrast, NB2 may represent a skipped-
spawning individual, as the ovary shows minimal growth and most oocytes do not progress
beyond CA stage, with VG stage being the most advanced developmental stage observed.
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Figure II11.4: Comparison between gonad weight profiles and secondary growth oocyte developmental stage
profiles (in % of oocytes count) at the time of fresh gonadal tissue sampling (blue dots). For gonad weight profile
graphs, there are represented: gonad weight assessed by ultrasonography (black lines), gonadal tissue sampling
by cannulation (blue dots), blood sampling (red dots), and gonadosomatic index (GSI; dashed line, secondary
axis); of 4 examined fish. For oocyte developmental profile graphs: colours indicate different oocyte secondary
growth stages: green, CA; yellow, VG, orange, MG, red, HY. Oocytes in the PG stage are not included in the
graph count as it is considered a primary growth stage.

Fecundity

By combining measurements of oocyte count per gram of ovary obtained from ovary tissue
samples, with gonad volume assessed via ultrasonography, it is possible to estimate the total
number of oocytes present in the ovary at each time point. Furthermore, knowing the oocyte
size/developmental stage profile allows the calculation of total potential fecundity (PF) by
selecting the oocyte sample closest to spawning before the occurrence of hydrated oocytes.
Then, oocytes between the stages CA and MG are counted, divided by the weight of the ovary
tissue sample and multiplied by the calculated total ovary weight at the moment. Then, relative
fecundity (RF) can also be calculated by dividing this result by the total weight of the individual.

PF and RF values could be estimated for 15 of the females analysed. The results revealed a
wide between-individual variability in both measures. PF values ranged from 0.894 to 2.972
-10° oocytes, representing a 3.3-fold difference among females, with a mean + SD of 1.727 +
0.606 -10° oocytes. RF values ranged from 363 to 1045 oocytes per gram of female body
weight, representing a 2.9-fold difference among females, with a mean + SD of 705 + 194
oocytes per gram of female body weight. A positive relationship was observed between PF and
female body weight at the time of PF measurement (R?=0.185, p =0.109), although substantial
variability remained among individuals of similar size (Fig. IIL.5). The relationship between RF
and female body weight was positive but weak (R*=0.061, p = 0.374).
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Figure I11.5: Relationship between potential fecundity (PF, million oocytes) and female body weight (g) at the
time of PF measurement.

Hormone analysis

Plasma hormone concentrations of the sex steroids estradiol (E2) and testosterone (T) ranged
from 0.17 to 10.9 ng/ml for E2 and from 0.21 to 16.7 ng/ml for T. Figure III.6 illustrates two
examples of distinct hormonal patterns. Individual VV1 exhibited consistently low and
relatively constant T and E2 levels throughout the reproductive season. In contrast, VV3
showed higher E2 and T levels during the early phase of ovary growth, consistent with the role
of E2 as a key signal initiating vitellogenesis and T as its precursor in the steroidogenic pathway.
Despite these differences in hormone profiles, both individuals ultimately displayed a normal
ovarian development trajectory, characterized by progressive ovary growth followed by
depletion after spawning, together with the sequential appearance of oocytes in increasingly
advanced developmental stages and their subsequent release or reabsorption, consistent with
the expected endocrine regulation of teleost reproduction.

However, individuals showing higher hormonal peaks also tended to reach larger maximum
ovary sizes during the reproductive cycle. Moreover, in cases where oocyte developmental data
were available, higher hormonal levels generally coincided with a greater proportion of oocytes
in advanced maturation stages around the presumed spawning period. Complete graphs for all
fish can be found in Figure SM.IIL.1.
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Figure 111.6: Comparison between gonadal size profiles, hormone levels and oocyte developmental profiles. For
gonad weight profile graphs, there are represented: gonad weight assessed by ultrasonography (black lines),
gonadal tissue sampling by cannulation (blue dots), blood sampling (red dots), and gonadosomatic index (GSI;
dashed line, secondary axis). For hormone levels graphs, there are represented the following hormones:
estradiol (E2, red) and testosterone (T, blue). For oocyte developmental profile graphs: colours indicate different
oocyte secondary growth stages: green, CA; yellow, VG, orange, MG; red, HY. Oocytes in the PG stage are not
included in the graph count as it is considered a primary growth stage.

Energy density

The relationship between liver and ovarian energy densities follows different patterns
depending on the timing within the reproductive cycle, based on calorimetry data from
sacrificed individuals (Fig. II1.7). During the early reproductive cycle (ERC), i.e., the pre-
spawning period, liver energy density showed relatively high and consistent values, whereas
ovarian energy density exhibits lower values and a broader dispersion. In the spawning capable
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period (SCP), liver energy density remains within a similar range but becomes slightly more
variable, while ovarian energy density increases compared with the early phase and displays a
narrower distribution. At the late reproductive cycle (LRC), i.e., the post-spawning period, after
spawning, both liver and ovarian energy densities span a wide range of values, although liver
energy density tends to cover a broader interval than ovarian energy density. According to the
Kruskal-Wallis tests, no significant differences were found among reproductive stages for liver
energy density (x> = 1.145, p = 0.564), whereas ovarian energy density differed significantly
across stages (y*> = 9.395, p = 0.009). It is important to note that these data represent energy
densities (KJ/g), meaning that the total energy stored in each organ depends not only on these
density values but also on the respective organ mass.
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Figure I11.7: Boxplot showing liver and ovarian energy densities (KJ/g) across three different stages of
reproductive cycle.

Discussion

The variability among individuals in the reproductive traits of fish, even under controlled
environmental and genetic conditions, is widely acknowledged and considered fundamental to
understanding population dynamics and aquaculture management (Delgadin et al., 2014;
Lowerre-Barbieri et al., 2011; McBride et al., 2015; Mokhtar, 2025; Serrat et al., 2019; Yoneda
et al., 2025). While the existence of great variability in different aspects of the reproductive
dynamics of the species D. labrax was already acknowledged (Faggion et al., 2019, 2021;
Palaiokostas et al., 2015; Tovar-Bohdrquez et al., 2024; Vandeputte et al., 2007), as well as in
fish in general, this work provides detailed individualized measurements, allowing a direct
comparison of patterns between multiple individuals over time. By combining ultrasonography,
oocyte sampling, hormonal analysis, and calorimetry, we obtained a multi-scale
characterization of its reproductive cycle over time, accounting for the cellular, organ and
individual levels. This is one of the first attempts to integrate such multiple longitudinal datasets
at the individual-level to understand reproductive processes for this species.

Despite the homogeneous rearing environment and genetic background, the examined
female individuals displayed strikingly different patterns in almost every reproductive trait
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analysed. These results highlight the extent of between-individual variability in reproductive
processes, even within a seemingly uniform population, and emphasize the necessity of
addressing reproduction at the individual level. This represents a first step toward individual-
level approaches to gonadal dynamics and their potential predictions, based on repeated,
minimally invasive measurements and previously described archetypes.

Between-individual variability

The identification of distinct archetypal patterns of gonadal growth demonstrates that
individual females follow markedly different reproductive trajectories, varying in both the
magnitude and timing of ovarian development. Such diversity cannot be solely attributed to
environmental or genetic differences, as both were tightly controlled in this study, suggesting
that intrinsic, individual-specific factors underlie these divergent reproductive strategies. This
variability likely reflects differences in physiological status, and energy allocation among
individuals, as it has been previously pointed out (Delgadin et al., 2014; Lowerre-Barbieri et
al., 2011; McBride et al., 2015; Yoneda et al., 2025).

Recognizing these patterns is particularly relevant for the development of individual-level
bioenergetic models, which require empirical data describing the range and structure of
between-individual differences. The archetypes described here may therefore represent
alternative reproductive strategies or temporal patterns of energy allocation that can be
explicitly incorporated into future model formulations. In addition, the patterns observed in the
gonadosomatic index (GSI) were broadly consistent with gonadal weight, suggesting no strong
allometric disproportion between female body mass and ovary mass.

From a biological perspective, these findings reinforce the idea that population-level
reproductive output emerges from the aggregation of heterogeneous individual histories, rather
than from an “average” fish (Mokhtar, 2025).

Oocyte dynamics

This study provides one of the first approaches for tracking oocyte dynamics over time in
parallel with gonadal development in the same individual. However, the integration of repeated
oocyte sampling within individuals provided a unique view of oocyte developmental dynamics
along the reproductive cycle. Additionally, longitudinal tracking of oocytes and the use of
techniques such as ultrasonography and hormonal analysis allow the characterisation of
individual trajectories and the detection of archetypal patters of ovarian growth and oocyte
maturation, which had already identified previously using other analytical methods (Lowerre-
Barbieri et al., 2011; Mokhtar, 2025; Serrat et al., 2019). The observation in these results that
hydrated oocytes appeared when the ovary approached its maximum size indicates that
spawning “readiness” highly coincides with peak gonad mass, supporting the notion that
maximal ovarian growth could represent an approximate physiological threshold for the
initiation of spawning (Alonso-Ferndndez & Saborido-Rey, 2012; Grau et al., 2016).

This finding is particularly valuable because it links the cellular level with the organ level,
providing a scaling bridge across biological levels that is essential for mechanistic bioenergetic
modelling. Moreover, following oocyte stage composition over time within the same females
revealed highly individualized trajectories in oocyte development profiles, underscoring that
even within a synchronized population, reproductive timing and maturation pace differ
substantially between individuals.
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Fecundity

The methodology presented in this study, combining low-invasive oocyte sampling via
cannulation with gonadal size assessment through ultrasonography, offers a non-lethal approach
to estimating potential fecundity.

The phenomenon of hyperallometric reproduction, where larger females disproportionately
contribute to population renewal, is thought to be widespread in wild fish populations (Barneche
et al., 2018; Sadoul et al., 2020). Although a positive trend was observed between potential
fecundity (PF) and body weight, the relationship found in this study was moderate. This
suggests that body size alone does not determine reproductive potential, and that other intrinsic
factors, such as the energetic status and energy allocation, or hormonal sensitivity could play a
major role in determining fecundity (El-Bab et al., 2024). The large range of PF and relative
fecundity (RF) observed, despite the uniform rearing conditions, further supports this
conclusion, as other authors have also observed (Delgadin et al., 2014; McBride et al., 2015;
Serrat et al., 2019; Yoneda et al., 2025).

From an ecological and aquaculture standpoint, such variability implies that reproductive
output per female can differ by several-fold even among similarly sized individuals. This has
direct implications for broodstock management and for understanding population renewal in
natural or reared stocks, since a small subset of females may contribute disproportionately to
total egg production of the population.

Hormone dynamics

Hormonal data revealed considerable variation among individuals in the magnitude and
temporal profiles of estradiol (E2) and testosterone (T). While these patterns generally align
with the expected roles of E2 and T in vitellogenesis and oocyte maturation, the diversity of
responses among females suggests that endocrine regulation of reproduction also exhibits
strong individual signatures, as it has been previously suggested (Baek et al., 2025; Escobar-
Aguirre et al., 2020; Mokhtar, 2025; Mylonas et al., 2010; Pinto et al., 2017).

Given the limited sampling frequency, the present results should be viewed as preliminary
observations, which provide a general display of the between-individual variability in this
aspect. More intensive (increased sampling frequency) and extensive samplings (analysis of
other hormones, or reproduction-related proteins such as vitellogenin), will be needed to
elucidate the precise endocrine mechanisms underlying the observed variability in ovarian
dynamics. The apparent association between the magnitude of steroid hormone peaks and the
extent of ovarian development suggests that endocrine dynamics may contribute to the
substantial between-individual variability in reproductive investment observed in this
population. Further studies combining detailed hormonal profiles with high-resolution
monitoring of ovarian development will be necessary to clarify this relationship.

Energetic dynamics

Energy density analyses from sacrificed individuals at different stages of the reproductive
cycle provided a first insight of the temporal redistribution of energy between the liver and
gonads. The increase in gonadal energy density during the spawning-capable period, together
with slightly decreasing hepatic energy content, is consistent with the hypothesis that energy
stored in the liver is progressively mobilized to support vitellogenesis and final oocyte
maturation in the ovary (Martin et al., 2017; Tovar-Bohdrquez et al., 2024).
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Although in this analysis each measurement represents a different fish, the observed patterns
suggest a coordinated energetic flux between storage and reproductive organs, or in
bioenergetic modelling terms, between the energetic buffer and the reproductive energetic
buffer. Such data are fundamental for future development of individual-based bioenergetic
models that explicitly incorporate energy allocation for reproductive processes (see Chapter
IV). Understanding how energy density evolves across organs and stages provides the empirical
basis for parameterizing reproductive investment and recovery phases in energy-budget
frameworks.

Conceptual implications and limitations

The individual-based approach adopted here bridges the gap between physiological
mechanisms at different intra-individual scale levels (cell and organ). It demonstrates that even
in standardized conditions, individual heterogeneity is a defining feature of fish reproduction,
influencing different reproductive aspects. These results underscore the necessity of
considering individual variability in both ecological and aquaculture contexts, as it can shape
overall reproductive output, spawning synchrony, and responses to environmental or nutritional
changes.

From a modelling perspective, the dataset generated in this study provides an unprecedented
empirical foundation for linking gonadal growth, oocyte dynamics, and energetic allocation
within a mechanistic framework. Such integration across hierarchical levels (from cell to organ
to individual) is crucial for building predictive energetic models accounting for the reproductive
performance. The resulting conceptual models may eventually be integrated into fisheries
assessment models. By quantifying gonadal growth, oocyte development, and energy
allocation, we begin to estimate the reproductive energy budget of individual females. Such
information may also allow inter-species comparisons and studies of inter-individual variability
in energy allocation to reproduction.

The main limitations of this study concern the sample size and the temporal resolution of
measurements. The number of individuals and the sampling frequency were insufficient to fully
describe the interactions among all measured parameters at the individual level. Consequently,
caution is required when interpreting these results. Furthermore, not all individuals were
analysed for all proposed variables, as a precautionary measure to safeguard fish health. The
selected sampling frequency and handling procedures ensured that fish welfare was not
compromised. However, future studies could benefit from testing higher monitoring
frequencies to improve temporal resolution.

Nevertheless, this work establishes a methodological and conceptual proof-of-concept for
future studies, aiming to quantify the variability of reproductive processes in fish, as well as it
highlights the large between-individual variability and recurring archetypal patterns in the
studied species. Future research should integrate these individual-based data into bioenergetic
mechanistic models, such as the one presented in the following Chapter 1V, to explore how
intrinsic variability scales up affecting population reproductive output and resilience. Such
efforts will not only advance our fundamental understanding of fish life-history strategies but
also provide valuable insights for broodstock management, informing selective breeding
programs, predictions of reproductive capacity, and overall improvement of management
strategies in aquaculture; and also, for assessing wild populations in ecological and fisheries
studies.
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Chapter IV: A multiscale DEB-based framework for
modelling reproductive dynamics

Abstract

Understanding how energy is acquired, stored, and allocated to reproduction requires
integrating processes that unfold simultaneously at cellular, organ, and organismal levels. Here
in this chapter, a basic but functional version of an extended Dynamic Energy Budget (DEB)
model that mechanistically links oocyte growth, ovary development, and whole-organism
energetics in female Dicentrarchus labrax is presented. The model incorporates a reproductive
buffer and an explicit description of oocyte energetics, allowing gonad weight to emerge from
the cumulative growth of individual oocytes. To accommodate computational constraints and
data structure, a pragmatic two-step Bayesian estimation approach was adopted, first estimating
potential fecundity and an oocyte growth parameter (p) from simplified equations, and
subsequently fitting the full DEB model with a reduced parameter set for each individually
monitored fish. Despite the necessary simplifying assumptions, as including continuous
spawning instead of batch, or constraining p to be time-invariant, among others, the model
successfully reproduced key patterns of body weight and length and ovary weight across the
reproductive season. Predicted trajectories captured unimodal ovarian dynamics and the
characteristic decline in body weight during spawning, as well as a substantial between-
individual variability in reproductive energy investment. Some limitations emerged, including
underestimation of peak ovary weight, occasional depletion to negative values of the
reproductive buffer, and challenges in capturing the dynamics of the oocytes once hydrated,
whose volumetric growth is not energy-driven. This work establishes a robust foundation for
future extensions incorporating additional data, such as individual feeding, hormonal cues,
batch spawning dynamics and environmental scenario simulations, among others. By explicitly
linking processes across biological scales, this DEB-reproductive model provides a mechanistic
baseline for predicting reproductive energetics in teleost fish and sets the stage for progressively
more detailed and biologically accurate versions.

Introduction

Linking biological processes operating at multiple scales in a mechanistic way remains a
major challenge in biological and physiological research (Dada & Mendes, 2011; Walpole et
al., 2013). The mechanisms that operate at molecular, cellular and organ levels ultimately shape
the whole organism performance and, in turn, population performance, yet knowledge on these
levels often remain disconnected. One of the aims of biological theory is precisely to relate
processes across organisational levels, acknowledging that all biological systems obey the laws
of thermodynamics and are constrained by evolutionary processes (Nisbet et al., 2000).
Bridging these scales is particularly critical when dealing with reproductive biology, where
energy fluxes operate simultaneously at cellular (gametes development), organ (gonads
growth), organismal (energy allocation and individual reproductive output) and population
level (outcomes of reproductive potential on demographic trends).

Reproduction generally constitutes a major fraction of the total energy budget in adult
organisms (Stearns, 1992). In fishes, as in other vertebrates, reproduction represents the finely
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timed coordination of multiple endocrine factors that culminate in the production of mature and
viable gametes (Gillies et al., 2016; Chapter III). The dynamic organisation of the ovary, defined
by grouping of oocytes into cohorts (Wallace & Selman, 1981), should be ultimately shaped by
the combined action of oocyte recruitment and growth (Ganias et al., 2015; Greer Walker et al.,
1994).

Therefore, properly addressing the multiscale nature of reproductive processes advocates for
a mechanistic framework capable of linking physiological processes to energy fluxes.
Bioenergetic models such as those in the family of Dynamic Energy Budget theory (DEB,
(Kooijman, 2010)) are particularly suited for this task, since DEB theory offers a consistent
thermodynamic basis for quantifying energy assimilation, storage, and use, thus enabling the
integration of reproductive processes within a broader energetic context (Muller et al., 2019).

However, conventional bioenergetic models do not explicitly consider the specific control
mechanisms regulating gonad development, since these mechanisms vary considerably among
taxa and between sexes (but see Muller et al. (2019)). Improving our capacity to estimate
reproductive performance through such mechanistic models is becoming increasingly
important, both to optimize broodstock management in aquaculture (Reid et al., 2020) and to
evaluate the potential effects of environmental and anthropogenic stressors on wild fish
populations (Gillies et al., 2016). The integration of multi-scale reproductive processes into a
coherent bioenergetic model therefore represents a crucial step toward a predictive
understanding of fish reproductive physiology.

Realistic forecasting of population and individual dynamics critically depends on the
accurate assessment of between-individual variability and its energetic basis (Cam et al., 2002;
Sibly et al., 2013). In this context, the DEB theory provides a mathematically rigorous
framework for physiological ecology (Kooijman, 2010; Muller et al., 2019). DEB theory
models the main energy fluxes within an individual (assimilation, mobilization, maintenance,
growth, and maturation/reproduction) to predict the dynamics of latent state variables
(structure, reserve, maturation, and reproduction), which ultimately determine observable
patterns in growth, maturation, and fecundity. These dynamics depend on both environmental
drivers such as food availability and temperature, and intrinsic characteristics expressed as
between-individual variability in DEB parameters (Campos-Candela, 2018).

In this context, DEB theory offers a unifying framework linking the energetic functioning of
individuals to processes at different levels of biological organisation. By describing how energy
1s acquired and allocated among competing functions, DEB models connect the dynamics of
growth and reproduction, among other energy fluxes, with physiological and ecological
processes (Martin et al., 2013; Nisbet et al., 2000). The theory’s modular structure allows
specific environmental factors or life-history traits to be incorporated without altering its core
equations, making it highly versatile across taxa and contexts (Muller et al., 2019). Its growing
empirical success is reflected in the increasing number of species whose metabolic behaviour
has been described within this framework (Jusup et al., 2017).

Mechanistically, DEB theory adopts a perspective that reconstructs how environmental
fluctuations or life-history traits influence individual-level performance through energy-driven
processes (Murphy et al., 2018). Because it explicitly accounts for resource acquisition, storage,
and usage, it provides an energetic basis for integrating molecular, cellular, and tissue-level
responses with organismal and population-level outcomes (Forbes et al., 2017; Gergs et al.,
2016, 2014). The life cycle of the individual forms the primary axis around which these
processes are structured, allowing DEB to bridge different organisation-level mechanisms.
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A key feature of DEB models is that assimilated resources are first allocated into energetic
buffer reserves, which are then mobilised to support the vital functions, depending on the
nutritional status of the organism (Muller et al., 2019). The core dynamics of the standard DEB
model for a healthy animal consist of only four main state equations, representing universal
processes such as feeding, maintenance, development, reproduction, and growth, with general
formulae that relate these fluxes to measurable variables (van der Meer, 2006).

Reproduction has typically been treated as an aggregated process within standard DEB
formulations, where energy is transferred from reserves to a reproductive buffer without
considering the internal dynamics of gonadal development, where the physiological
mechanisms controlling gametogenesis remain largely implicit. While computational
approaches for fully integrating multi-level data are still scarce, some advances have been made
toward bridging physiological and energetic scales (Joyce & Palsson, 2006; Rohart et al., 2017;
Van Aggelen et al., 2010; Williams et al., 2011).

Furthermore, despite the ubiquitous nature of between-individual variability (Des Roches et
al., 2018), and that DEB is structurally defined at individual level (Kooijman, 2010), where the
energy budget eventually available for reproduction is defined, DEB parameters have rarely
been estimated at the individual level (Palmer et al., 2024). Therefore, this chapter develops a
reproductive sub-model embedded within a DEB model.

This sub-model was conceived as a first step towards a better comprehensive mechanistic
representation of reproductive energetics in the model fish species used, Dicentrarchus labrax.
Rather than aiming for immediate completeness, the strategy was to construct an operational
core model using the most informative empirical data available for providing a robust
foundation for future versions of increasing complexity. To this end, the present version focuses
on integrating the essential variables that capture the main energetic and reproductive dynamics
while bridging the different scale levels of biological organisation.

This incremental approach allows the development of a functional DEB-reproductive
framework that can be progressively expanded by incorporating additional biological
mechanisms and parameters. Establishing this baseline version is thus a key step toward
building a predictive model capable of linking energy acquisition, allocation, and reproductive
output across biological scales.

Therefore, the aims of this chapter were twofold: 1) to develop a functional multiscale
version of an extended DEB model describing the energetic dynamics of reproduction for D.
labrax; and 2) to evaluate its ability to predict the observed patterns of body length, body weight
and gonad weight.

The DEB-reproductive model developed in this chapter builds directly upon the empirical
datasets generated throughout the previous chapters of this thesis. From Chapter II, individual-
based records of ovary weight obtained through ultrasonography across the reproductive cycle
provided the basis for describing ovarian dynamics. From Chapter I1I, complementary data on
oocyte characteristics were used to characterise reproductive investment and temporal
progression at the cellular level.
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Materials & Methods

Modelling reproductive dynamics: model overview

The ultimate aim of the model is to integrate the growth dynamics of the oocytes within a
bioenergetic model at the organism level. Specifically, the energy dynamics of the organism
would determine both, the number of primary oocytes that a fish can afford to develop in a
given reproductive season, i.e., potential fecundity (Liu et al., 2022), and the oocyte growth
dynamics itself. Thus, the changes in gonad weight (gonad dynamics) will be an emerging
property from oocyte growth dynamics, which in turn is mediated by the fish energy status.
This premise is rooted in the concept of capital and income breeder (Houston et al., 2007;
Jonsson, 1997; Stephens et al., 2009) in the sense that oocytes may grow from the energy
accumulated by the fish prior to the reproductive season, or depend on the energy acquired
during the reproductive season.

As DEB theory predicts the energy rate an organism will invest into reproduction at any
moment along its live span, and under time-varying forcing variables, provides an ideal and
well-supported overarching frame within which a specific module for oocyte growth can be
housed (Fig. IV.1).

SOMATIC MAINTENANCE

= growth
J reproduction

' HEPRODUCTION
BUFFER (8)

MATURITY MAINTENANCE

)

Figure IV.1: Main energy fluxes and state variables considered by DEB for an adult fish. Energy from food is
assimilated into a reserve compartment (E) from which is mobilized to either structure (V; after discounting
somatic maintenance costs) or reproduction (after discounting maturity maintenance costs). In the DEB version
considered here, reproductive energy does not go directly to the gonad; instead, it is temporarily stored in a
reproductive buffer (B). During the reproductive season, the energy at the reproductive buffer is mobilized to the
gonad (G) for fuelling oocyte growth. Gonad size is considered here an emerging property from the sum of the
size of all the oocytes at the gonad.

The basic differential equations of the DEB model for organism structure (V), reserve energy
(E), maturation level (H) and reproduction (R) are detailed at Table IV.1. Further details on the
DEB model are provided in the next section. Following Muller et al. (2019) and Pecquerie et
al. (2009), a reproductive buffer (B) that accumulates the energy mobilised towards
reproduction from the general energy reserve of the organism (£) was defined. The energy at
the reproductive buffer (B) will be deployed in turn towards the gonad (G) during the
reproductive period, at a rate determined by the energy needed to support the oocyte growth at
any moment, insofar the reproductive buffer can cover these needs.
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Modelling gonad dynamics

The objective of the model presented here is to better understand the expected effects of
changing environmental variables (specifically, food availability and temperature) on fish
reproductive dynamics. Specifically, the aim is to describe the dynamics of gonad weight as an
emerging property from oocyte growth dynamics. Thus, gonad wet weight (GW) of the i fish at
the age ¢ (GW;;) will result from the sum of all the oocytes’ weight at age ¢, which will be
derived from the sum of the energy of all oocytes (Gi:) times the non-oocyte fraction of the
gonad wet weight (Eq. IV.1):

Eq.IV.I:  GW,, = Gy, V:—E dood

raction
P non_oo_fractio

Where wE, uE dood and doow are constants for transforming energy into wet weight.
Namely, wE (23.9 gr/mol) is the molecular weight of oocytes (assuming C1H1.800.5No.15), uE
(550,000 J/mol) is the chemical potential of oocytes (assuming that oocytes are mainly
composed of energy), dood is the dehydrated weight oocyte density (gr/cm®) and doow is the
wet weight oocyte density (gr/cm?), as in Kooijman (2010). Assuming that the ratio dood/doow
is constant in relation to oocyte size, its value has been estimated (0.319) from the dry weight
of newly spawned oocytes (90 pg/egg; (Rennestad et al., 1998)), the diameter of a pre-hydrated
oocyte (808 um, as calculated in Chapter III), and the wet weight oocyte density (1.05 gr/cm?;
(Kurita & Kjesbu, 2009)). Note that the ratio dry weight/wet weight for other tissues has been
estimated at 0.2 in Kooijman (2010), thus pre-hydrated oocytes have smaller water content than
most tissues.

Concerning the non-oocyte fraction of the gonad, it has been estimated from the wet weight
of gonad cannulations (wet weight before and after separating the oocytes; Chapter 3). The non-
oocyte fraction was assumed to remain constant along the reproductive season, thus the average
value across all the cannulations was used (12.662 %; n=111).

Concerning the oocyte growth itself, the energy at the gonad, Gi,, will be given by the sum
of the energy of all oocytes in the gonad of the i fish at age ¢. Thus, adopting energy as the
common currency, the growth of the i oocyte can be modelled as in Eq. IV.2:

dEooj _

Eq. IV.2: T

p(t)EooY

Where Eoo; is the energy content of the j oocyte (in joules) of the i fish at age ¢, p is the
oocyte growth parameter at a given  moment (which is assumed to be the same for any oocyte
but potentially time- or stage-varying), and y is an allometric exponent. Thus, it follows that the
expected energy content of the j oocyte at any moment (¢) will be given by Eq. IV.3:

)(1/ a-n)

Eq.IV.3:  Eoo;(t) = <(Eooj,t=0)(1_y) + (fttzop(t)dt) 1-v

Preliminary trials have shown that this model is computationally intractable with the data
available and the standard approaches used (see next section). Therefore, two main
simplifications are proposed. First, preliminary trials suggest that the allometric exponent v is
close to 1.0. After assuming y = 1.0, Egs. IV.1 and IV.2 reduce to an exponential model, which
substantially decreases computational problems. Second, assuming that the potential fecundity
may be set according to the energy available at the reproductive buffer before the beginning of
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the reproductive season, the oocyte growth parameter p could be considered constant over time
(see Chapter IV Discussion). Thus, Egs. IV.1 and IV.2 reduce to Egs. IV.4 and IV.5:

Eq.IV4: =2l =pEoo

Eq. IV.5: Eooj(t) = Eooinit’je(pi(tinit,i_t)

Where Eooj; is the energy content of the j oocyte (in joules) of the i fish at age ¢ (days),
Eooinij1s the energy content of the j oocyte just before the beginning of the reproductive season,
p is the time-invariant oocyte growth parameter and #i;; is the age at which the reproductive
season starts for the 7 fish. Note that a broader definition of the reproductive season is implicitly

proposed as the period within which any energy transfer occurs between the reproductive buffer
(B) and the gonads (G).

The diameters of the primary growth oocytes (equivalent to the stage 1 in Chapter III) just
before the beginning of the reproductive season (at ¢t =t;,i) can be assumed to be normally
distributed, with p = 146.9 um and a 6 = 39.3 um. These values are calculated from oocyte
distributions from early reproductive season histological samples (from Chapter III) in which
only primary growth oocytes were found, before the occurrence of secondary growth oocytes.
This distribution is referred hereafter as E00,,,.. Thus, the expected energy distribution for a
large (e.g., n = 1,000) random sample of oocytes from E00,,,; at age ¢ (which will be denoted
as E00;) can be readily calculated from Eq. IV.5 (Fig. IV.2). It should be noted that the model
for oocyte growth is able to predict a progressive increase of the spread of the distribution of
oocyte diameters over time, which has been reported elsewhere at least for the first stages of
oocyte development (Gillies et al., 2016).
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60 80 100
1 |

Number of cocytes

20

Diameter (microns)

Figure IV.2: Oocyte growth dynamics. Simulation from Eq. IV.5 (p = 0.035 day™) of the oocyte growth for a
random sample (n = 1,000) of oocytes from a population of primary oocytes just before the beginning of the
reproductive season (black line, u = 146.9 microns and o = 39.3 um). The coloured lines correspond to different
fish age from the beginning of the reproductive season (spectrum from black to purple). Note that oocytes stop
growing when they reach the pre-hydration size (set at 808 um; based on Chapter 11l data) and that the diameter
dispersion increases with the progression of the reproductive season.

Finally, the sum of the energy of all the oocytes in the gonad (G;,from Eq. IV.1) of the i fish
at age ¢ will be given by Eq. IV.6:

__ Fec

Eq.IV.6: Gy =—X" Eoo;

n
Where Fec is the potential fecundity.

In order to account for spawning, the summation term in Eq. IV.6 includes only the oocytes
smaller than a threshold of 808 um (based on Chapter III data). This is an oversimplification of
the process, since 1) oocytes are not immediately released when they reach the pre-hydration
maximum size, but they are spawned in a discrete number of batches (J.R. Hunter et al., 1992).
However, the spawning rate of most fish females cannot be currently be monitored (Follana-
Berna et al., 2021); and 2) oocyte hydration itself does not imply a relevant energy investment,
but affects gonad weight, and this weight increment remains unaccounted by the current model.
Furthermore, no data are currently available for properly tackling this process of the spawning
dynamics. The next sections of this chapter discuss the limitations and potential further research
lines for allowing model improvements.

Note that the biological interpretation for the potential fecundity (Fec) is the number of
oocytes that will receive some energy during the reproductive season. Thus, the model does not
consider that some of them might not reach the spawning size, and they may be reabsorbed
under adverse environmental conditions and/or when the reproductive buffer cannot satisfy the
energy needs, resulting in atresia (Cassel et al., 2017; Santos et al., 2008; Thomé et al., 2009).
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Again, the model might be eventually improved when more details in the factors affecting
atresia dynamics will be better known.

Moreover, it is proposed in this chapter that the number of primary growth oocytes in the
ovary that are potentially capable of undergoing secondary growth at t=fin;; is possibly larger
than Fec. Thus, the number of primary growth oocytes that actually undergo secondary growth
would be a random sample within all the primary growth oocytes in the gonad at the beginning
of the reproductive season. Thus, it is implicitly assumed that any primary growth oocyte,
independently of its initial size, could be mobilised at the beginning of the reproductive season.
This assumption has received empirical support, as it aligns with the presumed overlap in size
between oocytes that are able to respond hormonally to vitellogenesis and those that cannot
(Ferrell & Machleder, 1998; Jorgensen, 1973; Ritke & Lessman, 1994). Furthermore, this
assumption is computationally simpler than assuming that only the oocytes larger than a
threshold at the beginning of the reproductive season would develop into secondary growth.

DEB model

At its core, the DEB model represents the flow of energy through an organism using state
variables that describe energy reserve (E), structural biomass (V), maturity (H), and
reproduction (R). Energy assimilation from food enters the reserve compartment. A fixed
fraction (k) of the energy mobilized from the reserve (£) supports somatic maintenance and
growth, while the remainder (1-x) fuels maturation (juveniles) or reproduction (adults), which
is known in the DEB theory as the k-rule (Kooijman, 2010). These processes are governed by
a set of ordinary differential equations that capture the temporal dynamics of energy and mass
balances (Table IV.1).

Table 1V.1: Formulae. Following the original notation from Kooijman (2010): squared brackets [ | indicate
quantities represented per unit of volume, curly brackets {} indicate quantities represented as per unit of
structural-surface-area and points over letters () " indicate rates (i.e., dimension change in time). New equations
and variables proposed in this chapter are denoted by *.

. L. . Interpretation and parameters
Equations Description and units

State variables

V=1L Structure (cm®) and structural length (cm) Structure of the organism.

E Energy in reserve (J) Stored energy for future allocation to
other energy compartments or processes.

B * Energy at the reproductive buffer (J) Stored energy for future mobilization
toward the gonad. This state variable is
denoted by R in conventional DEB
formulation. I have adopted a different
symbol for emphasizing its direct link
with gonad dynamics

G * Energy at the gonads (J) Energy invested into oocyte growth

Dynamic equations

e Reserve dynamics
a Pa —Pc
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d_V _ KPc — Pu Growth #: fraction of the mobilized energy

dt ~  [EG] invested for growth and structural
maintenance.
[EG]: volume specific cost for structure
(J/em®)

dB * Reproductive buffer dynamics K. fraction of the mobilized energy to

dt Ky Z.JR - ﬁGonad

reproduction from reserve that actually
reach  the  reproductive  buffer
(efficiency)

dGc .
E = PGonad — Pspawning

* Energy dynamics at the gonad

Energy fluxes

Pa= CTfi{pAm}iLz = CTCBVL'LZ

Assimilation rate (J d'!)

Rate at which energy is assimilated from
food

{Pam}: maximum surface-area specific
assimilation flux

V;:  individual-specific =~ compound
parameter  describing  the  total
assimilation flux per unit of structural

area given the individual specific
functional response at the time
Cr: Temperature correction
Py = Cr [p'M]V Structural maintenance rate (J d!) Somatic maintenances costs
[pw]: volume-specific somatic

maintenance rate (J cm> d)

_ E,[EG]L? + Py,
Pe=Cry e T BT
VIEGI +kE/V

Mobilization rate (J d!)

Rate at which energy is mobilized from
the reserve for growth, maturation, and
reproduction.

v individual-specific
conductance (cm d!)

energy

Cr: Temperature correction.

Pg = KPc — Py

Growth rate (J d')

Energy flow for growth

p] = K]Hpuberty

Maturation maintenance (J d'!)

k;: fraction accounting for the efficiency
of energy mobilization from maturity
maintenance (-)

Hyuperny: Maturation energy from puberty
afterwards (constant for adults) (J)

pr = (1 —1)pc -

Net flux energy mobilized toward reproduction
(adults) (Jd")

n
Pconaa = P Z Eoo
1

* Flux energy mobilized from the reproductive
buffer to the gonad (J d')

p: oocyte growth parameter (Eq. IV.4 in
the main text) (days™)

Eoo: Energy content of the oocytes in the
gonad, from n=1 to n=Fec, being Fec the
reproductive potential (Eq. IV.4 in the
text) (J)

N,

pSpawning = spawned_eggs Epre,hydruted

* Flux energy lost in spawning (J d)
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Eprenyaraed: Energy content of a pre-
hydrated oocyte. Eggs are spawned
when they reach Eprenydmed (S€€ main
text) (J)

Temperature effects

ST, T, T,
LI, <_A__A>

Temperature correction

Arrhenius relationship to capture the
effects of temperature on the metabolic
rates of ectotherms

T,: temperature of Arrhenius (K)

Ty, Tr, Tan, Tav: additional Arrhenius
parameters for accommodating
unimodal response of energy fluxes to
temperature (fluxes increase from low
temperatures till a maximum and
decrease afterwards) (K)

T.ep: reference temperature at which
parameters are estimated (K)

T: actual temperature (K)

ST Tref T
Tar Ta
ST =1 (— - —)
+ exp T T,
Tpy TAH)
+ exp ( T, T
Tar Ta
STyer =1 -
el * “xp <Tref TL
T,
+ exp (ﬂ
H
_ TAH)
Tref
T
= 273.15

+ Trmean + Tampsin(2m/365 (time
+ birth.correction) + Tp,u-)

Temperature as function of time

time: days from to(which is the age at the
first sampling event, and from which
differential equations are integrated)
(days)

Tmeans Tamp, Tpnit parameters of a
sinusoidal function fitted to the actual
observed daily for temperature (in
Celsius degrees)

birth.correction: days from Jan 1% to
birthday (days)

Observable variables

V1/3

w 5M

=L/dy

Total length (cm)

O): shape coefficient relating physical
length to structural length (-)

d

WgqQyw

=d,., -V +—=""
v ﬂEdVd

“(E+B)

Weq dood

-non_oo_fraction - G
ug doow

* Total wet weight (g). The first term is the
weight of the structural volume; The second term
is the weight of the energy at the reserve and at
the reproductive buffer; The third term is the
gonad weight (Eq. IV.1 in the text).

dy,,: specific density of wet structure (g
cm™)

Wgq: molecular weight of dry mass (g
mol ™)

1g: chemical potential of reserve (J mol

D)

dyq: specific density of dry structure (g
cm?)

Dood: dehydrated oocyte density (g cm®
3
)

Doow: wet oocyte density (g cm™)

Non_oo_fraction: non oocyte weight
fraction of the gonad (-)

_ Wga dood

GW,, non_oo_fraction G

" yy doow

* Gonad weight (g)

Eq. IV.1 in the text
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The DEB model assumes that assimilation and mobilization rates scale with structural
surface area and volume, respectively, reflecting well-established biological allometries. Key
parameters, such as the assimilation rate, energy conductance, maintenance costs, and
allocation fraction (k-rule); determine how organisms respond to environmental conditions,
including temperature, food availability, or toxic stress. Temperature dependence is modelled
using an Arrhenius-type function, ensuring physiological realism across thermal regimes.

A central strength of the DEB approach lies in its generality and parameter parsimony. A
single parameter set can describe the entire ontogeny of an organism, from embryo to adult,
under varying ecological conditions (e.g., different scenarios of food availability and
temperature). The specific parameter set used here is specified at Table 1V.2). By linking
individual-level bioenergetics to population and ecosystem dynamics, DEB models can provide
a bridge between physiology and ecology (Nisbet et al., 2012). This integrative capacity has
made the framework widely applicable in fields such as ecotoxicology (Baas et al., 2018;
Murphy et al., 2018), aquaculture (L. He et al., 2025; Yang et al., 2020), evolutionary ecology
(Debelgarric & Récapet, 2025; Smallegange et al., 2017), and global change biology (Kearney
etal., 2013; Lavaud et al., 2021; Monaco & McQuaid, 2018).

Table IV.2: Description and values for DEB parameters.

Symbol Value Unit  Parameter’s description Source

DEB parameters

v One specific Jd'em?  Compound parameter Estimated (STAN)
value per fish
v={pAm}f ({pam} is the
maximum assimilation rate per
surface unit after metamorphosis;
and f'is the scaled [0,1] functional

response)

v 0.2837539 cmd! Energy conductance after  Stavrakidis-Zachou et al. (2019)
metamorphosis (after
acceleration)

K 0.60636 ) Fraction of mobilized energy AmP

allocated to soma

[ow] 19.4366 Jd'em?®  Volume-specific somatic ~AmP
maintenance rate

[EG] 5,230.0 Jem?? Volume-specific costs of structure ~ AmP
Hyuperry 2,043,000.0 J Maturity (H) at puberty AmP
KR 0.95 “) Efficiency of energy mobilization ~AmP

towards reproductive processes

Ey (-) J Fish specific value for £ at ¢, (fish ~ Estimated (STAN)
age at the first sampling event)

Vo ) J Fish specific value for V at ¢, (fish ~ Estimated (STAN)
age at the first sampling event)
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weight of gonad structures that are
not oocytes

By (-) J Fish specific value for B at #)(fish  Estimated (STAN)
age at the first sampling event)
Gy One specific J Fish specific value for C at ¢, (fish  Calculated (see text)
value per fish age at the first sampling event)
Parameters related to reproduction dynamics
Fec One specific Number Number of oocytes that have Estimated (STAN)
value per fish ~ of oocytes  received some energy in a given
reproductive season
p One specific day-1 Oocyte growth rate (Eq. IV4 and  Estimated (STAN)
value per fish IV.5)
Eax 2.07113 J Oocyte energy of a pre-hydrated Calculated from the diameter of a pre-
oocyte. hydrated oocyte (808 microns; Chapter 3)
Agel_reproduction One specific day Fish age at the beginning of the Calculated as the lower 0.1% limit of the
value per fish reproductive season gaussian functions describing the gonad
dynamics at Chapter 2.
Non.oocyte.fraction 1.144977 ) Constant for accounting the Calculated from the wet weight of gonad

cannulations (wet weight before and after
separating the oocytes; Chapter 3).

Parameters to relate state variables into observable variables

ou 0.14841 ) Shape coefficient Stavrakidis-Zachou et al. (2019)
dyw 1.0 gcm? Specific density of wet structure AmP
dyq 0.2 gcm? Specific density of dry structure AmP
Ug 550000.0 J mol! Chemical potential of reserve, AmP
reproductive buffer and oocytes
Wgq 23.9 g mol”! Molecular weight of dry mass AmP
dood/doow 0.319 ) Parameter accounting for oocyte Calculated (see text for details). dood is the
water content dehydrated weight oocyte density (gr/cm?)
and doow is the wet weight oocyte density
(gt/cm?).
Parameters related to temperature
Tnean 20.49 Celsius Sinusoidal function parameter Estimated from observed daily temperatures
(mean temperature)
Tamp 7.46 Celsius Sinusoidal function parameter Estimated from observed daily temperatures
(amplitude)
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Toni 3.96 radians Sinusoidal function parameter Estimated from observed daily temperatures
(phase)

Ty 8144.198 Kelvin Arrhenius temperature (Kelvin) AmP

T 57351.79 Kelvin Arrhenius temperature for lower Ty, T, Tan, Ta.: additional Arrhenius
boundary parameters for accommodating a unimodal

response of energy fluxes to temperature
(fluxes increase from low temperatures till a

T, 273.654 Kelvin Lower boundary tolerance range maximum and decrease afterwards) (K)
Tan 84842.08 Kelvin Arrhenius temperature for upper
boundary
Ty 302.7369 Kelvin Upper boundary tolerance range
Ty 293.15 Kelvin Reference temperature (20 Celsius ~ AmP
degrees)
birth.correction One specific day Days from Jan 1% to birthday Observed

value per fish

AmP: values for the standard-DEB model for European seabass provided from AmP database
(https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/) from "pars_init Dicentrarchus labrax.m" file downloaded 28/feb/2024

In summary, the Dynamic Energy Budget model formalizes the fundamental metabolic rules
governing energy acquisition and allocation. Its theoretical coherence and cross-species
applicability make it a powerful tool for understanding organismal performance, predicting
ecological outcomes, and developing mechanistic links between environmental drivers and
biological responses. More details are provided by Kooijman (2010) and, for D. labrax
specificities, by Stavrakidis-Zachou et al. (2019).

Data

Data used to feed the model were obtained from the experiments described at the Chapters
I, IT and III, which included the 48 individually tagged female D. labrax specimens monitored
from their arrival to LIMIA and covering an entire reproductive season (see Chapters I and II
for details).

Fish length and weight data were measured on a biweekly basis during the reproductive
period (considered from November to April) and on a monthly basis for the rest of the
experiment span. Ovary weight measurements were obtained from ultrasound scans on a
weekly basis from November to April and on a monthly basis during the following non-
reproductive months (see Chapter II for methodological details). Other variables considered in
this study were also obtained from the samplings described across the Chapters I, II and III,
such as fecundity estimates, which were obtained from fresh ovary biopsies and relating the
number of secondary growth oocytes to gonad weight (as measured in Chapter II), after
calibrating the relationship between oocyte developmental stage and oocyte size with histology
data.
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Estimating model parameters

Equations IV.1, IV4, IV.5 and IV.6 (i.e., the reproduction sub-model) and the DEB
differential equations in Table IV.1 were used to estimate the expected values for a number of
observable variables at each sampling event. Specifically, here we considered (1) fish length,
(2) fish wet weight, and (3) gonad wet weight.

The model parameters were estimated using a Bayesian approach. Given that fish have been
individually monitored, longitudinal (repeated in time) observations are available for each fish
along the monitored period. Only fish with at least 6 samples of gonad weight were included in
the analyses. Many fish displayed weight loss just after being transferred to IRFAP-LIMIA
facilities, which is probably related to acclimation stress. Accordingly, only the samplings from
when fish display some weight gains were included in the analyses. An independent analysis
was completed for each one of the 21 fish finally included.

However, the computation time of the full model was found unaffordable (weeks for each
fish on a 40 cores server) when all the free parameters are estimated concurrently. Therefore, a
two-steps pragmatic approach was implemented. In a first step, a reduced model with Egs. IV.4,
IV.5 and IV.6 only allowed to estimate two specific reproduction parameters (Fec and p) from
the expected gonad weight only. Given that the reduced model skips the numerical integration
of DEB differential equations, the expected fish length and weight cannot be estimated but the
computation times was reduced to a few hours and allowed to successfully estimate Fec and p.
The age at the beginning of the reproductive season (Table IV.2) was fixed at the lower 0.1%
limit of a gaussian function describing the gonad dynamics, as estimated at Chapter II.

In the second step, the full model was considered but p was fixed at the value estimated at
the first step. The reproductive potential, Fec, was re-estimated with priors set by the results of
the reduced model. Concerning the DEB-specific parameters, the strategy from Palmer et al.
(2024) was followed and only a few parameters were estimated: pAm (maximum assimilation
rate per surface unit after corrected by the scaled functional response, J/cm?/day) and the initial
values (i.e., the values at the age when fish start to be monitored, #)) of three out of the four
state variables (Ey, Vp and By). The initial value for gonad energy contents at #y (Go) was
calculated from Eq. IV.6 from the results of the reduced model and it was considered fixed.
Given that fish age largely ensures that they are sexually mature, the value for the DEB state
variable measuring maturity level (/) was assumed to be fixed at Hpusersy (Table IV.2). All other
DEB-specific parameters were considered fixed too. The values and sources of fixed parameters
are detailed at Table IV.2. Computation time of the full model under these settings was around
2-3 hours per fish in a 40 cores server.

For both, the reduced and the full models, samples from the joint posterior distribution for
the free parameters, given the observed data, were obtained using STAN (Stan Development
Team, 2025) and cmdstanr library (Gabry et al., 2023) of the R package (R Core Team, 2022).
Weakly informative priors were supplied for all estimated free parameters. Convergence was
assessed visually and from the Gelman-Rubin diagnostic (Vehtari et al., 2021). Posterior
distribution of the parameters was estimated from 4 chains, 1000 iterations each after 1000
warm-up iterations (Stan Development Team, 2022).
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Results

In this section, the outcomes of the developed extended DEB model are presented for the 21
specimens with sufficient longitudinal information (i.e., after discarding fish with not enough
data because they were sacrificed at the early stages of the reproductive season). The results
show the model-predicted trajectories of body length (BL), body weight (BW) and ovary weight
throughout the reproductive cycle in comparison with their corresponding empirical
observations (Fig. IV.3). For completeness, the dynamics of three state variables (B, E and V)
are also displayed.
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Figure IV.3: DEB model results summary for all the 21 fish analysed. Upper-row graphs represent the prediction
for the 3 estimated state variables (B, E and V) across time. Lower-row graphs represent the model prediction
(black lines) and empirical measurements (blue dots and dotted lines) for the 3 analysed observed variables (fish
length, fish weight and gonad weight).
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In all cases, STAN quality controls (no or very few divergences (less than 0.1%); R-hat less
that 1.01; large effective sample size; and trace plot visual inspection) of the full model suggest
successful convergence.

Model predictions were close to observations for most of the fish with two noticeable
exceptions. First, the decrease of fish wet weight (BW) after spawning is not well predicted for
two (BB2 and VV3) out of the 21 fish analysed. Second, in some cases, the maximum predicted
gonad size is slightly underestimated. The possible explanations of these model misbehaviours
and the model improvements needed for dealing with them are discussed in the next section.

Apart from these exceptions, it is worth mentioning that the model succeeds to reflect the
substantial between-individual variability documented throughout this Thesis. Specifically, the
model is able to predict a wide range of observed dynamics of body length (BL), body wet
weight (BW) and gonad wet weight (GW). Moreover, the accuracy of model predictions does
not seem to depend on the duration of the period monitored, which began at non-reproductive
stage for all fish but lasted differently for each fish (according with the objectives in Chapters
IT and III). Nevertheless, it is worth to mention that fish monitored during more time provided
better support for validating model predictions. Accordingly, fish have been classified into three
groups: those for which the period monitored included from a given non-reproductive season
(1) till the next non-reproductive season (2) till the end of spawning, and (3) till the beginning
of spawning.

Fish form the first group (BN1, BV4, NB3, VB1, BV2, VV5 and VNS5) display the most
comprehensive data and showed (i) a clear unimodal pattern for gonad dynamics, with a
progressive increase in GW, followed by a distinct depletion, which is plausibly associated with
spawning; and (ii) a BW pattern consisting in an initial increasing, followed by a decreasing
and a subsequent increasing (hereafter referred as the, a tilde pattern “~). Across these fish,
the DEB model reproduced with notable accuracy the magnitude and the timing of the observed
pattern not only for GW but also for the somatic dynamics. According to DEB, body weight
results from the sum of four main components (Table 1; Figure 1): structure (), (general)
energy reserve (E), reproductive buffer (B) and gonad (G). Energy assimilated from food
increases body weight (BW) through increasing reserve energy (E), which is subsequently
diverted into increasing structure (i.e., growth) and reproductive buffer. Note that DEB theory
explicitly assumes no energy transfer between structure and reproduction (k-rule; Table IV.1).
Thus, the energy stored into £+V+B+G will tend to increase in absence of spanning, (1) with
some seasonal variation imposed by temperature oscillations (Table IV.1); and (2) a decline
with age in the net increase rate due to the surface/volume progressive decoupling (Table IV.1).
From the beginning of the reproductive season (i.e., G>0) to just before the first eggs are
spawned, energy is simply mobilized from the reproductive buffer (B) to the ovaries (G), with
no or small net gain/loss of weight due to this energy transfer (apart from efficiency losses).
Thus, the fish wet weight (BW) during pre-spawning is expected to increase at the same rate
displayed during the non-reproductive season. During pre-spawning, the sum E+V+B+G
increases at the same rate because G increases at the expense of B decreasing. In that sense,
note that the decreasing in the reproductive buffer (B) is well predicted by the model (see
below). However, when spawning begins, the energy invested in the spawn eggs is lost and the
fish wet weight decreases accordingly to the spawning rate (i.e., to the weight of the number of
spawned eggs per time unit). Thus, fish wet weigh is expected to decrease at a similar rate than
the decrease in gonad weight, after discounting the weight daily gain due to food assimilation.
Specifically, the model predicts that the weight lost during the spawning season equates the
energy needed for growing the number of eggs of potential fecundity, after accounting for the
efficiency of all the processes involved. When spawning ceases, the ovaries reach a minimum

140



Chapter IV

weight, but fish wet weight start to increase at the same rate than before the reproductive season,
fuelled by food assimilation rate.

In summary, the model prediction for BW defines a tilde pattern with 3 phases. First, BW is
precited to increase at a similar rate from non-reproductive season till just before the first eggs
are spawned. In the second phase, BW is expected to decrease because spawning losses are
larger than food assimilation gains. Finally, in the third phase, when spawning ceases, BW is
expected to increase again at a similar rate than in the first phase. Concerning, GW, it will
increase from the beginning of the reproductive season at the expenses of a reduction of the
reproductive buffer. Finally, GW is expected to decrease with spawning. These two processes
define an expected unimodal pattern for GW.

The predicted trajectories for BL and GW of the fish from the first group (those with more
comprehensive data) were generally consistent with the empirical observations, reinforcing the
coherence of the model for these individuals. It is noteworthy that fish weight recovery is well
predicted despite relevant differences in timing and magnitude (e.g., BN1 and BV4). This fact
supports the generalization capability of the model.

Certainly, some individuals within this first group of fish display specific features. Several
fish (e.g., BV2 and VB1) showed particularly good match between observed and predicted BW
trajectories, with the model reproducing the entire sequence of pre-spawning increase,
spawning-related reduction and post-spawning recovery (the tilde pattern). In other fish (e.g.,
NB6 and VV1), the somatic data (particularly BL and BW in a lesser extent) is apparently
noisier. However, this appearance is mostly due to the narrow range of variation actually
observed, which gives the false impression of poorer fit.

The fishes from the second and the third groups seem to follow the same dynamics as those
from the first group, but they were simply sacrificed before the full tilde pattern becomes
apparent. Nevertheless, they also confer support to the mechanistic processes proposed and to
the model capability for predicting fish dynamics in a variety of scenarios. Fish of second group
(BN4, NB6, NV4, VBS5 and VV1) display a clear unimodal pattern for both, gonad dynamics
and BW. That is, fish wet weight experiences a decreasing plausibly related to spawning, but
no subsequent increasing is observed. Again, model prediction for these fish reproduces with
notable accuracy the magnitude and the timing of the observations despite the fish specificities.
For example, for fish of different cohorts (e.g., BN4 and NB6 are 4- and 5-years old
respectively) and for fish displaying reproductive seasons of different length (e.g., VBS and
VV1).

Finally, fish of the third group (BVS5, NBS5, VB2, VB3, VN3, VV6 and VNO6) display only
an increasing trend for gonad dynamics and BW. These fish were sacrificed even earlier than
those from the second group (Chapters II and III). Sacrificing fish well before ending the
reproductive season results in a truncated set of data and incomplete trajectories (partial tilde
pattern). In these cases, the DEB model does not account for the energetic processes associated
with ovary depletion and the subsequent somatic recovery. Even so, within the period covered
by the observations, the model captured proficiently the increasing trends in BL, BW, and GW
reflecting their progression towards still unobserved weight peaks. The good fit between
predicted and observed values indicates that, despite the absence of a clearly defined spawning
event, the early-season energetic dynamics were also reproduced with accuracy by the proposed
model.
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On top of the patterns related to monitoring duration, some patterns are worth commenting

on:

1)

2)

3)

Concerning reserve energy (E), all fish display an increasing pattern during all the
monitored period, except for VB2. This fish is expected to growth and reproduce at the
expenses of the reserve energy. Accordingly, the mid-term survival of this fish is
probably compromised because the energy assimilated from food cannot cover the net
expenses related to growth and reproduction.

Concerning the expected patterns of structural volume, some decrease is predicted for
four fish, which is contrary to the biologic evidence that fish do not experience length
reduction. However, in these cases, the range of length variability is very narrow. Thus,
in practice, these decreases in length may be a failure of the model, which misinterprets
as a decrease in length what is really length stability combined with some measurement
error. As commented above, it should be noted that in most cases, BL (and BW to a far
lesser extent) display a small range of variation during the monitored period because fish
were already 4- or 5-year-old adults. Thus, they are close to the asymptotic maximum
size. However, the predicted trajectories for V" and total length generally followed the
observed trend.

It is also noteworthy that most of the fish display the tilde pattern in the reproductive
buffer. Reproductive buffer (B) experiences a clear decreasing during the reproductive
season in all fish. According to the proposed model, this energy is mobilized toward the
ovaries, where oocytes grow according to Eq. IV.4. However, the amount of energy
mobilized causes the nearly full depletion of the reproductive buffer in only two fish
(VVS5 and VB5S). In most of the fish, the remaining energy at the reproductive buffer
could have been invested in increasing potential fecundity, but many fish seem to adopt
a conservative strategy, and the number of actual spawned eggs seems smaller than the
maximum allowed by the energy available at the buffer.

Concerning the fish-specific values of the two estimated reproductive parameters
(reproductive potential, Fec; and oocyte growth rate, p) are displayed at Table IV.3. Between-
fish variability for these two parameters is reported in Figure IV.4. The median value for
reproductive potential is 1.58 -10% eggs per fish (95% CI: 1.00 -10° to 6.80 -10%). The range
moves from a minimum of 0.98 -10° to a maximum of 7.84 -10° eggs per fish, suggesting a
right-skewed distribution. The oocyte growth rate seems less variable with a median of 0.033
day! (95% CI: 0.022 to 0.039).
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Figure IV.4: Between-fish variability in reproductive potential (Fec: number of eggs per fish) and oocyte growth
rate (p,; day™).

Table 1V.3: Estimated values (median and 5-95% CI interval) for potential fecundity (Fec) and oocyte growth (p).

Fish Fecundity (Fec) Qocyte growth rate (p)
CI10.05 median CI10.95 CI10.05 median CI10.95
BB2 2,872,895 3,410,233 3,909,157 0.029 0.030 0.032
BN1 1,241,886 1,478,487 1,705,317 0.031 0.033 0.041
BN4 1,318,635 1,541,839 1,759,013 0.033 0.035 0.037
BV2 826,620 1,054,603 1,276,561 0.036 0.037 0.038
BV4 876,965 1,044,156 1,212,627 0.028 0.030 0.033
BV5 5,107,483 5,763,838 6,318,775 0.026 0.032 0.041
NB3 1,061,912 1,362,876 1,617,789 0.035 0.037 0.039
NB5 2,819,020 3,229,375 3,579,558 0.029 0.033 0.037
NB6 790,237 989,524 1,169,472 0.033 0.035 0.037
NV4 1,032,763 1,188,091 1,319,275 0.039 0.040 0.041
VBI1 900,800 1,019,811 1,138,619 0.033 0.035 0.036
VB2 2,428,957 2,903,211 3,363,564 0.025 0.033 0.041
VB3 3,325,459 4,013,201 4,696,917 0.022 0.026 0.031
VBS5 1,963,819 2,383,032 2,711,646 0.034 0.035 0.036
VN3 3,949,930 4,443,157 4,851,874 0.029 0.037 0.041
VN5 1,149,461 1,358,766 1,599,081 0.038 0.039 0.040
VN6 7,370,836 7,840,428 8,306,550 0.016 0.019 0.034
VVi1 1,046,804 1,262,273 1,480,082 0.033 0.035 0.036
VV3 3,285,993 3,678,749 4,055,557 0.024 0.025 0.026
VV5 1,246,324 1,584,322 1,940,919 0.031 0.033 0.034
VVé6 2,263,688 2,733,781 3,127,803 0.028 0.032 0.036
Discussion

Overall, the set of model outcomes presented here illustrates both the capacity of the
extended DEB framework to reproduce the main reproductive and somatic dynamics of D.
labrax and the diversity of patterns exhibited across individuals. While many trajectories were
accurately captured, revealing good correspondence between predicted energetics and observed
BL, BW and GW dynamics, other cases highlighted different sources of uncertainty, data-
related constraints or intrinsic limitations of the current model formulation. Nevertheless, these
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results provide the empirical and modelling context necessary for interpreting the biological
significance and robustness of the observed patterns.

The multi-scale component

This Chapter presents a functional baseline version of an extended DEB model that explicitly
links processes across three different levels of biological organisation: oocytes (cellular), ovary
(organ) and individual fish (organism). Feeding from the longitudinal dataset collected along
Chapters I, II and III, the model integrates individual trajectories of body length, body weight
and ovary weight (as observable variables) into a coherent energetic framework focused on the
reproductive processes. To our knowledge, this is one of the first attempts to couple standard
DEB formulation with an explicit representation of oocyte growth dynamics using individual-
level longitudinal data, including ovary size and oocyte sampling. Some precedents of DEB-
reproductive modelling include the works of Muller et al. (2019), who evaluated models applied
to reproduction strategies in trout, Gillies et al. (2016), who developed a multi-scale
mathematical model of the female rainbow trout hypothalamus-pituitary-ovary-liver axis, and
W. He et al. (2024), who estimated through DEB the annual absolute fecundity of chub
mackerel.

Despite its simplifying assumptions, the extended DEB model presented here achieves to
capture the main expected patterns for the three observed variables in reproductive dynamics:
a gradual increase in ovary weight followed by a depletion during spawning, coupled with a
decline in body weight and a varying degree of post-spawning recovery (the tilde pattern), and
a gradual increase in body length. Importantly, it also reproduces a substantial part of the
between-individual variability in ovary size and timing, documented throughout the Chapter II
and III, including contrasted cases, such as fish BV4, whose ovary weight never exceeded ~
100 g despite having good body condition, versus a smaller fish like BV5, which reached an
ovary size above 400 g. This ability to link individual energetic trajectories to reproductive
outcomes illustrates the potential of the DEB framework to mechanistically describe between-
individual variability in reproductive processes.

This model approach complements other proposed multi-scale models of fish reproduction.
Gillies et al. (2016), for instance, developed a detailed model of the female rainbow trout
hypothalamus—pituitary—ovary—liver axis, explicitly tracking oocyte size and staging to explore
endocrine regulation and stressor effects. Similarly, Muller et al. (2019) used an adapted DEB
model for trout to predict vitellogenin levels and egg production under different reproductive
strategies. The model presented here is intentionally less detailed at the endocrine level but
places a stronger emphasis on a mechanistic connection between energy fluxes and oocyte
growth within a standard DEB framework. As in these studies, an important value of the model
lies in its potential capacity to conduct simulations for exploring how perturbations in
parameters or environmental drivers (e.g. temperature or food availability) may propagate
across scales to affect fecundity and spawning dynamics.

Model performance

At the individual level, the model was able to reproduce the wide spectrum of observed
patterns. For many cases, predicted ovary weight trajectories showed a clear unimodal pattern
with a well-timed peak size. Body weight dynamics followed the expected sequence of pre-
spawning increase, spawning-related decline and a post-spawning gradual recovery (i.e., the
tilde pattern). In these cases, this DEB model is consistent with fish spawning biology, in which
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reproductive investment is mainly fuelled by the energy previously stored in the reproductive
buffer and allocated to oocyte growth.

The model also proved sensitive to between-individual variability in reproductive
investment. It successfully reproduced cases of strong post-spawning body weight recovery, as
well as other cases with relatively minor changes in body weight but sizeable ovary attained
peak weights. This is compatible with DEB theory’s view of growth and reproduction as two
separate processes fuelled from a common but compartmentalised energy flux (Kooijman,
2010), where individual differences can arise in assimilation, buffering and allocation, which
can generate a wide range of phenotypic outcomes.

However, not all trajectories were equally well captured. In several fish, body length and
body weight data were noisy or exhibited fluctuations that were difficult to match with
biological expectations. In such cases, the model tended to return flatter or ambiguous
trajectories for fish weight, while still being able to predict well the main ovarian dynamics. In
a few cases (2 out of 21 fish), the model returned biologically impossible outcomes, such as
negative values of the reproductive buffer, highlighting conceptual and computational limits of
the current formulation. Further versions of the model must account that the oocyte growth rate
(p) should be variable in time. Accordingly, as commented above, the first versions of the model
constrained the values of p between a maximum value (pn«x) and zero, as a function of the
energy available at the reproductive buffer. However, the implementation of this feature
translated into unreasonable computational times. Thus, better implementations should be
developed for properly dealing with the constraint that the energy at the reproductive buffer is
deployed towards the gonad at a rate determined by the energy needed to support the oocyte
growth at any moment, insofar the reproductive buffer can cover these needs.

Nevertheless, despite the need of further improvements, the reported results confirm that the
extended DEB model has the ability to reproduce both typical patterns and a diversity of
individual reproductive trajectories.

Model mechanistic assumptions

A central aspect of this model is the explicit modelling of the oocyte individual growth as an
energy-based process. At the oocyte level, the model assumes that the energy content of each
oocyte follows a power-law growth equation, which in its general form includes an allometric
exponent (y). A mechanistic expectation would be y = %, consistent with surface-volume
relationships if growth rate scaled with oocyte surface area, a common assumption when
modelling cell substrate absorption (Aksnes & Egge, 1991; Okie, 2013). Preliminary trials,
however, consistently yielded y estimates close to 1.0. Under this condition, the power-law
formulation reduces to an exponential model, which fits the data substantially better than a fixed
v = %, but lacks a clear mechanistic justification.

For this reason, we adopted a purely exponential model for oocyte energy assimilation by
setting y = 1.0. This choice both simplifies the mathematics and improves the empirical fit, but
at the cost of not being mechanistically justified.

Concerning the oocyte growth parameter (p), it is assumed to be time-constant within all fish
throughout the reproductive season. This assumption is justified if the potential fecundity is
determined at the onset of the reproductive season by the combination of the initial energy
stored in the reproductive buffer and the energetic cost of oocyte growth. As stated above,
further model improvements should be developed for constraining p at a maximum value as
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long as there is sufficient energy available at the reproductive buffer. However, if the buffer
gets depleted, then p should become zero and oocyte growth would cease. Thus, the potential
fecundity in this model is determined by the combination of the initial energy stored in the
reproductive buffer and the energetic cost of oocyte growth.

This representation differs from other DEB-based reproductive models. For instance, Muller
etal. (2019), proposed that reproductive processes can induce a form of “starvation” even when
external resources are abundant, because energy allocation to reproduction competes with
somatic maintenance and growth. By contrast, in this formulation, reproductive investment is
mainly pre-determined at the beginning of the season by the initial state of the reproductive
buffer, and reproduction proceeds as long as energy remains available there, because this energy
has been already allocated to reproduction and does not “compete” with the energy already
allocated to somatic growth and maintenance, which are considered independent processes in
energetic allocation terms. Conceptually, this formulation is consistent with the kappa-rule
(where a fixed proportion of energy (k) is allocated to growth and structure maintenance, and
the remaining proportion (1-x) is allocated to processes of maturation and reproduction
(Kooijman, 2010)) and the idea that reproductive potential is constrained by the energetic
capital at the onset of the reproductive season, with energy income acquired during the
reproductive season acting as a secondary contribution (McBride et al., 2015).

Another important assumption concerns the entry of the oocytes to the secondary growth.
The model assumes that a random sample of primary growth oocytes from a larger population
of primary oocytes (the starting size distribution) are recruited into secondary growth at the
onset of the reproductive season. Empirically, this is supported by the absence of a clear gap
between primary growth and secondary growth oocytes in the histological and gravimetric data
(see Chapter III) and aligns with evidence of overlapping size ranges for hormonally responsive
and non-responsive oocytes reported elsewhere (Ganias et al., 2015; J.R. Hunter & Leong,
1981). Moreover, computationally, this assumption greatly simplifies the oocyte development
component and yields patterns that are consistent with observed distributions.

Oocyte and ovary dynamics

One of the most critical biological processes that remains imperfectly captured by the current
model is the final hydration process of the oocytes and the batch spawning. Once oocytes reach
their final maturation stage (hydration), their volumes increase substantially due to water intake
without any further energetic income (our gravimetric samplings reported oocytes reaching
diameters of ~1500 um, when starting the stage at sizes of 808 um, in Chapter III). Hydrated
oocytes may remain in the ovary up to just a few hours (Brown-Peterson, 2003; J. Roe Hunter
& Macewicz, 1985) before being spawned in discrete batches. However, these oocytes occupy
volume and contribute to ovary weight, but because our model is fundamentally energetic rather
than volumetric, this non-energetic growth phase remains not explicitly represented.

To preserve computational tractability, the model assumes continuous spawning: oocytes are
removed from the ovary as soon as they reach the threshold size (oocyte migration to hydrated
stage leap). In practice, for the model it means hydrated oocytes do not contribute to the
expected ovary weight (nor volume). This simplification likely contributes to the slight but
systematic model underestimation of ovary weight around its expected peak size (as opposed
to the observations in Chapter III), where in reality a significant proportion of ovarian weight
and volume may be occupied by hydrated oocytes awaiting their release in batches.
Incorporating an explicit hydrated oocyte compartment and batch spawning dynamics would
improve biological realism and may reduce this bias, but it would also require additional
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information regarding hydrated oocyte dynamics and would substantially increase the model
complexity.

The modelling framework developed in this Chapter sits at the intersection of DEB theory
and reproductive physiology. A large research effort has been invested in describing fecundity
types in fishes, categorising between determinate species, in which all oocytes destined to be
spawned are recruited to secondary growth before the onset of the spawning season, and
indeterminate species, in which oocytes are continuously recruited throughout the spawning
period (Brown-Peterson et al., 2011; J.R. Hunter et al., 1992; Kurita & Kjesbu, 2009; Murua &
Saborido-Rey, 2003; Servou et al., 2023). More recent studies have emphasised that
determinacy and indeterminacy should be better viewed as endpoints along a continuum
(Charitonidou et al., 2022; Ganias et al., 2015). In pelagic indeterminate spawners, oocyte size
distributions may remain continuous until close to the end of the reproductive period, and late-
season “mopping-up” atresia removes less-developed oocytes that will no longer be destined
for spawning (Kjesbu et al., 2009).

In this sense, this model does not explicitly classify D. labrax as a determinate or
indeterminate spawner, but the model structure is compatible with the idea of a large pool of
primary growth (immature) oocytes is available at the start of the reproductive season, and a
subset is recruited during a finite reproductive window span. The assumption of a random draw
from the primary oocyte pool, together with the observation of no clear gap between resting
and growing oocytes in most of our empirical observations, is consistent with the view of a
continuum in recruitment and supports the use of a probabilistic, rather than strictly categorical,
representation of fecundity type.

Data constraints and computational challenges

Parameterizing DEB models is inherently challenging because observable variables (length,
weight, ovary size) are indirect reflections of latent state variables (reserve, structure, maturity,
reproductive buffer), which are abstract and not directly measurable (Nisbet et al., 2012). In
addition, the present dataset includes several constraints that required pragmatic decisions in
early model design.

First, the starting date of the reproductive season in the model had to be fixed rather than
estimated, because allowing the onset of energy mobilisation from the reproductive buffer to
be a free parameter severely hindered convergence. We therefore used an arbitrary but data-
informed threshold derived from the Gaussian fits to gonad dynamics in Chapter II to define
the beginning of reproductive investment for each fish. Similarly, the end of the reproductive
season for modelling purposes was set at the time when ovary weight reached a minimum,
defining the observation window used for the reproductive component.

Second, the computational cost of the full model is extremely high. Even with the
simplifications adopted here (constant p, fixed y = 1, and only a relatively small subset of DEB
parameters being estimated), analysing a single fish required on the order of a full day of
computation on a 40-core server. Attempts to parallelise the hierarchical estimation across
multiple fish were not successful, and the full model did not converge when more parameters
were estimated simultaneously. As a consequence, we adopted a two-step estimation strategy:
1) a reduced model based solely on gonad weight to estimate potential fecundity (Fec) and
oocyte growth rate (p) outside the DEB system, followed by 2) a full DEB fit with fixed p and
data-informed fecundity priors from the first step. This approach finally yielded convergent
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models for 21 fish but clearly illustrates the computational limits of current implementations
for complex, multi-scale DEB models.

Finally, several assumptions had to be made about structural parameters that could not be
estimated reliably from the available data. For example, the velocity of energy conductance (v)
was fixed and only the maximum assimilation rate per surface unit (»,,) was estimated, even
though individual-level feeding data are available from Chapter I. A more comprehensive model
that jointly uses ingestion data and DEB parameters to separate intrinsic and extrinsic sources
of variability in energy assimilation remains an important avenue for future work.

Future developments

The model presented in this work should be viewed as a solid but deliberately simplified and
conservative first step towards a more comprehensive DEB-based reproductive framework for
teleost fish. Several improvements are desirable and both conceptually and computationally
achievable in a relatively short term.

A natural research line for future work is the incorporation of additional data sets beyond the
three basic observable variables (body length and weight and ovary weight). The dataset
collected along the previous Chapters includes individual feeding records, sexual hormone
levels and organ-specific energy densities. Integrating these variables into the modelling
framework would not only improve the constraint on energy fluxes but also allow endocrine
“gates” and thresholds to be represented explicitly, e.g., by linking hormonal cues to the timing
and intensity of energy transfer between the reproductive buffer and the gonad.

At the same time, several aspects of the reproductive buffer dynamics clearly require
refinement. Episodes in which buffers reach negative values should be restrained. As stated
above, a reasonable solution may be to allow the oocyte rate to be variable along the
reproductive season by constraining it between zero and a maximum value (pma). In a similar
line, it would be worth to explore additional variation in p and therefore, in oocyte growth rate,
depending on the specific energy vector for each oocyte development stage (i.e., vitellogenin
versus other vectors). Also, a particularly important step in model validation will be the explicit
comparison between model-derived fecundity and empirical fecundity metrics obtained via
conventional methods (ovary biopsies and oocyte counts). Such comparisons could help refine
key parameters, especially those related to oocyte growth and its energetic costs.

A further promising extension lies in enriching the description of oocyte size distributions
and developmental-stage composition through time. At present, the model focuses primarily on
total gonad energy and mass but does not aim to reproduce the full structure of oocyte size-
frequency distributions. Extending it in this direction would make it more directly comparable
with histological and whole-mount data (such as those used by Ganias et al. (2015) and
Charitonidou et al. (2022)) and include stage-specific oocyte growth rates (p) and endocrine
cues.

One of the main strengths of DEB-based approaches is their ability to simulate the
consequences of environmental variability on individual performance. Once computational and
structural limitations are alleviated, the present model could be used to perform scenario
analyses under alternative temperature and food regimes. This would allow exploration of how
different external forcing conditions affect reproductive investment, timing of spawning,
fecundity and post-spawning body condition across individuals with distinct DEB parameter
sets. In this way, the model could be used as a mechanistic tool to investigate how
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environmental and rearing scenarios may propagate through energetic pathways to influence
reproductive outcomes. However, generating realistic population-level predictions requires a
more complete understanding of the factors underlying between-individual variability in
potential fecundity. Although the extended model captures the major patterns of reproductive
dynamics at the individual level, the results presented here also indicate that most fish adopt a
conservative strategy when establishing their fecundity potential at the onset of the reproductive
season. In particular, the substantial unused reproductive buffer observed toward the end of the
season suggests that many individuals could, in principle, develop more oocytes than they
ultimately produce. One plausible explanation is that unpredictable food availability during the
spawning period has imposed evolutionary constraints favouring such conservative strategies.
Nevertheless, the simultaneous presence of large, well-conditioned fish with relatively low
potential fecundity, and smaller fish exhibiting higher potential fecundity, indicates that key
drivers of between-individual variability remain poorly understood and warrant further
investigation.

Finally, several structural assumptions that were necessary at this stage could be
progressively relaxed as more data become available. For example, the model currently assumes
a constant non-oocyte fraction of the ovary and continuous spawning, and it does not explicitly
represent hydrated oocytes or batch spawning dynamics. Incorporating a hydrated oocyte
compartment, allowing for discrete spawning batches, and letting the stromal fraction vary
through time would likely reduce the bias in predicted ovary weight around its maximum and
improve biological realism. Together, these developments would transform the present basic
but robust version into a richer, more flexible framework capable of capturing a wider range of
reproductive patterns and responses in fish.

In summary, the extended DEB model developed here establishes a functional bridge
between cellular, organ, and organismal scales of reproductive energetics in D. labrax as a fish
model species. It successfully reproduces basic expected patterns and a considerable part of
individual variability using a rigorous yet tractable structure, while making explicit the
conceptual and computational compromises required at this first stage. The model provides a
robust platform upon which further biological detail and complexity can be built, and it opens
promising avenues for mechanistic predictions of fish reproductive responses under changing
environmental and energetic conditions.
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General Discussion

Integrating between-individual variability across energetic and
reproductive dynamics

This Thesis brings forward the characterisation of how between-individual variability is
present and shapes key biological processes in fish, using Dicentrarchus labrax as a model
species. From reproductive dynamics and feed intake to energetic allocation, several essential
processes have been embedded within a mechanistic bioenergetic framework. Across the four
chapters, a consistent characteristic stands out: even under highly standardised and controlled
rearing conditions, and after selecting fish with a homogeneous genetic background, female
individuals displayed remarkable between-individual variability in terms of ovary growth,
energy allocation, feeding behaviour, fecundity and hormonal profiles, among other variables.

In Chapter I, substantial between-individual variability in feed ingestion rates was
documented, largely modulated by fish-specific effects rather than body size, with stress also
playing a significant effect that masks temperature effects. Feed availability levels assessed did
not show significant effects. This pattern aligns with growing evidence that intrinsic factors
such as metabolic, behavioural and morphological traits and social status can drive persistent
differences in resource acquisition in fish (Azaza et al., 2013; Bierbach et al., 2017; Campos-
Candela et al., 2019; Elvy et al., 2022; Henriksen et al., 2020; Metcalfe, 1986; Réale et al.,
2007). In Chapter II, individual ovary size trajectories obtained by ultrasonography
measurements revealed large differences in the achieved maximum ovary weight, in the timing
of this achievement and in the temporal spread of the ovary growth and depletion along the
reproductive cycle. These differences were observed as well in the same female individuals
monitored in the previous Chapter, reared in the same environmental conditions and displaying
limited genetic variability. Chapter III further demonstrated that heterogeneity in reproductive
dynamics extends beyond ovary growth. It also encompasses oocyte dynamics (which
subsequently shape ovarian dynamics), potential fecundity estimates, reproductive hormonal
levels and organ-specific energetic densities. All these concomitant patterns of heterogeneity
highlight the existence of highly divergent reproductive strategies and energy allocation
trajectories among individuals. Finally, Chapter IV englobes the data obtained in the previous
Chapters in an extended DEB-reproductive model to integrate observed variables such as body
length, body weight and ovary weight into a coherent energetic framework that integrates and
links three biological levels of organisation: oocytes (cellular), ovary (organ) and individual
fish (organism). Although several simplifying assumptions were required to focus on the
essential reproductive processes, and despite some computational limitations, the model was
able to explain many of the observed between-individual differences in the magnitude and
timing of reproductive investment, thereby providing a mechanistic interpretation of the
empirical archetypes described in Chapters II and III. Taken together, the results of this Thesis
reinforce the idea that population-level outcomes, such as the reproductive potential, arise from
the aggregation of heterogeneous individual life-histories (rather than from the “average” fish),
and that is therefore crucial to explicitly consider individual variability, both in ecological and
aquaculture contexts.
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Methodological and conceptual contributions

One of the main contributions of this Thesis lies in the combination of a novel experimental
design and an extended DEB modelling framework. To my knowledge, this work is among the
first to combine a longitudinal, individual-level dataset that concurrently tracks multiple aspects
of reproduction in a marine teleost over an entire reproductive season. The dataset, resulting
from exhaustive and long-term monitoring, includes individual feeding records, repeated non-
lethal measurements of ovary size assessed by ultrasonography, oocyte size distribution
measured from cannulation and histology, hormonal profiles, and organ-specific energy
densities. Remarkably, these measurements were obtained from the same individuals at multiple
time points, providing a unique multi-scale view (cellular, organ, organism) of reproductive
energetics and dynamics at the individual-level across time.

From a methodological perspective, Chapter Il demonstrated that ultrasonography is an
accurate and reliable non-invasive technique to measure ovary size in adult female D. labrax
specimens. After calibration against actual ovary weights, the ultrasound-based estimates
showed high correlation and low bias, allowing in vivo monitoring of ovary size dynamics
within the same individuals over time, thus enabling the monitoring of a relatively large group
of individuals. Furthermore, this approach overcame the need to sacrifice broodstock for
detailed gonadal assessments (Blythe et al., 1994; Bureau du Colombier et al., 2015; McGarvey
et al., 2021; Webb et al., 2019). Chapter III extended this non-lethal approach by combining
ultrasonography with oocyte sampling via cannulation and hormone level measurements via
blood extraction, which provides a methodological proof-of-concept for an integrated, multi-
variable monitoring of reproductive individuals.

From a conceptual perspective, the DEB-based reproductive model developed in Chapter IV
represents a multi-scale bioenergetic sub-model that mechanistically links energy fluxes to
oocyte growth and ovary dynamics within the standard DEB theory (Kooijman, 2010). While
previous studies have also applied DEB-based multi-scale models to fish reproduction (Gillies
etal., 2016; He et al., 2024; Muller et al., 2019), this model developed here is distinctive in the
use of individual-level longitudinal data on ovary size and for its explicit representation of
oocyte energetic growth and its translation into ovary size while it is embedded in a standard
DEB structure. The model thereby provides a mechanistic bridge between empirical
observations of individual reproductive trajectories and the underlying energy allocation
processes.

Experimental and conceptual limitations

The results presented in this Thesis were obtained under demanding experimental and
logistical conditions. The handling of large fish maintained in floating sea cages, combined with
exhaustive sampling schedules, imposed clear constraints on the design and execution of the
experiments. Ensuring fish welfare limited both the sampling frequency and the number of
variables that could be measured in each individual, particularly for moderate invasive
procedures such as cannulation and blood extraction. As recognised in Chapter 111, sample size
and temporal resolution were not the optimal to fully characterise the interactions among all
measured variables at the individual level, and not all fish could be analysed for all variables;
albeit data quality and quantity proved sufficient to fulfil the Thesis main goals. Consequently,
some of the patterns reported here must be interpreted with caution and regarded as an
exploratory description of the range and structure of between-individual variability in
reproductive processes.
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From a design perspective, the Thesis also revealed aspects that could be improved in future
experiments. For instance, in the feeding experiment in Chapter I, the range of ration levels,
although broad, did not include truly extreme conditions of underfeeding and overfeeding,
which would have allowed a more complete characterisation of satiation limits, assimilation
efficiency or behavioural changes under conditions of scarcity or abundance. Similarly, once
the handling protocols, ultrasound measurement calibrations and verifications of oocyte size-
developmental stage, and all the other observation techniques applied have been proved to be
safe for fish welfare, higher sampling frequencies could have been scheduled to obtain
trajectories with greater temporal resolution, especially for oocyte and hormone dynamics.

Regarding modelling computation, the complexity of the DEB-based model in Chapter IV
was a major challenge. Parameter estimation for a single fish required complex
conceptualisations and extensive computational resources, and first attempts to fit a full
hierarchical model (i.e., pooling all fish in a single analysis), or to jointly estimate a large
number of parameters was found to be unfeasible. This led to the adoption of a two-step fitting
procedure, in which potential fecundity and oocyte growth rate were first estimated from gonad
weight outside the DEB system and then incorporated as informed priors in the full DEB fits.
While this approach ultimately yielded convergent models for 21 fish and captured many of the
main patterns of interest, it also illustrates the current limits of multi-scale DEB
implementations.

One of the aims of the thesis was to incorporate, within a single DEB-based model, the full
array of information collected in Chapters I, IT and III, including individual feeding parameters,
hormonal dynamics and organ-specific energy densities. However, to solve the practical
implementation problems was desirable but challenging. Therefore, it has not been possible to
implement a full model of such complexity within the time frame of this thesis. However, the
model presented in this thesis is indeed functional and modular, in the sense that it allows
progressive improvements and complexity add-ons. Consequently, the modelling work in
Chapter 1V focused on developing a simplified but robust base version of an extended DEB
model that uses only a subset of the available data (body length, body weight and ovary weight)
and a reduced number of free parameters. Therefore, it is certainly noteworthy that this
simplified version yielded accurate predictions of reproductive patterns showing so large
between-fish variability.

This stepwise strategy is consistent with the scalability of the DEB framework, which
promotes to increase the complexity and realism of specific biological processes when required
by the objectives and the data available. In many cases, specific DEB versions are typically
built incrementally, after consolidating each functional block before adding further complexity
(Kooijman, 2010; Nisbet et al., 2012). The initial plan for simultaneously integrate feeding,
hormonal and energetic density data into a single comprehensive framework has proved to be
over-ambitious when confronted with issues of parameter identifiability, the abstract nature of
some DEB state variables, and the high computational burden of multi-scale problems. In this
context, prioritising a simpler but computationally stable and biologically coherent model has
allowed us to consolidate a solid platform on which future extensions can be built.
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Implications for ecology and aquaculture

The findings of this Thesis have several implications both for aquaculture management and
for the ecological interpretation of reproductive processes. The clear and repeatable between-
individual variability in feeding behaviour documented in Chapter I suggests that assuming
uniform feed intake within cohorts can lead to misestimation of growth potential, feed
conversion efficiency and size dispersion. The substantial fish-specific contribution to ingestion
variability emphasises the need to move beyond population averages and to consider individual-
level differences in feeding behaviour and social interactions when designing feeding regimes
(Arechavala-Lopez et al., 2022; Bernier, 2006; Best et al., 2023; Conde-Sieira et al., 2018;
Overli et al., 2006). Results obtained for between-individual variability of the ovary size across
the reproductive season, which have been possible by the development of the ultrasound
measurement technique and calibration (Chapter II), showed in a novel perspective the
between-fish variability in maximum size, date at which the peak is reached and the spread of
the ovary development. This, combined with the variability in oocyte dynamics (which in turn,
define the potential fecundity) and hormone dynamics (Chapter III), demonstrate that
reproductive output per female can differ several-fold even among equally reared and
genetically similar individuals, implying that a relatively small subset of females may
contribute disproportionately to the populational egg production (Barneche et al., 2018; Sadoul
et al., 2020).

For aquaculture, this heterogeneity underscores the importance of identifying and managing
high-performing broodstock individuals or, contrarily, maximum-growing individuals that
would display reduced energy allocation to reproduction. Similarly, recognising patterns of
early or late spawners is crucial for ensuring eggs and larvae at any moment of the year. The
relevance for ecology and fisheries relies in the fact that population renewal in wild stocks is
likely driven by a combination of body size, energetic status and individual reproductive
strategies rather than by size alone. Another important highlight of this Thesis is that fish
populations inherently comprise substantial between-individual variability, meaning that not all
individuals contribute equally to population-level outcomes. Therefore, accounting for such
individual heterogeneity, rather than relying solely on population averages, can provide more
accurate and mechanistically grounded insights into the processes that underpin reproductive
output in wild stocks. The DEB-based model presented in Chapter IV may contribute to this
perspective by providing a formal tool to explore how differences in energy assimilation,
buffering and allocation can potentially generate a diversity of reproductive trajectories under
different environmental or rearing scenarios.

Beyond the immediate implications for broodstock management, the results of this Thesis
also suggest a broader conceptual framework in which population-level dynamics implicitly
can emerge from the aggregation of heterogeneous individuals with their own energetic
characteristics and, therefore, growth trajectories, reproductive outputs and, ultimately, life
histories. Individual fish differ not only in the amount of energy they acquire through feeding,
but also in how efficiently that energy is assimilated, and how it is stored and allocated among
the palette of energy-demanding physiological functions (maintenance, growth, reproduction,
etc.). These differences generate distinct bioenergetic phenotypes that may lead to widely
divergent reproductive strategies, even among individuals who experience similar
environmental conditions.

Environmental drivers can further modulate these individual trajectories. Variations in
temperature, food availability, social structure or habitat conditions may alter from feeding
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behaviour to metabolic running, thereby shaping and shifting the energetic balance of
individuals, which can affect oocyte recruitment, gonad development and spawning dynamics.
In this sense, the ultimate reproductive output observed at the population level may reflect the
combined sum of the multiple individual outcomes, result of the interaction between energetic
pathways and the environmental drivers.

In this sense, selective pressure (natural or anthropogenic) may apply as a selective filter on
these energetic phenotypes too. Such selective pressures could gradually modify the distribution
of energetic strategies within whole populations, as long as the determining traits are
inheritable, thereby altering over time patterns of growth, maturation, reproductive investment,
etc. Exploring how these individual energetic strategies scale up to population outcomes
therefore represents an important challenge to tackle both in fisheries ecology and aquaculture
research.

Future directions

This Thesis opens several lines for future research. Disentangling ingestion and assimilation
processes, which are often confounded into a single effective parameter due to data limitations,
remains a central challenge for DEB applications. The individual-level feeding data obtained
in Chapter I, combined with the DEB framework of Chapter IV, provide a promising basis to
design new experiments and models aimed at explicitly disentangling these processes and
quantifying individual differences in assimilation efficiency. Future experiments could explore
more extreme feeding regimes, including strong under-feeding and ad libitum conditions, to
better characterise the intake dynamics, the behavioural responses affecting feeding, and their
consequences for energy allocation and DEB parameterisation (Thomas et al., 2017).

There is also considerable room for improvement in the integration of additional datasets
into the DEB model. Incorporating hormone dynamics and organ-specific energy densities
would allow explicit representation of endocrine “gates” and thresholds, which ultimately link
energy fluxes to reproductive processes. Another potentially relevant research line would focus
on the energy transfers between liver and gonads. This would provide key information for
bridging energy acquisition and allocation with reproductive timing, and could help the
exploration of bioenergetic conceptual views on capital versus income breeding strategies
(McBride et al., 2015; Muller et al., 2019).

Another promising direction concerns the between-individual variability of the long-term
reproductive dynamics. The present work focused primarily on a single reproductive season,
but currently there are data already available for a subset of individuals over two consecutive
seasons. Analysing these data within the DEB framework would allow assessment of intra-
individual variability and ontogenetic changes in reproductive investment and energetic
allocation strategies across reproductive seasons. Such analyses could clarify whether the
archetypes identified in this thesis represent stable individual strategies or plastic responses to
environmental or physiological conditions.

Model refinements are also needed at the level of oocyte and ovary dynamics. Extending the
current formulation to represent hydrated oocytes would allow to better understand the
mechanisms behind batch spawning. Moreover, to relax the assumptions of a constant stromal
fraction would likely reduce biases in predicted ovary weight. The recruitment of primary
growth oocytes certainly deserves particular attention. Altogether, improving our knowledge on
these processes would enable a closer match with empirical oocyte size distributions and, in a
broader way, ovary dynamics (Charitonidou et al., 2022; Ganias et al., 2015; Kjesbu et al.,
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2009). These developments would also facilitate comparisons with other species and fecundity
types, and contribute to the ongoing discussions about the continuum between determinate and
indeterminate reproductive strategies (Brown-Peterson et al., 2011; Hunter et al., 1992; Kurita
& Kjesbu, 2009; Murua & Saborido-Rey, 2003; Servou et al., 2023).

Finally, once the computational efficiency of the model is improved, the DEB framework
developed here could be potentially used to conduct predictive analyses under contrasting
environmental scenarios, e.g., varying conditions temperature and food regimes, or varying the
phenotypes in a population when each individual is characterised by a specific set of DEB
parameters, which in combination with environmental variability will ultimately determine the
reproductive dynamics in terms timing and reproductive output. Such virtual twins are being
developed in many fields and would be particularly relevant for both aquaculture (e.g., by
defining feeding strategies, refining broodstock management and improving the design of
selective breeding programs) and for ecological and fisheries applications (e.g., by providing
mechanistic predictions of reproductive responses under changing environmental conditions).

In this context, the explicit incorporation of between-individual variability into bioenergetic
models may offer a powerful framework to explore how environmental change or selective
pressures may progressively alter the distribution of energetic and reproductive phenotypes
within populations (if the traits that determine such phenotypes are inheritable). Such
approaches could ultimately improve our capacity to anticipate shifts in reproductive potential,
recruitment dynamics and stock resilience under future environmental scenarios, or even
support the deliberate steering of broodstock management and selective breeding strategies,
allowing managers to favour energetic and reproductive phenotypes that enhance reproductive
efficiency, production stability and welfare under specific rearing conditions.
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Conclusions

The between-individual variability is a ubiquitous feature of living organisms. As
demonstrated for the model species Dicentrarchus labrax, this variability affects feed
intake, gonadal growth, oocyte dynamics, fecundity, hormone dynamics and energetic
allocation, even under standardised rearing conditions and in cases of reduced genetic
variability.

. Body size is not the only determinant of individual feed intake rates in D. labrax. A
considerable portion of variability observed in feed intake rates between individuals was
not consistently associated with neither body size, temperature nor ration size, but with
fish-specific traits.

. Anthropogenic stress was identified as an important factor modulating feed intake rates
in D. labrax, with stress effects likely masking the expected temperature-dependence of
the intake rates.

. Ultrasonography has been proved to be an accurate, reliable and welfare-friendly method
for assessing ovary size and dynamics in adult female D. labrax, enabling longitudinal,
non-lethal monitoring of ovary dynamics in a relatively large number of individuals.

. Ultrasonography revealed a striking between-individual variability in ovary growth
trajectories, with large differences in maximum ovary weight and in the timing and
duration of the reproductive cycle dynamics, even among genetically homogeneous
females that have been reared in the same conditions.

The combination of ovary ultrasonography, oocyte sampling and hormone measurements
provided multi-scale, individual-based datasets of reproductive dynamics that have
contributed to describe the covarying patterns at the cellular, organ and whole-organism
levels.

The extended DEB-reproductive model developed in Chapter I'V constitutes a functional
multiscale sub-model capable of predicting key patterns in body length, body weight and
ovary weight, as well as a substantial part of the observed between-individual variability
in reproductive investment. This capability corroborates the suitability of the DEB theory
framework for mechanistically linking empirical individual trajectories to the underlying
energetic processes.

The modelling assumptions and simplifications that had to be adopted highlight the
current limitations of multi-scale DEB implementations, but at the same time provide a
robust baseline upon which future models can progressively integrate additional datasets
of diverse nature and/or increasing conceptual complexity to achieve greater biological
realism.
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9. The large and consistent between-individual variability in reproductive and feeding traits
underpins that individual-based perspectives should prevail over population-averages,
both for applications in ecology and aquaculture.

10. This Thesis establishes a comprehensive framework that links individual feeding
behaviour, reproductive dynamics and energetic allocation in D. labrax as a model
species, through a combination of innovative empirical methods and an extended DEB
model, thereby opening promising research lines for the future.
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