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Impact des changements globaux sur le développement et la survie
des larves de hareng de I’Atlantique (Clupea harengus): une
approche multi-stress



Abstract

Global changes are leading to multiple modifications of the environment. One crucial question
today is to determine the vulnerability of species to these changes. In particular, they may
jeopardise fish populations, which may have deleterious consequences for ecosystems and
humans. The objective of this thesis was to assess the potential of herring (Clupea harengus)
larvae to cope with a modified environment. The combination of direct abiotic effects, ocean
warming and acidification, and an indirect effect, with different dietary content of nutrients
and essential fatty acids, was tested. The survival potential of the larvae was assessed using
several measures at different levels of biological organisation to identify the presence of
potential compensatory mechanisms. At the whole organism level, the growth rate remained
constant at all temperatures, but on the contrary the development rate (transition to the next
larval stage) was accelerated with increasing temperature. This resulted in smaller individuals
for the same developmental stage, at the end of the larval period, under global change
treatment. The majority of physiological measures were little affected by warming,
acidification and food quality, revealing a strong acclimation potential in herring larvae.
Nevertheless, the analyses show that warming and acidification constitute a stressful
environment for the individuals, since at the molecular level an important stimulation of genes
involved in Heat Shock Protein production was measured. At the biochemical level, the fatty
acid profiles also reveal a potential anti-inflammatory response. This means that the larvae
are able to face environmental modifications, but not without energetic consequences. The
smaller size of the individuals in the warmer, more acidic environment make them more
vulnerable to predation mortality, and thus could lead to reduced recruitment in herring
population. This phenomenon could be exacerbated by taking into account other
anthropogenic pressures on the organisms, as well as the variability of prey availability in the
natural environment. It is therefore in the study of these other combined aspects that future
studies should focus, in order to predict more precisely the fate of herring larvae.

Résumé

Les changements globaux induisent de multiples modifications de I’environnement. Une
guestion cruciale aujourd’hui est de déterminer la vulnérabilité des espéeces faces a ces
changements. lls risquent notamment de mettre en péril les populations de poissons, ce qui
peut avoir des conséquences délétéres pour les écosystemes et les hommes. L'objectif de
cette thése était d’évaluer le potentiel des larves de hareng (Clupea harengus) a résister et se
maintenir dans un environnement modifié par les changements globaux. La combinaison
d’effets abiotiques directs, le réchauffement et l'acidification des océans, et d'un effet
indirect, avec différents apports alimentaires en nutriments et acide gras essentiels, a été
testée. Le potentiel de survie des larves a été évalué en utilisant plusieurs mesures a différents
niveaux d’organisation biologique, afin d’identifier la présence de potentiels mécanismes de
compensation. A I'échelle de 'organisme entier, le taux de croissance est resté constant a
toutes les températures, mais au contraire le taux de développement (passage au stade
larvaire suivant) a été accéléré avec I'augmentation de la température. Il en a résulté des
individus plus petits, dans les conditions de changements globaux, pour un méme stade de
développement a la fin de la période larvaire. La majorité des mesures physiologiques ont été



peu perturbées par le réchauffement, I'acidification et la qualité alimentaire, révélant un fort
potential d’acclimatation chez les larves de harengs. Néanmoins, les analyses montrent que le
réchauffement et I'acidification constituent un environnement stressant pour les individus,
puisqu’au niveau moléculaire une importante stimulation de genes impliqués dans la
production d’Heat Shock Protein a été mesurée. Au niveau de la composition biochimique des
individus, les profils en acide gras révelent aussi une potentielle réponse anti-inflammatoire.
Cela signifie donc que les larves sont en mesure de lutter pour se maintenir dans le nouvel
environnement, mais non sans conséquences énergétiques. La plus petite taille des individus
en milieu plus chaud et acidifié les rend plus vulnérables a la mortalité par prédation, et donc
pourrait entrainer une diminution du recrutement pour le hareng. Ce phénomene pourrait
étre exacerbé en prenant en compte les autres pressions anthropiques qui pesent sur les
organismes, ainsi que la variabilité de la disponibilité en proies dans I'’environnement naturel.
C’est donc dans I'étude de ces autres aspects combinés que devront se tourner les futures
études, pour prédire plus précisément le devenir des larves de hareng.
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General Introduction

Marine life in an era of global change
From climate to global change: direct abiotic effects

Since the industrial revolution at the end of the 18™ century, gas emission and accumulation
in the atmosphere has been steadily increasing, particularly under the form of CO,, a
GreenHouse Gas (GHG). Before the industrial era, the concentration of CO; was around 278
ppm (Siegenthaler et al., 2017), and is now above 400 ppm (Mauna Loa Observatory, NOAA),
leading to a rapid climate warming. Anthropic activities are without a doubt responsible for
the actual climate change (Cook et al., 2016), differing from natural climate variations by the
rapid rate of changes. Anthropic impacts on the Earth are multiple and identified in all part of
the globe, to such an extent that our era start to be referred as The Anthropocene (Lewis and

Maslin, 2015), and climate change to now be considered as global change.

Changes in atmospheric conditions drive physical ocean properties, which, in turn, influence
biological processes of marine life (Boyd et al., 2018; IPCC, 2019). In addition to warming
through heat absorption, the ocean plays a key buffer role in global warming by removing CO;
from the atmosphere (Cao et al., 2009), being a net sink for anthropogenic carbon release.
However, the increase in CO dissolution in the ocean produces a disturbance of the carbonate
system in the seawater. Atmospheric CO; is absorbed in the water and reacts to form carbonic
acid (H2CO3s) that dissociates in bicarbonate (HCO3") and hydrogen ions (H*), and elevated H*
concentrations decrease the ocean pH (Caldeira and Wickett, 2005). Thus an indivisible effect
of ocean warming, mainly due to CO; gas emissions, is ocean acidification (Doney et al., 2009).
The Intergovernmental Panel for Climate Change (IPCC) has developed different scenarios of

ocean warming and acidification predicted for 2100, depending on the global GHG emissions



and their subsequent concentration in the atmosphere (IPCC, 2014). The worst-case scenario,
named RCP 8.5 (Representative Common Pathway) or “business as usual”, if nothing is done
to reduce anthropic emissions of GHG, predicted an average increase of 3°C of the sea surface
temperature and a pH drop by 0.4 units, for the end of the century. The names of the scenarios
have changed in the last IPCC report (IPCC, 2021), the trajectories are now called SSP (Shared
Socioeconomic Pathways), however the previous nomenclature will be used (RCP) in this

manuscript as it was the one used at the beginning of my PhD.

Direct abiotic modifications of the environment related to global change are already visible in
the biosphere (Parmesan, 2006; Poloczanska et al., 2013), and have for example led to event
of mass mortality (Harley, 2008; Jones et al., 2018) or geographic shifts in species distribution
(Azzurro et al., 2019; Harley and Paine, 2009). For ectotherms, temperature is an important
threat as the metabolism is based on temperature-dependent chemical reactions (Monaco
and Helmuth, 2011; Nilsson and Lefevre, 2016). Temperature is influencing animal’s
physiology and define a thermal window in which life is possible, and a smaller range where
fitness is optimum (P6rtner and Farrell, 2008). Individual’s tolerance to temperature depends
on the organism specialization and stage of life cycle, for example stenotherm organisms have
a narrower window than eurytherm organisms (Hochachka and Somero, 2002). The
vulnerability of individuals in the face of ocean warming is then depending on the limit of their
thermal windows (Pértner and Peck, 2010). Conversely, ocean acidification and the
disturbance of the carbonate system may be particularly important for calcifying organisms,
but increasing pCO. (partial pressure of CO;) may also influence acid-base balance
mechanisms (Portner, 2004). Direct effects of global change could challenge marine life at all
level of biological organisation, and potentially negatively affect the fitness of marine

organisms (Bellard et al., 2012).



Biological interactions: indirect biotic effects

Direct effects of global change could affect species performance and subsequent survival, but
also species interactions (Tylianakis et al., 2008). Modifications at different levels of the
trophic chain could propagate along it and lead to an alteration of food web functioning via
modifications of trophic interactions and energy transfer (Rosenblatt and Schmitz, 2016).
Disturbance in species interactions can affect the entire community vulnerability to climate
change and is now highlighted as an important factor shaping ecological communities (Boukal

et al., 2019; Murphy et al., 2020).

Individual species responses toward global change are firstly behavioral and physiological,
with changes in geographic distribution (Chen et al.,, 2011), morphology (Sheridan and
Bickford, 2011), phenology and timing of key seasonal events (Sydeman and Bograd, 2009).
At the basis of the food chain, primary productivity drives recruitment success of higher
trophic levels (Murphy et al., 2020). A change in recruitment could lead to reorganization of
community assemblages with potential changes in ecosystem functioning (Albouy et al.,
2014). Climate change can also alter trophic interaction through modifications of the resource
quality (Rosenblatt and Schmitz, 2016). Primary production and phytoplankton nutritional
quality is mainly support by nutrients availability in the environment, which supply in the
marine system are disturbed due to human activities (Berhe et al., 2018; Peiuelas et al., 2013).
In addition, phytoplankton cells are the main producer of omega-3 and omega-6
polyunsaturated fatty acids (PUFA), which are critical structural and functional components
incorporated in animal tissues, involved in key physiological processes (Dalsgaard et al., 2003).
Higher trophic level have limited de novo synthesis capacity of these PUFA and are

consequently highly dependent of primary producer’s composition for their growth and
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development (Sargent et al., 2003; Tocher, 2003). Warming could affect phytoplankton
physiology and alter their ratio of saturated fatty acid (SFA) in comparison to PUFA, decreasing
PUFA quantities (Hixson and Arts, 2016), by homeoviscous adaptation (Sinensky, 1974). The
increase in SFA in response to warming environment is done to maintain membranes fluidity
and functioning in all ectotherms (Guschina and Harwood, 2009). Such a change in the
biochemistry of phytoplankton could result in less fatty acids availability for higher trophic
levels and compromise their development and survival. Species will face multiple
modifications of their environment, abiotic and biotic ones. Their survival and dynamic will be
challenged directly by individual behavioral and physiological response toward the abiotic
changes, and these responses will also depend and be modulated by trophic interactions. As
species development and survival are threatened by human-induced modifications of the
environment, acceleration of species loss jeopardize ecosystems health and services, with
potential negative feedback on humans well-being (Bergstrom et al., 2021; Worm and Duffy,

2003).

Understand and predict the consequences on marine life

The multiple changes within the ecosystem caused by climate change could have detrimental
or beneficial consequences on organisms, resulting in future winners and losers (Fabricius et
al., 2011; Fulton, 2011; Lam et al., 2016; Somero, 2010). Understanding and predicting the
species vulnerability toward these changes is necessary to implement adaptive measures and
support actions reducing anthropic impacts on marine life (Pereira et al., 2010). Determining
whether populations could persist at their actual level or not is one of the major goal of climate

change research (Munday et al., 2013). Organisms can respond to environmental changes at
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different levels of organisation, space, and time, with or without interaction, through
migration, acclimation and adaptation (Bellard et al., 2012). For mobile species, poleward
migration can be induced by climate change to stay within animal optimum of their thermal
window (Hochachka and Somero, 2002), like it has been seen for several fish species of the
North Sea (Perry et al., 2005). At a longer-term scale, adaptation via natural selection could
be a mechanism for persistence of a species in the new environmental conditions, but the
adaptation rate might not be fast enough to keep up with the speed of climate change
(Morgan et al., 2020; Visser, 2008). Survival in the face of an environmental modification at a
lower time-scale can happen through acclimation and phenotypic plasticity (Somero, 2010).
Adjustment of the physiological performances could improve immediate survival (Gerber et
al., 2020; Mahanty et al., 2017; Narum et al., 2013), but not without consequences on life-
traits determining individual fitness (Jonsson and Jonsson, 2019). Fitness and subsequent
population sustainability are then ultimately depending on physiological limitations and

tolerance (Koenigstein et al., 2016; Somero, 2010).

Physiological studies are of great importance to characterise the ability of species to cope with
rapid environmental change (Bozinovic and Portner, 2015; Portner and Farrell, 2008; Somero,
2012). Ecophysiological approaches were identified as a priority for contemporary science on
climate change, to study climate change-induced stress and to determine individual trade-offs
that could set limits to the acclimation potential (Bozinovic and Pértner, 2015; Jarrold et al.,
2019). To comprehend and predict the consequences of climate change on organisms survival
and physiology, different approaches and tools have been developed, each presenting
benefits and limitations (See Boyd et al., 2018). One approach is the design of controlled
manipulative experiments, which allow to mechanistically describe the consequence of a

driver on a response trait measured (Riebesell and Gattuso, 2015). Extensive research have

12



been carried out this last decades in this regard, mainly focusing on ocean warming or
acidification effects on marine organisms. Yet, single driver experiments, while of high
scientific value, have poor ecological relevance (Boyd et al., 2018), especially since warming
and acidification are indivisible processes driven by CO; emissions. Marine organisms will face
simultaneous multiple modifications of their environment, and their consequences are not
always additive, requiring multiple-stressor experiments to increase predictions accuracy
(Baumann, 2019; Todgham and Stillman, 2013), especially considering indivisible effects as
warming and acidification. Warming will strongly affect ectotherms that have limited capacity
to use metabolic heat to maintain their temperature and subsequent metabolic rate and
physiological processes (Burraco et al., 2020; Kingsolver et al.,, 2013; Lefevre, 2016).
Particularly fish are mainly poikilothermic, with a body temperature close to the ambient
temperature in their surrounding environment, thus warming and acidification may lead to
energetic trade-offs (Nilsson and Lefevre, 2016). Beyond their ecological importance, fish are
also an important food source for humans. Climate change effects on the productivity of
marine fish stock is then uncertain and need more investigations as in addition to the impact
on ecosystems, it raises questions of food security (Koenigstein et al., 2016; Myers et al.,
2017). While the entire life cycle of fish can be affected by global change, the larval stage is
considered more vulnerable to environmental fluctuations, that can play a major role in

species survival (Pankhurst et al., 2011; Petitgas et al., 2013).

A critical period of the development: the larval phase
Fish larvae, recruitment and fisheries

Fish stock fluctuations of commercial species have socio-economic impacts on human

activities, and thus have been monitored and studies since decades (Hart and Reynolds, 2002).
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Although the sustainability of exploited populations depends on various factors, the renew of
the population is firstly linked with recruitment success (Ottersen et al.,, 2013). In fishery
sciences, the recruitment is defined by new individuals entering the exploited population.
Recruitment variability is mainly driven by mortality rates at early life stages (Levin and Stunz,
2005). Most marine teleost have a reproductive strategy with high production of offspring
(eggs and larvae) without parental care (Juanes, 2007), leading to mortality rate before
maturation close to 99.9% (Le Pape and Bonhommeau, 2015). Understanding and predicting
recruitment dynamics is fundamental for fishery management (Bailey and Houde, 1989;
Sharma et al., 2019). Yet mortality of early life stages is not stable over years and could
generate important year to year fluctuations in recruitment (Houde, 2008; Szuwalski et al.,
2015). Thus abundances data of eggs and larvae collected from oceanographic cruises, which
reflect the spawning biomass, are generally poorly correlated with recruitment success of the
cohort (Le Pape et al., 2020). The larval stage is defined as a period of huge mortality (Bailey
and Houde, 1989; Houde, 2008), mainly due to predation and starvation (Cushing, 1990),

representing a bottleneck period in fish life cycle (Levin and Stunz, 2005).

Fish larvae of most teleost spend their larval phase in the pelagic zone within the planktonic
compartment (Juanes, 2007). They are part of the meroplankton as not all of their life cycle is
planktonic. As any planktonic animal, they drift with the currents and depend directly on
planktonic production at lower trophic level for their feeding (Checkley et al., 1988; Heath et
al., 1989; Tiedemann et al., 2021). Numerous studies have been conducted to understand the
main drivers of larval survival in the field, with Hjort’s work being the first to highlight the
crucial role of the larval phase in recruitment fluctuations (Hjort, 1926, 1914a). Hjort
formulated the “critical period hypothesis” which states that the most critical period during

the development of fish is the transition between endogenous and exogenous nutrition, at
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which the mortality may be particularly high, especially when prey availability is suboptimal.
This body of research has refined “critical period hypothesis” (Houde, 2008), discussing the
fact that only one short period during the larval phase is critical for the survival. The different
hypotheses developed after Hjort’s “critical period hypothesis” are not mutually exclusive and
are even complementary. In line with Hjort idea that food limitation is the main factor leading
to larval mortality, Cushing’s “Match-Mismatch hypothesis” (Cushing, 1973; Cushing, 1990)
proposed that timing between primary production and zooplankton bloom, and fish spawning
and larval production should be coordinated to support survival. lles and Sinclair (1982)
“stable retention” hypothesis, states that physical retention processes of early-life stages are
more important than food availability in recruitment success, which is close to the “Aberrant
drift” hypothesis of Hjort (Hjort, 1914a), arguing that mortality could also be strongly affected
by larval dispersal in unfavorable currents. Other hypotheses combined nutritional and
hydrodynamic processes to explain survival: Cury and Roy (1989) hypothesized that an
“Environmental window” exists within which larval foraging success is linked to wind and
micro-turbulence in an upwelling ecosystem; and Lasker (1978, 1981) suggested that a “Stable
ocean” with vertical stratification could aggregate larvae and their preys, supporting high

feeding and subsequent survival and recruitment success.

Decades of research have highlighted that biological and physical factor act in concert to
influence larval nutrition and subsequent growth or mortality, revealing that environmental
mechanisms linked with larval survival are multi-factorial (Somarakis et al., 2018). To better
understand recruitment success fluctuations and improve fish-stock assessment, biotic and
abiotic environmental information are progressively implemented in models to move toward
more complete ecosystem-based fisheries management (Marshall et al., 2019). However, key

drivers for a successful recruitment still remains poorly understood.
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Larval development and condition

The larval phase of fishes is a period of important morphological and physiological changes to
go from embryonic shape to a functioning juvenile/adult (Gisbert and Sarasquete, 2008). The
fact they are not fully developed increase their vulnerability to environmental changes
(Pimentel et al., 2019). Generally, four main developmental stages are described for fish (5 for

flatfish), based on morphological criteria: yolk-sac presence, notochord’s shape and fins

development (Doyle, 1977; Ryland, 1966).

Stage 1 :

Stage 2

— ~
.‘"ﬁ'

Figure 1 — The four developmental stages of herring larvae. (1) yolk-sac stage, (2) pre-flexion stage, (3) flexion
stage and (4) post-flexion stage

The first stage corresponds to the yolk-stage (Figure 1), or vitelline stage. None of the fins are
developed, the notochord is straight and the main criteria is the nutrition that is endogenous,
i.e. the larvae feed on the yolk-sac. The second stage (pre-flexion stage) is marked by the
depletion of the yolk-sac, when there is no more endogenous reserve and the nutrition is only
exogenous, still with a straight notochord and only the pectoral fins are more developed. The
transition between stage 1 and 2 is the critical period highlighted in Hjort’s hypothesis (1914,
1926). The third stage (flexion stage) is distinguished by the flexion of the notochord where
the caudal fin developed, and the development of the caudal and anal fins. The last stage
(post-flexion stage) is reached when the pelvic fins start to develop. The end of the larval stage
and the beginning of the juvenile stage is marked by the development of scales on the body

and the completion of the fins. Considering that the stages are morphologically, anatomically,
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and physiologically different, individuals at different stages do not have the same abilities to

cope with environmental stress.

Survival through the larval stage, as previously stated, depends mainly on predation and
starvation. While mortality by predation is complicated to assess in the field, mortality due to
starvation, by lack of food or impairment of the digestive system can be assessed by
physiological indices. Nutritional condition indices are mainly measured at three levels of
organisation: whole-body, tissue, and biochemical levels (Ferron and Leggett, 1994). For tissue
and cellular level, assessment of the nutritional condition, histological and biochemical index
have been extensively used in the wild to determine year-to-year variations in condition or
the potential of survival of a cohort (Chicharo and Chicharo, 2008; Giraldo et al., 2013; Di Pane
etal., 2019). Condition indices reflect organ health, energy storage, and thus the ability to face
a stressful situation, they serve as proxies of growth and fitness (Aradjo et al., 2018). Global
change could lead to energetic trade-offs in organisms, reorganising their energy allocation
strategy (Koenigstein et al., 2016), impacting their nutritional condition and potential to go
through the entire phase of the larval stage. Thus, understanding which mecanisms could be

affected during ontogeny by biotic and abiotic environmental changes is necessary.

Evaluated the impact of global change on fish larvae

The larval stage is a period of high mortality depending mainly on hydro- and trophodynamic
factors. The survival through this phase is determining for recruitment success and
subsequent population dynamics within the ecosystems. Accordingly, investigating the effects
of potential stressors on the development and survival of early life stages is a growing area of

research.
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Experimental research has focused on the effect of warming on eggs and fish larvae
physiology, to determine thermal range tolerance and the effect of warming on life traits and
survival (Madeira et al., 2016b; Moyano et al., 2017). Warming can induce thermal stress
(Politis et al., 2017) and have negative impacts for some species in terms of survival, linked to
cost of cellular protection (Madeira et al., 2016a). Growth, developmental rate and swimming
speed are generally increased by non-lethal warming (Green and Fisher, 2004; Moyano et al.,
2016). Research on ocean acidification effects on fish larvae showed negative impacts on
behavior and olfactory system (Dixson et al., 2010; Lopes et al., 2016; Munday et al., 20093;
Rossi et al., 2018), as well as in condition and organ’s integrity (Frommel et al., 2016, 2012a)
or growth and survival (Baumann et al., 2011). Ocean acidification has also in other
experiments promoted or had no effect on larval growth and development (Crespel et al.,
2017; Rossi et al., 2015; Michael Sswat et al., 2018). However, as for warming, the response is
not simple and similar for all individuals, suggesting species-specific effects and responses
toward global change. However, the majority of the studies so far focused on single stressor
effects. Yet, multiple environmental parameters are changing simultaneously which lead to
additive, antagonistic, or synergistic effects. These effects are impossible to predict from the
knowledge gained from single-stressor experiment (Baumann, 2019; Todgham and Stillman,
2013). Recent research has started to investigate the combined effects of ocean warming and
acidification, revealing indeed that a stressor could exacerbate the effect of another (Flynn et
al.,, 2015). Negative combined effects of warming and acidification were described for
behavioral and physiological performance (Id et al., 2019; Laubenstein et al., 2019, 2018), and
positive or lack of effects were also reported on the health, development and survival
(Frommel et al., 2019; McMahon et al., 2020). In manipulative experiments focusing on abiotic

parameters is easier that biotic one, yet studies combining one or two abiotic stressors
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(warming, acidification) with food quantity could also change or exacerbate the effect of the
abiotic stressors (Cominassi et al., 2020; Koenker et al., 2018). There is therefore an urgent
need to assess the influence of global change on the larvae of commercial fish, such as herring,
as survival at this life stage influences the size of the stock, and has an impact on human health
and activities. The North Sea herring stock is of particular interest as it is already experiencing

significant fluctuations.

The biological model: North Sea herring
Herring biology, ecology and fisheries

Herring appears to be a species with a wide range of temperature tolerance (Geffen, 2009),
as well as flexible life-history strategy with production of eggs almost during the entire year.
Different sub-populations or spawning components inside a stock are identified in functions
of their time and spawning locations. In the North Sea (Figure 2), autumn-spawners contribute
more than spring-summer spawner to the total stock (Daan et al., 1990). As the different
components migrate differently for the reproduction but are mixed outside of the spawning

season they are exploited together as one stock of herring (Payne, 2010).
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Figure 2 — Graphic from Hufnagl and co-authors (2015). Representation of the spawning location and time, with larval
abundances of the different spawning component of the North Sea autumn spawning herring. The data are based on the
international Herring larvae survey data, collecting larva < 10 mm, after hatching, between 1997 and 2006. Spawning
components; OS: Orkney/Shetland; BU: Buchan; BaN: Banks north; BaS: Banks south; Do: Downs

Four main spawning components compose the North Sea autumn spawning herring (Figure
2), most of them spawn between August and October (Bank north and south components are
commonly regrouped. The Downs component is distinguished by its spawning location, at the
south of its distribution limit in the English Channel, associated with a period of spawning
mainly in December. The larvae then develop in autumn and winter when the phytoplankton
and zooplankton production is low (Hurst, 2007), which is the example of a mismatch between
preys and larvae. Still this reproductive strategy might provide advantages such as lower
feeding requirements with the lower temperature, lower rates of predation, or even less

competition for resources as most larvae are developing in spring (Denis et al., 2016; Hufnagl
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et al., 2015). Each spawning component is also characterised by different fecundity, size at
hatch, growth rates, migrations paths toward nurseries and recruitment rates (Cushing and
Bridger, 1966; Geffen, 2009). After hatching, the planktonic larvae from the different
spawning sites are transported with the currents to nursery grounds in the eastern part of the
North Sea, at the coastal part of the south German Bight and to the Skagerrak and Kattegat
(Corten, 1986). Generally, after 2 years in the nurseries, the individuals join the adult

population in offshore deeper waters (MacKenzie, 1985).

Past collapse and current concerns about the North Sea autumn spawning stock

This spawning stock has been exploited since middle ages and was the largest sea fishery in
Europe at the beginning of the 20t century (Payne et al., 2009), having an important socio-
economical place in European countries. Due to the commercial value of Herring, the
fluctuations of the population in the North Sea has led to decades of research since the 18t
century focusing on population dynamics, which formed the basis of fisheries research
(Geffen, 2009) and are at the source of the first conceptual theories in fisheries ecology

(Sinclair, 2009).

While North Sea autumn spawners herring biomass is naturally variable, the stock collapsed
between the 1950s and the 1980s due to overfishing (Dickey-Collas et al., 2010). During this
period the stock went from more than 5 million tons to only 50 000 tons (ICES, 2009, 1998;
Payne, 2010), where the maximum age of fish caught was 5 instead of previously 14 years old
(Dickey-Collas et al., 2010). The collapse was not homogenous inside the stock, the spawning
component collapsed one after the other from south to north (Cushing, 1992). For the first

time, a ban on fishery was adopted by different European countries by mid-1977, to stop
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herring fisheries in the North Sea (Dickey-Collas et al., 2010). Around five years later, the ban
was lifted and the stock is since then sustainably exploited (ICES, 2018), but the recovery was
not homogeneous and immediate as the Downs component took around 25 years to recover
(Dickey-Collas et al., 2010). The dynamic of the contribution of each spawning component to
the global stock is also variable, but for about ten years now the Downs component is the

main contributor (Fassler et al., 2011; Payne, 2010).

Over the past 20 years, fluctuations in the recruitment have been recorded, with continuous
years with low recruitment despite a sustainable exploited stock and a consequent spawning-
stock biomass (Payne et al.,, 2009), pointing toward a higher mortality during the
overwintering larval phase. Despite being one of the most studied fish stock dynamic, the
drivers of recruitment, and potential cause for its recent decrease, are still poorly understood
(Payne et al., 2013). Different hypotheses have been put forward, highlighting mainly warming
(Fassler et al., 2011; Payne et al., 2009) or changes in the planktonic community (Alvarez-
Fernandez et al., 2012; Payne et al., 2013; Weijerman et al., 2005) as potential causes for
stronger larval mortality. Results from studies on the effects of global change on larvae of

Atlantic (A) and Baltic (B) herring are summarized in Figure 3.
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Figure 3—Summary of the research investigating the impact of warming, acidification and both parameters combined
on herring larvae from the Baltic (B) or the Atlantic (A) at different developmental stages. In bold are highlighted the
deleterious effect of the parameter, increasing the vulnerability of the larvae.

Globally, warming increases the mortality, oxygen consumption, and swimming abilities,

whereas it decreases the period of development and the size at hatching (Peck et al., 2012;

Moyano et al., 2016; Leo et al., 2018; Sswat et al., 2018). The effect of acidification reported

were either null (Maneja et al., 2014; Sswat et al., 2018), sub-lethal (Franke and Clemmesen,

2011; Frommel et al., 2014; Leo et al., 2018), or beneficial (Michael Sswat et al., 2018). In a

mesocosm study manipulating acidification, Sswat and co-authors (2018) highlighted that

acidification increased phytoplankton productivity, and that increased food availability might

have compensated the negative effect of acidification. This reinforces the idea that for

relevant and more accurate predictions, the potential indirect biotic effects of global change
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need to be included in experiments. Understanding the mechanisms driving herring larval
survival is now a priority in a changing world threaten by climate change. While the fate of
herring larvae toward global change have started to be investigated, a lot of uncertainties
remain as the effects of combined abiotic and biotic drivers, from the cells to the entire
organism, have not been explored. The present manuscript will attempt to fill a part of this

knowledge gap

Aim and structure of the thesis

As Atlantic herring is an ecologically and socio-economically important species of the North
Sea, assessing the fate of the larvae in a context of global change and multiple—stressors is
crucial. In this context, the general questions this thesis want to answer are: How may global

change affect herring larvae survival and development?

To assess these questions two complementary axes are used in this manuscript. The objective
of the first axis is to gain knowledge on the development of herring larvae under optimal
condition. Indeed, success of nutrition depends on the one hand on food availability, and on
the other hand on the maturation of the digestive system. Yet, information about the
development of herring’s digestive system are lacking in the literature. In the second axis, |
investigated the potential effect of combined global change-stressors, namely warming,
acidification, and changes in food quality, on herring larvae. | cultured herring larvae under
different scenarios, and investigated how these scenarios influenced larval fitness. For this, |
focused on different levels of biological organization, using traits directly related to fitness and
describing underlying physiological mechanisms. More specifically, | investigated growth,
development, as well as physiological differences along the larval stage. | complemented this
work by focusing on the oldest larvae, which went through most of the larval stage, and
compared their histological and lipid condition, their organ’s integrity and biochemical

composition.
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Axis 1: Increase our knowledge on herring larval ontogeny with a special focus on the digestive

system

What is the timing of digestive organs development and digestive system maturation
in herring larvae?

To answer this question | reared herring larvae and used length and stage data to
assess growth and development, as well as histological and enzymes analyses to

describe the maturation of the digestive system during this development.

Chapter 1 - Maturation of the digestive system of Downs herring larvae (Clupea
harengus, Linnaeus, 1758): identification of critical periods through ontogeny

Léa J. Joly, Christophe Loots, Cédric L. Meunier, Maarten Boersma, Sophie Collet,
Valérie Lefebvre, José-Luis Zambonino-Infante and Carolina Giraldo

Published in Marine Biology (submitted the 3™ of December 2020 and accepted in April
2021)

Axis 2: Assess the combined effects of warming, acidification, and food quality on growth,
development, condition and physiology of herring larvae

For this axis, one experiment was conducted during which herring larvae were reared in a

control treatment (11°C, pH8.0) and under the RCP 8.5 Ocean Warming and Acidification

scenario (14°C, pH7.6), and subjected to two feeding conditions (prey of different nutrient and

DHA content).

How do warming, acidification, and food quality have influence growth rate,
development rate, and metabolism of herring larvae?

To answer this question samples were taken during the entire experiment to assess
size and stage, and stage 3 larvae were sampled to conduct transcriptomics analyses
and assess if the treatments led to different regulation at the transcriptional level of

genes involved in metabolism (aerobic, lipid, glycogen) and stress response.

Chapter 2 — Future environmental conditions affect herring larval development and
physiology

Léa J. Joly, Maarten Boersma, Carolina Giraldo, David Mazurais, Lauriane Madec,
Sophie Collet, José-Luis Zambonino-Infante, Cédric L. Meunier

Submitted in Biology Open the 13th of January, 2022

25



e Question: How do warming, acidification, and food quality influence herring larval
condition and biochemical composition?

To answer this question larvae were sampled at the end of the experiment. Larval
condition was assessed with histological observations and lipid index measurements.
The biochemical composition and the effect of the treatments on lipid membranes and

reserves were assessed using fatty acid analysis.

Chapter 3 — Herring larval condition under different global change scenarios

Léa J. Joly, José-Luis Zambonino-Infante, Maarten Boersma, Sophie Collet, Véronique
Loizeau, Cédric L. Meunier, Eric Tavernier, Carolina Giraldo

Draft format

e Question: Could warming and acidification modify fish biomarker of development?

To answer this question, larvae in each treatments were sampled during the entire

experiment and the morphogenesis of the otoliths were assessed

Chapter 4 — Effect of climate change on the morphological development of sagittal
otoliths in Atlantic herring (Clupea harengus) larvae

Kélig Mahé, Léa J. Joly, Solene Telliez, Jose-Luis Zambonino-Infante, Cédric L. Meunier,
Kirsteen MacKenzie, Carolina Giraldo

Submitted in Journal of Experimental Marine Biology and Ecology the 14" of January,
2022

This thesis is funded by the project CoCktAIL (Climate ChAnge effects on flsh Larvae) funded
by the AWI-MARUM (AMI) Partnership. The project is the result of a collaboration between
Ifremer (Institut Francais de Recherche pour I'Exploitation de la Mer, Boulogne-Sur-Mer and
Brest, France) and the AWI (Alfred Wegener Institut, Helgoland, Germany).
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AXIS 1 — Increasing our knowledge on herring larval ontogeny with a special focus
on the digestive system

The aim of this axis is to describe the timing of the digestive organs development and digestive
system maturation of herring larvae. To do so herring larvae were reared from hatching to the
last developmental stage, histological and enzymes analyses were used to describe the

ontogeny of the digestive system.

©Olivier Dugornay
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1.1 Introduction

North Sea herring is a commercially and ecologically important stock of North Atlantic herring
(Clupea harengus). This stock has experienced high biomass fluctuations, with an almost
complete fisheries induced collapse in the past, resulting in the closure of the fishery in the
1980’s (Dickey-Collas et al., 2010). Since then, the stock has recovered and, as a result of the
very tight regulations, is currently sustainably exploited. Nevertheless, years of poor
recruitment, i. e. quantity of juvenile fish entering the adult population, are regularly reported
despite high adult biomass levels, suggesting that other factors are responsible for variability

in larval survival , which are still poorly understood (Payne et al., 2009).

The economic implications of fish stock inter-annual variability have motivated research on
population dynamics and fish biology for more than a century (Hart and Reynolds, 2002). Hjort
(1914) was the first to point out larval survival, and not only spawning stock biomass, as a key
factor determining annual recruitment and size of fish populations. He defined the transition
from endogenous to exogenous nutrition as the critical period (“Critical period hypothesis”),
i.e. the period when the larvae start feeding, and are most sensitive to starvation. First-feeding
stage has been shown to be a bottleneck period for Western Baltic Sea herring, where young
larvae reaching this critical period before the plankton bloom contribute little to the surviving
year-class (Polte et al., 2014). Different recruitment hypotheses based on hydrodynamic and
trophodynamic factors have been put forward since, and it is now well accepted that biological
and physical processes act in concert to determine the survival of fish at early life stages
(Houde, 2008), from fertilization to metamorphosis and beyond. For instance, feeding success

and subsequent growth rate are advocated as two of the most important factors influencing
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larval survival and recruitment (Anderson 1988; Bergenius et al. 2002; Jenkins and King 2006;

Robert et al. 2007).

Thus far, condition and physiological state of field-caught larvae have been used as indicators
of suitable environmental condition and potential recruitment success. These are typically
measured by indices, including morphometric, histological and biochemical measurements
(Ferron and Leggett, 1994). These indices are used to assess directly or indirectly the
nutritional status of organisms, or to infer their ability to bear starvation (Ehrlich et al., 1976).
Some of them are widely used in larval fish surveys, such as the relative content of RNA to
DNA in tissue, or the size corrected weight of individuals. Recently, Denis et al. (2017)
observed that Downs herring larvae, one of the most important spawning components of
North Sea herring, undergo a change in their condition at around 13 mm. The authors
observed a reduction in instantaneous growth rate (by RNA: DNA) along with an increase in
ingestion rate and suggested this to be a possible critical period resulting from a change in the
energy-allocation strategy (i.e., from growth to energy reserves). Because the response of
RNA:DNA ratios differs with larval size (Foley et al., 2016) the former hypothesis of a second
critical period needs to be validated with additional independent and well-controlled
approaches. It is known that ontogeny and organogenesis of the digestive system can
influence the physiological status of larvae (Suthers, 2000). Hence, knowledge of the
development and maturation of the digestive tract, as well as the dynamics of energy storage
by accessory glands, would be very helpful for a precise interpretation of field data.
Furthermore, the study of ontogenic transitions could be of importance to determine critical
periods during the development at which suboptimal feeding conditions could directly affect

survival and recruitment.
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Marine fish larvae are not fully developed at hatch and undergo simultaneous major ontogenic
changes in morphology, anatomy and physiology. Growth and development are linked to the
nutritional status of individuals which relies on internal storage, and after first feeding, on
food quality, availability and functionality of digestive organs (Ronnestad et al., 2013).
Maturation of the larval digestive tract is defined as the acquisition of adult digestive features;
this process has been widely studied for digestive enzymes in teleosts, especially in the
context of aquaculture (Zambonino Infante and Cahu, 2001). Most fish species lack a
morphologically distinct and functional stomach (characterized by the appearance of gastric
glands, (Zambonino Infante and Cahu, 2001)) before metamorphosis, and digestion processes
in larvae mainly depend on other digestive organs, especially the pancreas (Ronnestad et al.,
2013). Among pancreatic enzymes, trypsin activity has been related to food ingestion
(Pedersen et al., 1987) and has been used to experimentally identify starving from well-fed
herring larvae. Trypsin measurements reflect changes in food availability and nutritional
condition at a shorter-term range than RNA/DNA ratios which has been estimated > 5 days
(Foley et al., 2016; Ueberschar and Clemmesen, 1992). Intestine maturation is characterized
by changes in enterocytes enzymatic activities, i.e. a decrease in cytosolic activities
concomitant with a sharp increase in brush border membrane enzyme activities (Zambonino
Infante et al., 2008). Consequently, digestive enzymes activities are used as indicators of larval
development and potential of survival. Although these aspects are essential to understand
larval recruitment, which is necessary to assess stock fluctuations, there is a striking lack of
information on the ecologically and economically important North Sea C. harengus. Teleosts
have similar developmental patterns, but large species-specific variations exist regarding
organ differentiation timing and metabolism efficiency (Gisbert and Sarasquete, 2008). For a

more complete assessment of potential recruitment success it is hence essential to acquire
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in-depth knowledge on the processes during larval development, both structural changes as

well as changes in physiology.

In the present study, we focused on North Sea herring (Downs component) and aimed to (1)
describe the development and maturation of the digestive tract and associated organs
(oesophagus, stomach, intestine, liver and pancreas), and (2) identify physiological changes
that could potentially be linked to critical periods during ontogeny. To do so, herring larvae
were reared in the laboratory from hatch to the last larval stage, and digestive enzyme
activities (trypsin, alpha amylase, leucine-alanine peptidase, aminopeptidase N and alkaline
phosphatase) as well as histological structure of digestive organs were assessed at different
times through development. Hence, the present study provides important basic information
on the structural and biochemical changes of herring’s digestive system throughout the larval
stages that can be useful for future work assessing the condition of field-caught larvae in

relation to environmental conditions.

1.2 Materials and methods
1.2.1 Artificial fertilization

Mature herring from the Downs component were obtained in November 2018 from a local
organization of fishermen (Coopérative Maritime Etaploise, CME) in Boulogne-Sur-Mer
(France). Artificial fertilization was carried out using ready-to-spawn fish at the Ifremer
Manche-Mer du Nord laboratory. Eggs of 27 females (mean standard length: 27.2 £+ (SD) 1.92
cm; mean weight: 166.4 + 32.54 g) were stripped-spawned in seawater and placed on four
plastic plates (PVC) of 490 cm? each before being fertilized with the sperm of 9 males (mean

standard length: 28.0 + 3.84 cm; mean weight: 179.2 + 32.0 g). The eggs and sperm were
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incubated during 10 minutes at 13.5°C and 32.7 psu, before rinsing. To ensure genetic
diversity, on each plate eggs from at least six females were spread and the mixed sperm of at
least two males was added for the fertilization. Along with the four PVC plates a smaller slide
of 21 cm? was used to monitor closely the fertilization and eggs development without having
to take out of water the eggs intended for the experiment. Eggs were stripped-spawned on
the slide and fertilized with the same protocol in order to give us an approximation on
fertilization success. The fertilization success of the slide was of 42%. Around 200 eggs were
laid on 21 cm?, thus we can estimate that approximately 4600 eggs were present on each plate

of the experiment.

The plates were transported to Ifremer-Centre de Bretagne laboratory in boxes with
oxygenated and thermoregulated sea water (variation range: 13.5 to 15°C). Eggs were then
incubated in a 200 Ltankin the dark. For the entire experiment, natural seawater was pumped
from the Bay of Brest (32.5 psu, pH 8.0), passed through a sand filter, heated to avoid natural

temperature fluctuations, filtered (2 um) and UV sterilized (PZ50, 75W, Ocene, France).

1.2.2 Larval rearing

Most of the eggs hatched on the 9t day of incubation (starting point of the experiment: 1 dph)
and larvae were kept until 69 days post hatch (dph). Three days after hatching (3 dph) about
4500 larvae were counted and distributed equally in three 38 litres conical black tanks (1500
larvae by tank), constituting the replicates of the experiment. A continuous flow-through
system of 20 L h-! was used and the temperature was set to 13°C (13.3 + 0.25°C). Oxygen
saturation was measured daily with an oximeter (WTW Oxi 340, Bioblock scientific) and was

always higher than 98%. In order to prevent any food limitation, the daily food quantity was
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distributed four times during the day to maintain an ad libitum level, ensuring that there were
always prey in the tank during the day. To be sure to allow proper feeding through time we
used an increasing range of living prey sizes from phytoplankton to 24 h old nauplii, before

weaning with feed granules.

Rhodomonas salina (Strain 2002) and Oxyrrhis marina (Strain 21.89) were obtained from the
Culture Collection of algae (University of Géttingen, Germany). R. salina were grown in 10 L
bottles under constant light in enriched Conway medium to provide quick growth (N and P
concentrations doubled). O. marina were cultivated in a 5 L bottle under constant lighting and
fed R. salina. Nauplii of the commercially available Artemia salina (VNBS, Viepearl) were
hatched in 60 L tanks after 24 h at 28°C, and directly used to feed larvae early in the
development. Thereafter, artemia nauplii were enriched 24 h (A1) in a mixture of fish oil (FO)

and baker yeast (BY) (For 1 Million artemii=4.3 g FO and 11.1 g BY).

The feeding protocol of Moyano et al. (2016) was followed for early feeding. Yolk sac larvae
were fed the microalgae R. salina (mean: 30 000 cells mL) and the heterotrophic protist
Oxyrrhis marina (mean: 250 cells mL?). Two days after mouth opening, Artemia salina nauplii
(A0) were supplied in the tanks (mean: 70 AO larvae™ d). From 22 to 39 dph a mix of A. salina
nauplii (mean: 140 AO larvae d!) and 24 h old enriched artemii (mean: 140 A1 larvae™ d?)
were added. After that, A1 were supplied in decreasing quantities (mean: 200 A1 larvae™ d!)
while introducing feed granules (Neo Supra, Le Gouessant, 58% proteins, 13% lipids) until 49
dph (from 0.2 to 0.5 g tank*d). From 49 to 69 dph, larvae were fed only with the granules (1
g tank* d?). The lighting sequence of the tanks was modeled on aquaculture protocols. The

lighting period was of 24 h a day, progressively increased from 1 to 59 lux along the
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development, in order to maximize larval feeding, in particular for young herring larvae which

possess only cone cells prior to metamorphosis (Bell and Dick, 1993).

1.2.3 Larval sampling

A total of 761 larvae of C. harengus were sampled and measured (Total Length, TL in mm)
throughout the experiment to estimate growth rates. A subsample of those individuals were
used for enzyme analysis. Larvae were collected with a sieve in the morning, before feeding,
and euthanized in ice water. As larvae are fragile organisms, homogeneous sampling through
the tanks inevitably leads to a slight increase in mortality. Thus, for histological individual
analysis we decided to limit the number of larvae sampled at the beginning of development
and to increase it progressively according to the progress and success of the rearing. The
samplings were adjusted to not go below a minimum, non-stressful, density of 25-30 larvae.L
1 per tank. Four vitelline larvae were directly sampled from the hatching tank at 3 dph. After
that, from 2 to 13 larvae per tank were sampled at 12, 19, 21, 25, 28, 35, 49 and 69 dph. The
larvae were preserved for 48 h in Bouin’s solution, then rinsed and preserved in 70% ethanol
in the dark until analysis. To describe the morphological development, larval stage and size
were defined under binocular observations for 4 larvae (at 3 dph) + ((2-10 larvae) * 7 (sampling
dates) * 3 (replicates)) + (13 larvae * 3 (replicates)) = 169 larvae. To have a reference value on
the level of shrinkage of the conservation technique, larvae sampled at 69 dph were measure
before and after conditioning (13 larvae per tank). A total of 35 larvae were used to

histologically describe the digestive system development through time.
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Figure 4 - Developmental stages of herring larvae: (1) yolk sac stage — 3 dph, 8-9 mm TL, (2) pre-flexion stage —
12 dph, 9-14 mm TL, (3) flexion stage — 28 dph, 12-18 mm TL and (4) post-flexion stage, the larvae is cut in two
parts because it was unfortunately too long to fit entirely under the binocular — 69 dph, 15-30 mm TL, binocular
observations

The developmental stage (Figure 4) for each larva was determined according to Doyle (1977):
1) yolk sac larval stage, 2) pre-flexion stage; yolk sac absent and straight notochord, 3) flexion

of the notochord stage and 4) post flexion stage with visible pelvic fins.

Enzyme activities analyses by spectrophotometry require the pooling of individuals to work
with a sufficient biomass, thus we started the sampling when larvae were 14 dph old. Between
30 and 50 larvae were sampled in each tank for enzymes analysis at 14, 21, 28, 35 and 49 dph.
The larvae were put in vials and stored at -80°C, yielding a total of 5 (sampling days) * 3

(replicates) = 15 samples.
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1.2.4 Organogenesis of the digestive system

Organogenesis of the digestive system was studied using histology. Individuals were
dehydrated and embedded in paraffin blocks, as described by Di Pane et al. (2019),
substituting the xylene by diasolv (non-Carcinogenic, Mutagenic or Reprotoxic substitute of
xylene/toluene). Sagittal section of 7 um were made with an automated-microtome (Leica,
RM2255) and mounted on slides. Larval sections were dewaxed and rehydrated in successive
baths of diasolv and alcohol progressively less concentrated (100 %, 95%, 70%) and tap water.
Two histochemical colorations were used on different larvae. Half of them were stained using
alcian blue (AB) pH 2.5 alone. The other half was double-stained with Periodic acid-Schiff (PAS)
to stain glycogen and neutral mucosubstances, and alcian blue (AB) pH 2.5 for acid
mucosubstances. Then all the slides were stained with Groat’s hematoxylin and picro-indigo
carmine for topographic coloration. Between 3 to 6 larvae per sampling date were observed
under a microscope (Leica, DM6B) to describe the development of the larval digestive system.
We focused on the histological organization of the digestive tract (oesophagus, stomach,
intestine) and accessory digestive glands (liver and pancreas) (Table 1). Presence of zymogen,
inactive enzymatic precursor, in the pancreas and glycogen, indicative of energy reserve, in
the liver were examined. The liver condition and reserve amount were scored based on
hepatocytes vacuoles characteristics following the protocol developed by Di Pane et al. (2019).
Image acquisition was done with a software (LAS X) and a camera (Leica, DMC4500) connected

to the microscope.
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Table 1 - Synthesis of the histological structures observed for the digestive system development description
(Zambonino Infante et al. 2008; Ronnestad et al. 2013; Di Pane et al. 2020)

Organs Tissue Features
Tube shape short and elongated folded
narrow
Epithelium simple pseudo- stratified
stratified
Oesophagus
Epithelial cells cubic prismatic
shape
Goblet cells present absent
Mucins acid neutral both
Epithelium simple pseudo- stratified
stratified
Rudimentary
Epithelial cells cubic prismatic
Stomach
shape
Villi present absent
Cardiac stomach simple prismatic cells prominent villi
epithelium
Differentiated Fundic stomach simple prismatic cells gastric glands
Stomach epithelium
simple pylorus and
Pyloric stomach prismatic cells
epithelium pyloric caeca
Rudimentary Epithelial cells prismatic
Intestine shape
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Goblet cells present absent
Mucins acid neutral both
Villi present absent
Brush Border present absent
Epithelial cells prismatic
shape
Differentiated Goblet cells present absent
intestine (anterior Mucins acid neutral both
and posterior) Villi moderate prominent
Brush Border present absent
Vacuoles present absent
Acini stain dark pale
Tissue Indistinct acini, Distinct  acini,
Exocrine Pancreas
organisation detachments contiguous
Zymogen present absent
Endocrine Langerhansislets  present, absent
Pancreas number
Score 1 2 3
Hepatocytes size  small medium large
Liver Vacuoles absent small / medium large
Glycogen quantity absent/small  medium huge
(everywhere)
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Tissue structure some joined cells joined cells

detachments

1.2.5 Enzymatic assays

Activity of five digestive enzymes was assessed during larval development: trypsin (EC
3.4.21.4), alpha amylase (EC 3.2.1.1), leucine-alanine peptidase (Leu-Ala), aminopeptidase N

(aminP, EC 3.4.11.2) and alkaline phosphatase (AP).

Larvae from the first two sampling dates (14 and 21 dph) were entirely homogenized with a
polytron (PT — MR2100, Polytron, NR: 324412). Older ones (28, 35, 49 dph) were dissected
and measured on ice under a binocular microscope (Cahu and Zambonino Infante, 1994) in
order to obtain pancreatic and intestinal segments. Samples were homogenized in five
volumes (w/v) of ice-cold distilled water. Brush borders were extracted and purified from the
intestinal segment (Crane et al.,, 1979). Homogenates of younger larvae and pancreatic
segments from older larvae were used to determine activities of pancreatic enzymes, i.e.
trypsin and alpha amylase, according to Holm et al. (1988) and Métais and Bieth (1968)
respectively. Cytosolic leucine-alanine peptidase activity was assessed from intestinal
homogenates (Nicholson and Kim, 1975). Assays of the brush borders enzymes were
performed for alkaline phosphatase and aminopeptidase N following Bessey et al. (1946) and
Maroux et al. (1973), respectively. All measurements were carried out using a

spectrophotometer (Thermo Scientific, Evolution 201) at 37°C.

For each analysis, protein content was determined in the sample with Bradford’s method
(Bradford, 1976). All the activity measurements were done three times for each sample and

averaged to give a value per tank and time. Enzymatic activities were expressed as specific
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activities in mUnit mg protein™! and segmental activities, i.e. the total activity of one enzyme
per larva in the intestinal segment. The level of intestinal maturation was calculated as the
ratio of brush borders enzymes related to cytosolic enzymes based on the segmental activities

(Zambonino Infante et al., 1997).

1.2.6 Statistical analyses

Data analyses were performed under the R software (R core Team, 2019) with an alpha level
of 0.05. Differences in growth rates among tanks were investigated with a linear mixed-effects
model (LMEM) using the package “Ime4” and the function Imer (Bates et al., 2015). “Length”
was the outcome variable with “dph” used as a fixed effect and “tank” as a random effect.
Following recommendation by (Barr et al., 2013) we fit a maximal random effects structure
which allows for random slopes (for the different tanks) and random intercepts. The function
ranova() from the “ImerTest” package (Kuznetsova et al., 2017) was then used to test the
effect of the random effect on the model (likelihood ratio tests), an normality of residuals was
checked. The random effect “tank” was not significant (P > 0.05) and so replicates of the
different tanks were pooled for subsequent analysis. The data are expressed as mean + SD.
Enzymes data normality was checked with Shapiro’s test and homoscedasticity with Bartlett’s
test. As normality and homoscedasticity were respected, specific activities and enzymatic ratio
data were compared by one-way ANOVA, with time as a factor, followed by post hoc HSD

Tukey tests when significant differences were found.

1.3 Results
1.3.1 Size distribution during developmental stages

LMEM fixed effect estimate of the variation of length over time was of 0.22 mm.d! (Table 2).
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Table 2 - Estimated model fixed effects of the variation of length over time using "tank" as a random effect for 761
observations.

Effect Estimate Std. Error df t P value
Intercept 8.87 0.47 2.18 18.59 0.001
Dph 0.22 0.01 2.15 18.10 0.002

All larvae presented a yolk-sac and hatched without a functional mouth but with fully
pigmented eyes. The mouth opened at 3 dph (8-9 mm) and the yolk sac was fully resorbed at
8 dph (9-10 mm). Phytoplankton was observed in the intestine from 5 dph (8-10 mm), and

artemia nauplii from day 7, before total resorption of the vitellus.
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Figure 5 - Boxplot representation of the larval total length (mm) observed for each developmental stage

Additional to size measurements, the developmental stage was determined for 169 larvae
sampled for histological analysis. Size ranges between each stage are well separated (Figure.
5). Stage 1 larvae were found at 3 dph, the larvae were thin and long with a straight notochord,
had a visible intestine and vitelline reserves. In stage 2 larvae between 12 and 35 dph, the

vitellus was totally resorbed and the caudal and dorsal fins started to differentiate. For stage
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3 larvae between 21 and 35 dph, body height was higher, the intestine bigger and the caudal,
dorsal and anal fins fully differentiated. Melanophores were also present along the superior
part of the intestine and some above the head and on the caudal fin. For stage 4 larvae from
35 to 69 dph, all the body features were bigger, the whole body was thicker and the pelvic fins
started to differentiate. Melanophores were present all over the body and concentrated
above the intestine, on the dorsal part of the body, above the head, around the mouth and
on the dorsal fin. The measurements came from individuals stored successively in Bouin’s
solution and 70% ethanol for histology. The conditioning method can result in shrinkage of
the larvae. Individuals measured before and after conservation shrank by an average of 11.2

% (+ 7.4 %, n = 39).

1.3.2 Digestive system development

Yolk-sac stage (stage 1)

At 3 dph, larvae were around 8 mm and the mouth was open with the yolk sac still present.
The oesophagus was relatively short, narrow and folded, with an important amount of goblet
cells (Figure. 6.C). Only acid mucosubstances (AB positive, Figure 7.A) were detected. The
stomach was not yet morphologically differentiated and appeared as a simple cavity with
short and mostly flattened epithelial cells (Figure 6.D). In the intestine, the enterocytes formed
a straight thick layer with some goblet cells in between, producing acid mucosubstances (AB
positive). Microvilli forming the brush border at the top of the cells were visible (Figure 6.E).
Pancreas and liver had an elongated shape going from the back of the pectoral fins to the
beginning of the intestine. Pancreatic cells were organized into weakly distinct clusters with a

moderate amount of zymogen (Figure 6.G). Only exocrine pancreas was visible. The liver had
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large cells with large vacuoles (Figure 6.F) and a pronounced pink (PAS-positive) tint

highlighting an important quantity of glycogen in the cells.
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Figure 6 - Sagittal sections of Downs herring larvae (yolk sac stage, 8 mm, 3 days post hatch), colored with alcian
blue pH2.5, Groat’s hematoxylin and picro-indigo carmine. A Section of the head and yolk sac, Magnification
x200, scale bar = 100 um. B General view of the larva, Scan x200, scale bar = 300 um. Magnification x1000; oil
immersion for C, D, E, F and G. C Details of the oesophagus with goblet cells, scale bar = 20 um. D Section of the
stomach cavity, scale bar = 10 um. E Section of the intestine with goblet cells, scale bar = 20 um. F Details of the
liver with large vacuoles and glycogen (pink), scale bar = 10 um. G Details of the pancreas with zymogen granules,
scale bar = 10 um. Abbreviations: BB Brush Borders, Gc Goblet cells, | Intestine, Li Liver, N Notochord, St stomach,

V Vitellus, Z Zymogen granules within acinar cells, the black fish icon represents the orientation of the slide to
help locate the head and the tail position
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Figure 7 - Oesophagus sagittal sections of Downs herring larvae at stage 1 (A), stage 2 (B), stage 3 (C) and stage
4 (D), colored with periodic acid-Schiff, alcian blue pH2.5, Groat’s hematoxylin and picro-indigo carmine.
Magnification x200, scale bar = 50 um, the black fish icon represents the orientation of the slide to help locate
the head and the tail position

Pre-flexion stage (Stage 2)

At 12 dph, larvae were around 10 mm, the tissular organization was quite similar to the one
described for stage 1 except for the yolk sac which was completely resorbed. The goblet cells
in the upper part of the oesophagus were also tinted in blue, revealing acid mucosubstances
production (Figure 7.B). Some stage 2 larvae showed few violet goblet cells in the lower part
of the oesophagus, revealing both acid and neutral mucosubstances production (violet tint:

AB and PAS positive). Anatomical changes began to appear at 19 and 21 dph when larvae were
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around 11-12 mm and at the end of the stage 2. The distinction between the stomacal cavity
and the intestine was clearly visible as a structured pylorus. In the intestine, two regions could
be distinguished: the mid- and the hindgut, separated by a simple constriction of the organ.
The epithelial structure was homogeneous for both parts, enterocytes began to form villi and

still contained goblet cells. The endocrine pancreas was visible.

Flexion stage (Stage 3)

At 25 dph, larvae were around 14 mm and started transitioning into stage 3. The global
morphology of the digestive tract remained the same but the organs became larger and
thicker. The oesophagus interstice was wider and longer. A clear pattern appeared in the
mucosubstances secretion by the goblet cells of the oesophagus: the proximal half produced
acid mucus and the distal part neutral mucus (Figure 7.C). The oesophagus opened up to a
stomacal cavity extended in the upper part. The epithelial cells height of the stomach
increased and the villi of the intestine became larger. The endocrine portion of the pancreas
took the form of one large cluster of cells called islet, with a central position. Before 28 dph,
exocrine pancreatic cells seemed to be regrouped but without a clear pattern. At 28 dph, cells
were organized into distinct and circular acini. The pancreas became more elongated,
protruding beyond the beginning of the intestine. The liver underwent major changes at the
beginning of stage 3, between 25 and 28 dph. Cells were smaller and the vacuoles were
reduced or absent for some larvae. At 35 dph (end of the stage 3), the liver showed both large
cells with huge vacuoles and small cells with smaller vacuoles. The stain remained pink

through the stage highlighting the presence of glycogen reserves.
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Post-flexion stage (Stage 4)

Stage 4 is the last stage before metamorphosis into a juvenile. Internal and external
morphology of the larvae become increasingly closer to that of adults (Figure. 8.A). The
oesophagus and its longitudinal folds were longer and the interstice wider than in stage 3
(Figure 8.B). As for the stage 3, two distinct parts were identified by the goblet cells mucus
production, the coloration was stronger than before suggesting an increase in the quantity of
acid and neutral mucosubstances produced respectively in the superior and inferior part of
the organ (Figure 7.D). Epithelial cells of the stomach were higher at 49 dph (Figure 8.C). At 69
dph a coloration appeared in the stomach, the stomacal glands were not observed. Most of
the larvae presented a strong blue coloration (AB positive: acid mucosubstances) for two third
of the stomach length and a strong pink coloration (PAS positive: neutral mucosubstances) in
the last part of the stomach directly connected to the pylorus. At 69 dph, the intestine was
larger, the villi were prominent and the ceca pyloric were visible after the pylorus (Figure
8.E,D). At 49 dph the acini were still distinct but at 69 dph the structure of the exocrine
pancreas was more diffuse. At the end of the stage 4, one large endocrine islet was still present
in the middle of the pancreas and small islets were observed on either side of the larger one
(Figure 8.F). The pancreas expanded further along the intestine. The liver of stage 4 larvae,
like for stage 3, was highly variable with some individuals presenting numerous and large
vacuoles (Figure 8.G, 9.A) while for others the vacuoles and amount of glycogen were reduced

or absent (Figure 9.B,C).
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Figure 8 - Sagittal sections of Downs herring larvae (stage 4, 27 mm, 69 days post hatch), colored with alcian blue
pH2.5, Groat’s hematoxylin and picro-indigo carmine. A. General view of the larva, Scan x200, scale bar = 0.5 mm.
B Section of the oesophagus and upper part of the stomach, Magnification x200, scale bar = 100 um. C Details of
the stomach, Magnification x1000; oil immersion, scale bar = 10 um. D . Section of the pylorus and start of the
intestine with goblet cells, prominent villi and a small part of pyloric ceca, Magnification x200, scale bar = 100
um. E Details of de villus structure of the intestine and the Brush Border, Magnification x1000; oil immersion,
scale bar = 10 umF Details of the pancreas organization with pancreatic islets and exocrine pancreas,
Magnification x200, scale bar = 50 um. G Details of the liver with large cells and vacuoles, and a small amount of
glycogen (pink), Magnification x1000; oil immersion, scale bar = 10 um. Abbreviations: BB Brush Borders, Gc
Goblet cells, I Intestine, Li Liver, N Notochord, Pancreas with ExP Exocrine Pancreas and EnP Endocrine Pancreas,
Oe Oesophagus, Pc Pyloric ceca, Py Pylorus, Sb Swim bladder, St stomach, V Vitellus Z Zymogen granules within
acinar cells, the black fish icon represents the orientation of the slide to help locate the head and the tail position
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Figure 9 - Sagittal sections of Downs herring liver at different scores and liver score proportion as a function of
developmental stages. (A) Score 3: wide vacuoles, (B) Score 2: scattered vacuoles, (C) Score 1: no vacuoles,
Magnification x1000; oil immersion, scale bar = 10 um. (D) Larval proportion of liver score for the developmental
stages1(n=3),2(n=8),3(n=11)and 4 (n=13)

1.3.4 Activity of digestive enzymes

The level of maturation of the digestive system was determined based on the variations in the
intestinal enzymes activities (Cahu and Zambonino Infante, 1995). Trypsin specific activity
remained constant from 14 to 49 dph (31.0 + 5.11 mU mg protein'!; ANOVA, F (4,10) = 1.67, P
= 0.233) (Table 3). Amylase specific activity was different through time (ANOVA, F (4,10) =
12.14, P < 0.01), a post hoc Tukey test showed that the activity was higher at 14 dph (P < 0.05)
and decreased later from 5079 + 470.6 to a mean of 818.1 + 324.7 mU mg protein™ at 49 dph.
Intestinal enzymes specific activities were tested for larvae at 28, 35 and 49 dph. No statistical
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significant differences were found for the intestinal enzymes specific activities
Aminopeptidase N (ANOVA, F (2, 6) = 2.79, P = 0.139), Alkaline phosphatase (ANOVA, F (2, 6)
= 4.80, P = 0.057) and Leucine-alanine peptidase (ANOVA, F (2, 6) = 0.637, P = 0.561), at the
three different ages. The evolution of the ratio between segmental activities of the brush
border and cytosolic enzymes differed through time (AP/Leu-Ala: ANOVA, F (2,6) = 9.55, P =
0.014; AminP/Leu-Ala: ANOVA, F (2,6) = 8.37, P = 0.018), a post hoc Tukey test highlighted a

shift between 28 and 35-49 dph (Figure 10, P < 0.05).

Table 3 - Summary of the specific activities (mU mg protein™) of pancreatic (trypsin and amylase) and intestinal
(aminopeptidase N, alkaline phosphatase and leucine-alanine peptidase) enzymes during herring larval
development. Values represent mean #SD (n=3), * indicates a statistical difference over time (P < 0.05)

Enzymes Day Post Hatch
14 21 28 35 49
/ / 15.0 + 169 + 185 +

Total length (mm)
2.2 2.0 2.4

Trypsin 349+ 290 £ 377 £ 255 %
27.91+6.5
10.8 1.1 6.6 5.6
Pancreatic 818.1
Amylase 5079 + 2215+ 1724+ 1530+
+
470.6* 70.2 1047 1387
324.7

Aminopeptidase
171.4 257.8 215.9
Intestinal N / /
+178 +£74.0 +15.3

Specific activity (mU mg protein-)
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Figure 10 - Intestinal maturation of the enterocytes during Clupea harengus larval ontogeny indicated by the
change in ratio in segmental activities of brush border enzymes (AP: alkaline phosphatase, aminP:
aminopeptidase N) / cytosolic enzymes (Leu-Ala: leucine-alanine peptidase). Results are presented in mean +SD
(n=3). * indicate significant differences between ratios (P < 0.05)

1.4 Discussion

Here, we report for the first time a detailed description of the development and maturation
of the digestive system of Down’s herring larvae, an important component of the North Sea
herring stock. The larval growth rate obtained during our experiment is similar to other
experiments on Atlantic herring (Ehrlich et al., 1976; Moyano et al., 2016) and field data

estimates on Downs (Denis et al.,, 2017). The combination of histological and enzymatic
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approaches allowed us to identify and discuss developmental periods at which herring larvae
may be more vulnerable to fluctuating environmental conditions and suboptimal feeding

conditions.

1.4.1 Maturation and functionality of the digestive system

Anatomical and cellular changes of the oesophagus, stomach and intestine as well as
accessory glands drive the digestion processes, the efficiency of nutrients transport and
absorption. Functional timing of development is the major difference between fish species

and appears to be genetically programmed (Zambonino Infante and Cahu, 2001).

Oesophagus

In teleosts, the alimentary canal generally develops from an undifferentiated straight tube at
the yolk-sac stage to a segmented one where the oesophagus, the stomach and the intestine
are differentiated. For Down’s herring larvae, at 3 dph, all digestive organs, including the liver
and pancreas were already distinguishable. With the opening of the mouth at around 3 dph,
presence of microplankton in the gut was observed before yolk sac resorption in agreement
with previous observations (Checkley, 1982; Munk, 1992). Busch (1996) showed that the first
feeding, on prey larger than phytoplankton cells, is allowed by the decreasing of the yolk sac
diameter. He argued that the oesophagus diameter increases by mechanical action in
response to a decrease in the pressure exerted by the yolk sac when it is consumed.
Consumption of larger preys is also facilitated by the presence of goblet cells that play
different roles but are mostly involved in the lubrication of the digestive system (Zambonino
Infante et al., 2008). Goblet cells can be present before the onset of exogenous feeding or
appear later in the development depending of the species (Lazo et al., 2011). In addition, they

also differ in their histochemical features. For example, in dover sole, senegal sole and
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yellowtail flounder, oesophagus goblet cells only secrete acid mucosubstances (Zambonino
Infante et al., 2008), whereas a mix of neutral and acid glycoconjugates were observed for the
california halibut and white seabream. The nature of this secretion varies along the ontogeny
of herring larvae, there is an initial production of acid mucus during stage 1 and 2 and an
increased production of neutral mucosubstances for stages 3 and 4. The changes in
histochemical properties of the glycoconjugates is species-specific, for the siberian sturgeon
goblet cells in the larval oesophagus first started to produce neutral glycoproteins only, and
later a mix of neutral and acid mucins (Gisbert et al., 1999). The mature pattern of stage 3 and
stage 4 herring larvae in terms of histochemical properties is similar to the one of sea bream
(Sarasquete et al., 2001), with a large amount of neutral mucosubstances secreted in the distal

oesophageal zone and acid mucosubstances secreted in the proximal oesophageal zone.

Stomach

The presence of pyloric ceca and gastric glands in the stomach are commonly used to
histologically define the transition from larvae to juvenile stage, and to an adult mode of
digestion (Zambonino Infante et al., 2008). No gastric glands were observed or found during
the experiment, suggesting that metamorphosis from a digestive point of view is not totally
completed. However, the height of the stomacal cells starts to increase during the stage 3 and
until the end of the stage 4 (~30 mm at 69 dph). The stomach was the latest organ to start its
development, and by 69 dph it was not fully developed into the Y-shaped form typical of adult

clupeids (Whitehead and Teugels, 1985), allowing for the ingestion of large preys.

Pancreas

In the exocrine pancreas, enzyme precursors are stored in the form of zymogen granules that
were present throughout the development of herring larvae. The most studied pancreatic
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enzymes are alpha amylase, involved in the hydrolysis of glycogen and starch (Lazo et al.,
2011), and trypsin, considered as the most important proteolytic enzyme for fish early-life
stages (Ronnestad et al.,, 2013). The expression pattern of these enzymes has been well
described during larval development, with a lowering amylase activity, while there is an
increase in trypsin activity (Zambonino Infante and Cahu, 2001). In the present study, we
observed the decrease in amylase activity but trypsin activity remained unchanged during the
two months of herring larval development. As trypsin intestinal activity is stimulated by food
ingestion (Pedersen and Hjemeland, 1988), and given that we sampled in the morning before
the first-feeding of the day, the stable value along the experiment might represent the basal
trypsin content of larval herring. This suggests that herring larvae have an early functional
exocrine pancreas, and that its maturation continues beyond 49 dph (18.5 = 2.4 mm TL), as
indicated by the decrease in amylase activity until 49 dph and the progressive change from a

compact organ to a more elongate and diffuse one, like in herring adult.

Intestine

The intestine development generally corresponds to the maturation of enterocytes which is
characterized by a sharp decrease in cytosolic enzymes activities in parallel to an increase in
enzymes activities in brush border membranes (Zambonino Infante and Cahu 2001). These
changes mark the beginning of the adult mode of digestion in fish larvae. In the present study,
we assayed a set of intestinal enzymes belonging to these different enterocyte compartments.
Leucine-alanine peptidase located in the cytosol, (Zambonino Infante et al., 2008) and
aminopeptidase N located in the brush border (Govoni et al., 2015) ensure proteins digestion,
while alkaline phosphatase is involved in the hydrolysis of phosphorylated proteins and may

also be involved in amino-acids transport (Cara et al., 2003). In addition to playing a role in
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nutrient transport and absorption, intestinal alkaline phosphatase is a key protective enzyme
in fish involved in gastrointestinal health, limiting inflammation (Lallés, 2019). Ratios of brush
border enzymes to cytosolic enzymes activities are largely used as indicators of intestinal
maturation. In herring, the change from a larval to an adult mode of digestion in enterocytes
occurred between 28 (15.0 £ 2.2 mm TL) and 35 dph (16.9 £ 2.0 mm TL), the size class and dph
correspond to stage 3 larvae. The brush border structure was visible since the start of the
development but was not mature until the end of the stage 3, at 35 dph when larvae were
around 16 mm. In the meantime, the size of the intestine increased with more prominent villi.
Stage 4 larvae were observed close to 35 dph, suggesting a synchronism between the
physiological and the morphological developmental changes. As the larvae were pooled to
assess enzyme activity our results reflect the general pattern of digestive maturation in
herring larvae, and help into identifying the moment when most of the individuals have
reached this particular developmental sequence. Further analysis using other techniques (e.g.
radioimmunoassay or fluorescence technique) might be useful into assessing the degree of

individual variability on the maturation of the digestive system linked to ontogeny.

1.4.2 Critical periods and implications for Downs herring recruitment

The critical period was defined by (Hjort 1914) as the major mortality event occurring during
larval development if suitable environmental conditions are not met (Houde 2008) and was
hypothesized to happen at transition from endogenous to exogenous feeding. In the present
study, we observed that Downs herring larvae started to feed early and before the exhaustion
of vitelline reserve. Moreover, liver of stages 1 and 2 larvae depicted large and numerous
glycogen vacuoles showing that young herring larvae tend to promote energy storage when

food is available. Glycogen plays an important role as cellular source of energy to be used later
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on in the development (Furukawa et al., 2018) and to cope with environmental stress like
changes in food availability (Gisbert and Sarasquete, 2008). Later on in the ontogeny,
significant changes in liver reserves were observed. Heterogeneity in liver vacuoles size along
with a decrease in glycogen was observed during stage 3 and 4, some larvae were found with
small or no vacuoles. Glycogen was still present quite homogeneously but in lower quantity

compared to smaller larvae and the general appearance of hepatocytes was less inflated.

Vacuoles depletion in the liver can be explained by the transition from stage 2 to stage 3 which
entails a high energetic cost. Transition to stage 3 implies important morphological changes
such as the development and growth of caudal and dorsal fins, as well as an increase in body
height. Anatomically the organs of the digestive system also increased in size, all these
changes likely being high energy demanding. These results are consistent with the decrease
in growth rate observed for wild collected Downs herring larvae between 13 and 14 mm (Denis
et al., 2017). Growth rate continues to decrease with the increase of larval length which may
be indicative of a shift after 14 mm to a storage-oriented development strategy. Our results
do not directly support this hypothesis since vacuoles in the liver were not more numerous in
stage 4 larvae. These larvae are at the onset of metamorphosis, a challenging period where
major physiological changes (e.g. increase in muscle development (Batty, 1984), muscle fibers
recruitment and surface increased sharply after 25 mm in Clyde herring (Johnston et al., 1998))
also occur and require a huge amount of energy. While this could explain the depletion of liver
vacuoles, change in the type of storage linked to a shift from a glycogen-based metabolism to
a lipid-based one can be another hypothesis. Further analyses of larval lipid content and lipid
class composition would be useful and complementary to disentangle and confirm energetic
trade-offs between glycogen and lipids dynamics linked to larval ontogeny and nutritional

condition.
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For North Sea herring, the critical period in the wild was assessed to occur before 19 mm (Nash
and Dickey-Collas, 2005) since abundance of larger larvae are used to estimate the
recruitment index at one year and are well correlated with abundance of age 1 herring the
year after (ICES, 2020). Then, rather that the transition from stage 1 to stage 2, the transition
from stage 2 to 3 appears more as the critical period for North Sea herring. According to our
results on the variation pattern of liver vacuoles and reserves during larval ontogeny,
variability in the mortality rate experienced during this critical period may rely on the ability
of larvae to make reserves before the transition, i.e. during stage 2. Stage 2 larvae in a
favorable feeding environment could be able to store reserve while maintaining efficient
growth, which would lead to a better potential of survival when passing to the next
development stage. The use of liver reserve in stage 2 larvae as an indicator of potential of
survival/mortality rate should then be investigated. Downs herring larvae, caught each year
during the IBTS could be analysed using histology to estimate year to year differences in
proportion of individuals with liver reserves. These results should be then confronted to
annual variations in recruitment and environmental parameters. In a long term monitoring of
larval herring condition, the use of the RNA/DNA ratio could be an easiest way, but since it
does not directly inform on the reserve storage, and can differ from the histological index (Di

Pane et al. 2019), it firstly required to be calibrated.

1.5 Conclusion

The combination of histological and histochemical techniques gave us significant insights on
the ontogeny of the digestive system for Downs herring larvae. All the digestive organs were

present at hatching, except for the stomach. Digestive accessory glands were even well
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developed before mouth opening and containing an important amount of reserves (zymogen,
glycogen). The use of biochemical measurements combined with histology was
complementary and indicated not only the ontogeny of cell structures but also their
functionality (i.e. brush borders of the enterocytes). The fluctuations in liver reserves
guantities suggest that the transition from stage 2 to 3 and the end of the stage 4, at the onset
of metamorphosis into juveniles, are highly demanding in energy. These results could serve as
a reference for nutritional histological condition of herring larvae from field studies. These
transitions can be perceived as critical or challenging periods for larvae that have to cope with
a changing environment in the wild. Results suggest that only larvae that were able to store
sufficient energy during the first feeding stage could pass these critical periods, develop and
survive. These findings have a high level of implication to explain inter-annual fluctuations in
Downs herring larvae survival and recruitment. Inter-annual variations in the level of energy
storage (e.g. based on the evaluation of the amount of vacuoles in the liver) in first feeding

stages should be examined and confronted to recruitment variability.
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AXIS 2 — Assessing the combined effects of warming, acidification, and food quality
on growth, development, condition and physiology of herring larvae

The aim of this axis is to investigate the potential impact of global change on herring larvae,

their ability to cope with future predicted changes in the environment.

©Olivier Dugornay
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CHAPTER 2 — Future environmental conditions affect herring larval development
and physiology

The aim of this chapter is to assess the impact of warming, acidification and food quality on
growth and development of herring larvae. As the stage 3 was identified as potentially critical
in the Chapter 1, stage 3 larvae were sampled to conduct transcriptomics analyses and assess
if the treatments led to different regulation at the transcriptional level of genes involved in

metabolism (aerobic, lipid, glycogen) and stress response.

©0Olivier Dugornay
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2.1 Introduction

Anthropogenic activities have led to strong environmental modifications of the Earth system
since the industrial revolution, leading to the name “The Anthropocene” for our era (Lewis
and Maslin 2015), the era characterised by human-induced global changes. Among these
environmental changes, warming is the driver expected to have the most significant impact
on organisms (Barley et al., 2021; Huey and Kearney, 2020). In addition to warming, the
continuous increase in CO, emissions have also led to ocean acidification (OA) (Doney et al.
2009). Independent of the emission reductions humanity manages to attain, these direct
physico-chemical changes will continue. Additionally indirect effects could arise, such as
changes in the quality or quantity of food sources for consumers. For example, increasing
temperatures reduce the proportion of essential omega-3 polyunsaturated fatty acids (n-3
PUFA) in phytoplankton (Thompson et al. 1992; Guschina and Harwood 2009; Tocher 2010;
Hixson and Arts 2016). Phytoplankton food quality is also directly influenced by dissolved
nutrient availability, and dissolved phosphorus concentrations have steadily decreased in
European coastal waters (Grizzetti et al. 2012), resulting in increasingly P-limited coastal
systems (Sarker and Wiltshire 2017). Thus, both the quality as well as the quantity of
planktonic food have changed, and will probably continue to change, with potential cascading

effects through the food chain (Boersma et al. 2008; Jin et al. 2020).

As fisheries are an important part of the global food production (Béné et al. 2016), the
potential decline in fish catch that could happen with global change (Cheung et al. 2011) raises
socio-economical and food security concerns, especially for commercial species such as
herring. While fish stock biomass fluctuations are affected by fishery intensity, environmental

variations also play a major role as they modulate larval fish condition and associated
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recruitment success (Rouyer et al. 2014; Polte et al. 2021). The larval stage of fish is typically
characterized by high mortality, and represents a bottleneck period for many species (Houde,
2008). Hence, recruitment strongly depends on the survival and development of individuals
during the larval period. Crucial morphological and physiological changes characterize the
larval phase, such as organ morphogenesis and maturation of physiological functions
(Zambonino-Infante et al. 2008). There is thus a strong need to understand how global change,
and especially the interaction between warming and acidification on the one hand and prey

quality on the other hand, affect larval fish survival and development.

Decades of experiments on fish larvae testing the influence of single stressors have
contributed to the understanding of effects/responses toward environmental conditions.
However, these are insufficient to reflect the complexity of simultaneously changing stressors
in the natural environment, and the resulting organism’s responses (Baumann 2019). This lack
of integration is best represented by contrasting results which vary from null or beneficial
(Crespel et al. 2017; Frommel et al. 2019; McMahon et al. 2020) to negative impacts of
environmental conditions (acidification, warming, food supply) on growth and survival
(Baumann et al. 2011; Frommel et al. 2016; Gobler et al. 2018). These depend on the species,
the response variable, and the level of temperature and pH changes investigated. This
becomes particularly clear when comparing the results of Frommel and co-authors (2014),
who described strong acidification-induced organ damage, especially of the liver of larval
herring, with those of Sswat and co-authors (2018), who reported a positive impact of
acidification on survival of larval herring. The main difference between those studies was that
Frommel and colleagues used unrealistically high pCO, levels in a single species set-up,
whereas Sswat and co-authors investigated food web effects, using realistic scenarios in

mesocosms.
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North Sea Atlantic herring (Clupea harengus) is an ecologically and socio-economically
important fish species, with highly variable recruitment success (Payne et al. 2013). Assessing
how predicted co-exposure of warming, acidification and change in food quality could affect
development and metabolism early in life, and subsequently the sustainability of fish
population, is of crucial interest. Therefore, the first aim of the present study was to
investigate the influence of global change drivers (temperature, pH, food quality) on growth
in terms on total length in function of time, and development in terms of morphological
changes (notochord flexion and fins development) of herring larvae. The focus was made on
these two criteria as temperature alone differentially increased growth rate and development
rate on herring larvae (Baltic herring, Moyano et al., 2016), and combined effect of warming
and acidification had no impact on these rates (Atlantic herring, Sswat et al., 2018). Then the
second aim was to assess the underlying mechanisms of herring larval response at the
transcriptional level and identified potential coping mechanism or metabolism disruption. We
investigated changes in the expression of genes linked to metabolism (aerobic, lipid and
glycogen) and stress response, expecting differential regulation of genes involved in
metabolism between treatments and higher level of heat shock proteins transcripts in the

2100 scenarios.

2.2 Materials and Methods
2.2.1 Strip-spawning and eggs incubation

North Sea herring comprises different spawning components, with different spawning times
and locations (Geffen, 2009). In this study, we focused on the Downs winter component of the

population, which spawns in the English Channel in November-December. Mature wild Downs

67



herring were collected from local fishermen (CME, Coopérative Maritime Etaploise, Boulogne-
Sur-Mer, France, 22" of November, 2019). Females (n= 324, mean length: 25.8 + 2 cm; mean
weight: 163.8 + 44.7 g) and males (n= 221, mean length: 25.7 £+ 2 cm; mean weight: 163.5
43.4 g) were strip-spawned on PVC plates. To maximize genetic diversity, the eggs and the
sperm of at least ten females and five males were mixed on one PVC plate and incubated for
10 minutes in natural filtered seawater (11°C, natural pH). A total of 30 PVC plates were
prepared and incubated for 48 hours in 70 litres tanks (13°C, natural pH). The eggs were then
transferred to the Ifremer Centre de Bretagne Laboratory (agreement number: B29-212-05),
equipped for long-term experiment, and incubated in 200 litres tanks (10.6°C, natural pH). For
the whole experiment, we used natural seawater, which was pumped from the Bay of Brest
(France, 20m depth, 32.5 salinity, pH8.0, pCO; ~500 patm in winter (Bozec et al. 2011)),
filtered through sand, temperated, degassed, filtered through a membrane (mesh: 2 um), and
finally UV-sterilized (PZ50, 75W, Ocene, France). After 11 days of incubation, 21 000 larvae
were randomly distributed over twelve 38 litres flow-through tanks. The experiment followed
the French national regulations and was authorized by the Regional Ethics Committee

(authorization number: 22555 - 2019102319251011).

2.2.2 Experimental design

The twelve experimental tanks were divided into four treatments with three replicates each.
Two different physical environments were tested. Since global change affects both,
temperature as well as pH, and the aim of this study was to provide an integrated prediction
of future conditions, we chose to combine OA and temperature effects, following IPCC
scenarios. The role of the first physical environment (Control) was to represent as best as

possible the current physical conditions met by the larvae in the field during their hatching
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period (November-December). Temperature data available from the International Council for
the Exploration of the Sea (ICES), for these months and the geographic zone of interest (ICES,
IVc and VIld), showed a mean temperature of 10.2 + 2.3°C (standard deviation) over 95 years
of data collected between 1893 and 2007 (ICES data portal, Dataset on Ocean
HydroChemistry, Extracted November 5, 2021. ICES, Copenhagen). Hence, the control
treatment had a constant temperature set at 11°C (due to infrastructure constraints)
associated with natural seawater pH of 8.0. The second treatment (Ocean Warming and
Acidification; OWA) corresponded to the RCP 8.5 (Representative Concentration Pathway,
IPCC 2014) scenario (A+3°C, A-0.4 pH units) thus yielding a temperature of 14°C and a pH of
7.6. These different environmental treatments were applied to 6 tanks each. To reach the
targeted temperature and pH of the OWA environment, the seawater temperature was
progressively increased from 11 to 14°C over 48 hours, and each tank was supplied with water
by a header tank (200 litres) where CO, was bubbled through the water column via a gas
diffuser. CO; diffusion was manually controlled by a flow meter and bubble counter to adjust
the pH at 7.6. Temperature and pH were manually controlled two to three times a day (WTW
330i, Xylem Analytics Germany). Total Alkalinity (TA) was measured once a week according to
the protocol of Anderson and Robinson (1946), and Strickland and Parsons (1972). The excel
macro CO2sys (Lewis and Wallace 1998) was used to calculate pCO; from water chemistry
parameters (Mehrbach et al. (1973) refit by Dickson and co-authors (2007) constant). Oxygen
saturation (WTW Oxi 340, Xylem Analytics Germany) and salinity (WTW LF325, Xylem
Analytics Germany) were measured once a week. Oxygen saturation was above 88% during
the whole experiment. The mean values of abiotic conditions in the experimental tanks are
shown in Table 4. The larvae were reared under a 10:14h Light:Dark cycle, with the light

dimmed at dusk and dawn.
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Table 4 - Environmental parameters (mean SD) of temperature (T, °C), pH, Salinity, Total Alkalinity (TA,
umol/kgSW) and pCO2 (uatm). “+” notify treatments enriched in phosphorus and docosahexaenoic acid.

. . TA
Treatments T (°C) pH Salinity (mol/kgSW) pCO; (patm)
+
Control (11°C, pH 8.0) 3146 * 803+001 327404 2277.0+117.7 562.9+53.2
° +
Control+ (11°C, pH | 113 % o03,005 327404 22733+1615 55534597
8.0) 04
. 143  +
OWA (14°C,pH7.6) | 763+0.11 32.7+04 2271.8+279.3 1549.3+2793
. 141+
OWA+ (14°C,pH7.6) |, 759+0.10 32.7+04 2288.9+1859 1773.8+264.6

Given the decrease in P-loads into the North Sea, and the predicted changes in the availability
of essential fatty acids, both as a result of warming as well as caused by the changing
availability in phosphorus, the quality of the available food for larval fish is likely to strongly
change in future. To test the consequences of these changes in a current and future physical
environment, the environmental treatments (Control vs OWA) were crossed with two
different integrated feeding treatments (Figure 11) to assess if food quality could compensate
or exacerbate abiotic effects. As temperature is a driver of metabolic rate and can influence
growth and development rate, we planned the feeding sequences and sampling using the
Cumulative Degree Days (CDD) approach (Chezik et al. 2014), representing the cumulative sum
of average temperature encountered per day by the larvae since hatching (0 CDD). CDD
represent the thermal opportunity met by individuals. Despite this, CDD as a measure is rarely
used in fish and fisheries studies (Neuheimer and Taggart 2007). This method, however,
provides a physiologically relevant temperature metric (Neuheimer and Grgnkjaer 2012) to
compare individuals reared at different temperatures (Trudgill et al. 2005). In our experiment,

0 CDD corresponds to the hatching and 35 CDD is the mean sampling point before the
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distribution of larvae in the different conditions (2 and 3 dph), the starting point of the

experiment.

Based on the validated feeding sequence for rearing Downs herring larvae with increasing prey

3 tanks
OWA
3 tanks
TO
35CDD
(mean)
Sampling 1

3 tanks

i

Control

3 tanks

Rhodomonas salina

Time (Cumulative Degree Days)

60CDD P 145CDD | |
1 |117cop AD 300DD)| |
| 272coD A1 PUFA + |
Rhodomonas salina
61CDD P- 146CDD
[
118CDD A0 303CDD|
| 274coD Al PUFA ‘
Rhodomonas
65CDD salina P 133CDD
111CDD AO 259CDD
| | 259cDD A1 PUFA + ‘
Rhodomonas
65CDD salina P- 133CDD
111CDD AO 259CDD
259CDD Al PUFA ‘
! |
Sampling 2 Sampling 3 Sampling 4 Sampling 5
Mean CDD: 89 Mean CDD: 253 Mean CDD: 436 Mean CDD: 663

Figure 11 - Feeding sequences and sampling points for herring larvae in four treatments in Cumulative Degree Days
(CDD). OWA-OWA+ (Ocean Warming and Acidification), an environmental treatment at 14°C and pH7.6 and Control-
Control+ an environment at 11°C and pH8.0. Three type of prey were supplied to the larvae: phytoplankton (R. salina)
cultured under different phosphorus quantities (P / P-), freshly hatched Artemia nauplii (A0), and 24 hours-old Artemia
nauplii (A1) enriched or not in polyunsaturated fatty acids DHA (Docosahexaenoic Acid, PUFA / PUFA+).

size (Joly et al. 2021), all larvae were fed ad libitum with a succession of Rhodomonas salina,

freshly hatched Artemia nauplii and 24-hours old enriched Artemia (Figure 11), supply in the

tanks between 8 am and 5 pm. Rhodomonas salina (Strain 2002, University of Gottingen,

Germany) were grown under constant light in 10-litre bottles in enriched Conway*2 medium

(double quantities of N and P) and maintained at a concentration of 1 Million cells.mL™. For

the nutrient-poor treatment (Rhodomonas salina P-, Fig 1), a quarter of the cells grown in the

previous medium were isolated and grown 48 hours in a modified enriched Conway*2

medium without phosphorus, enabling the manipulation of algal stoichiometry within a
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realistic range observed in natural systems (Meunier et al. 2016). The phytoplankton was
supplied into the rearing tanks between 60 CDD, when the mouth was opened but the yolk-
sac still present, and 146 CDD. Freshly hatched Artemia nauplii AO (VNBS, Viepearl) were
incubated 24 hours at 28°C, in 60-litre tanks, and supplied to the larvae between 110 and 303
CDD. Artemia nauplii A1 were either enriched 24 hours with a diet (Larviva Multigrain, Biomar)
containing a high content of DHA, a polyunsaturated fatty acid (22:6n-3, Docosahexaenoic
Acid; +2 %) for the PUFA+ treatment, or in a mixture of fish oil and baker yeast for the PUFA
treatment. A1 Artemia were supplied to the tanks from 259 CDD to the end of the experiment.
Larvae were reared from hatching to the beginning of the stage 4 (post-flexion stage),
corresponding to 47 dph at 14°C and 60 dph at 11°C (around 660 CDD). Tanks were cleaned
every two days and mortality was regularly checked, the number of dead larvae was only

guantified at high mortality events.

2.2.3 Sampling

Total length (mm) and developmental stages were measured and observed at 5 points during
the experiment. The developmental stage characterizations were based on Doyle’s

classification (1977) and modified for rapid identification under binocular (see Figure 12).
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the yolksac notochord notochord + premises of notochord notochord + caudal fin of the larvae
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Figure 12 - lllustration of herring developmental stages and sub-stages.

The five sampling points were defined as follows to sample key stages, with a different number
of larvae sampled and euthanized in ice-water (between 21 and 96 larvae for each tank)
depending on biomass requirements for further analyses. At sampling 1 (TO) 35 larvae were
collected between 2-3 dph to obtain the mean size before tank transferring. Sampling 2 was
made to target stage 1 and 2A at 89 CDD (~20 larvae by tank). Sampling 3 was performed to
sample mostly stage 2B at 253 CDD (~60 larvae by tank), Sampling 4 for stage 3A at 436 CDD

(~20 larvae by tank) and Sampling 5 for stage 3B and 4 at 663 CDD (~90 larvae by tank).

The beginning of the stage 3 was previously identified as a potential critical period for Downs
herring larvae (Joly et al. 2021), with depletion of energetic reserve even with ad libitum
feeding. Thus, we focused on this stage at the 4" sampling point (~436 CDD) to investigate
metabolism disruption or compensatory mechanisms to cope with global changes at the
molecular level. Seven larvae were sampled by tank, stored in RNA later and kept at -20°C to

preserve RNAs.
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2.2.4 Gene expression analysis

The aim was to have an overview of the regulation that might occur in herring larvae facing
changes in temperature, pH and food quality, focusing on pathways linked with energy
metabolism and focusing on genes for which cDNA sequences were available in NCBI
database. The gene regulation of CS, Idh1 and Idh2, key enzymes in the Krebs cycle, can reflect
modification in aerobic potential, a decrease in these gene expressions could be linked with
acid-base regulatory imbalance (Pimentel et al. 2019). Global change and stress response in
marine organism could have two different consequences on the energy reserve dynamics. On
the one hand an increase in energy expenditure (Araujo et al. 2018; Wang et al. 2020) that
could be revealed by a decrease in expression of genes involved in lipid anabolism (Dgat2,
Fasn) as well as glycogen synthesis (Gys2), representing energy storage, along with an increase
in lipid catabolism (Lipe, Pnpla2). On the other hand, an increase in Fasn could reveal lipid
accumulation to cope with stress (Strader et al. 2020) or disruption of the lipid metabolism
and abnormal lipid accumulation as found in several acidification and pollution experiments
on fish larvae (Frommel et al. 2012a, 2014; Sun et al. 2019). Growth Hormones (lgf1-x1, Igfll-
x1, Igfll-x2) expression were also investigated to be compared to larval growth rates and
assess if an increased in growth rate generally associated with higher temperature can be
observed at the transcriptional level (Madeira et al. 2016). Finally heat shock protein
expression (SerpinH1-like1, SerpinH1-x1) were assessed to determine if the treatments were
sources of stress for the larvae. Under stress, Heat Shock Proteins (HSPs) are synthesized and
function as molecular chaperones, involved in the maintenance of protein homeostasis
(Wickner et al. 1999), they prevent protein aggregation and apoptosis (Roberts et al. 2010).
Among sampled larvae, between 2 to 3 Individuals only in stage 3A or 3B were pooled by

treatment, replicate and by stage, to obtain a minimum wet weight of 30 mg to facilitate RNA
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extraction. Between 2-5 pools where available for each treatment. Total RNA was extracted
from pooled samples using NucleoSpin RNA® kit (Macherey-Nagel, Germany). RNA
concentration and purity were assessed by spectrophotometry using NanoDrop 2000
(ThermoScientific, USA) and RNA quality with Bioanalyseur 2100 (Agilent Technologie Inc,
USA). Relative levels of mRNA expressions were quantified by RT-gPCR analysis. The RNA
extracted by treatment were reversed-transcribed in cDNA using iScript® cDNA Synthesis kit
(Bio-Rad Laboratories, USA). QPCR was used to quantify the relative levels of 16 transcripts
involved in different metabolic pathways (Table 5). The specific primers for each gene were

designed  with  Primer 3 plus software (https://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi) from sequences in the NCBI database. Each biological

pooled sample was analyzed in technical triplicates using iQ SYBR® Green Supermix (Bio-Rad
Laboratories, USA). The relative quantities of transcripts in larvae were normalized with the
AACt method using the CFX-manager software associated to the CFX96 Touch Real-Time PCR
Detection system (Bio-Rad Laboratories Inc.). Initially EF1a, Rpl13 and Actin were selected as
control gene for normalization of gene expression, but only Rpl13 and Actin expression were
used as reference genes since their expression profiles were stable among samples
(coefficient of variation and expression stability M values lower than 25% and 0.5,

respectively.)
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Table 5 - Presentation of the selected genes for investigation, the biological process their associated with and primer specification for real-time gPCR

Abbreviation

Full name

Function /
process

biological

Reference (NCBI

database)

Primer sequence 5’-3’

EFla

cs

Idhl

Idh2

Dgat2

Fasn

Lipe

Pnpla2

Gys2

Igf1-x1

Igfll-x1

Elongation factor 1-alpha

Citrate synthase

Isocitrate dehydrogenase
1

Isocitrate dehydrogenase
2

Diacylglycerol O-
acyltransferase 2

Fatty acid synthase

Hormone-sensitive lipase

Patatin-like phospholipase
domain containing 2
Glycogen synthase 2

Insulin-like growth factor
1, transcript variant x1
Insulin-like growth factor
I, transcript variant x1

Elongation factor
Protein biosynthesis
Krebs cycle

Krebs cycle

Krebs cycle
Triacylglycerol
biosynthesis

Fatty acid biosynthesis
Triacylglycerol
degradation
Triacylglycerol
degradation

Glycogen biosynthesis

Growth factor

Growth factor

XM_012840422.2

XM_012824897.2

XM_012819824.2

XM_012833616.2

XM_012827712

XM_012814622.2

XM_012839365.2

XM_012840949.2

XM_012824488.2

XM_012830244.2

XM_031564361.1

XX M X M XV M X0 M XV M XV M XV MO M X M IV M IO M

: AGTACCCTCCACTGGGTCG

: GTGGAGTTGGGTGACCTCTG

: TTGCGCCGAAGATCCTGAAT

: TGCCACCATACACCATGTCG

: TCCACTAACCCCATTGCCTC

: CCCCTTGATACAAGCTGCCA

: CACTGTCTTCCGTGAGCCAA

: CTGTTGCTTTGTACTGGTCGC
: TACTTCCCCATCCGGCTCAT

: ATCCGGAAATTCCCAGCCAG

: ATCATCACTGGTGGCCTTGG

: TAGCTTGGTATCCGTTGCGG

: CACCAGTCTGGCATAGGAGT

: AGCTCAGGGTCTATGGCGTA

: TCTGATCCAGTCGCTAGGCA

: CCACATGGTACGAGAAACGTG
: CTGCACAGGAACCCAGATGT

: GGACAAACTCCTGGATGCGA
: CCTGCGCAATGGAACAAAGT

: GACAGCACATGGTACACTTGA
: GCTGAAATCAGAGTGATGTCCT
: GCCGGTCGGTCTACTGAAG
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Igfll-x2

SerpinH1-likel

SerpinH1-x1

Rpl13

Actin

Insulin-like growth factor
I, transcript variant x2
Heat Shock Protein 47 -
Serpinla

Heat Shock Protein 47 -
Serpinlb

Ribosomal protein L13

Actin cytoplasmic 1

Growth factor

Chaperone

Stress response
Chaperone

Stress response
House-keeping gene

House-keeping gene

XM_012832374.2

XM_012832341.2

XM_031573303.1

XM_012817263.2

XM_012839274.2

F: CGCAGCACAAACAAGGCTAC
R: TGCCGGTCGGTCTACTGAAG
F: AGCATAGTGCGGTGAACTCC
R: GAAAGCCATAGATGCCAGTGC
F: ATTGTTCTCGAGACATCCGC
R: TTGCCACGTTGTGGTACAGG
F: CATGGCCCCCAGTAGGAATG
R: CGAGCCTTATGTCTGCGTTG
F: TCAGCGCTCCTAATCCCAAA
R: CCACCATCACACCCTGATGTC
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2.2.5 Statistical analysis

Growth rates of larvae in each treatment were estimated by linear regression between TO and
the following sampling points. A comparison of slopes was used to determine differences in
larval growth rate between treatments using day post hatch as covariable. Due to a mistake
in the feeding treatment for one tank in the OWA treatment, all the larvae from this tank were
excluded from the study. Then, Linear Mixed Effect Models (LMEM) were used to test the
influence of temperature and pH (Environment; Enviro in the formula), levels of nutrient
availability (Food) and their interaction on (1) Total Length (TL) over time in function of the
Cumulative Degree Days, (2) Total Length at each sampling point, and (3) levels of Gene
expressions (normalised relative quantities). Enviro and Food were used as fixed factor with
two levels corresponding to the crossed treatments. Stage and tank effects were included as

random effects.

Effect on total length over time in CDD:

(1) TL~ CDD + Enviro + Food + Enviro:Food + CDD:Enviro + (CDD[tank)

Effect on total length at each sampling date:

(2) TLm pp ™ Enviro + Food + Enviro:Food + (1 [tank)

Effect on gene relative differential expressions:

(3) Gene(X) ~ Enviro + Food + Enviro:Food + (1[tank) + (1/stage)

Homoscedasticity of the residuals was graphically verified for all models. Statistical analyses

were performed in R using the package ‘ImerTest’ (Kuznetsova et al. 2017).
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2.3 Results

2.3.1 Larval survival, growth and development

We observed a mortality event in all the tanks at 44 dph for the OWA and OWA+ treatments
and at 57 dph for the Control and Control+. It is important to note that these events occurred
roughly at the same developmental-temperature corrected time (610-630 CDD), with
respectively 201, 236, 139 and 254 dead individuals for OWA, OWA+, Control and Control+.
For all treatments a sub-sample of these dead larvae was used to characterise their

developmental, which revealed that between 94 and 99% were in stage 3B.

The slopes used to compute growth rates were similar in all treatments (ANCOVA, dfd = 2341,
dfn = 4, F = 2.07, p = 0.083) with an average growth around 0.22 mm.d? (general linear

equation: 8.32 + 0.22*dph, R? adjusted = 0.76, n = 2351).

Table 6 - Results of a mixed-effects model testing for the effect of environmental treatment (Enviro, 11°C*pH8.0
/ 14°C*pH*7.6), food quality (enriched in phosphorus and docosahexaenoic acid / not enriched), time in
Cumulative Degree Days (CDD), and their interactions on herring larvae size.

Response Explanatory

Aim 2 df -value
variable variables P
CDD 1435.92 1 <0.001*
Fish growth Enviro 4.16 1 0.041*
over time in
) TL (mm) Food 1.65 1 0.198
cumulative
degree days Enviro*Food 0.12 1 0.727
CDD*Enviro 417 1 0.042%*
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Table 7 - Results of mixed-effects models testing for the effect of environmental treatment (Enviro, 11°C*pH8.0 /
14°C*pH*7.6), food quality (enriched in phosphorus and docosahexaenoic acid / not enriched) and their
interactions on herring larvae size at four sampling points

Aim Res.ponse Exp‘lanatory X2 df p-value
variable variables
TLsg pp Enviro 2.10 1 0.147
Food 0.08 1 0.773
Enviro:Food 0.03 1 0.861
TL2s3 pp Enviro 0.01 1 0.905
Size at Food 3.38 1 0.066
sampling _
point (mean Enviro:Food 0.06 1 0.802
cumulative .0 Enviro 21.71 1 <0.001*
degree
days) Food 0.12 1 0.727
Enviro:Food 0.52 1 0.471
Tlee3_op Enviro 14.19 1 <0.001*
Food 0.80 1 0.369
Enviro:Food 0.79 1 0.373
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Figure 13 - Size variation (A) and stage proportions (B) of herring larvae sampled at five mean sampling points (in Degree
days), in four experimental treatments. In blue are represented the larvae reared at 11°C and pH 8.0 (Control), in orange
the ones reared at 14°C and pH 7.6 (OWA). The “+” represents an enriched diet in phosphorus and docosahexaenoic
acid. The (*) followed by the letter “E” denotes significant differences based on a LMEM model due to the environmental
treatment). TO is the sampling point before transferring the larvae in the different treatments. The red dotted line
notifies a mortality event common to all treatments.

When comparing size (total length) as a function of the cumulative degree days (CDD), or
thermal time, the environment was responsible for a significant difference in size in herring
larvae (Table 6). The difference in size was not significant early in the experiment (Table 7), at
89 and 253 CDD. For 436 and 663 CDD herring larvae were smaller in warming and acidification
treatment (Table 7, Figure. 13.A) for the same thermal time. At 89 and 253 CDD more larvae

in Control-Control+ treatments were in an advanced developmental stage than in OWA-OWA+
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(Figure 13.B). At 89 CDD between 38.2% to 45.6% of larvae were in stage 2A in the Control-
Control+, treatments whereas only 0% to 4.5% of larvae were in this same stage for OWA-
OWA+. Similarly, at 253 CDD most of the larvae were in stage 2B for Control-Control+ (89.4%-
90.4%) against 49.2%-68.2% for OWA-OWA+. At 436 and 663 CDD the proportion of stage
were similar between treatments with mainly stage 3A at 436 CDD (between 50-57 % for OWA
and Control) and stage 3B at 663 CDD (between 55-79% for OWA and Control). Larvae reached
a mean size of 15.1 £2.02 mm at 436 CDD and 19.1 + 3.0 mm at 663 CDD in OWA environment
versus 17.4 £ 2.02 mm and 20.9 £ 2.77 respectively at the same CDD in Control environment.
Larvae started to reach the post-flexion stage (enter in stage 4) at 22 mm in Control and 21

mm in control+ whereas it was at 18 mm for OWA and OWA+

2.3.2 Gene expression profiles

Table 8 - Results of mixed-effects models testing for the effect of environmental treatment (Enviro, 11°C*pH8.0 /
14°C*pH*7.6), food quality (enriched in phosphorus and docosahexaenoic acid / not enriched) and their
interactions on the level of gene expressions of herring larvae size at 436 cumulative degree days

Response Explanatory

Alm variable variables X’ df p-value
Enviro 6.29 1 0.012*
EFla Food 0.02 1 0.886
Enviro:Food 0.03 1 0.853
Enviro 1.27 1 0.260
CS Food 0.63 1 0.427
Enviro:Food 1.12 1 0.289
Enviro 8.76 1 0.003*
Idh1 Food 1.92 1 0.166
Gene Enviro:Food 0.06 1 0.809
expression Enviro 1.65 1 0.003*
Idh2 Food 4.76 1 0.030*
Enviro:Food 0.03 1 0.869
Enviro 0.40 1 0.527
Dgat2 Food 0.01 1 0.997
Enviro:Food 0.10 1 0.746
Enviro 1.23 1 0.267
Fasn Food 0.11 1 0.742
Enviro:Food 0.12 1 0.730
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Lipe

Pnpla2

Gys2

lgfl-x1

Igfll-x1

Igfll-x2

SerpinH1-
likel

SerpinH1-x1

Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food
Enviro
Food
Enviro:Food

1.17
0.18
0.34
1.81
3.83
0.08
1.52
0.64
0.01
0.59
1.60
0.77
0.63
6.72
0.01
5.90
1.00
0.29
7.76
0.68
0.42
457.10
2.44
3.23

P R R RPRPRRPRPRRPRRPRRPRPRPRRPRPRPRPRPRRLRRRERRRERSR

0.278
0.671
0.560
0.178
0.050
0.774
0.218
0.422
0.903
0.443
0.206
0.381
0.426
0.009*
0.981
0.015*
0.317
0.597
0.005*
0.409
0.515
<0.001*
0.118
0.072
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Figure 14 - Gene expression profiles in four experimental treatments. In blue are represented the larvae reared at
11°C and pH 8.0 (Control-Control+), in orange the ones reared at 14°C and pH 7.6 (OWA-OWA+). The “+”
represents an enriched diet phosphorus and docosahexaenoic acid. The (*) marks a difference due to “E”
Environment treatment and “F” Food treatment

Mixed-effects models revealed that the expression of 7 genes out of 14 were differentially
regulated between treatments (Table 8). The regulation was low for six of them in comparison
to the control environment (Figure 14), with a difference inferior at 0.5 relative level of
expression. The elongation factor EFla, initially selected to be a reference gene had a higher
expression in OWA and OWA+ treatments (Figure 14). Among the genes playing a role in the
Krebs cycle, idh1 was higher in Control environment and idh2 in environment with the non-
enriched diet. Within lipid and glycogen metabolism, none of the expression of the genes
tested were modified. The expression of growth factors Igfll-x1 and Igfll-x2 were respectively
higher in non-enriched diet treatment and higher in Control environment. The expression of
SerpinH1-likel was higher in OWA environment. The main difference was for the SerpinH1-x1
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(heat shock protein 47, serpinlb) which displayed almost a 7-fold increase in the OWA

environment in comparison to the Control one.

2.4 Discussion

In the present study, we found no direct lethal effects of combined warming and acidification
on Downs herring larvae, independent of the nutritional quality of the food supply. While the
food quality treatments we used did not influence larval fish fitness, we identified
physiological disturbances through induction of stress-response indicators and smaller larval
size-at-stage caused by warming and acidification, which occurred at the beginning of stage 3

which is a potential critical period for Downs herring larvae (Joly et al. 2021).

2.4.1 Warming and acidification: a stressful environment for herring larvae

The majority of the level expression of genes involved in the energetic metabolism were either
low or not differentially regulated for the selected stage 3 larvae. Growth hormones
expression and growth rate were not stimulated by the increase in temperature. Genes
involved in Krebs cycle were largely unaffected by the treatments, suggesting no
transcriptional modification of the aerobic metabolism of the larvae. Lipid and glycogen
metabolism were unaffected by warming, acidification and food quality thus meaning that the
energetic metabolism was not adjusted at the transcriptional level to cope with the stressors,
in contrast for what has been shown for other fish larvae (Frommel et al. 2012a, 2014; Sun et
al. 2019; Strader et al. 2020). For example gene expressions of citrate synthase, glycogen
synthase 2, fatty acid synthase, and growth hormone were regulated at the transcriptomic
level for Atlantic cod under acidification treatment more severe than the one we used
(Frommel et al. 2020), the lipid metabolism disruption highlighted in the study was associated

with organ damages (Frommel et al. 2012). The up-regulation of the elongation factor EFla
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during our experiment was an unexpected result as it is commonly used and recommended
as reference gene for fish (Urbatzka et al. 2013; Cordero et al. 2016; Raposo de Magalhaes et
al. 2021), and have been already used for Pacific herring (Incardona et al. 2015, 2021). This
elongation factor was also found to be upregulated in bivalves exposed to copper (Zapata et
al. 2009), hypoxia (David et al. 2005) or low salinity (Jones et al. 2019). The relation with
environmental stressor is unclear but might be associated with its role in protein regulation
and biosynthesis. This reveals that the EF1a gene should be taken with caution when used as
a reference gene in studies investigating transcriptomics regulation due to warming and
acidification in fish larvae. Indeed, we did not find metabolism disruption for herring larvae
and the major result was the strong adjustment of heat shock protein 47 (Hsp47, serpinlb),
with higher gene expression in OWA environment. The gene expression profiles gave an
assessment of the long-term (e.g. chronic, > 4 weeks) response to the OWA treatment. It
represented the physiological adjustment made by the larvae after the initial stress response,
with potential fitness consequences (Oomen and Hutchings 2017). Hsp47 belongs to the
family of low molecular weight heat shock proteins (Basu et al. 2002), which are mainly
induced during stress (Ciocca et al. 1993). HSPs are not only activated for heat tolerance and
thermal acclimation (Mahanty et al. 2017) but also as protection towards other stressors, such
as acidification (Mittermayer et al. 2019), or pollutants (Mitra et al. 2018). Increase in hsp47
transcript was found to play a key role in survival of a species of minnow encountering natural
long-term exposure to a warmer environment (Mahanty et al. 2017). Coping with stress
requires the synthesis of Hsp proteins, which represents an energetic cost (Harianto et al.
2018) that adds to the overall cost necessary for the development and survival of the species,

possibly inducing energetic trade-offs (Somero, 2012).
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2.4.2 Reaching stage 4 at smaller size: a trade-off in energy allocation?

The effect of temperature on body size and larval phase duration is a well-known process and
has been demonstrated for herring (Johnston et al. 2001; Moyano et al. 2016). Temperature
impact on growth as size as a function of time, and of development rate, influencing the larval
stage duration (i.e time to go through the complete morphological and anatomical changes),
are decoupled. Development generally has a stronger temperature dependence (Forster et al.
2011; Kaminski et al. 2013), reducing the larval phase duration and the final larval size at a
same developmental age (Green and Fisher 2004). Here, even if warming and acidification did
not impact growth rate, this treatment induced a developmental acceleration as larvae
reached the post-flexion stage at different time, at 47 dph at 14°C*pH7.6 against 60 dph at
11°C*pH8.0, resulting in smaller larvae in OWA environment. Separately, warming has been
shown to increase larval growth rate for Baltic herring (Moyano et al. 2016), and acidification
to reduce size-at-stage in Atlantic herring (Frommel et al. 2014). Sswat and co-authors (2018)
showed no effect of combined warming and acidification on growth and development rate of
Atlantic herring. Reduction in body size with increasing temperature is a global phenomenon
observed for different species from endotherms to ectotherms (Gardner et al. 2011), and
especially important for ectotherm aquatic organisms (Audzijonyte et al. 2018). Oxygen
limitation has been put forward as a key mechanism to explain a reduction of fish size in
warming waters (Pauly 1981; Portner et al. 2017) but this theory is widely debated (Lefevre et
al. 2017; Jutfelt et al. 2018), and the underlying mechanisms not known. Here, we pose that
the decrease in size-at-stage was caused by a differential increase in development rate
compared to growth rate (Verberk et al. 2021). As temperature directly affects the metabolic
rates of ectotherms (Gillooly et al. 2001), warming likely increases metabolic energy demands.

Fish larvae mainly allocate their energy resources towards physiological maintenance and
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growth; however, if energy acquisition does not match the increased demand for both, the
energy allocated towards growth could be reduced (Sheridan and Bickford 2011). The energy
budget that determines growth of organisms is shaped by resource availability like food and
oxygen (Verberk et al. 2021), which were not limiting factors in our experiment. Energy intake
and assimilation are limited in organisms, and energy acquisition, conversion or allocation can
be perturbed by stressors (Sokolova et al. 2012). We then hypothesized that a re-allocation of
energy expenditure toward protection mechanism could be the main cause for the reduction
in size-at-stage observed in this experiment. Although resource availability and quality are
important drivers of larval fish condition, especially when combined with abiotic stressors
(Cominassi et al. 2020), we did not observe any significant effect of food quality. However,
unlike the natural environment, our feeding conditions were not limiting, which may have
mitigated the effects of the low nutrient levels we chose for this study. Overall, the coping
mechanism to tolerate the combined pressure of warming and acidification by inducing
cellular protection, via heat shock proteins, likely increased the energetic demand and

reduced the amount of energy directed toward growth.

2.4.3 Ecological implications for the population

Linking the results of growth and transcriptomics allows us to hypothesize that herring larvae
are robust and able to cope with predicted levels of global warming and acidification. Indeed,
Hsps production without further metabolism disruption can indicate a strong acclimation
response, that can enhance survival in the face of a stress (Narum et al. 2013; Mahanty et al.
2017). Still, this phenotypic plasticity induced to compensate the environmental changes has
an energetic cost which affected growth, and could be detrimental at the population level as

growth is a key functions to organism’s fitness. In natural environment the sublethal effects
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we observed could be exacerbated as access to food may be limited, potentially reducing the
size at stage 3 and 4 even further. This is particularly important as we observed the size
reduction effect at the beginning of the stage 3. This stage was previously identified as a
potential critical period for Downs herring larvae (Joly et al. 2021) with depletion of energetic
reserve even with ad libitum feeding thus being a period of high energetic cost during
ontogeny. The larval phase is a period of high mortality (Hjort 1914) mainly caused by
starvation and predation (Houde 2008), whereby mortality is selectively affecting smaller
larvae (Meekan et al. 2006). Larval mortality might then increase because of an increase in
predation pressure. Such consequence could lead to a decrease in population recruitment,
especially as lower growth rate was already associated with decrease recruitment in North
Sea herring (Payne et al. 2013). Further research should focus on longer-term experiments to
investigate if reductions in size-at-stage can be compensated later in development. If this is
not the case subsequent smaller juveniles would yield smaller adults at maturity and would
negatively impact the reproductive success and fitness of individuals (Kingsolver and Huey
2008). Also, to better estimate the potential of herring larvae to survive on the longer-term in
the face of global change, the condition of larvae could be investigated to detect carry-over

effect, that could lead to death later in the development (Pechenik 2006).
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CHAPTER 3 — Herring larval condition under different global change scenarios

The aim of this chapter is to assess the condition of the larvae at the end of the global change
experiment, for those larvae that survived for most of the larval stage. In the previous chapter,
the OWA and OWA+ environments were highlighted as stressful for the larvae, in the next
chapter, the use of histological and lipid indices could determine whether this stress response
is also identifiable at a higher level of biological organisation. The biochemical composition
and effect of the treatments on membranes and lipid stores were assessed by fatty acid

analysis.

©Olivier Dugornay
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3.1 Introduction

Global warming of the Earth due to anthropic activities is leading to ocean warming and
acidification (OWA), the “business as usual” scenario established by the Intergovernmental
Panel on Climate Change predicts an increase in temperature around +3°C and a decrease of
0.4 pH units by the end of the century (RCP 8.5, IPCC, 2014). Those direct abiotic changes of
the environment can induce species-specific modifications at the physiological level (Chown
et al., 2010; Harvey et al., 2014). Temperature particularly affects biochemical reactions and
subsequent metabolic rates, from aerobic metabolism (Schulte, 2015) to growth and
maturation (Van Der Have and De Jong, 1996). To counteract the effect of temperature on the
fluidity of membranes, poikilotherms modify their ratio of saturated and unsaturated fatty
acids (Guschina and Harwood, 2006), which is called the homeoviscous adaptation (Sinensky,
1974). Upper consumer like fish have a limited de novo synthesis capacity of omega-3 and
omega-6 polyunsaturated fatty acids (PUFA), most of PUFA included in marine organism’s
membranes or involved in essential physiological processes are supplied at the higher trophic
level by photosynthetic organisms (Dalsgaard et al., 2003). Among them, eicosapentaenoic
acid (EPA; 20:5n3) and docosahexaenoic acid (DHA; 22:6n3), two major fatty acids
incorporated in phospholipids (Dalsgaard et al., 2003) are considered as essential fatty acid
(EFA) in fish, i.e. substances that must be obtained through the diet (Litzow et al., 2006). DHA
in particular plays a role in homeoviscous adaptation (Colombo et al.,, 2020) and its
biosynthesis by phytoplankton is predicted to decrease by 2100 in response to an increase in
sea temperature (Hixson and Arts, 2016), reducing the overall availability for the entire
ecosystem. This could have severe repercussions on all organisms through bottom-up
processes (Yasuda et al., 2021). High dietary PUFA level generally enhance development and

provide rapid growth in fish larvae and juveniles, promoting their survival (Tocher, 2003).
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The combined effects of reduction in food quality in the ocean along with warming and
acidification can thus significantly modify the conditions necessary for the good development
of fish larvae, which could have repercussions for the recruitment of the fish populations and
ultimately the survival of certain species. The North Sea herring stock is an important socio-
economic stock of northern Europe that has been facing a decrease in recruitment since
several years (Payne et al., 2013, 2009), despite a sustainable exploitation of the stock. In
addition of being an important species of humans interest, Atlantic herring is also an
important ecological species exerting a wasp-waist control on the North Sea ecosystem
(Fauchald et al., 2011), being at the center of the trophic chain, both prey and predator. The
larvae of the winter Downs spawning component of the North Sea stock, in particular, play an
important role in the trophic system, as they are highly abundant in the planktonic
compartment. Fish larvae are a key developmental stage and their survival through the larval
phase largely determines recruitment success for commercial species (Somarakis et al., 2018;
Stiasny et al., 2016). Larval mortality is mainly due to predation and starvation (Houde, 2008).
Poor larval nutritional condition can be the result of low preys availability/quality but also the
consequence of a poor ontogenic development of certain organs or physiological functions,
leading for example to digestive system impairment (Ronnestad et al., 2013; Zambonino
Infante et al., 2008). Insufficient nutrition is commonly investigated for fish larvae in the field
using condition index, the histological index being the only one to directly assessed starvation
(Chicharo and Chicharo, 2008; Ferron and Leggett, 1994; Suthers, 1992), to determine the
potential of survival of individuals. Food intake, and particularly lipids consumed from prey
are directly used for physiological processes and fatty acids derived from these lipids are
incorporated into membrane structure (Tocher, 2003). When lipid intake exceeds the

organism’s needs, the excess is mainly stored in the form of triglycerides (TAG), which
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constitutes the main energy reserve of animals (Lehninger, 1975). The amount of energy
reserves reflects larval nutritional status and conditions the potential of fish larvae to cope
with a stress (Ferron and Leggett, 1994). Energy reserve can be assessed using biochemical
lipid index TAG/CHOL, where the amount of TAG (reserve) in an individual is normalized by
cholesterol (CHOL) quantities, a membrane constituent, increasing with somatic growth and
development (Fraser, 1989). Abnormal lipid deposits and organ damages were observed in
several fish larvae species exposed to ocean acidification (Frommel et al., 2012, 2014, 2016).
In the case of the Atlantic cod, the abnormal lipid vacuoles observed in different organs
(Frommel et al.,, 2012b) were associated with lipid metabolism disruption at the

transcriptional level (Frommel et al., 2020).

Under future global change scenarios, herring larvae will most likely face ocean warming and
acidification in their habitats coupled with a reduction of the food quality that could
potentially affect their physiology, condition and potential of survival. To test this hypothesis,
we have implemented an experimental approach by testing four environmental treatments
on Downs herring larvae. Although herring larvae seemed to be able to cope with such
environmental and dietary changes (Chapter 2), we found that it would be interesting to
examine potential carry-over effects and the compensatory mechanisms and/or trade-off that
could happen at the structural and energy allocation level. To shed light on the long-term
consequences of the combined stressors on herring condition we investigated the larval
individual condition and status at the end of the experiment, around 660-degree days (thermal
time), implementing histological observations and assessing lipid reserves using the
TAG/CHOL index. To complete the information on the general health of herring larvae, fatty
acid composition of lipid membrane and reserve were compared, as little is known about the

combined effect of food quality and abiotic change on fatty acid profiles.
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3.2 Materials and Methods
3.2.1 Experimental design and sampling

The complete experimental design was described in Chapter 2.

Two differently enriched 24-hours old artemia nauplii (A1) were supplied from 259 CDD to the
end of the experiment, representing the major and longer change in food quality of the
experiment. For the less-enriched treatment, the A1 were fed 24 hours with baker yeast and
fish oil (labelled A1), as in Joly and al. (2021). For the enriched diet the focus was made on
DocosaHexaenoic Acid level (DHA, 22:6n3), A1+ were fed 24 hours in a solid diet (Larviva
Multigrain, Biomar). The DHA concentration in A1 was at 0.10 = 0.01 mg.g Artemia Fresh
Weight! (AFW), and of 0.41 + 0.14 mg.gAFW-! for A1+, which was significantly different (T-

test, df=4, p<0.01).The relative proportion of the main fatty acids are represented in Table 9.

Table 9 - Fatty acid composition of Artemia nauplii AO (newly hatched), A1 (fed 24 hours in a mix of fish oil and
baker yeast) and Al+ (fed 24 hours in a diet (Larviva Multigrain, Biomar) containing high level of DHA
(DocosaHexaenoic Acid, 22:6n3). Values are reported as Fatty Acid (FA) composition (% of total fatty acids
identified +Standard Deviation)

AO Al Al+
14:0 21+04 1.7+£0.2 1.9+£0.2
16:0 145+1.7 12.8+0.8 140+1.1
18:0 46=+1.7 5.210.2 5.0£0.2
X SFA 21.5t1.9 20.4£0.9 21.4+£15
Y~ MUFA 489+2.3 509+t1.2 47.8+0.6
ARA 44101 41+0.2 43101
ALA 26+1.2 24+1.1 24+1.2
EPA 13.8£0.7 13.4+£0.9 13.0£0.5
DHA 0.34 £1£0.2 0.93 £0.1 3.0£0.6
Y PUFA 296t14 28.8t2.0 309+1.2
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The experimental design was then composed of four different treatments: Control+ (11.3 +
0.4°C; 8.03 £ 0.05 pH; expressed as mean + SD; diet enriched in DHA), Control (11.6 £ 0.4°C;
8.03 £ 0.01 pH), OWA+ (14.1 £ 0.4°C; 7.59 + 0.10 pH; diet enriched in DHA) and OWA (14.3
0.5°C; 7.63 £ 0.11 pH). The sampling around 660 CDD marked the last day of the experiment,
were the larvae were mainly in stage 3B (Chapter 2), i.e. last part of the flexion stage,
corresponding to 47 days post hatch at 14°C and 60 days post hatch at 11°C. Five larvae by
tank were sampled and stored 48 hours in Bouin’s solution, then rinsed and stored in 70%
ethanol for histological analysis. Seven larvae by tank were sampled and stored at -80°C fir
lipid class analysis. Larvae for histological and lipid class analysis were individually processed
and stored. For fatty acid composition, between 17 and 30 larvae were sampled and pooled
by tank, and stored at -80°C. Each larva sampled was measured (mm). Due to a manipulation

error in the feeding treatment, one tank from OWA treatment was excluded from the analysis.

To determine the condition (histology and lipid class) the results of the control treatment that
we considered optimal, Control+, were compared to those of the OWA and OWA+ treatments.
For fatty acid profiles, all treatments were considered to compare the effect of diet quality on
herring larvae in the same environment and to determine possible differences in a warming

and acidification environment.

3.2.2 Analyses

3.2.2.1 Organ’s integrity (histology)
Organ’s health was assessed using histopathology. Larvae were dehydrated in alcohol bath
progressively more concentrated (70%, 95% and 100% ethanol), rinsed in diasolv bath and
embedded in paraffin blocks. Sagittal sections of 7 um (Automated-microtome, Leica,

RM2255) were placed on slides, dewaxed and rehydrated in alcohol baths (100%, 95% and

95



70% ethanol) and tap water. Larval sections were stained for topographic coloration with
Groat’s hematoxylin and picro-indgo carmine, and with Periodic acid-Schiff (PAS) and alcian
blue (AB) pH 2.5 to stained respectively neutral and acid mucosubstances. PAS was also used
to highlight glycogen presence in the liver. The slides were observed under microscope (Leica,

DM6B).

Organ state was assessed with a particular focus on eyes, oesophagus, stomach, pancreas,
liver, kidneys and intestine. Three level of state were attributed between 3 and 1, based on
fish larvae damage previously described in literature (Di Pane et al., 2019; Frommel et al.,
2019, 2014, 2013, 2012b). Score 3 was the healthiest one, an overall good integrity of the cells
within the organ are observed. Organs are well defined, without separation or basal
detachment. For the organs of the digestive system the healthy appearance corresponds to
the pattern described in stage 3 and 4 larvae in the first chapter. Score 2 was an intermediate
score, few detachments are observed within the organ. Size of the cells or structure are
reduced, particularly for the hepatocytes. Score 1 was the unhealthy score, organ integrity
was poor with separation inside the organ and basal detachment, reduced cells and vacuoles.
Herring glycogen presence in the liver was scored based on hepatocytes structure using
descriptions made by Joly and co-authors (2021), for herring larvae, as reference. Score 3
characterized an important amount of reserve with inflate hepatocytes vacuoles, score 2

scattered vacuoles and less reserved, and score 1 a total absence of reserve with no vacuoles.

To assign scores objectively, the origin of each larva was hidden from the observer. Initially
five larvae by tanks, resulting in 15 larvae by treatments were sampled, but due to coloration

problems, 15 larvae were observed in Control+, 11 in OWA+ and 10 in OWA.

3.2.2.2 Lipid class composition
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Total lipid content of each larvae was extracted from freeze-dried (-20°C) and weighted
individuals (DW: Dry weight) following a modified Folch method (Folch, 1957). Lipids were
extracted in a mix of chloroform/methanol (2:1) containing 0.01% butylated hydroxytoluene
and 0.88% NacCl, with final proportion of 8:4:3 (chloroform/methanol/water). Total lipids (TLi)
were stored at -80°C before quantification using a TLC-FID (thin layer chromatography —flame
ionization detector, latroscan MK-6s, Analyser latron Laboratories, Tokyo, Japan). TL were
solubilized in chloroform (30ug/mL) and 2 pL deposited on chromarods (Type S5) with an
automatic spotter (NTS 3000), analyses were done in triplicate. Lipids classes (polar lipids (PL)
and neutral lipids: triglycerids (TAG), free fatty acids (FFA) and cholesterol (Chol)) were
separated using a double development procedure with the following solvent systems: n-
hexane:benzene:formic acid 80:20:1 (v/v/v) during 26 minutes followed by n-hexane:diethyl
ether:formic acid 97:3:1.5 (v/v/v) for 25 min. The FID was calibrated for each compound class
using commercial standards. TAG/CHOL ratio were calculated as condition index. Total Lipid
(TL) content of each larvae was calculated by adding the quantity of neutral lipids and polar

lipids.

3.2.2.3 Fatty acid composition

To determine the fatty acid composition of phospholipids and neutral lipids, the total lipid
content of the larval pools was extracted as previously described with a modified Folch
method. Then the total lipid contents were fractioned into neutral and polar lipid on gel micro-
column. The neutral fraction was eluted with a mix of chloroform:methanol (98:2, v/v) and
the polar lipid one with methanol. Each lipid fraction was transesterified with methanolic

potash (0.5 mL KOH-MeOH) to obtain FA methyl esters (FAME) fractions. FAMEs were then

97



analysed with a gas chromatograph (CLARUS 500, Perkin-Elmer) coupled with a Flame
lonization Detector (FID). FA peaks were identified using a standard (37 component FAME mix,

Sigma).

Thirty-one Fatty acids were identified and their relative quantity was expressed in % of FAME
identified. 7-hexadecenoic (16:1n9) and palmitoleic acid (16:1n7) co-eluted and were grouped
under the name 16:1n in the manuscript. To assess the selective incorporation, or need, of a
fatty acid in the larva in regards to each feeding treatment we used the ratio between the
relative proportion of this fatty acid in the fish (polar or neutral lipids) and the diet, also called

fish to diet ratio (Mejri et al., 2021). The fish to diet ratio was calculated as follow:

% FA (Fish polar or neutral lipids)
% FA in the Artemias

(1)

The ratio was calculated for a fatty acid in larvae in Control+ and OWA+ against relative
proportion of the same fatty acid in preys Al+, and for larvae in Control and OWA against
preys Al. A ratio above 1 would mean that the FA is not supply in sufficient quantity in the
diet to meet the fish requirement, and is thus selectively incorporated or synthesized by the
fish. The fish to diet ratio was calculated for saturated fatty acids (SFA) including myristic acid
(14:0), palmitic acid (16:0) and stearic acid (18:0). It was also done for most abundant mono-
unsaturated fatty acids (MUFA), which includes the pool 16:1n, vaccenic acid (18:1n7) and
oleic acid (18:1n9). Then for abundant and important polyunsaturated fatty acids (PUFA),
including linoleic acid (18:2n6), arachidonic acid (ARA, 20:4n6), and essential fatty acid (EFA)
with a-linoleic acid (ALA, 18:3n3), docosahexaenoic acid (DHA, 22:6n3), docosapentaenoic

acid (DPA, 22:5n3) and eicosapentaenoic acid (EPA, 20:5n3).

3.2.2.4 Data analyses
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The analyses of the fatty acid profiles highlighted the fact that the Control+ may not be the
optimal control environment as first thought (see Discussion), further analyses will be needed
to properly investigate the differences in condition of the herring larvae. Thus, for the time
being, no statistical analysis has been done for total lipid content, lipid class and histology, the
general patterns of the results will be discussed. Normality and homoscedasticity were
checked for proportions of SFA, MUFA and PUFA, DHA/EPA and EPA/ARA ratios, and

differences tested with one-way ANOVA.

To visualize differences in fatty acid profiles between treatments and to distinguish similar
groups between samples, for polar and neutral lipids, a Correspondence Analysis (CA) and a
hierarchical clustering on the results of the correspondence analysis were used (R:
FactoMineR package). To simplify graphical interpretation only the 13 FA with the highest

contribution values to the axes were presented.

3.3 Results
3.3.1 Histopathology
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Figure 15 - Distribution of each score (1: unhealthy with strong damages, 2: some disruption in the tissue, 3:
healthy organ without damage) for each organ in function of the treatment. Treatments: Control+ (11°C*pH8.0,
Enriched in DHA), OWA+ (14°C*pH?7.6, Enriched in DHA), and OWA (14°C*pH7.6) treatments
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In general, little damages were observed in the larvae, regardless of the experimental
treatment. All the damages or disruptions were linked to glycogen reserve in the liver, and
liver and pancreas aspects (Figure 15). More disruption were found in Control +, but the ones
found in OWA and OWA+ were more severe. Indeed, the liver was devoid of glycogen reserve

in more than 25% of the larvae in OWA and in less than 25% of the larvae in OWA+.

3.3.2 Total lipid content and lipid class composition

Table 10 - Size, weight and lipid composition of herring larvae reared in Control+ (11°C*pH8.0, Enriched in DHA),
OWA+ (14°C*pH7.6, Enriched in DHA), and OWA (14°C*pH7.6) treatments. TAG = Triglycerids, CHOL= Cholesterol.
Values are reported as means+ Standard Deviation. Lipid classes are presented as proportion (%) of larval total
lipid content.

Control+ OWA+ OWA
n 21 19 14
Standard Length (mm) 22.1+2.51 19.31+2.98 20.1 £3.47
Dry weight (mg) 3.89+1.70 2.61+1.50 3.09t£2.10
Lipid proportion (%.DW- 13.13 +3.05 13.03+2.73 12.63+£3.11
')
Lipid class (% total
lipid)
Polar lipids 71.0+6.25 73.5£6.85 70.9+6.71
TAG 20.47 £ 4.83 18.29 £ 6.52 19.92 +£6.32
CHOL 7.26+1.44 8.18+1.50 9.20t3.14
TAG/CHOL 2.92+0.90 2.28+0.78 2.34 £0.86

Polar lipids were the dominant lipid class and represented 70-74% of the total lipid content
(Table 10) followed by TAG (18-20%) and Chol (7-9%). The low percentage of FFA (< 3.5 %) in

the total lipid content for all samples indicated that lipids were not degraded.

3.3.3 Fatty acids profiles
3.3.3.1 Polar lipids

Among the 31 FA identified, 13 had values > 1% and accounted for 95-100% of total FA (Table
3).
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Table 11 - Fatty Acid (FA) composition (% of total fatty acids identified + Standard Deviation) of the polar lipid
fraction of pooled larvae reared in different treatments, only FA > 1% are shown in the table. Control+
(11°C*pH8.0, Enriched in DHA), Control (11°C*pH8.0), OWA+ (14°C*pH7.6, Enriched in DHA), and OWA
(14°C*pH7.6). J represents the sum of Saturated Fatty Acid (SFA), Monounsaturated Fatty Acid (MUFA) and
Polyunsaturated Fatty Acid (PUFA). Ratios of total omega 3 and omega 6 and essential fatty acids are shown.
EPA: Eicosapentanoic acid (20:5n3), DHA: Docosahexaenoic acid (22:6n3), as well as important ARA: Arachidonic

acid (20:4n6). Sums and ratios are calculated on the 31 FA identified

Control+ Control OWA+ OWA

n 3 3 3 2

14:0 1.02 £0.06 0.41+0.01 1.09 £0.13 0.53.+0.01
16:0 11.39+0.24 10.15+0.27 11.90 £ 0.06 14.95 £0.27
18:0 8.45+0.47 10.49+0.34 8.58+0.37 6.46 £0.26
J SFA 21.08 £0.37 21.89 £0.89 22.35+0.39 22.55+0.48
16:1n 6.63 +£0.48 2.91+0.13 7.81+0.54 4.23 £0.06
18:1n9 12.61+0.96 10.18 £ 0.14 14.68 £1.33 12.18 £0.22
18:1n7 13.55+0.29 13.25+0.21 13.45 +£0.45 11.6 £0.01
S MUFA 36.58 +1.29 28.26 £0.62  38.55+2.48 29.97 +0.28
18:2n6 3.97+0.11 3.34 £0.04 3.90+0.16 3.73+0.01
20:2n6 1.01 +£0.06 1.27 £0.03 0.99+0.03 1.27 £0.07
18:3n3 2.62+0.03 1.11+£0.04 1.37 £0.03 0.79 £ 0.02
20:4n6 8.08 £0.53 10.7 £ 0.09 7.38+0.48 9.24 +0.08
20:5n3 14.98 + 0.87 19.52 + 0.37 14.98 £0.67 19.76 £1.55
22:5n3 1.53+0.17 2.76 £0.03 1.25+0.17 1.67 £0.13
22:6n3 9.84 +£0.32 10.04 +0.35 7.59+1.10 9.91+1.67
J PUFA 42.35 +1.66 49.85 +0.27 39.10£2.10 47.48 £0.20
>n3/3n6 2.17 £0.02 2.17 £0.02 2.03+£0.08 2.23+£0.01
DHA/EPA 0.66 £0.03 0.51£0.03 0.50 £0.06 0.51+0.12
EPA/ARA 1.86+0.04 1.82 +0.02 2.03+0.06 2.14+0.15

In all treatments PUFA dominated the fatty acids profiles (39-50%), mainly with EPA (20:5n3,
15-20%) and DHA (22:6n3, 8-10%). Saturated acids were dominated by palmitic (16:0) and
stearic (18:0) acids. Monoenes acids were dominated by oleic (18:1n9) and vaccenic (18:1n7)

acids (Table 11).

Proportions of SFA were similar between treatments (anova, (Df = 3, 7), F = 1.39, p = 0.32).

Proportions of MUFA (anova, (Df = 3, 7), F = 5.04, p = 0.04) and PUFA (anova, (Df =3, 7), F=
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6.69, p = 0.02) were different between treatments. Treatments with food enriched in DHA
(Control+ and OWA+) had globally higher proportions of MUFA and lower proportions of PUFA
(Table 3) than less-enriched treatments (Control and OWA). Among MUFA, the difference was
mainly due to 16:1n, which had higher proportions in enriched treatments (Control+ and
OWA+). Among PUFA, proportions of DHA were similar between all treatments whereas EPA
proportions were lower in enriched treatments. DHA/EPA ratios were similar in all conditions
(anova, (Df =3, 7), F=2.29, p = 1.17) and EPA/ARA ratios were different (anova, (Df =3, 7), F

=6.05, p = 0.02), slightly higher in OWA and OWA+ treatments.
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Figure 16 - A) Biplot of Correspondence analysis (CA) of the polar lipids fatty acids (FA) profiles of pooled herring larvae reared in
different treatments. Black points represent fatty acid descriptors and blue triangles represent treatments and their replicates. Red,
green and blue rectangle represent groups identified by hierarchical clustering on the correspondence analysis. B) Hierarchical
Clustering on results of Correspondence analysis of the fatty acids profiles of pooled herring larvae reared in different treatments.
Main FA explaining the division between groups from results of CA are written. Control+_1, Control+_2, Control+_3: (11°C*pH8.0,
Enriched in DHA); Control_1, Control_2, Control_3 (11°C*pH8.0); OWA+_1, OWA+_2, OWA+_3 (14°C*pH7.6, Enriched in DHA);
OWA_1, OWA_2 (14°C*pH7.6).
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Correspondence Analysis (CA) was also used to explore differences on FA profiles among
treatments (Figure 16.A). The combination of the first two factorial axes explained 86.2 % of
the total variance. The first axis (69%) was mainly described by 16:1n (32.4%), 20:5n3 (12.8%)
and 18:1n9 (11.27%). The second one (17.2%) by 16:0 (37.8%), 18:0 (28.4%) and 18:3n3

(11.2%) acids.

A hierarchical clustering on principle components (Figure 16.B) was then used to investigate
groups discrimination according to their fatty acid profiles. The first division was made
between positive and negative dimensions of the first axis, separating food treatments
(enriched in PUFA vs non-enriched). The first axis was driven by 16:1n (32.4%), 20:5n3 (12.8%),
18:1n9 (11.3%), 20:4n6 (9.3%) and 22:5n3 (8%). The second clear division appeared only
between Control and OWA treatment, whereas no strong distinction was made between
Control+ and OWA+ treatments. Control and OWA were separated between the positive and
the negative dimensions of the second factorial axis, separating environmental treatments

and driven mainly by 16:0 (35.8%) and 18:0 (28.4%).

3.3.3.2 Neutral lipids

Among the 31 FA identified, 13 had values > 1% and accounted for 95-99% of total FA (Table
12).

Table 12 - Fatty Acid (FA) composition (% of total fatty acids identified + Standard Deviation) of the triglyceride
fraction of pooled larvae reared in different treatments, only FA > 1% are shown in the table. Control+
(11°C*pH8.0, Enriched in DHA), Control (11°C*pH8.0), OWA+ (14°C*pH7.6, Enriched in DHA), and OWA
(14°C*pH7.6). 5 represents the sum of Saturated Fatty Acid (SFA), Monounsaturated Fatty Acid (MUFA) and
Polyunsaturated Fatty Acid (PUFA). Ratios of total omega 3 and omega 6 and essential fatty acids are shown.
EPA: Eicosapentanoic acid (20:5n3), DHA: Docosahexaenoic acid (22:6n3), ARA: Arachidonic acid (20:4n6). Sums
and ratios are calculated on the 31 FA identified.

Control+ Control OWA+ OWA
n 3 3 3 2
14:0s 1.05 £0.15 1.83 +£0.16 1.29 £ 0.07 1.66 £ 0.07
16:0s 11.58 £ 0.14 12.32 £ 0.88 11.78 £ 0.23 11.87 £ 0.13
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18:0s 6.95+1.07 5.86+£0.28 7.141+0.26 6.32+0.13
2 SFA 20.78 £1.22 21.08 £1.37 21.43£0.09 20.94 £0.02
14:1n9 0.67+0.12 1.18£0.11 0.75+0.04 0.98 £0.01
16:1n 9.30 +1.07 13.57+1.29 9.92+0.45 11.26 £ 0.04
18:1n9 26.83 £0.66 23.93£0.78 27.38+£0.51 23.48+10.42
18:1n7 18.55+£0.25 15.89 £0.77 18.02+0.30 15.98+0.13
20:1n9 0.97+0.13 1.44 £0.07 1.12 £0.17 1.17 £0.19
2 MUFA 58.49 £0.23 57.52£1.33 59.12£0.64 54.95 £0.85
18:2n6 491+0.39 5.31+0.33 4.46+0.19 4.23+0.32
18:3n3 1.90£0.35 3.16 £0.24 1.05 £0.07 1.49 £0.02
20:4n6 3.54+0.06 3.49+0.17 3.29+0.11 4.05+1.15
20:5n3 6.83 £0.54 10.78 £0.53 7.251+0.47 10.54 £0.03
22:6n3 1.60+0.35 0.45+£0.03 1.27+0.11 1.10+0.34
2 PUFA 20.73 £1.07 26.32 +£1.44 19.4510.73 24.11 £0.83
¥n3/3n6 1.15+0.03 1.53+£0.01 1.13 £0.07 1.46 £0.02
DHA/EPA 0.24 £ 0.08 0.05 = 0.005 0.18 £0.02 0.10+0.03
EPA/ARA 1.93+0.16 3.09+£0.01 2.20+0.15 2.61+0.09

In all treatments MUFA dominated the fatty acids profiles (54-60%), mainly with 18:1n9 (22-
28 %) and 18:1n7 (14-19%). Oleic and vaccenic acid were in higher proportions in enriched
treatments. As for polar lipids, proportions of SFA were not significantly different (anova, Df =
3, F=0.14, p = 0.93) whereas differences were noted for MUFA (anova, Df =3, F =5.84, p =
0.03) and PUFA (anova, Df =3, F = 14.1, p < 0.01). Saturated acids were dominated by palmitic
(16:0s) and stearic (18:0s) acids. PUFA were dominated by EPA (6-11 %) and linoleic acid
(18:2n6; 4-6 %). The highest difference between treatments was the proportions of PUFA
especially due to a difference in EPA. EPA proportions were lower in enriched treatments. DHA
proportion was strongly lower in Control (Table 4) but this result is to be taken with caution,
because we cannot totally exclude an analysis problem specifically for this group. EPA/ARA
(anova, Df= 3, F = 6.58, p= 0.02) ratios and DHA/EPA (anova, Df= 3, F = 26.68, p < 0.01) ratios

were different, EPA/ARA were higher in OWA and Control whereas their DHA/EPA were lower.
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Figure 17- A) Biplot of Correspondence analysis (CA) of the triglycerides fatty acids (FA) profiles of pooled herring larvae reared in
different treatments. Black points represent fatty acid descriptors and blue triangles represent treatments and their replicates. Red,
green and blue rectangle represent groups identified by hierarchical clustering on the correspondence analysis. B) Hierarchical
Clustering on results of Correspondence analysis of the fatty acids profiles of pooled herring larvae reared in different treatments.
Main FA explaining the division between groups from results of CA are written. Control+_1, Control+_2, Control+_3: (11°C*pH8&.0,
Enriched in DHA); Control_1, Control_2, Control_3 (11°C*pH8.0); OW+p_1, OWA+_2, OWA+_3 (14°C*pH7.6, Enriched in DHA);
OWA_1, OWA_2 (14°C*pH?7.6).

Correspondence Analysis (CA) was also used to explore differences on FA profiles among
treatments (Figure 17.A). The combination of the first two factorial axes explained 86.7 % of
the total variance. The first axis (76.3%) was mainly described by 20:5n3 (17.2%), 16:1n
(14.2%), 18:1n9 (12.9%), 18:3n3 (12.5%) and 22:6n3 (11.5%). The second one (10.3%) by
18:3n3 (43.9%), 20:5n3 (6.4%) and 18:2n6 (10.8%) acids. A hierarchical clustering on principle
components (Figure 17.B) was then used to investigate groups discrimination according to
their fatty acid profiles. As for polar lipids, the first division separated food treatments
(enriched in PUFA vs non-enriched) explained by 20:5n3 (17.2%), 16:1n (14.2%), 18:1n9

(12.9%), 18:3n3 (12.5%), 22:6n3 (11.5%), 18:1n7 (7.48%) and 18:4n3 (6.7%). The second
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division appeared between Control and OWA treatment, separating environmental

treatments with 18:3n3 (43.9%) and 20:5n3 (19.5%).

3.3.3.4 Selective incorporation

Treatment . OWA+ WA Control . Control+
I

14 1

121

10 1 g
w 9] =
2 b7 -
@ 4]
5 27
w0
2
E 14 1
5 127 l = _
(I 13_ E

F = o

4

E_ - I.-- T T T T T T I.-- T ;-I.-I rl‘i --I-_

RS TT  TC SR~ S-S B R S, S Lol S o
w e wi i n \':\\ _EELQ‘ _3.:“} Lol 1\'?{'5'1' '@e\ Q{? %
Fatty acids

Figure 18 - Fish to diet ratios of herring larvae in polar and neutral lipid fractions. Control+: 11°C*pH8.0, Enriched in DHA;
Control: 11°C*pH8.0; OWA+: 14°C*pH7.6, Enriched in DHA; OWA: 14°C*pH?7.6.

Fish to diet ratios (Figure 18) showed that selective incorporation happened especially in the
polar lipids and for few fatty acids. The major results in the membranes are for 16:0, 18:0,
ARA, DHA and DPA. ARA and DHA with higher exhibited higher retention rate for the non-
enriched diet. Conversely, the selective incorporation of DPA was higher for non-enriched diet
but different between OWA and Control with ratios at 7.8 £ 0.9 and 13.0 £ 0.2, respectively.
It appears that 16:0 and 18:0 are strongly and selectively retained in the lipids of the

membranes of larvae receiving unenriched diets; conversely, a very low retention is noted
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when the larvae receive enriched food. The same strongly expressed pattern is observed in

the reserve lipids for these two former fatty acids as well as for 14:0, but in a lesser extent.

3.4 Discussion

The present study examines the effect of combined warming (current temperature +3°C),
acidification (current pH -0.4) and diet quality (content in DHA) on late herring condition status
and investigates the extent to which this condition depends on dietary fatty acid profiles. At
this stage of the study, all the data (histology and lipid index) concerning the condition could

not yet be analyzed and we will only discuss the general patterns.

The larvae were exposed 660 degree days to ocean warming and acidification, corresponding to 47
dph in the OWA+ and OWA, and 60 dph in Control+ and Control, and a total of 400 degree days to
different dietary DHA level. The histopathology and lipid class results are still partial, but they do not
seem to indicate strong differences between the different experimental groups. It is very likely that
our choice of ad-libitum feeding may have erased differences that would have appeared in the natural
environment, since food restriction or fasting is one of the main factors responsible for organ damage
and depletion of energy reserves (Gisbert and Sarasquete, 2008). However, previous studies
investigating the effect of global change or diet composition on early life stage of fish, using feeding
sequence not limiting and providing satiation, found different possible consequences on different
species. Responses such as disruption of the lipid metabolism and organ damages caused by
acidification (Frommel et al., 2020, 2016, 2012b), impairment of the digestive capacity caused by
warming and acidification (Pimentel et al., 2015) or by inadequate food supply (Li et al., 2017) have
been described. Yet, even though deleterious effect on organ state have been previously described for
herring larvae (Frommel et al., 2014), it was not the case in our study. The main difference observed

was concerning the liver, based on the amount of reserve rather than tissue degradation. The
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proportion of larvae with lower reserve was not treatment specific, but the severity of the depletion
might by higher in OWA and OWA+ and need further investigations. Variability in liver reserve has
previously been described in Downs herring larvae at the same developmental stage (Joly et al., 2021).
Close to the end of the larval period, it could be related to a change in energy storage from glycogen
to lipid or to a period of high energy consumption, i.e. the glycogen stored in the liver can be quickly
mobilized to support the physiological processes linked to metamorphosis (Stirling, 1976). The lipid
reserve under the form of TAG was important and similar in all treatments, representing 20% of the
total lipid content. The fish to diet ratio makes it possible to identify the fatty acids particularly
necessary for the metabolism of the larva, which are preferentially retained or synthesized to meet
requirements. In all treatments, fish to diet ratio evidenced high proportions of 16:0 and 18:0 and are
the only ones with a ration above 2 in the neutral lipid compartment. These fatty acids are commonly
synthesized in all organisms (Sargent et al., 2003), to constitute a potential reserve for use in oxidative
phosphorylation in order to produce ATP, which fulfills cellular energy demands (Robin and Skalli,

2007) of the larvae, which is consistent with the large amounts of reserve measured in the larvae.

The fish to diet ratio must be interpreted considering the fact that the diets differ only in the
DHA content, which is higher in the so-called “enriched” treatments. DHA and DPA
(docosapentaenoic acid; 22:5n3) levels in polar lipids were largely higher than the intake levels
in all dietary treatments, but in higher proportion in non-enriched dietary regimes. Generally
PUFA composition of fish is largely determined by the composition of their diet (Arts et al.,
2009), but can also be affected by internal bioconversion, especially to synthetize DHA from
precursors such linolenic acid (ALA), EPA and DPA (Guo et al., 2021). Given that relative similar
proportions of DHA were found in polar lipids in all treatments, the higher Fish to Diet Ratios
for DPA and DHA could likely reveal that herring larvae have a DHA synthesis capacity, as
shown for salmonids (Betancor et al., 2015b). As internal conversion is energy costing,
converting from a closer HUFA in the biosynthesis pathway would be more efficient, but
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depending on its dietary availability (Guo et al.,, 2021). DHA thus seemed to be of great
importance for herring larval development and physiological requirements. DHA is involved
especially in brain and vision development (Pilecky et al., 2021; Tocher, 2015), it has been
directly showed for herring larvae (Bell et al., 1995), and also for metamorphosis of fish larvae
(Shields et al., 1999). Along with the proportion of SFA, DHA is the most important PUFA
involved in maintaining membrane fluidity (Niebylski and Salem, 1994). Supply in DHA is then
determining for fish larval development, and loss in PUFA at the basis of the trophic level was
hypothesized to threaten fish recruitment by bottom-up processes (Litzow et al., 2006). For
Baltic herring in the field, low DHA level were associated with low growth and lower level of
DHA within fish (Paulsen et al., 2014). Herring might then play an important buffering role in
trophic ecology, by adjusting its DHA level to go through the larval phase, and transfer energy

to higher trophic level as a small pelagic (Lindegren et al., 2011).

It should be pointed out that the additional DHA supply by the enriched treatment did not
lead to a better development or growth rate (see Chapter 2), despite the essential role of this
fatty acid in growth and development. This finding is intriguing and leads us to analyze the
effect of this DHA intake in a more global way, by focusing on EPA and ARA. Firstly, according
to the PCA analysis, EPA seems to have a structuring and central role that differentiates the
two dietary regimes. With both dietary regimes, EPA levels in fish are approximately equal to
intake levels, indicating that the nutritional need for this fatty acid is globally met. However,
the proportion of EPA is 30% less, in the membranes of fish fed the enriched dietary regimes,
and it is likely that EPA molecules are used for another function in the metabolism. EPA is
known to possess anti-inflammatory and immunomodulatory properties, and could be
converted into series of downstream metabolites such as eicosanoids, leukotrienes and

resolvins (Leuti et al., 2019; Wall et al., 2010). This response may indicate that enriched dietary
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regimes in DHA are not necessarily beneficial for herring larvae. It was already reported that
high dietary PUFA, particularly supplied as triglycerides, were not well handled from a
metabolic point of view by cod and seabass larvae, and could induce malformations in bones
structures and metabolic disorders in the liver (Gisbert et al., 2005; Wold et al., 2009, 2007).
Excessive dietary DHA particularly increased oxidative stress due to its high degree of
unsaturation (Betancor et al., 2015a, 2013). As no negative effect were observed at the tissue
level, larvae seemed to be able to compensate the potential deleterious effect. Secondly,
EPA/ARA ratios discriminate the two abiotic treatments, ratios being higher in OWA and
OWA+ treatments compared to Control and Control+ due to less ARA incorporated. It has
been shown that this fatty acid could be transformed by beta-oxidation into eicosanoids
products, which are molecules involved in the inflammatory response (Regulska et al., 2021).
Research in mammal cells has linked ARA release from membranes to stress response, via the
induction of heat shock proteins (Gosslau and Rensing, 2000; Miwa et al., 2000). In the
previous study on these herring larvae, the main metabolic difference at the transcriptional
level between larvae reared in the control or in the ocean warming and acidification

treatments, was precisely the production of heat shock protein transcripts (Chapter 2).

In conclusion, herring larvae might have the potential to adjust their level of DHA when their
requirement are not met, consequently they do not seem vulnerable to the predicted
decrease in DHA in the ecosystems for 2100, in response to global change. This can be positive
for herring and the ecosystem as herrings, throughout their life cycle, are the preys of many
species and play a central role in the trophic web. Our result did not highlight a strong
difference in SFA or DHA proportion that could indicate a process of homeoviscous adaptation
due to temperature effect. Considering that Atlantic herring is an eurytherm species, with an

important phenotypic plasticity (Geffen, 2009), this suggests that 11°C and 14°C could both be
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within its optimum thermal range. The lack of specific mortality in treatments (see Chapter 2)
or organ damage or depletion in energy reserve, suggested that herring larvae is able to cope
with combined effect of warming, acidification and dietary regime quality, as long as the food
(prey) availability is sufficient: in such a case, herring might be one of the “winner” species
face to global change. However, prey availability is random in the natural environment, which
could dramatically alter the ability of larvae to cope with global change; future studies will

need to implement experimental approaches that include limitations on prey abundance.
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CHAPTER 4 — Effect of climate change on the morphological development of
sagittal otoliths in Atlantic herring (Clupea harengus) larvae

The aim of this chapter was to evaluate the effect of combined warming and acidification on
otolith morphogenesis in herring larvae. The feeding treatment were not taken into account
as previous study have shown that dietary fatty acid supply does not affect otolith

development.

©Olivier Dugornay
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4.1 Introduction

Otoliths are calcified biomineralised structures overlying the sensory epithelia in the inner ear
of fish. They are formed by calcium carbonate crystals embedded in a non-collagenous organic
matrix composed of acidic proteins and polysaccharides (Degens et al., 1969; Popper et al.,
2005). Otoliths are formed during embryonic development. They are metabolically inert and
do not resorb in periods of stress, but grow throughout an individual’s life, in correlation with
its ontogenic growth (Casselman, 1987). Because of the positive correlation between otolith
growth and organismal fitness, otoliths have been widely used in fisheries science as a proxy
to evaluate age, growth, and stock segregations. In Atlantic herring (Clupea harengus), otolith
microstructure has been used to study environmental effects (temperature, salinity or feeding
activity) on the growth of the larvae (Berg et al., 2017; Denis et al., 2017; Folkvord et al., 1997,
Johannessen et al., 2011; Tonheim et al., 2020), and otolith shape used as a tool for stock
identification (Burke et al., 2008; Libungan et al., 2015; Turan, 2000). Atlantic herring are of
high commercial importance, with around 1,640,000 tons caught in 2016 (FAO FishStat data),
but are vulnerable to the effects of climate change, particularly at the larval stage (Hufnagl

and Peck, 2011).

Otolith growth, and ultimately global otolith shape are well-known to result from the
combination of genetic heterogeneity, ontogeny (physiological processes) and the influence
of environmental (biotic and abiotic) factors (Hussy et al., 2020; Mahé, 2019; Vignon and
Morat, 2010). Global climate change is projected to cause warming of the ocean surface by 3
to 5°C by 2100, and acidification of waters with a drop of 0.4 pH units in the worst-case
scenario (IPCC 2019, “Changing ocean, marine ecosystems and dependent communities”). The

speed at which global change is occurring will not allow some species to adapt; in addition,
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early life history stages which do not yet have fully functional physiological homeostatic
mechanisms could be particularly affected (Melzner et al., 2009). Some ontogenic processes,
such as otolith morphogenesis, could thus be particularly impacted by the alteration of

environmental conditions.

A previous study on herring larvae testing four temperature conditions (4°C, 12°C and two
others shifted twice with 4/8/4°C and 12/8/12°C) showed that the size and the width of the
otolith daily increment were both temperature-dependent (Folkvord et al., 2004). Other
studies on the effects of ocean acidification on fish otoliths have been mostly conducted on
larval developmental stages. Several studies have shown that elevated levels of CO, caused an
increase in otolith size or shape for multiple species (Bignami et al., 2013; Coll-Lladé et al.,
2021; Maneja et al., 2013; Munday et al.,, 2011; Réveillac et al., 2015). Consequently,
acidification can lead to decoupling of otolith and body growth (Reveillac et al. 2015).
Furthermore, the effect of acidification is not observable on the otoliths of some other species
(Franke and Clemmesen, 2011; Frommel et al., 2013; Perry et al., 2015). Changes in
extracellular concentrations of carbonate and bicarbonate caused by acid-base regulation in
a high CO; environment could increase the precipitation of CaCOs in the otolith (Payan et al.,
1998). The intensity of these modifications are linked to the life stage but could be a species-

dependent process.

Here, we aimed to investigate in Atlantic herring how otolith morphological variability and size
within individuals, i.e. directional bilateral asymmetry, and between individuals during the
first early life stages is affected by the warming and acidification conditions projected by 2100
under the worst-case IPCC scenario We then implemented an experiment where we

monitored the larvae from growing degree days (GDD) 32°C.day to 662°C.day. Designated
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by a number of expressions, including “thermal time”, “heat units”, “thermal units”, or
“growth units”, thermal opportunity for growth is usually measured in “growing degree-days”
(Bonhomme, 2000; Neuheimer and Taggart, 2007; Trudgill et al., 2005; Wang, 1960). Otoliths
are important biomarkers that are widely used in fisheries management, particularly in the
case of commercially and ecologically important species such as herring. Otolith size and
shape allows us to evaluate growth in a species and to know the distribution of stocks. It is
therefore crucial to reveal the consequences of climate change on otolith characteristics in

order to continue to use them without introducing bias.

4.2 Materials and Methods

The rearing method was fully described in Chapter 2.

Herring larvae were reared until they reached the last larval development stage respectively
from hatching to 47 days post-hatching in the OWA treatment (14°C, 1660 patm) and 60 days
post-hatching in the Amb treatment (11°C, 560 patm). To follow the otolith growth and shape
variation through time, 351 Atlantic herring from 32 to ~662°C.day were sampled five times
over the course of the experiment. At 32°C.day, 15 individuals were sampled, and then 42 fish
for each experimental condition were sampled at each of the next four samplings. To assess
the potential effect of temperature on the growth and shape of otoliths, we used the “heat

units approach” (e.g., Réaumur, 1735). GDD were calculated as follows:

n
GDD = Z(Ti — Tth).Ad
i=1
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where Ti represents the average temperature at day i, Tth is the threshold temperature
below which growth is expected to cease and Ad is time (in days). In our study, Tth was set at
0°C to minimize the bias introduced by this factor. This threshold temperature Tth used to
compute GDDs was tested by varying the value of this parameter with 5°C and 10°C and the
significance level of tested effects was the same. Moreover, it is recommended to use
standard Tth values (0, 5, 10, 15 °C) (Chezik et al., 2013). The GDD approach quantifies the
thermal opportunity for growth by aggregating temperatures relevant to growth (McMaster
and Wilhelm, 1997), and is thus more precise than the calendar time approach when
describing growth (K. Mahé et al., 2019; Neuheimer and Taggart, 2007). The first sampling
occurred at three days post-hatching (GDD=32°C.day). The four other samplings were then
carried out after different time periods depending on the rearing temperature, the sampling

date are the same as in Chapter 2.

4.2.1 Otolith shape analysis

After measuring the total length (TL+ 0.1 cm) of fish, their sagittal otoliths (left and right) were
extracted from the cranial cavity and cleaned. In order to minimize distortion errors in the
normalization process during image analysis, each otolith was placed on a microscope slide
with the sulcus facing downward and the rostrum pointing left. The outline of each otolith was
digitized using an image analysis system consisting of a high-resolution camera (Hamamatsu
Orca 3G) connected to an automated microscope using reflected light (Zeiss Axio Imager Z2).
Each digitized image was analyzed using the image-analysis software TNPC (Digital processing
for calcified structures, version 7). To compare the shapes of the left and right otoliths, mirror

images of the right otoliths were used. Otolith shape was assessed by analyzing first the otolith
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area (Oarea, um?) and Elliptic Fourier Descriptors (EFDs) (Lestrel, 2008). Oarea seems to be a
better univariate descriptor than longest length because the otolith shape is close to a circle
without being a circle. As a result, the longest length of the otolith is too variable from one
individual to another, without always being measured on the same axis. EFDs were obtained
by using TNPC 7 software to perform Fourier analysis on binarized images. For each otolith,
the first 99 elliptical Fourier harmonics (H) were extracted and normalized with respect to the
first harmonic so as to be invariant to otolith size, rotation and starting point of contour
description (Kuhl and Giardina, 1982). To determine the number of harmonics required to
reconstruct the otolith outline, the cumulated Fourier power (F) was calculated for each
otolith k as a measure of the precision of contour reconstruction obtained with n;, harmonics

(i.e., the proportion of variance in contour coordinates accounted for by the n; harmonics):

n
S A%+ B+ C2 + D}
Fouy = z >
i=1

where 4;, B;, C; and D; are the coefficients of the ith harmonic. n, was chosen for each otolith
k to ensure that it was reconstructed with a precision of F(,,y = 99.99% (Lestrel, 2008). The
maximum number of harmonics n = max(n;) across all otoliths was then used to reconstruct
each individual otolith. Only the first 6 harmonics were necessary to ensure reconstruction of

each otolith shape with a precision of 99.99% and were thus used for further analyses.

The resulting matrix containing EFDs (as columns) for each otolith (as rows) was subjected to
Principal Components Analysis (PCA) (Rohlf and Archie, 1984). and the 3 first principal
components (PCs) were selected as otolith shape descriptors or shape matrix (S) according to
the broken stick model (Legendre and Legendre, 1998), which, in this case, corresponded to a

threshold of 3.4% of the total variance explained (Borcard et al., 2011). In total, these 3 PCs
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explained 82.4% of the total variance in the EFDs. This procedure allowed us to decrease the
number of variables used to describe otolith shape variability through EFDs while ensuring
that the main sources of shape variation were kept, and to avoid co-linearity between shape

descriptors (Rohlf & Archie, 1984).

4.2.2 Statistical analyses

Each environmental condition was the combination of temperature and pCO, concentration
values. Otolith area and larvae size differences were analysed using a post-hoc Tukey-HSD test
among several values of GDD. The relationship between larval total length (TL) and otolith
area (Oarea) in response to the environmental conditions was tested using Analysis of
Covariance after verifying the normality of residuals. To analyse the potential anatomical
differences described by the directional bilateral asymmetry (DA) between left and right
otolith shape, partial redundancy analysis (pRDA) was modelled on the selected principal
components (PCs) matrix. In this pRDA, otolith side (left/right) was used as the potentially
influential variable and the individual as the conditioned variable. To test the potential effect
of climate change, a second pRDA was applied where the explained matrix was combined with
permutation tests on the selected PC matrix and the explanatory matrix consisted of the
tested effects (Temperature and pCO2 concentration) and the interactions between them. In
all pRDAs, total length was used to correct for fish size. To visualise shape differences between
right and left otoliths, or between 2 environmental conditions (temperature/pCO;
concentration), average shapes were rebuilt based on EFDs averaged for each group of
individuals. Directional asymmetry and environmental effect amplitude were then computed
as the percentage of non-overlapping surface between the reconstructed otolith average

shapes relative to the total area they covered after superposition.
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Statistical analyses were performed using the following packages in the statistical

environment R: ‘Vegan’ (Oksanen et al. 2013), ‘sp’ and ‘rgeos’ (Bivand et al., 2013).

4.3 Results
4.3.1 Otolith growth

I I I T 1 GDD

°0O

Otolith

/
g
5
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Figure 19 - Growth of otolith shape and larval fish by GDD value (°C.day).

Otolith and larvae sizes increased stepwise from 32 to 670°C.day (Figure 19). Over the course
of the experiment, the ratio between the dorso-ventral and antero-posterior axis increased,
leading to the loss of the initial circular shape of the otolith. Otolith morphogenesis was
positively correlated with growing degree days. Herring larvae were long and thin at hatching,
then progressively developed dorsal and caudal fins. Body height increased around 436°C.day,

and the pelvic fins were the last fins to differentiate at around 662°C.day.
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Figure 20 - (A) Box-plot of otolith area (Oarea um?) and total length of fish (TL cm) values by GDD value (°C.day)
and environmental conditions (red for 14°C and 1660 uatm and blue for 11°C and 560 uatm). A different letter
within each sampling time denotes a significant difference between the two groups. (B) Relationship between
otolith average area (Oarea) and larval body length (TL) in response to the environmental conditions (red for
14°C and 1700 uatm and blue for 11°C and 560 uatm).

Otolith area and larvae size differences were analysed among several values of GDD. Larvae
size changed faster than otolith area (Figure 20.A). Larvae size increased significantly between
32°C.day and 87°C.day, while the first changes in otolith area appeared only at 436°C.day.

However, after this GDD value, otolith area increased faster than larval size. Neither larvae
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size nor otolith area were significantly different between the two environmental conditions
(temperature/pC0O2) at any value of GDD, with the exception of larvae size at 436°C.day
(P<0.05). The relationship between otolith area (Oarea) and larval body length (TL) was always
significant (P<0.05), but the slope was significantly higher in the OWA than in the Amb
treatment (slopes difference; P<0.05; Figure 20.B). For the same fish length, the area of otolith
was bigger for the 2100 scenario (14°C/pC0O2 1660 patm) than under present day conditions

(11°C/pC0O2 560 patm) (Figure 20.B); this difference increased with fish size.

4.3.2 Otolith shape

Using the Fourier harmonics to describe the otolith shape, pRDA were used to test the
explanatory variables of interest (i.e., side, combination of temperature and pCO2
concentration, GDD value). No significant difference in shape was observed between left and
right otoliths (Redundancy analyses, p > 0.05). The average percentage of non-overlapping
surface between the two sides never exceeded 1% (Figure 21). Similarly, the results showed
no significant environmental effect on otolith shape in herring larvae, with the average

percentage of non-overlapping surface ranging from 0.73% to 1.48% (Figure 21).
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Figure 21 - Percentage of non-overlapping surface between left and right otolith shape and for two environmental
conditions by GDD value (°C.day) (arrows identify the main areas of difference between both otoliths).

4.4 Discussion

Fish larvae otoliths are commonly used to estimate growth using the microstructure and the
positive relationship between otolith and fish sizes. This method has been used for several
species including herring (Folkvord et al. 1997; Johannessen et al. 2000; Berg et al. 2017; Denis
et al. 2017; Tonheim et al. 2020). Our experimental study validated the results of these in situ
studies and showed that this significant correlation between otolith and fish growth was still
observed in present day environmental conditions as well as for the 2100 scenario. A previous
study on herring larvae testing four temperature conditions (4°C, 12°C and two others shifted
twice with 4/8/4°C and 12/8/12°C) showed that the size and the width of the otolith daily
increment were both temperature-dependent (Folkvord et al., 2004). The otolith area per fish
size in our study increased with higher temperature and pCO; (i.e. lower pH). It should be
noted that the feeding protocol chosen for this study provides ad-libitum feed, in order to

avoid under-feeding situations that could have interfered with the otolith study. Nevertheless,
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it cannot be excluded that larvae under the 2100 scenario ingest more food than control
larvae, which could also accelerate the increase of the otolith area in the 2100 scenario group.
While growth mechanisms of otoliths and their morphogenesis during the early life stages of
fish are poorly understood, shifts in otolith shape are linked to physiological modifications due
to environmental disturbance (Geffen, 1987; Vignon, 2018). Early life stages are more
vulnerable to environmental challenges because they have higher surface area to volume
ratios and have not yet fully developed the homeostatic regulatory mechanisms which are
found in adult fish (Hurst et al., 2013). For Downs herring, a shift affecting larval condition has
previously been observed in situ for individuals at 13 mm, and was driven by environmental
conditions (temperature and prey concentration) (Dennis et al. 2017). Our experimental study
on Downs herring covered this length range but the otoliths did not show any ontogenetic

differences due to environmental conditions during this larval life period.

To follow otolith morphogenesis, we used a univariate descriptor (i.e. otolith area) and EFDs.
Only the first 6 harmonics were necessary to ensure reconstruction of each otolith shape with
a precision of 99.99%. This low harmonics number indicates that the otolith shape of herring
larvae is quite basic compared to other species such as Atlantic cod (Gadus morhua), in which
a complexification of the otolith form occurs at the larval stage (Irgens et al., 2018). The otolith
shape is regulated by a complex combination of endogenous and exogenous factors, including
both abiotic environmental parameters (such as temperature and pCO;), and biotic
parameters (such as food availability). The influence of these factors is dependent on the
ontogenetic stage (i.e. the development stage of the individual). In addition, the otoliths can
be different between right and left inner ears as a consequence of potential developmental
lateralization (e.g. side effect). Environmental factors, especially temperature, have a greater

influence than genetic differences for Atlantic cod (Cardinale et al., 2011; Hissy, 2008; Irgens
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et al., 2018). For seabass (Dicentrarchus labrax), increased temperature speeds up otolith
morphogenesis and modifies the developmental pattern of the otolith shape (Mahé et al.
2019). Ocean acidification can also alter otolith shape (Holmberg et al., 2019). For several
species, individuals exposed to high pCO; had a larger otolith area and maximum length
compared with controls; the increases were larger than could be explained by an increase in
CaCOs precipitation in the otoliths driven by the modification of the pH regulation in the
endolymph (Checkley et al. 2009; Munday et al. 2011; Réveillac et al. 2015; Coll-Llado et al.
2018). In studies on other species including herring, high pCO; had no effect on the larval
sagittal otolith (Franke and Clemmesen, 2011; Munday et al. 2011; Frommel et al. 2013; Perry
et al. 2015). Our study found that the relationship between otolith area and fish length
changed with environmental conditions, although this result was not observed when using
GDD values. Here, we hypothesize that the increase in otolith area by fish size could mainly
result from water acidification (Checkley et al. 2009; Munday et al. 2011; Réveillac et al. 2015;
Coll-Llado et al. 2018), as elevated seawater pCO; has been shown to cause such directional
asymmetry (Holmberg et al. 2019). For herring, the environmental factors we studied
(temperature/pCO,) did not affect the otolith shape between sides at the observed larval
stage. Consequently, it is likely that the level of response to pCOzincrease might be a species-
specific phenomenon. This capacity to maintain otolith shape in response to environmental
changes is probably due to efficient intracellular ionic-regulation mechanisms in this species
(Ishimatsu et al., 2008a; Melzner et al., 2009). This result may suggest that herring larvae are
well equipped to cope with the environmental changes projected for 2100, as long as their
energy and nutritional needs are well covered, which would not necessarily be the case in the
natural environment. The faster growth of the larvae under the 2100 scenario may indeed

lead to a greater prey requirement, and it cannot be ruled out that the increase in the area of
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the otoliths may also have affected their hearing ability and behaviour. Nevertheless, it should
be noted that this species certainly has a good intracellular ionic regulation because it is
confronted with different environments. Indeed, herring larvae typically hatch in littoral
regions where pH and temperature can fluctuate because of freshwater inflow, so they may
often experience such fluctuations and therefore be quite resistant to them. For more
extreme values, however, the homeostatic mechanisms might not be sufficient to compensate
for environmental stress and this could induce changes in otolith morphological development

(Coll-Llado et al. 2018).

Ontogeny and environment are the factors that control most of the otolith development
during the early stages of life. The otolith shape evolves from the basic round form to
elongated shape due to faster growth along the anterior-posterior axis than along the dorsal-
ventral axis (Bounket et al., 2019; Galley et al., 2006; K. Mahé et al., 2019; Mille et al., 2015).

Our study showed that the otolith shape of herring grew in this way during the larval period.

At the adult stage, significant directional asymmetry has been observed in herring (Bird et al.,
1986), while no lateralization has been observed at the larval stage. This bilateral effect
increases over the life of the fish when considering a different trajectory of otolith
morphogenesis between left and right sides. Although otolith shape is influenced by both
abiotic and biotic environmental parameters and depends on individuals' genotype,
environmental effects can also be perceived more with ontogeny, consequently, this
developmental lateralization could be a phenotypically plastic response to environmental
drivers rather than the consequence of the individual genotype, as previously suggested in

Boops boops (Mahé et al.,, 2019). Sagittal otolith size and shape for each species could
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therefore be adaptive traits to different habitats and ecological niches (Lombarte et al., 2010;

Lychakov and Rebane, 2000).

Our study suggests that herring larvae can cope with the marine environmental conditions
predicted for 2100. The growth and shape of the otoliths studied here did not appear to be
affected by the environmental conditions. Only the evolution of the relationship between
otolith and fish sizes seems to be environment-dependent. This information is important to

evaluate the age and the growth information for herring used in fisheries management.
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General Discussion

Global change is threatening life on Earth. Many modifications of the environment are
happening simultaneously, for instance in the oceans which are warming and acidifying at an
alarming rate. In addition to challenging marine organisms’ survival, development, and
reproduction, environmental changes may lead to modifications of the ecosystem structure,
food web productivity, and dynamics. Anticipating the consequences of these multiple
changes on species, like herring (Clupea harengus), with a central place and ecological role in
the food web, associated with a high socio-economic importance for humans, is a priority. The
survival through early life stages of fish is a key factor determining recruitment. Although
research on climate change impact on fish larvae started decades ago, most studies tested the
resilience of organisms towards individual stressors. Conversely, few studies have investigated
the resilience of herring larvae toward combined warming and acidification, and no study has
yet combined this with the importance of food availability. Therefore, the goal of this thesis
was to assess the potential of herring larvae to cope with levels of warming and acidification
predicted for 2100 (OWA; +3°C and -0.4 pH) and to assess the importance of food quality
(particularly the carbon to phosphorus ratio of the food, and the content of an important
essential fatty acid: Docosahexaenoic acid), with a special focus on the ontology of early larvae

and organ development.

To properly assess the effects of potentially stressful conditions on larval development, it was
of utmost importance to first of all describe normal development and maturation of larvae. In
the first chapter this was exactly what was done, and | characterized the complete ontogeny
and maturation of the digestive system of herring larvae, associating morphological stages to

distinct anatomical organisation. The main result of this chapter was the identification of two
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energy-costing periods, at the transition between pre-flexion and flexion stage and at the end
of the larval phase, leading to an energy depletion in the liver, even if the food supply is ad-
libitum. These results were then used as a reference to investigate the different
developmental stages and their specific response to global change. Chapters 2 and 4
investigated the individual response in terms of somatic growth and development of herring
along with otoliths formation during the larval phase. They showed that, while the scenarios
tested did not induce specific mortality and growth rates, the duration of the larval stage was
reduced in OWA (regardless of the food content) resulting in smaller stage 3 larvae, with larger
otoliths. In addition, Chapter 2 focused on the potential critical period identified in the first
chapter, and highlighted that the energetic metabolism of stage 3 larvae was not perturbed
at the transcriptional level but that the OWA treatment induced a cellular stress response as
evidenced by the increase in the transcription of heat shock proteins. Finally, Chapter 3
focused on the histological and lipid condition of late herring larvae, which survived the larval
phase. The results showed no strong differences within organ state and amounts of energy
reserves, suggesting no carry-over effect at this level. Nevertheless, analyses of fatty acids
profiles suggested a potential for DHA biosynthesis in herring larvae and that the dietary
supplementation with DHA does not appear to be beneficial to the larvae, particularly in view

of intriguing changes in the fatty acids involved in the immune and stress response.

In the following discussion, | aim to integrate the responses found at different level of

biological organisation to assess the vulnerability of herring larvae toward global change.

Herring larvae are robust when faced to Ocean Warming, Acidification and predicted changes in
food quality
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After investigating different responses of herring larvae toward global change scenarios, |
argue that herring larvae are robust to predicted change in warming, acidification and
predicted changes in food quality, provided that food resource is not limiting. Of the many
physiological indicators monitored, the few that showed changes to future environmental
conditions had no direct consequences on mortality, which supports that herring larvae could

be resilient to global change (Figure 22).

Ocean acidification and warming were not directly lethal to herring larvae, which was not
surprising as the lethal temperatures for herring larvae are between 22-24°C (Blaxter, 1960)
and the acidification range tested in experiments was never lethal (Frommel et al., 2014;
Sswat et al., 2018; Sswat et al., 2018). The mortality event that occurred at the end of the
stage 3 might be related to a likely delay or disruption of the maturation process of the
digestive system. In the first chapter the maturation of the digestive system, with the activity
of the brush border enzymes, was measured close to the first observation of stage 4 larvae in
the tanks. Ocean acidification has been shown to alter otolith shape at different levels of pCO
(Ishimatsu, Hayashi and Kikkawa, 2008;; Vignon, 2018), which was not the case in our
experiment. This may indicate an efficient ionic-regulation mechanism. In addition, snapshot
investigations at the physiological level in chapter 2 and 3 revealed two underlying regulation
mechanisms to cope with warming and acidification. In particular, the potential activation of
an anti-inflammatory response and protection to cellular oxidative stress could be suggested
based on the expression of heat shock protein and change in EPA/ARA ratio in polar lipids.
Taken together, these results indicate that herring larvae have physiological regulatory
mechanisms that allow them to cope with the predicted reduction of DHA in the environment

(Hixson and Arts, 2016), at least at the larval stage (Chapter 3).
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« Non-stressful » environment
Ontogeny of Herring larvae

Change in shape and size of the organs of the digestive system

Maturation of the digestive system

(Enzymes activity)

Energy-costing period Energy-costing period

Potentially critical Potentially critical

Mortality event

Shorter larval period 1

Smaller larvae
-~
S——=""

Stress and protection response
(Heat Shock Protein and fatty acids adjustment)

OWA Food quality (F) OWA * F
Growth - - -
Mortality - - -
Development (0] - -
Otoliths morpholgy - - -
Otoliths and larval size 0 - -
Condition - - -
Metabolism - - -
Biochemical composition (0] 0] 0
Stress response (0] - -

Global change environment

Figure 22 - Summary of the principal results obtained during the thesis. In the upper blue part is represented de main
findings for herring larval development, and in the lower orange part are represented the modifications observed in
the experiment of global change. In blue are represented the result observed in the non-stressful environment of the
Chapter 1. In comparison in orange are the results observed during the Global Change experiment (Warming,
Acidification and food quality) from the Chapters 2, 3 and 4. The table at the bottom of the figure indicates the
different measurements realized during the global change experiment. A black line indicates no effect of the
treatment tested and on orange circle indicates a difference with the control.
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Smaller fish at higher temperature: the result of phenotypic plasticity?

Whereas the OWA treatment yielded smaller larvae in stage 3, the consequences of size
differences are difficult to predict. As growth and development rates are largely temperature-
dependent, and there is little evidence of a link between acidification and reduced larval size
(Hurst et al., 2013; Munday et al., 2009b) the role of temperature on the diminution of size-

at-stage need to be explored.

The body-size temperature relationship in ectotherms

Smaller body size with warming is a commonly observed pattern for ectotherms, which is
described by the temperature-size rule (Atkinson, 1994). This was supported by Daufresne
and co-authors (2009) who stated that smaller body size is a universal ecological response to
warming in the aquatic environment. Decline in fishes sizes related to increase in temperature
have already been reported, for example in the North Sea (Baudron et al., 2014), but is not
always the case (Audzijonyte et al., 2020). Because larval growth and subsequent adult size
are key parameters determining fitness (survival and reproduction), researchers have
investigated potential underlying mechanisms to explain the reduction in size with
temperature. For instance, the “Gill Oxygen Limitation” (Pauly, 1981), and the “Oxygen- and
capacity- limited thermal tolerance” hypotheses (Portner et al., 2017; Portner and Knust,
2007) state that the increasing oxygen demands with elevated metabolic rate under warming
may not be met because the gills have a limited and finite capacity of oxygen supply in relation
to body volume and because of lowered performances of oxygen delivery to tissue with
warming. In turn, insufficient oxygen supply may limit basal metabolism and somatic growth,
which has been used to predict a general decrease of fish size (Cheung et al., 2012, 2009).

However, the global importance of oxygen supply to explain changes in body size has been
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guestioned and the above-mentioned theories received criticism (Clark et al., 2013; Jutfelt et
al.,, 2018; Lefevre et al., 2018, 2017). Indeed, body size is a specific trait resulting from
interactions of intrinsic and extrinsic factors, not only depending on oxygen availability
(Audzijonyte et al., 2018). Extrinsic factors such as insufficient food availability can reduce
growth and size of individuals (Clemmesen, 1994). During the Global Change experiment (Axe
2), | observed a smaller size-at-stage of herring larvae (stage 3), suggesting a similar
relationship between body-size and temperature as described by the Temperature Size Rule
(TSR) (Atkinson, 1994). However, although | did not measure the aerobic capacity of
individuals as these were not yet using gill respiration which prevents me from excluding
oxygen limitation as a cause of size reduction, the high oxygen concentration during the
experiment and the absence of metabolism alteration at the transcriptional level do not
support direct oxygen limitation as a cause for size reduction. The same applies to food
limitation since the larvae were fed ad libitum. In Chapter 2, | showed that the difference in
size-at-stage was not due per se to a reduction in growth rate, but a decoupling between
developmental rate and somatic growth rate (Figure 23.A). This indicates that, when sampling
by time (day), the size of the larvae would have been the same in both environments, but the
stage different (Figure 23.C). However, results from the first chapter demonstrated that the
morphological stages are associated with very specific anatomical organisation of the
digestive system (maturation of organs and enzymes), which highlights the importance and
usefulness of thermal time (degree-day) for adjusting the sampling protocol when measuring

physiological traits to compare larval performance.
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Figure 23- A) Representation of the relationship between growth rate and development rate and the
temperature. B) Representation of the growth of herring and how reaching the maturity earlier in the Ocean
Warming and Acidification (orange) can lead to smaller adult body size than in the Control environment (blue).
C) Succession of the different herring stages in function of time in days.

The decoupling between development and growth rates is one of the first hypotheses that
described Temperature Size Rule explained by a different thermal-dependence of growth and
development (Forster et al., 2011). Despite numerous empirical data reporting Temperature
Size Rule in various taxonomic groups, there is no general unifying explanation, and the
underlying mechanisms of the temperature-body size relationship remain overall poorly
understood (Audzijonyte et al., 2018). Nevertheless, as adult body size is determined by
growth and development rate, | argue that the observed decrease in size-at-stage could also
lead to a reduction of adult body size, because maturity will still be reached at a smaller size

if the growth rate does not increase later in ontogeny (Figure 23.B, C).

134



Acclimation capacity of herring larvae

Both growth and development rates depend on the rate of biochemical reactions. Generally,
warming increases metabolism for temperature-dependent traits, reflecting molecular
thermodynamics and biochemical constraints (Havird et al., 2020). This ‘passive’ plasticity, or
acute response, is not regulated by the individual (Ghalambor et al., 2007; Gotthard et al.,
1995). Conversely, ‘active’ plasticity is a modification of a trait by the organism, including
changes at different level of organisation, such as gene expression or membrane composition
(Hochachka and Somero, 2002). The plastic response to a change in temperature generally
reflects both responses, which cannot be distinguished by the type of experimental design
used in this thesis, which targets the acclimation response (Havird et al., 2020). Extensive
research allowed to depict a general pattern of the impact of temperature on fitness (Figure
24.A), with the performance-trait measured first increasing with increasing temperature until
a maximum, reached at the thermal optimum (Topt), then performance rapidly decrease with

higher temperature (Huey and Kingsolver, 1989; Sinclair et al., 2016).
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Figure 24 — A) Typical representation of a Thermal Performance Curve (TPC) (CTmin/CTmax: Critical Thermal
minimum and maximum; Topt: optmal temperature; Th: body temperature). B) Growth rate values obtained from
both experiments.
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The dynamic relation between a trait and temperature can be calculated as the Q1o coefficient,
describing a factorial change of biological rate with temperature (Havird et al., 2020; Lefevre
et al., 2017). A Qio of 1 means that the trait is not affected by the temperature, while a value
above 1is indicative of an increase metabolism rates and a value lower than 1 imply a decrease
in metabolism activity. During this PhD, herring larvae ware reared at three different
temperatures with ad libitum feeding (Chapter 1: 13°C, Chapter 2, 3, 4: 11 and 14°C). The
mean growth were all at 0.22 mm.d™}, meaning a Qi equal to 1 if we compare the growth
between experimental temperatures (Figure 24.B). It shows that the growth metabolism was
thermally independent in the temperature range tested, which suggests either that herring is
a eurytherm species or that there was a complete compensation of the temperature effect.
Such compensation happens when the initial passive response is counteracted and the
acclimated rate returns to the original state (Havird et al., 2020). A study identified that the
Critical Thermal Maximum (CTmax) of herring larvae increase with temperature (Moyano et
al., 2017). These result suggest a potential acclimation which may shift horizontally the TPC
curve, and modify the Topt (Angilletta and Dunham, 2003; Huey and Kingsolver, 1989; Izem
and Kingsolver, 2005). Moreover, the growth of 0.22 mm.d* observed at each temperature
tested in this thesis is close to the one often reported for different herring stocks or sub-
components (Oeberst et al.,, 2009a). Experimentally reared Atlantic autumn spawner and
Clyde herring larvae had a growth of 0.24 mm.d* at 8°C (Johannessen et al., 2011) and 0.22 at
9.5°C respectively (Ehrlich et al., 1976). In the field, western Atlantic spring spawning herring
larval growth was of 0.22 mm.d* at 6°C (Campana and Moksness, 1991) and for Downs
automn spawning of 0.165 mm.d* at 8°C (Hempel, 1960) and recently measured at 0.26 mm.d"
1in a water between 6.7 and 10.7°C in the study area (Denis et al., 2017). Overall, herring

larvae may have an important capacity of phenotypic plasticity to cope with different
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temperatures, suggesting that the early life stages of this species may be little affected by

ocean warming.

Decoupling between development and growth rate: a trade-off in the energetic budget?

Energy budget: is the size reduced in advance or as a consequence?

Late herring larvae were smaller-at-stage, which may be caused by a reduction in energy
allocation toward growth. Indeed in the second chapter | showed that the decoupling between
growth and development happened between the stage 2 and 3. When looking at the thermal
time (i.e. at the same physiological timescale), in the Control treatments the growth was
increased between stage 2 and 3, and it was not the case in the OWA treatments. The period
of transition between stage 2 and 3 is particularly energy demanding, and has been identified
as potentially critical in the first chapter. As during larval ontogeny, energy allocation is mainly
divided between maintenance and somatic growth, | suggest that in OWA more energy was
directed toward basal metabolism and particularly cell and organism protection. Indeed, we
found in the chapter 3 that larvae in the OWA environment expressed high level of heat shock
protein transcripts and in the chapter 4 that the fatty acid composition of the membranes
suggested an inflammatory response. Hence, | suggest that the reduction in growth is the
result of a trade-off between growth and health maintenance. Combined warming and
acidification could then be responsible for the mismatch between development and growth

rate at the larval stage, and further compromised herring population.
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Linking field and experimental ecology: is the transition between pre-flexion and flexion stage
the most critical period of herring larval ontogeny?

As previously highlighted, the transition between the developmental stage 2 and 3 was
identified as critical in the chapter 1 because of energy consumption and in chapter 2 because
of the potential trade-off in energy allocation between growth and cellular protection. Linking
chapter 2 and 4 (Figure 25) highlights that the decoupling between growth and development
rate was associated with the decoupling between otolith area and fish size. Studies have
shown that otolith growth is more conservative and regular than somatic growth (Neuman et
al., 2001; Reznick et al., 2011). The transition between stage 2 and 3 (pre-flexion and flexion
stage) was marked in each experiment (at each temperatures) around 13 and 14 mm. This is
particularly interesting since the size of 13 mm was identified for field Downs herring to be

critical (Denis et al., 2017).
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Figure 25— Representation of the result of the chapter 1, 2, 4 and a field study to highlight the role of the transition between
the pre-flexion and flexion stage
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Another study on field western Baltic herring larvae obtained similar results, and identified a
significant period of mortality between the pre-flexion and flexion stage (Dodson et al., 2019).
The flexion stage is the period where the fin development is intensified, especially for the
caudal and the dorsal ones (Doyle, 1977). Anatomical study on herring larvae also showed that
this period corresponds to the development of new white muscle fibres (Johnston and Cole,
1998). At the organ level during this stage, the pancreas and liver increase in size, the
stomachal cells start to develop and the villi of the intestine is more pronounced (Chapter 1).
The sum of these physical changes likely yields a high energetic demand in a stage at which

the digestive system, which supports energy acquisition, is not fully mature (Chapter 1).

The transition between pre-flexion and flexion stage is certainly a bottleneck period for
herring. This period is not usually defined as critical for fish larvae. Indeed, research has mainly
be directed toward Hjort’s critical period hypothesis at the transition from endogenous to
exogenous nutrition (Hjort, 1914b). Although his work has laid the foundation for
understanding recruitment in fish, there is a need to move forward the idea that one short
period is determining the entire recruitment success (Houde, 2008). We suggest based on our
results, that for a better understanding of herring larval recruitment, the condition of herring
larvae in relation to the abiotic and biotic environment at stage 2 and 3 must be investigated.
As the condition in stage 3 should be partly the result of the condition at the previous stage,
a more integrative approach of larval condition in the field could help to identify key
parameters for recruitment success and thus to better estimate the vulnerability of the larvae

toward global change.
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Ecological relevance and implication of the findings

Herring larvae reared in warming, acidification and lower food quality treatments were
resilient, only presenting a reduction in size-at-stage for the stage 3, which | attribute to the
stress cellular responses of the organisms. While | focused on developing herring larvae,
previous work on herring eggs incubated in warming and acidification conditions showed
reduced size at hatch (Leo et al., 2018). This implies that by only subjecting the larvae to
different environmental conditions, the results may underestimate the consequences of
OWA. Furthermore, a recent phylogenic study showed that smaller herring are found in
warmer waters, suggesting that size change is an adaptive response toward warming
environment (Avaria-Llautureo et al., 2021). Verberk and co-authors (2021) stated that under
favorable experimental conditions (unrestricted food) fish could have evolved to express a
canalized growth response to prevent oxygen limitation, suggesting that conditions
experienced by previous generations could lead to selection for adaptive change in growth
trajectory when facing warmer condition. It is also possible that the observed global change
effects may be stronger when food is insufficient. Indeed, feeding level influenced the growth
response of organisms exposed to warming and/or acidification (Cominassi et al., 2020;
Stiasny et al., 2019; Thomsen et al., 2013), and herring growth in the field has been reported
to be limited by food supply (Paulsen et al., 2017). Although growth rates were not different
than those quantified in the field (Denis et al., 2017; Oeberst et al., 2009b), ad libitum feeding
conditions in my experiments might have allowed the larvae to respond to the stress and still
develop without significant loss of performance. | suggest that further studies should
investigate the growth response and condition of herring larvae at different restricted feeding
levels or with more natural feeding level in mesocosm, it could shed light on the strategy of

energy allocation and further constraint on fitness. This is particularly relevant in the context
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of a recent study indicating that, as phytoplankton productivity and cell size decreased, the
energy expenditure directed toward feeding increased which was linked to size reduction and
overmortality of sardine (Queiros et al., 2021). Reduction in size and survival of herring larvae
could have severe repercussion on herring recruitment as a small size is linked with a high
predation pressure and mortality (Meekan et al., 2006). Decrease of size at the individual level,
could lead to decrease in size at the population level and have repercussion on the entire
ecosystem structure (Daufresne et al., 2009). Trophic interactions within the ecosystem could
be modified as well as the herring population abundance, and it could lead to change in
fisheries catch, compromising human food supply and causing socio-economical issues

(Cheung, 2018).

In conclusion, herring larvae seem well equipped to cope with the combination of warming,
acidification and reduced DHA availability. The strong compensation revealed at the
molecular, biochemical and physiological level may suggest a fragile trade-off. While further
research must focus on the restricted availability of preys to assess whether herring larvae
would still be able to cope, field research need to be conducted in parallel to better
understand which parameters are currently affecting recruitment. The combination of
experimental and field research could improve our understanding of recruitment dynamics
and better predict the impact of global change on recruitment and the future of the North Sea

herring population.

141



142



Literature cited

Albouy, C., Velez, L., Coll, M., Colloca, F., Le Loc’h, F., Mouillot, D., Gravel, D., 2014. From projected
species distribution to food-web structure under climate change. Glob. Chang. Biol. 20, 730-741.
https://doi.org/10.1111/GCB.12467

Alvarez-Fernandez, S., Lindeboom, H., Meesters, E., 2012. Temporal changes in plankton of the North
Sea: community shifts and environmental drivers. Mar. Ecol. Prog. Ser. 462, 21-38.
https://doi.org/10.3354/MEPS09817

Anderson, J.T., 1988. A Review of Size Dependant Survival During Pre-recruit Stages of Fishes in
Relation to Recruitment. J. Northwest Atl. Fish. Sci. 8, 55—66. https://doi.org/10.2960/J).v8.a6

Angilletta, M.J., Dunham, A.E., 2003. The Temperature-Size Rule in Ectotherms: Simple Evolutionary
Explanations May Not Be General. Am. Nat. 162, 332-342.
https://doi.org/10.1086/377187/ASSET/IMAGES/LARGE/FG2.JPEG

Araujo, J.E., Madeira, D., Vitorino, R., Repolho, T., Rosa, R., Diniz, M., 2018. Negative synergisticimpacts
of ocean warming and acidification on the survival and proteome of the commercial sea bream,
Sparus aurata. J. Sea Res. 139, 50-61. https://doi.org/10.1016/J.SEARES.2018.06.011

Arts, Michael T, Kohler, Christopher C, Arts, M T, Kohler, C C, 2009. Health and condition in fish: the
influence of lipids on membrane competency and immune response. Lipids Aquat. Ecosyst.
9780387893662, 237-256. https://doi.org/10.1007/978-0-387-89366-2_10

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

Audzijonyte, A., Barneche, D.R., Baudron, A.R., Belmaker, J., Clark, T.D., Marshall, | C Tara,
Morrongiello, J.R., Itai Van Rijn, |, Bates, A., 2018. Is oxygen limitation in warming waters a valid
mechanism to explain decreased body sizes in aquatic ectotherms?
https://doi.org/10.1111/geb.12847

Audzijonyte, A., Richards, S.A., Stuart-Smith, R.D., Pecl, G., Edgar, G.J.,, Barrett, N.S., Payne, N.,
Blanchard, J.L., 2020. Fish body sizes change with temperature but not all species shrink with
warming. Nat. Ecol. Evol. 2020 46 4, 809-814. https://doi.org/10.1038/s41559-020-1171-0

Avaria-Llautureo, J., Venditti, C., Rivadeneira, M.M., Inostroza-Michael, O., Rivera, R.J., Herndndez,
C.E., Canales-Aguirre, C.B., 2021. Historical warming consistently decreased size, dispersal and
speciation rate of fish. Nat. Clim. Chang. 2021 119 11, 787-793. https://doi.org/10.1038/s41558-
021-01123-5

Azzurro, E., Sbragaglia, V., Cerri, J., Bariche, M., Bolognini, L., Ben Souissi, J., Busoni, G., Coco, S.,
Chryssanthi, A., Fanelli, E., Ghanem, R., Garrabou, J., Gianni, F., Grati, F., Kolitari, J., Guglielmo, L.,
Lipej, L., Mazzoldi, C., Milone, N., Pannacciulli, F., Pesi¢, A., Samuel-Rhoads, Y., Saponari, L.,
Tomanic, J., Eda Topcgu, N., Vargiu, G., Moschella, P., 2019. Climate change, biological invasions,
and the shifting distribution of Mediterranean fishes: A large-scale survey based on local
ecological knowledge. Glob. Chang. Biol. 25, 2779-2792. https://doi.org/10.1111/GCB.14670

Bailey, K.M., Houde, E.D., 1989. Predation on Eggs and Larvae of Marine Fishes and the Recruitment
Problem. Adv. Mar. Biol. 25, 1-83. https://doi.org/10.1016/50065-2881(08)60187-X

Barley, J.M., Cheng, B.S., Sasaki, M., Gignoux-Wolfsohn, S., Hays, C.G., Putnam, A.B., Sheth, S,
Villeneuve, A.R., Kelly, M., 2021. Limited plasticity in thermally tolerant ectotherm populations:
evidence for a trade-off. Proc. R. Soc. B 288. https://doi.org/10.1098/RSPB.2021.0765

143



Barr, D.J., Levy, R., Scheepers, C., Tily, H.J., 2013. Random effects structure for confirmatory hypothesis
testing: Keep it maximal. J. Mem. Lang. 68, 255—-278. https://doi.org/10.1016/j.jm|.2012.11.001

Bates, D., Machler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects models using Ime4.
J. Stat. Softw. 67. https://doi.org/10.18637/jss.v067.i01

Batty, R.S., 1984. Development of swimming movements and musculature of larval herring (Clupea
harengus). J. Exp. Biol. 110, 217-29.

Baudron, A.R., Needle, C.L., Rijnsdorp, A.D., Tara Marshall, C., 2014. Warming temperatures and
smaller body sizes: synchronous changes in growth of North Sea fishes. Glob. Chang. Biol. 20,
1023-1031. https://doi.org/10.1111/GCB.12514

Baumann, H., 2019. Experimental assessments of marine species sensitivities to ocean acidification
and co-stressors: how far have we come? Can. J. Zool.

Baumann, H., Talmage, S.C., Gobler, C.J., 2011. Reduced early life growth and survival in a fish in direct
response to increased carbon dioxide. Nat. Clim. Chang. 2011 21 2, 38-41.
https://doi.org/10.1038/nclimate1291

Bell, M. V., Batty, R.S., Dick, J.R., Fretwell, K., Navarro, J.C., Sargent, J.R., 1995. Dietary deficiency of
docosahexaenoic acid impairs vision at low light intensities in juvenile herring (Clupea harengus
L.). Lipids 1995 305 30, 443—-449. https://doi.org/10.1007/BF02536303

Bell, M. V, Dick, J.R., 1993. The appearance of rods in the eyes of herring and increased di-
docosahexaenoyl molecular species of phospholipids. J. mar. biol. Ass. 73, 679—-688.

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., Courchamp, F., 2012. Impacts of climate change
on the future of biodiversity. Ecol. Lett. 15, 365-377. https://doi.org/10.1111/).1461-
0248.2011.01736.X

Berg, F., Slotte, A., Johannessen, A., Kvamme, C., Nash, R.D.M., 2017. Comparative biology and
population mixing among local , coastal and offshore Atlantic herring ( Clupea harengus ) in the
North Sea , Skagerrak ) Kattegat and western Baltic 1-19.
https://doi.org/10.1594/PANGAEA.876671

Bergstrom, D.M., Wienecke, B.C., van den Hoff, J., Hughes, L., Lindenmayer, D.B., Ainsworth, T.D.,
Baker, C.M., Bland, L., Bowman, D.M.J.S., Brooks, S.T., Canadell, J.G., Constable, A.J., Dafforn,
K.A., Depledge, M.H., Dickson, C.R., Duke, N.C., Helmstedt, K.J., Holz, A., Johnson, C.R., McGeoch,
M.A., Melbourne-Thomas, J., Morgain, R., Nicholson, E., Prober, S.M., Raymond, B., Ritchie, E.G.,
Robinson, S.A., Ruthrof, K.X., Setterfield, S.A., Sgro, C.M., Stark, J.S., Travers, T., Trebilco, R., Ward,
D.F.L., Wardle, G.M., Williams, K.J., Zylstra, P.J., Shaw, J.D., 2021. Combating ecosystem collapse
from the tropics to the Antarctic. Glob. Chang. Biol. 27, 1692-1703.
https://doi.org/10.1111/GCB.15539

Berhe, A.A,, Barnes, R.T., Six, J., Marin-Spiotta, E., 2018. Role of Soil Erosion in Biogeochemical Cycling
of Essential Elements: Carbon, Nitrogen, and Phosphorus. https://doi.org/10.1146/annurev-
earth-082517-010018 46, 521-548. https://doi.org/10.1146/ANNUREV-EARTH-082517-010018

Bessey, O.A., Lowry, O.H., Brock, M.J., 1946. Rapid coloric method for determination of alcaline
phosphatase in five cubic millimeters of serum. J. Biol. Chem.

Betancor, M.B., Almaida-Pagan, P.F., Sprague, M., Hernandez, A., Tocher, D.R., 2015a. Roles of
selenoprotein antioxidant protection in zebrafish, Danio rerio, subjected to dietary oxidative
stress. Fish Physiol. Biochem. 41, 705-720. https://doi.org/10.1007/510695-015-0040-
2/TABLES/6

144



Betancor, M.B., Caballero, M.J., Benitez-Santana, T., Saleh, R., Roo, J., Atalah, E., Izquierdo, M., 2013.
Oxidative status and histological changes in sea bass larvae muscle in response to high dietary
content of docosahexaenoic acid DHA. J. Fish Dis. 36, 453—465. https://doi.org/10.1111/).1365-
2761.2012.01447.X

Betancor, M.B., Sprague, M., Usher, S., Sayanova, O., Campbell, P.J., Napier, J.A., Tocher, D.R., 2015b.
A nutritionally-enhanced oil from transgenic Camelina sativa effectively replaces fish oil as a
source of eicosapentaenocic acid for fish. Sci. Reports 2015 51 5, 1-10.
https://doi.org/10.1038/srep08104

Bignami, S., Sponaugle, S., Cowen, R.K., 2013. Response to ocean acidification in larvae of a large
tropical marine fish, Rachycentron canadum. Glob. Chang. Biol. 19, 996-1006.
https://doi.org/10.1111/GCB.12133

Bird, J.L., Eppler, D.T., Checkley, D.M., 1986. Comparisons of Herring Otoliths Using Fourier Series
Shape Analysis. Can. J. Fish. Aquat. Sci. 43, 1228-1234. https://doi.org/10.1139/F86-152

Bivand, R.S., Pebesma, E., Gdmez-Rubio, V., 2013. Applied Spatial Data Analysis with R, Second edition.
ed. Springer, New York.

Blaxter, J.H.S., 1960. The effect of extremes of temperature on herring larvae. J. Mar. Biol. Assoc.
United Kingdom 39, 605-608. https://doi.org/10.1017/50025315400013576

Bonhomme, R., 2000. Bases and limits to using ‘degree.day’ units. Eur. J. Agron. 13, 1-10.
https://doi.org/10.1016/51161-0301(00)00058-7

Borcard, D., Gillet, F., Legendre, P., 2011. Numerical Ecology with R, Numerical Ecology with R. Springer
New York. https://doi.org/10.1007/978-1-4419-7976-6

Boukal, D.S., Bideault, A., Carreira, B.M., Sentis, A., 2019. Species interactions under climate change:
connecting kinetic effects of temperature on individuals to community dynamics. Curr. Opin.
Insect Sci. 35, 88-95. https://doi.org/10.1016/J.COIS.2019.06.014

Bounket, B., Gibert, P., Gennotte, V., Argillier, C., Carrel, G., Maire, A., Logez, M., Morat, F., 2019.
Otolith shape analysis and daily increment validation during ontogeny of larval and juvenile
European chub Squalius cephalus. J. Fish Biol. 95, 444-452. https://doi.org/10.1111/JFB.13976

Boyd, P.W., Collins, S., Dupont, S., Fabricius, K., Gattuso, J.P., Havenhand, J., Hutchins, D.A., Riebesell,
U., Rintoul, M.S., Vichi, M., Biswas, H., Ciotti, A., Gao, K., Gehlen, M., Hurd, C.L., Kurihara, H.,
McGraw, C.M., Navarro, J.M., Nilsson, G.E., Passow, U., Portner, H.O., 2018. Experimental
strategies to assess the biological ramifications of multiple drivers of global ocean change—A
review. Glob. Chang. Biol. 24, 2239-2261. https://doi.org/10.1111/gcb.14102

Bozinovic, F., Portner, H.0., 2015. Physiological ecology meets climate change. Ecol. Evol. 5, 1025-
1030. https://doi.org/10.1002/ECE3.1403

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248-254.

Burke, Néirin, Brophy, Deirdre, King Burke, P.A., Burke, N, Brophy, D, King, P.A., 2008. Otolith shape
analysis: its application for discriminating between stocks of Irish Sea and Celtic Sea herring
(Clupea harengus) in the Irish Sea. ICES J. Mar. Sci. 65, 1670-1675.
https://doi.org/10.1093/ICESIMS/FSN177

Burraco, P., Orizaola, G., Monaghan, P., Metcalfe, N.B., 2020. Climate change and ageing in ectotherms.
Glob. Chang. Biol. 26, 5371-5381. https://doi.org/10.1111/GCB.15305

Busch, A., 1996. Transition from endogenous to exogenous nutrition: Larval size parameters

145



determining the start of external feeding and size of prey ingested by Ruegen spring herring
Clupea harengus. Mar. Ecol. Prog. Ser. 130, 39-46. https://doi.org/10.3354/meps130039

Cahu, C.L., Infante, J.L.Z., 1995. Effect of the molecular form of dietary nitrogen supply in sea bass
larvae: Response of pancreatic enzymes and intestinal peptidases. Fish Physiol. Biochem. 14,
209-214. https://doi.org/10.1007/BF00004311

Cahu, C.L., Zambonino Infante, J.L., 1994. Early weaning of sea bass (Dicentrartrus labrax) larvae with
a compound diet: effect on digestive enzymes. Comp. Biochem. Physiol. 109A, 213-222.

Caldeira, K., Wickett, M., 2005. Ocean model predictions of chemistry changes from carbon dioxide
emissions to the atmosphere and ocean. J. Geophys. Res. Ocean. 110, 1-12.
https://doi.org/10.1029/2004JC002671

Campana, S.E., Moksness, E., 1991. Accuracy and precision of age and hatch date estimates from
otolith microstructure examination. ICES J. Mar. Sci. 48, 303-316.
https://doi.org/10.1093/ICESIMS/48.3.303

Cao, L., Eby, M., Ridgwell, A., Caldeira, K., Archer, D., Ishida, A., Joos, F., Matsumoto, K., Mikolajewicz,
U., Mouchet, A., Orr, J.C., Plattner, G.-K., Schlitzer, R., Tokos, K., Totterdell, I., Tschumi, T.,
Yamanaka, Y., Yool, A., 2009. The role of ocean transport in the uptake of anthropogenic CO 2.
Biogeosciences 6, 375-390.

Cara, J.B., Moyano, F.J., Cardenas, S., Ferndndez-Diaz, C., Yufera, M., 2003. Assessment of digestive
enzyme activities during larval development of white bream. J. Fish Biol. 63, 48-58.
https://doi.org/10.1046/j.1095-8649.2003.00120.x

Cardinale, M., Doering-Arjes, P., Kastowsky, M., Mosegaard, H., 2011. Effects of sex, stock, and
environment on the shape of known-age Atlantic cod (Gadus morhua) otoliths.
https://doi.org/10.1139/f03-151 61, 158-167. https://doi.org/10.1139/F03-151

Casselman JM, 1987. Determination of age and growth, The biology of fish growth. Academic Press,
New York.

Checkley, D., 1982. Selective feeding by Atlantic herring (Clupea harengus) larvae on zooplankton in
natural assemblages. Mar. Ecol. Prog. Ser. 9, 245-253.

Checkley, D., Raman, S., Maillet, G.L., Mason, K.M., 1988. Winter storm effects on the spawning and
larval drift of a pelagic fish. Nature 335, 346—348. https://doi.org/10.1038/335346a0

Chen, I.C., Hill, J.K., Ohlemdiller, R., Roy, D.B., Thomas, C.D., 2011. Rapid range shifts of species
associated with high levels of climate warming. Science (80-. ). 333, 1024-1026.
https://doi.org/10.1126/SCIENCE.1206432/SUPPL_FILE/CHEN.SOM.PDF

Cheung, W.W.L., 2018. The future of fishes and fisheries in the changing oceans. J. Fish Biol. 92, 790—
803. https://doi.org/10.1111/JFB.13558

Cheung, W.W.L., Lam, V.W.Y,, Sarmiento, J.L., Kearney, K., Watson, R., Pauly, D., 2009. Projecting global
marine biodiversity impacts under climate change scenarios 235-251.
https://doi.org/10.1111/j.1467-2979.2008.00315.x

Cheung, W.W.L., Sarmiento, J.L., Dunne, J., Frélicher, T.L., Lam, V.W.Y., Deng Palomares, M.L., Watson,
R., Pauly, D., 2012. Shrinking of fishes exacerbates impacts of global ocean changes on marine
ecosystems. Nat. Clim. Chang. 2012 33 3, 254-258. https://doi.org/10.1038/nclimate1691

Chezik, K.A., Lester, N.P., Venturelli, P.A., 2013. Fish growth and degree-days |: Selecting a base
temperature for a within-population study. Can. J. Fish. Aquat. Sci. 71, 47-55.
https://doi.org/10.1139/CJFAS-2013-0295/ASSET/IMAGES/CJFAS-2013-0295IEQ51.GIF

146



Chicharo, M.A., Chicharo, L., 2008. RNA:DNA Ratio and Other Nucleic Acid Derived Indices in Marine
Ecology. Int. J. Mol. Sci. 2008, Vol. 9, Pages 1453-1471 9, 1453-1471.
https://doi.org/10.3390/1JMS9081453

Chown, S.L., Hoffmann, A.A., Kristensen, T.N., Angilletta, M.J., Stenseth, N.C., Pertoldi, C., 2010.
Adapting to climate change: a perspective from evolutionary physiology. Clim. Res. 43, 3—-15.
https://doi.org/10.3354/CR00879

Clark, T.D., Sandblom, E., Jutfelt, F., 2013. Aerobic scope measurements of fishes in an era of climate
change: Respirometry, relevance and recommendations Hybrid abalone are less sensitive to
multi-stressor environments View project Migration and Early Marine Survival of Juvenile Fraser
River Sockeye Salmon View project. Artic. J. Exp. Biol. https://doi.org/10.1242/jeb.084251

Clemmesen, C., 1994. The effect of food availability, age or size on the RNA/DNA ratio of individually
measured herring larvae: laboratory calibration. Mar. Biol. 1994 1183 118, 377-382.
https://doi.org/10.1007/BF00350294

Coll-Lladg, C., Mittermayer, F., Webb, P.B., Allison, N., Clemmesen, C., Stiasny, M., Bridges, C.R.,
Gottler, G., Garcia de la serrana, D., 2021. Pilot study to investigate the effect of long-term
exposure to high pCO2 on adult cod (Gadus morhua) otolith morphology and calcium carbonate
deposition. Fish Physiol. Biochem. 47, 1879-1891. https://doi.org/10.1007/510695-021-01016-
6/FIGURES/3

Colombo, S.M., Rodgers, T.F.M., Diamond, M.L., Bazinet, R.P., Arts, M.T., 2020. Projected declines in
global DHA availability for human consumption as a result of global warming. Ambio 49, 865—
880. https://doi.org/10.1007/513280-019-01234-6/TABLES/3

Cominassi, L., Moyano, M., Clai, G., Ho, S., Ma, F.C., Zambonino-in, J., Peck, M.A., 2020. Food
availability modulates the combined effects of ocean acidification and warming on fish growth
1-12. https://doi.org/10.1038/s41598-020-58846-2

Cook, J., Oreskes, N., Doran, P.T., Anderegg, W.R.L., Verheggen, B., Maibach, E.W., Carlton, J.S.,
Lewandowsky, S., Skuce, A.G., Green, S.A., Nuccitelli, D., Jacobs, P., Richardson, M., Winkler, B.,
Painting, R., Rice, K., 2016. Consensus on consensus: A synthesis of consensus estimates on
human-caused global warming. Environ. Res. Lett. 11, 048002. https://doi.org/10.1088/1748-
9326/11/4/048002

Corten, A., 1986. On the causes of the recruitment failure of herring in the central and northern North
Sea in the years 1972-1978. ICES J. Mar. Sci. 42, 281-294.
https://doi.org/10.1093/ICESIMS/42.3.281

Crane, R.K., Boge, G., Rigal, A., 1979. Isolation of brush border membranes in vesicular form from the
intestinal spiral valve of the small digfish (Scyliorhinus canicula ). Biochim. Biophys. Acta 554,
264-267.

Crespel, A., Zambonino-Infante, J.L., Mazurais, D., Koumoundouros, G., Fragkoulis, S., Quazuguel, P.,
Huelvan, C., Madec, L., Servili, A., Claireaux, G., 2017. The development of contemporary
European sea bass larvae (Dicentrarchus labrax) is not affected by projected ocean acidification
scenarios. Mar. Biol. 164, 1-12. https://doi.org/10.1007/s00227-017-3178-x

Cury, P., Roy, C., 1989. Optimal Environmental Window and Pelagic Fish Recruitment Success in
Upwelling Areas. Can. J. Fish. Aquat. Sci. 46, 670—680. https://doi.org/10.1139/F89-086

Cushing, D.H., 1992. A short history of the Downs stock of herring. ICES J. Mar. Sci. 437-443.

Cushing, D.H., 1990. Plankton production and year-class strength in fish populations : an update of the
match/mismatch hypothesis. Adv. Mar. Biol. 26, 250-293.

147



Cushing, D.H., Bridger, J.P., 1966. The stock of herring in the North Sea, and changes due to fishing.
Fish. Invest. Lon., Ser Il 25, 1-123.

CUSHING, H., D., 1973. The natural regulation of fish populations. Sea Fish. Res.

Daan, N., Bromley, P.J., Hislop, J.R.G., Nielsen, N.A., 1990. Ecology of North Sea fish. Netherlands J. Sea
Res. 26, 343-386. https://doi.org/10.1016/0077-7579(90)90096-Y

Dalsgaard, J., St. John, M., Kattner, G., Miller-Navarra, D., Hagen, W., 2003. Fatty acid trophic markers
in the pelagic marine environment. Adv. Mar. Biol. 46, 225-340. https://doi.org/10.1016/S0065-
2881(03)46005-7

Daufresne, M., Lengfellner, K., Sommer, U., 2009. Global warming benefits the small in aquatic
ecosystems. Proc. Natl. Acad. Sci. 106, 12788-12793. https://doi.org/10.1073/PNAS.0902080106

Degens, E.T., Deuser, W.G., Haedrich, R.L., 1969. Molecular structure and composition of fish otoliths.
Mar. Biol. 1969 22 2, 105-113. https://doi.org/10.1007/BF00347005

Denis, J., Mahe, K., Tavernier, E., Monchy, S., Vincent, D., Vallet, C., Marchal, P., Antajan, E., Caboche,
J., Lefebvre, V., Cordier, R., Loots, C., 2017. Ontogenetic changes in the larval condition of Downs
herring: use of a multi-index approach at an individual scale. Mar. Biol. 164, 1-14.
https://doi.org/10.1007/s00227-017-3180-3

Denis, J., Vallet, C., Courcot, L., Lefebvre, V., Caboche, J., Antajan, E., Marchal, P., Loots, C., 2016.
Feeding strategy of Downs herring larvae (Clupea harengus L.) in the English Channel and North
Sea. J. Sea Res. 115, 33-46. https://doi.org/10.1016/).SEARES.2016.07.003

Di Pane, J., Gendrot, F., Giraldo, C., Marchal, P., Koubbi, P., Loots, C., 2020. Evaluating the histological-
based condition of wild collected larval fish: A synthetic approach applied to common sole (Solea
solea). J. Mar. Syst. 204, 103309. https://doi.org/10.1016/j.jmarsys.2020.103309

Di Pane, J., Joly, L., Koubbi, P., Giraldo, C., Monchy, S., Tavernier, E., Marchal, P., Loots, C., 2019.
Ontogenetic shift in the energy allocation strategy and physiological condition of larval plaice
(Pleuronectes platessa). PLoS One 14, e0222261. https://doi.org/10.1371/journal.pone.0222261

Dickey-Collas, M., Nash, R.D.M., Brunel, T., Van Damme, C.J.G., Marshall, C.T., Payne, M.R., Corten, A,
Geffen, A.J., Peck, M.A., Hatfield, E.M.C., Hintzen, N.T., Enberg, K., Kell, L.T., Simmonds, E.J., 2010.
Lessons learned from stock collapse and recovery of North Sea herring: A review. ICES J. Mar. Sci.
67, 1875-1886. https://doi.org/10.1093/icesjms/fsq033

Dixson, D.L., Munday, P.L., Jones, G.P., 2010. Ocean acidification disrupts the innate ability of fish to
detect predator olfactory cues. Ecol. Lett. 13, 68-75. https://doi.org/10.1111/).1461-
0248.2009.01400.X

Dodson, J.J., Daigle, G., Hammer, C., Polte, P., Kotterba, P., Winkler, G., Zimmermann, C., 2019.
Environmental determinants of larval herring (Clupea harengus) abundance and distribution in
the western Baltic Sea. Limnol. Oceanogr. 64, 317-329. https://doi.org/10.1002/LN0O.11042

Doney, S.C., Fabry, V.J., Feely, R.A., Kleypas, J.A., 2009. Ocean acidification: The other CO2 problem.
Ann. Rev. Mar. Sci. 1, 169-192. https://doi.org/10.1146/annurev.marine.010908.163834

Doyle, M.J., 1977. A Morphological Staging System for the Larval Development of the Herring,. J. Mar.
Biol. Assess. 57, 859—-867.

Ehrlich, K.F., Blaxter, J.H.S., Pemberton, R., 1976. Morphological and histological changes during the
growth and starvation of herring and plaice larvae. Mar. Biol. 35, 105-118.
https://doi.org/10.1007/BF00390932

148



Fabricius, K.E., Langdon, C., Uthicke, S., Humphrey, C., Noonan, S., De’ath, G., Okazaki, R., Muehllehner,
N., Glas, M.S., Lough, J.M., 2011. Losers and winners in coral reefs acclimatized to elevated
carbon dioxide concentrations. Nat. Clim. Chang. 2011 13 1, 165-169.
https://doi.org/10.1038/nclimate1122

Fassler, S.M.M., Payne, M.R., Brunel, T., Dickey-Collas, M., 2011. Does larval mortality influence
population dynamics? An analysis of North Sea herring (Clupea harengus) time series. Fish.
Oceanogr. 20, 530-543. https://doi.org/10.1111/j.1365-2419.2011.00600.x

Fauchald, P., Skov, H., Skern-Mauritzen, M., Johns, D., Tveraa, T., 2011. Wasp-Waist Interactions in the
North Sea Ecosystem. PLoS One 6, €22729. https://doi.org/10.1371/JOURNAL.PONE.0022729

Ferron, A., Leggett, W.C., 1994. An appraisal of condition measures for marine fish larvae. Adv. Mar.
Biol. 30, 217-303.

Flynn, E.E., Bjelde, B.E., Miller, N.A., Todgham, A.E., 2015. Ocean acidification exerts negative effects
during  warming  conditions in a developing Antarctic fish 3, 1-16.
https://doi.org/10.1093/conphys/cov033.Introduction

Folch, J., 1957. A simple method for the isolation and purification of total lipids from animal tissues. J.
Biol. Chem. 226, 497-509.

Foley, C.J., Bradley, D.L., H66k, T.O., 2016. A review and assessment of the potential use of RNA:DNA
ratios to assess the condition of entrained fish larvae. Ecol. Indic. 60, 346-357.
https://doi.org/10.1016/j.ecolind.2015.07.005

Folkvord, A., Johannessen, A., Moksness, E., 2004. Temperature-dependent otolith growth in
Norwegian spring-spawning herring (Clupea harengus L.) larvae. Sarsia 89, 297-310.
https://doi.org/10.1080/00364820410002532

Folkvord, A., Rukan, K., Johannessen, A., Moksness, E., 1997. Early life history of herring larvae in
contrasting feeding environments determined by otolith microstructure analysis. J. Fish Biol. 51,
250-263. https://doi.org/10.1111/).1095-8649.1997.TB06102.X

Forster, J., Hirst, A.G., Woodward, G., 2011. Growth and development rates have different thermal
responses. Am. Nat. 178, 668—678. https://doi.org/10.1086/662174/SUPPL_FILE/52929APC.PDF

Franke, A., Clemmesen, C., 2011. Effect of ocean acidification on early life stages of Atlantic herring
(Clupea harengus L.). Biogeosciences 8, 3697-3707. https://doi.org/10.5194/bg-8-3697-2011

Fraser, A., 1989. Triacylglycerol content as a condition index for fish, bivalve, and crustacean larvae.
Can. J. Fish. Aquat. Sci. 46, 1868—1873.

Frommel, A.Y., Brauner, C.J., Allan, B.J.M., Nicol, S., Parsons, D.M., Pether, S.M.J., Setiawan, A.N.,
Smith, N., Munday, P.L., 2019. Organ health and development in larval kingfish are unaffected by
ocean acidification and warming. PeerJ 2019. https://doi.org/10.7717/peerj.8266

Frommel, A.Y., Hermann, B.T., Michael, K., Lucassen, M., Clemmesen, C., Hanel, R., Reusch, T.B.H.,
2020. Differential gene expression patterns related to lipid metabolism in response to ocean
acidification in larvae and juveniles of Atlantic cod. Comp. Biochem. Physiol. -Part A Mol. Integr.
Physiol. 247, 110740. https://doi.org/10.1016/j.cbpa.2020.110740

Frommel, A.Y., Maneja, R., Lowe, D., Malzahn, A.M., Geffen, A.l., Folkvord, A., Piatkowski, U., Reusch,
T.B.H., Clemmesen, C., 2012a. Severe tissue damage in Atlantic cod larvae under increasing ocean
acidification. Nat. Clim. Chang. 2, 42—-46. https://doi.org/10.1038/nclimate1324

Frommel, A.Y., Maneja, R., Lowe, D., Malzahn, A.M., Geffen, A.l., Folkvord, A., Piatkowski, U., Reusch,
T.B.H., Clemmesen, C., 2012b. Severe tissue damage in Atlantic cod larvae under increasing ocean

149



acidification. Nat. Clim. Chang. 2, 42—46. https://doi.org/10.1038/nclimate1324

Frommel, A.Y., Maneja, R., Lowe, D., Pascoe, C.K., Geffen, A.J., Folkvord, A., Piatkowski, U., Clemmesen,
C., 2014. Organ damage in Atlantic herring larvae as a result of ocean acidification. Ecol. Appl. 24,
1131-1143. https://doi.org/10.1890/13-0297.1

Frommel, A.Y., Margulies, D., Wexler, J.B., Stein, M.S., Scholey, V.P., Williamson, J.E., Bromhead, D.,
Nicol, S., Havenhand, J., 2016. Ocean acidification has lethal and sub-lethal effects on larval
development of yellowfin tuna, Thunnus albacares. J. Exp. Mar. Bio. Ecol. 482, 18-24.
https://doi.org/10.1016/j.jembe.2016.04.008

Frommel, A.Y., Schubert, A., Piatkowski, U., Clemmesen, C., 2013. Egg and early larval stages of Baltic
cod, Gadus morhua, are robust to high levels of ocean acidification. Mar. Biol. 160, 1825-1834.
https://doi.org/10.1007/s00227-011-1876-3

Fulton, E.A., 2011. Interesting times: winners, losers, and system shifts under climate change around
Australia. ICES J. Mar. Sci. 68, 1329-1342. https://doi.org/10.1093/ICESIMS/FSR032

Furukawa, F., Irachi, S., Koyama, M., Baba, O., Akimoto, H., Okumura, S. ichi, Kagawa, H., Uchida, K.,
2018. Changes in glycogen concentration and gene expression levels of glycogen-metabolizing
enzymes in muscle and liver of developing masu salmon. Comp. Biochem. Physiol. -Part A Mol.
Integr. Physiol. 225, 74-82. https://doi.org/10.1016/j.cbpa.2018.07.003

Galley, Elizabeth A, Wright, Peter J, Gibb Galley, F.M., Galley, E A, Wright, P J, Gibb, F.M., 2006.
Combined methods of otolith shape analysis improve identification of spawning areas of Atlantic
cod. ICES J. Mar. Sci. 63, 1710-1717. https://doi.org/10.1016/J.ICESIMS.2006.06.014

Geffen, A., 1987. Methods of validation daily increment deposition in otoliths of larval fish, The age
and growth of fish. The lowa State University Press.

Geffen, A.J., 2009. Advances in herring biology: From simple to complex, coping with plasticity and
adaptability. ICES J. Mar. Sci. 66, 1688—1695. https://doi.org/10.1093/icesjms/fsp028

Gerber, L., Clow, K.A., Mark, F.C., Gamperl, A.K., 2020. Improved mitochondrial function in salmon
(Salmo salar) following high temperature acclimation suggests that there are cracks in the
proverbial ‘ceiling.” Sci. Reports 2020 101 10, 1-12. https://doi.org/10.1038/s41598-020-78519-
4

Ghalambor, C.K., McKay, J.K., Carroll, S.P., Reznick, D.N., 2007. Adaptive versus non-adaptive
phenotypic plasticity and the potential for contemporary adaptation in new environments. Funct.
Ecol. 21, 394-407. https://doi.org/10.1111/J.1365-2435.2007.01283.X

Giraldo, C., Mayzaud, P., Tavernier, E., Irisson, J.0., Penot, F., Becciu, J., Chartier, A., Boutoute, M.,
Koubbi, P., 2013. Lipid components as a measure of nutritional condition in fish larvae
(Pleuragramma  antarcticum) in  East Antarctica. Mar. Biol. 160, 877-887.
https://doi.org/10.1007/500227-012-2141-0/FIGURES/10

Gisbert, E., Sarasquete, C., 2008. Nutritional cellular biomarkers in early life stages of fish. Histol.
Histopathol. 23, 1525-1539.

Gisbert, E., Sarasquete, M.C., Williot, P., Castello-Orvay, F., 1999. Histochemistry of the development
of the digestive system of Siberian sturgeon during early ontogeny. J. Fish Biol. 55, 596—616.

Gisbert, E., Villeneuve, L., Zambonino-Infante, J.L.,, Quazuguel, P., Cahu, C.L.,, 2005. Dietary
phospholipids are more efficient than neutral lipids for long-chain polyunsaturated fatty acid
supply in European sea bass Dicentrarchus labrax larval development. Lipids 2005 406 40, 609—
618. https://doi.org/10.1007/511745-005-1422-0

150



Gosslau, A., Rensing, L., 2000. Induction of Hsp68 by oxidative stress involves the lipoxygenase
pathway in C6 rat glioma cells. Brain Res. 864, 114-123. https://doi.org/10.1016/S0006-
8993(00)02195-8

Gotthard, K., Nylin, Séren, Nylin, Soren, 1995. Adaptive Plasticity and Plasticity as an Adaptation: A
Selective Review of Plasticity in Animal Morphology and Life History. Oikos 74, 3.
https://doi.org/10.2307/3545669

Govoni, J.J., Boehlert, G.W., Watanabe, Y., 2015. The physiology of digestion in fish The physiology of
digestion in fish larvae. https://doi.org/10.1007/BFO0005160

Green, B.S,, Fisher, R., 2004. Temperature influences swimming speed, growth and larval duration in
coral reef fish larvae. J. Exp. Mar. Bio. Ecol. 299, 115-132.
https://doi.org/10.1016/J.JEMBE.2003.09.001

Guo, F., Ebm, N., Fry, B., Bunn, S.E., Brett, M.T., Ouyang, X., Hager, H., Kainz, M.J., 2021. Basal resources
of river food webs largely affect the fatty acid composition of freshwater fish. Sci. Total Environ.
812, 152450. https://doi.org/10.1016/j.scitotenv.2021.152450

Guschina, I.A., Harwood, J.L., 2009. Algal lipids and effect of the environment on their biochemistry.
Lipids Aquat. Ecosyst. 9780387893662, 1-24. https://doi.org/10.1007/978-0-387-89366-2_1

Guschina, I.A., Harwood, J.L., 2006. Mechanisms of temperature adaptation in poikilotherms. FEBS
Lett. 580, 5477-5483. https://doi.org/10.1016/).FEBSLET.2006.06.066

Harley, C.D.G., 2008. Tidal dynamics, topographic orientation, and temperature-mediated mass
mortalities on rocky shores. Mar. Ecol. Prog. Ser. 371, 37-46.
https://doi.org/10.3354/MEPS07711

Harley, C.D.G., Paine, R.T., 2009. Contingencies and compounded rare perturbations dictate sudden
distributional shifts during periods of gradual climate change. Proc. Natl. Acad. Sci. 106, 11172—
11176. https://doi.org/10.1073/PNAS.0904946106

Hart, P.J.B., Reynolds, J.D., 2002. Handbook of Fish Biology and Fisheries Volume 2. Blackwell Science
Ltd.

Harvey, B.P., Al-Janabi, B., Broszeit, S., Cioffi, R., Kumar, A., Aranguren-Gassis, M., Bailey, A., Green, L.,
Gsottbauer, C.M., Hall, E.F., Lechler, M., Mancuso, F.P., Pereira, C.O., Ricevuto, E., Schram, J.B,,
Stapp, L.S., Stenberg, S., Santa Rosa, L.T., 2014. Evolution of Marine Organisms under Climate
Change at Different Levels of Biological Organisation. Water 2014, Vol. 6, Pages 3545-3574 6,
3545-3574. https://doi.org/10.3390/W6113545

Havird, J.C., Neuwald, J.L., Shah, A.A., Mauro, A., Marshall, C.A., Ghalambor, C.K., 2020. Distinguishing
between active plasticity due to thermal acclimation and passive plasticity due to Q10 effects:
Why methodology matters. Funct. Ecol. 34, 1015-1028. https://doi.org/10.1111/1365-
2435.13534/SUPPINFO

Heath, M., Leaver, M., Matthews, A., Nicoll, N., 1989. Dispersion and feeding of larval herring (Clupea
harengus L.) in the Moray Firth during September 1985. Estuar. Coast. Shelf Sci. 28, 549-566.
https://doi.org/10.1016/0272-7714(89)90046-2

Hempel, G., 1960. Untersuchungen Uber die Verbreitung der Heringslarven im Englischen Kanal und
der slidlichen Nordsee im Januar 1959. Helgolander wissenschaftliche Meeresuntersuchungen
1960 72 7, 72-79. https://doi.org/10.1007/BF01613236

Hixson, S.M., Arts, M.T., 2016. Climate warming is predicted to reduce omega-3, long-chain,
polyunsaturated fatty acid production in phytoplankton. Glob. Chang. Biol. 22, 2744-2755.

151



https://doi.org/10.1111/gcb.13295

Hjort, J., 1926. Fluctuations in the year classes of important\rfood fishes. J. Cons. int. Explor. Mer 1, 5—
38.

Hjort, J., 1914a. Fluctuations in the great fisheries of northern Europe viewed in the light of biological
research. ICES J. Mar. Sci. 20, 1-228.

Hjort, J., 1914b. Fluctuations in the great fisheries of northern Europe viewed in the light of biological
research.

HO Portner, M.L.A.R., 2004. Biological impact of elevated ocean CO2 concentrations: lessons from
animal physiology and earth history. J Ocean. 60, 705-718. https://doi.org/10.1007/s10872-004-
5763-0

Hochachka, P.W., Somero, G.N., 2002. Biochemical Adaptation: Mechanism and Process in
Physiological Evolution, Oxford Uni. ed. New-York.

Holm, H., Hanssen, L.E., Krogdahlf, A.S., Florholmem, A., 1988. Metabolism and Hormonal Regulation
High and Low Inhibitor Soybean Meals Affect Human Duodenal Proteinase Activity Differently :
In Vivo Comparison with Bovine Serum Albumin. J. Nutr. 515-520.

Holmberg, R.J., Wilcox-Freeburg, E., Rhyne, A.L., Tlusty, M.F., Stebbins, A., Nye, S.W., Honig, A,
Johnston, A.E., San Antonio, C.M., Bourque, B., Hannigan, R.E., 2019. Ocean acidification alters
morphology of all otolith types in Clark’s anemonefish (Amphiprion clarkii). Peer) 2019, e6152.
https://doi.org/10.7717/PEERJ.6152/SUPP-4

Houde, E.D., 2008. Emerging from Hjort’s shadow. J. Northwest Atl. Fish. Sci. 41, 53-70.
https://doi.org/10.2960/).v41.m634

Huey, R.B., Kearney, M.R.,, 2020. Dynamics of death by heat. Science (80-. ). 369, 1163.
https://doi.org/10.1126/SCIENCE.ABE0320

Huey, R.B., Kingsolver, J.G., 1989. Evolution of thermal sensitivity of ectotherm performance. Trends
Ecol. Evol. 4, 131-135. https://doi.org/10.1016/0169-5347(89)90211-5

Hufnagl, M., Peck, M.A., 2011. Physiological individual-based modelling of larval Atlantic herring
(Clupea harengus) foraging and growth: Insights on climate-driven life-history scheduling. ICES J.
Mar. Sci. 68, 1170-1188. https://doi.org/10.1093/icesjms/fsr078

Hufnagl, M., Peck, M.A., Nash, R.D.M., Dickey-Collas, M., 2015. Unravelling the Gordian knot! Key
processes impacting overwintering larval survival and growth: A North Sea herring case study.
Prog. Oceanogr. 138, 486—503. https://doi.org/10.1016/j.pocean.2014.04.029

Hurst, T.P., 2007. Causes and consequences of winter mortality in fishes. J. Fish Biol. 71, 315—-345.
https://doi.org/10.1111/J.1095-8649.2007.01596.X

Hurst, T.P., Fernandez, E.R., Mathis, J.T., 2013. Effects of ocean acidification on hatch size and larval
growth of walleye pollock (Theragra chalcogramma). ICES J. Mar. Sci. 70, 812-822.
https://doi.org/10.1093/ICESIMS/FST053

Hissy, K., 2008. Otolith shape in juvenile cod (Gadus morhua): Ontogenetic and environmental effects.
J. Exp. Mar. Bio. Ecol. 364, 35-41. https://doi.org/10.1016/J.JEMBE.2008.06.026

Hissy, K., Limburg, K.E., de Pontual, H., Thomas, O.R.B., Cook, P.K., Heimbrand, Y., Blass, M., Sturrock,
A.M., 2020. Trace Element Patterns in Otoliths: The Role of Biomineralization.
https://doi.org/10.1080/23308249.2020.1760204 29, 445-477.
https://doi.org/10.1080/23308249.2020.1760204

152



ICES, 2020. Herring Assessment Working Group for the Area South of 62° N (HAWG).

ICES, 2018. Report of the Herring Assessment Working Group for the Area South of 62°N (HAWG), 29-
31 January 2018 and 12-20 March 2018, ICES HQ, Copenhagen, Denmark 960.

ICES, 2009. Report of the Herring Assessement Working Group for the Area South of 628N, 17-25
March 2009, ICES Headquarters. Copenhagen.

ICES, 1998. Report of the Study Group on Stock-Recruitment Relationships for North Sea Autumn-
spawning Herring.

Id, L.C., Id, M.M., Claireaux, G., Id, S.H., Bayon, N. Le, Peck, M.A., Mark, C., 2019. Combined effects of
ocean acidification and temperature on larval and juvenile growth , development and swimming
performance  of  European  sea bass  ( Dicentrarchus labrax ) 1-22.
https://doi.org/10.1371/journal.pone.0221283

lles, T.D., Sinclair, M., 1982. Atlantic Herring: Stock Discreteness and Abundance. Science (80-. ). 215,
627-633. https://doi.org/10.1126/SCIENCE.215.4533.627

IPCC, 2021. Working Group | Contribution to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change .

IPCC, 2019. Chapter 5: Changing ocean, marine ecosystems, and dependent communities.
Intergovernmental Panel of Climate Change. IPCC Spec. Rep. Ocean Cryosph. Chang. Clim. 1-198.

IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, Il and Il to the
Fifth Assessement Report of the Intergovernmental Panel on Climate Change. Geneva,
Switzerland. https://doi.org/12280E/1/06.11

Irgens, C., Kjesbu, O.S., Folkvord, A., 2018. Otolith structure as indicator of key life history events in
Atlantic cod (Gadus morhua). ICES J. Mar. Sci. 74, 2389-2397.
https://doi.org/10.1093/ICESIMS/FSX088

Ishimatsu, A., Hayashi, M., Kikkawa, T., 2008a. Fishes in high-CO 2, acidified oceans 373, 295-302.
https://doi.org/10.3354/meps07823

Ishimatsu, A., Hayashi, M., Kikkawa, T., 2008b. Fishes in high-CO2, acidified oceans. Mar. Ecol. Prog.
Ser. 373, 295-302. https://doi.org/10.3354/MEPS07823

Izem, R., Kingsolver, J.G., 2005. Variation in continuous reaction norms: Quantifying directions of
biological interest. Am. Nat. 166, 277-289.
https://doi.org/10.1086/431314/ASSET/IMAGES/LARGE/FG8.JPEG

J-P, B., 1997. Nucleic acids in ichthyoplankton ecology: a review, with emphasis on recent advances for
new perspectives. J. Fish Biol. 51, 284—-302.

Jarrold, M.D., Calosi, P., Chakravarti, L.J., Gibbin, E.M., Christen, F., Massamba-N’siala, G., Blier, P.U.,
2019. Life-history trade-offs and limitations associated with phenotypic adaptation under future
ocean warming and elevated salinity. Philos. Trans. B 374.
https://doi.org/10.1098/rstb.2018.0428

Johannessen, A., Blom, G., Folkvord, A., 2011. Differences in growth pattern between spring and
autumn spawned herring (Clupea harengus L.) larvae.
http://dx.doi.org/10.1080/00364827.2000.10414595 85, 461-466.
https://doi.org/10.1080/00364827.2000.10414595

Johnston, |., Cole, N., 1998. Embryonic temperature modulates muscle growth characteristics in larval
and juvenile herring. J. Exp. Biol. 201 (Pt 12, 623—-46.

153



Johnston, I.A., Cole, N.J., Abercromby, M., Vieira, V.L.A., 1998. Embryonic temperature modulates
muscle growth characteristics in larval and juvenile herring. J. Exp. Biol. 201, 623—-646.

Joly, LJ., Loots, C., Meunier, C.L., Boersma, M., Collet, S., Lefebvre, V., Zambonino-Infante, J.-L.,
Giraldo, C., 2021. Maturation of the digestive system of Downs herring larvae (Clupea harengus,
Linnaeus , 1758 ): identification of critical periods through ontogeny. Mar. Biol. 168, 1-15.
https://doi.org/10.1007/s00227-021-03894-z

Jones, T., Parrish, J.K., Peterson, W.T., Bjorkstedt, E.P., Bond, N.A., Ballance, L.T., Bowes, V., Hipfner,
J.M., Burgess, H.K., Dolliver, J.E., Lindquist, K., Lindsey, J., Nevins, H.M., Robertson, R.R., Roletto,
J., Wilson, L., Joyce, T., Harvey, J., 2018. Massive Mortality of a Planktivorous Seabird in Response
to a Marine Heatwave. Geophys. Res. Lett. 45, 3193-3202.
https://doi.org/10.1002/2017GL076164

Jonsson, B., Jonsson, N., 2019. Phenotypic plasticity and epigenetics of fish : embryo temperature
affects later-developing life-history traits 28, 21-32.

Juanes, F., 2007. Role of habitat in mediating mortality during the post-settlement transition phase of
temperate marine fishes. J. Fish Biol. 70, 661-677. https://doi.org/10.1111/).1095-
8649.2007.01394.X

Jutfelt, F., Norin, T., Ern, R., Overgaard, J., Wang, T., McKenzie, D.J., Lefevre, S., Nilsson, G.E., Metcalfe,
N.B., Hickey, A.J.R,, Brijs, J., Speers-Roesch, B., Roche, D.G., Gamperl, A.K., Raby, G.D., Morgan,
R., Esbaugh, A.J., Grans, A., Axelsson, M., Ekstrom, A., Sandblom, E., Binning, S.A., Hicks, J.W.,
Seebacher, F., Jorgensen, C., Killen, S.S., Schulte, P.M., Clark, T.D., 2018. Oxygen- and capacity-
limited thermal tolerance: Blurring ecology and physiology. J. Exp. Biol. 221.
https://doi.org/10.1242/jeb.169615

Kingsolver, J.G., Diamond, S.E., Buckley, L.B., 2013. Heat stress and the fitness consequences of climate
change for terrestrial ectotherms. Funct. Ecol. 27, 1415-1423. https://doi.org/10.1111/1365-
2435.12145

Koenigstein, S., Mark, F.C., GoRling-Reisemann, S., Reuter, H., Poertner, H.0O., 2016. Modelling climate
change impacts on marine fish populations: process-based integration of ocean warming,
acidification = and  other  environmental drivers. Fish Fish. 17, 972-1004.
https://doi.org/10.1111/FAF.12155

Koenker, B.L., Laurel, B.J., Copeman, L.A., Ciannelli, L., 2018. Effects of temperature and food
availability on the survival and growth of larval Arctic cod (Boreogadus saida) and walleye pollock
(Gadus chalcogrammus). ICES J. Mar. Sci. 75, 2386—-2402.
https://doi.org/10.1093/ICESIMS/FSY062

Kuhl, F.P., Giardina, C.R., 1982. Elliptic Fourier features of a closed contour. Comput. Graph. Image
Process. 18, 236-258. https://doi.org/10.1016/0146-664X(82)90034-X

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. ImerTest Package: Tests in Linear Mixed
Effects Models . J. Stat. Softw. 82. https://doi.org/10.18637/jss.v082.i13

Lalles, J.P., 2019. Intestinal alkaline phosphatase in the gastrointestinal tract of fish: biology, ontogeny,
and environmental and nutritional modaulation. Rev. Aquac. 1-27.
https://doi.org/10.1111/raq.12340

Lam, V.W.Y., Cheung, W.W.L., Sumaila, U.R., 2016. Marine capture fisheries in the Arctic: winners or
losers under climate change and ocean acidification? Fish Fish. 17, 335-357.
https://doi.org/10.1111/FAF.12106

LASKER, R., 1981. Factors contributing to variable recruitment of the northern anchovy (Engraulis

154



mordax) in the California current : contrasting years, 1975 through 1978. Rapp. p. v. Reun. Cons.
Int. Expl. Mer 178, 375—-388.

LASKER, R., 1978. The relation between oceanographic conditions and larval anchovy food in the
California current : identification of factors contributing to recruitment failure. Rapp. P.-V. Reun.
Cons. Int. Explor. Mer. 173, 212-230.

Laubenstein, T.D., Rummer, J.L., McCormick, M.l., Munday, P.L., 2019. A negative correlation between
behavioural and physiological performance under ocean acidification and warming. Sci. Rep. 9,
1-10. https://doi.org/10.1038/s41598-018-36747-9

Laubenstein, T.D., Rummer, J.L., Nicol, S., Parsons, D.M., Pether, S.M.J., Pope, S., Smith, N., Munday,
P.L., 2018. Correlated Effects of Ocean Acidification and Warming on Behavioral and Metabolic
Traits of a Large Pelagic Fish. Divers. 2018, Vol. 10, Page 35 10, 35.
https://doi.org/10.3390/D10020035

Lazo, J., Darias, M., Gisbert, E., 2011. Ontogeny of the Digestive Tract, in: G. Joan, H. (Ed.), Larval Fish
Nutrition. John Wiley & Sons, Inc, pp. 5-46.

Le Pape, O., Vermard, Y., Guitton, J., Brown, E.J., van de Wolfshaar, K., Lipcius, R.N., Stgttrup, J.G., Rose,
K.A., 2020. The use and performance of survey-based pre-recruit abundance indices for possible
inclusion in stock assessments of coastal-dependent species. ICES J. Mar. Sci. 77, 1953-1965.
https://doi.org/10.1093/ICESIMS/FSAA051

Lefevre, S., 2016. Themed Issue Article : Conservation Physiology of Marine Fishes Are global warming
and ocean acidification conspiring against marine ectotherms ? A meta-analysis of the respiratory
effects of elevated temperature , high CO 2 and their interaction 4, 1-31.
https://doi.org/10.1093/conphys/cow009.

Lefevre, S., McKenzie, D.J., Nilsson, G.E., 2018. In modelling effects of global warming, invalid
assumptions lead to unrealistic projections. Glob. Chang. Biol. 24, 553-556.
https://doi.org/10.1111/gcb.13978

Lefevre, S., McKenzie, D.J., Nilsson, G.E., 2017. Models projecting the fate of fish populations under
climate change need to be based on valid physiological mechanisms. Glob. Chang. Biol. 23, 3449—
3459, https://doi.org/10.1111/gcb.13652

Legendre, P., Legendre, L., 1998. Numercial Ecology. Elsevier Science, Amsterdam.
Lehninger, A., 1975. Biochemistry (2nd edn). Worth, New-York, pp. 189-195.

Leo, E., Dahlke, F.T., Storch, D., Pértner, H.O., Mark, F.C., 2018. Impact of Ocean Acidification and
Warming on the bioenergetics of developing eggs of Atlantic herring Clupea harengus. Conserv.
Physiol. 6. https://doi.org/10.1093/CONPHYS/COY050

Lestrel, P., 2008. Fourier Descriptors and their Applications in Biology. Cambridge University Press,
Cambridge.

Leuti, A., Maccarrone, M., Chiurchiu, V., 2019. Proresolving lipid mediators: Endogenous modulators
of oxidative stress. Oxid. Med. Cell. Longev. 2019. https://doi.org/10.1155/2019/8107265

Levin, P.S., Stunz, G.W., 2005. Habitat triage for exploited fishes: Can we identify essential “Essential
Fish Habitat?” Estuar. Coast. Shelf Sci. 64, 70-78. https://doi.org/10.1016/J.ECSS.2005.02.007

Lewis, S.L, Maslin, M.A., 2015. Defining the Anthropocene. Nature 519, 171-180.
https://doi.org/10.1038/nature14258

Li, S., Ji, H., Zhang, B., Zhou, J., Yu, H., 2017. Defatted black soldier fly (Hermetia illucens) larvae meal

155



in diets for juvenile Jian carp (Cyprinus carpio var. Jian): Growth performance, antioxidant
enzyme activities, digestive enzyme activities, intestine and hepatopancreas histological
structure. aquaculture. https://doi.org/10.1016/j.aquaculture.2017.04.015

Libungan, L.A., Oskarsson, G.J., Slotte, A., Jacobsen, J.A., Palsson, S., 2015. Otolith shape: a population
marker for Atlantic herring Clupea harengus. J. Fish Biol. 86, 1377-1395.
https://doi.org/10.1111/JFB.12647

Lindegren, M., OStman, O., Gardmark, A., 2011. Interacting trophic forcing and the population
dynamics of herring. Ecology 92, 1407-1413. https://doi.org/10.1890/10-2229.1

Litzow, M.A., Bailey, K.M., Prahl, F.G., Heintz, R., 2006. Climate regime shifts and reorganization of fish
communities: The essential fatty acid limitation hypothesis. Mar. Ecol. Prog. Ser. 315, 1-11.
https://doi.org/10.3354/meps315001

Lombarte, A., Palmer, M., Matallanas, J., Gdmez-Zurita, J., Morales-Nin, B., 2010. Ecomorphological
trends and phylogenetic inertia of otolith sagittae in Nototheniidae. Environ. Biol. Fishes 89, 607—
618. https://doi.org/10.1007/510641-010-9673-2/FIGURES/7

Lopes, A.F., Morais, P., Pimentel, M., Rosa, R., Munday, P.L., Gongalves, E.J., Faria, A.M., 2016.
Behavioural lateralization and shoaling cohesion of fish larvae altered under ocean acidification.
Mar. Biol. 163, 1-10. https://doi.org/10.1007/500227-016-3026-4/FIGURES/5

Lychakov, D. V. Rebane, Y.T., 2000. Otolith regularities. Hear. Res. 143, 83-102.
https://doi.org/10.1016/S0378-5955(00)00026-5

MacKenzie, K., 1985. The use of parasites as biological tags in population studies of herring (Clupea
harengus L.) in the North Sea and to the north and west of Scotland. ICES J. Mar. Sci. 42, 33-64.
https://doi.org/10.1093/ICESIMS/42.1.33

Madeira, D., Araujo, J.E., Vitorino, R., Capelo, J.L., Vinagre, C., Diniz, M.S., 2016a. Ocean warming alters
cellular metabolism and induces mortality in fish early life stages: A proteomic approach. Environ.
Res. 148, 164—-176. https://doi.org/10.1016/J.ENVRES.2016.03.030

Madeira, D., Costa, P.M., Vinagre, C., Diniz, M.S., 2016b. When warming hits harder : survival, cellular
stress and thermal limits of Sparus aurata larvae under global change. Mar. Biol. 163, 1-14.
https://doi.org/10.1007/s00227-016-2856-4

Mahanty, A., Purohit, G.K., Yadav, R.P., Mohanty, S., Mohanty, B.P., 2017. hsp90 and hsp47 appear to
play an important role in minnow Puntius sophore for surviving in the hot spring run-off aquatic
ecosystem. Fish Physiol. Biochem. 43, 89—102. https://doi.org/10.1007/s10695-016-0270-y

Mahé, K., 2019. Sources de variation de la forme des otolithes : Implications pour la discrimination des
stocks de poissons.

Mahé, K., Gourtay, C., Defruit, G.B., Chantre, C., de Pontual, H., Amara, R., Claireaux, G., Audet, C,,
Zambonino-Infante, J.L., Ernande, B., 2019. Do environmental conditions (temperature and food
composition) affect otolith shape during fish early-juvenile phase? An experimental approach
applied to European Seabass (Dicentrarchus labrax). J. Exp. Mar. Bio. Ecol. 521, 151239.
https://doi.org/10.1016/j.jembe.2019.151239

Mahé, Kélig, Ider, D., Massaro, A., Hamed, O., Jurado-Ruzafa, A., Gongalves, P., Anastasopoulou, A,
Jadaud, A., Mytilineou, C., Elleboode, R., Ramdane, Z., Bacha, M., Amara, R., De Pontual, H.,
Ernande, B., 2019. Directional bilateral asymmetry in otolith morphology may affect fish stock
discrimination based on otolith shape analysis. ICES J. Mar. Sci. 76, 232-243.
https://doi.org/10.1093/ICESIMS/FSY163

156



Maneja, R.H., Dineshram, R., Thiyagarajan, V., Skiftesvik, A.B., Frommel, A.Y., Clemmesen, C., Geffen,
A.., Browman, H.l., 2014. The proteome of Atlantic herring (Clupea harengus L.) larvae is
resistant to elevated pCO2. Mar. Pollut. Bull. 86, 154-160.
https://doi.org/10.1016/j.marpolbul.2014.07.030

Maneja, R.H., Frommel, A.Y., Geffen, A.J., Folkvord, A., Piatkowski, U., Chang, M.Y., Clemmesen, C.,
2013. Effects of ocean acidification on the calcification of otoliths of larval Atlantic cod Gadus
morhua. Mar. Ecol. Prog. Ser. 477, 251-258. https://doi.org/10.3354/MEPS10146

Maroux, S., Louvard, D., Baratti, J., 1973. The aminopeptidase from hog-intestinal brush border.
Biochim. Biophys. Acta.

Marshall, K.N., Koehn, L.E., Levin, P.S., Essington, T.E., Jensen, O.P., 2019. Inclusion of ecosystem
information in US fish stock assessments suggests progress toward ecosystem-based fisheries
management. ICES J. Mar. Sci. 76, 1-9. https://doi.org/10.1093/ICESIMS/FSY152

McMahon, S.J., Parsons, D.M., Donelson, J.M., Pether, S.M.J., Munday, P.L.,, 2020. Elevated
temperature and CO2 have positive effects on the growth and survival of larval Australasian
snapper. Mar. Environ. Res. 161, 105054. https://doi.org/10.1016/j.marenvres.2020.105054

McMaster, G.S., Wilhelm, W.W., 1997. Growing degree-days: one equation, two interpretations. Agric.
For. Meteorol. 87, 291-300. https://doi.org/10.1016/50168-1923(97)00027-0

Mejri, S.C., Tremblay, R., Audet, C., Wills, P.S., Riche, M., 2021. Essential Fatty Acid Requirements in
Tropical and Cold-Water Marine Fish Larvae and Juveniles. Front. Mar. Sci. 8, 557.
https://doi.org/10.3389/FMARS.2021.680003/BIBTEX

Melzner, F., Gutowska, M.A., Langenbuch, M., Dupont, S., Lucassen, M., Thorndyke, M.C., Bleich, M.,
Portner, H.O., 2009. Physiological basis for high CO2 tolerance in marine ectothermic animals:
Pre-adaptation through lifestyle and ontogeny? Biogeosciences 6, 2313-2331.
https://doi.org/10.5194/BG-6-2313-2009

Métais, P., Bieth, J., 1968. Détermination de I’a-amylase par une microtechnique. Ann. Biol. Clin. 26,
133-142.

Mille, T., Mahe, K., Villanueva, M.C., De Pontual, H., Ernande, B., 2015. Sagittal otolith morphogenesis
asymmetry in marine fishes. J. Fish Biol. 87, 646—663. https://doi.org/10.1111/JFB.12746

Miwa, M., Kozawa, O., Tokuda, H., Uematsu, T., 2000. Involvement of arachidonic acid in chemical
stress-induced interleukin-6 synthesis in osteoblast-like cells: comparison with heat shock protein
27 induction. Prostaglandins, Leukot. Essent. Fat. Acids 62, 189-193.
https://doi.org/10.1054/PLEF.2000.0140

Monaco, C.J., Helmuth, B., 2011. Tipping Points, Thresholds and the Keystone Role of Physiology in
Marine Climate Change Research, Advances in Marine Biology. https://doi.org/10.1016/B978-0-
12-385529-9.00003-2

Morgan, R., Finngen, M.H., Jensen, H., Pélabon, C., Jutfelt, F., 2020. Low potential for evolutionary
rescue from climate change in a tropical fish. Proc. Natl. Acad. Sci. U. S. A. 117, 33365-33372.
https://doi.org/10.1073/PNAS.2011419117/-/DCSUPPLEMENTAL

Moyano, M., Candebat, C., Ruhbaum, Y., Alvarez-Fernandez, S., Claireaux, G., Zambonino-Infante, J.L.,
Peck, M.A., 2017. Effects of warming rate, acclimation temperature and ontogeny on the critical
thermal maximum of temperate marine fish larvae. PLoS One 12, 1-23.
https://doi.org/10.1371/journal.pone.0179928

Moyano, M., llling, B., Peschutter, P., Huebert, K.B., Peck, M.A., 2016. Thermal impacts on the growth,

157



development and ontogeny of critical swimming speed in Atlantic herring larvae. Comp. Biochem.
Physiol. -Part A Mol. Integr. Physiol. 197, 23—-34. https://doi.org/10.1016/j.cbpa.2016.02.020

Munday, P.L., Dixson, D.L., Donelson, J.M., Jones, G.P., Pratchett, M.S., Devitsina, G. V., Dgving, K.B.,
2009a. Ocean acidification impairs olfactory discrimination and homing ability of a marine fish.
Proc. Natl. Acad. Sci. 106, 1848-1852. https://doi.org/10.1073/PNAS.0809996106

Munday, P.L., Donelson, J.M., Dixson, D.L., Endo, G.G.K., 2009b. Effects of ocean acidification on the
early life history of a tropical marine fish. Proc. R. Soc. B Biol. Sci. 276, 3275.
https://doi.org/10.1098/RSPB.2009.0784

Munday, P.L., Gagliano, M., Donelson, J.M., Dixson, D.L., Thorrold, S.R., 2011. Ocean acidification does
not affect the early life history development of a tropical marine fish 423, 211-221.
https://doi.org/10.3354/meps08990

Munday, P.L., Warner, R.R., Monro, K., Pandolfi, J.M., Marshall, D.J., 2013. Predicting evolutionary
responses to climate change in the sea. Ecol. Lett. 16, 1488-1500.
https://doi.org/10.1111/ele.12185

Munk, P., 1992. Foraging behaviour and prey size spectra of larval herring Clupea harengus. Mar. Ecol.
Prog. Ser. 80, 149-158. https://doi.org/10.3354/meps080149

Murphy, G.E.P., Romanuk, T.N., Worm, B., 2020. Cascading effects of climate change on plankton
community structure. Ecol. Evol. 10, 2170-2181. https://doi.org/10.1002/ECE3.6055

Myers, S.S., Smith, M.R., Guth, S., Golden, C.D., Vaitla, B., Mueller, N.D., Dangour, A.D., Huybers, P.,
2017. Climate Change and Global Food Systems: Potential Impacts on Food Security and
Undernutrition. https://doi.org/10.1146/annurev-publhealth-031816-044356 38, 259-277.
https://doi.org/10.1146/ANNUREV-PUBLHEALTH-031816-044356

Narum, S.R., Campbell, N.R., Meyer, K.A., Miller, M.R., Hardy, R.W., 2013. Thermal adaptation and
acclimation of ectotherms from differing aquatic climates. Mol. Ecol. 22, 3090-3097.
https://doi.org/10.1111/MEC.12240

Nash, R.D.M., Dickey-Collas, M., 2005. The influence of life history dynamics and environment on the
determination of year class strength in North Sea herring (Clupea harengus L.). Fish. Oceanogr.
14, 279-291. https://doi.org/10.1111/j.1365-2419.2005.00336.x

Neuheimer, A.B., Taggart, C.T., 2007. The growing degree-day and fish size-at-age: The overlooked
metric. Can. J. Fish. Aquat. Sci. 64, 375-385. https://doi.org/10.1139/F07-003/SUPPL_FILE/FO7-
003.PDF

Neuman, M.J., Witting, D.A., Able, K.W., 2001. Relationships between otolith microstructure, otolith
growth, somatic growth and ontogenetic transitions in two cohorts of windowpane. J. Fish Biol.
58, 967-984. https://doi.org/10.1111/J.1095-8649.2001.TB00548.X

Nicholson, J.A., Kim, S., 1975. A One-Step for Intestinal Peptide Acid Oxidase Assay Hydrolase Activity
A number of methods have been described for the assay of intestinal peptide hydrolase activity
. The spectrophotometric assay described by Josefsson and Lindberg ( 1) is not suitable. Anal.
Biochem. 117, 110-117.

Niebylski, C.D., Salem, N., 1994. A calorimetric investigation of a series of mixed-chain polyunsaturated
phosphatidylcholines: effect of sn-2 chain length and degree of unsaturation. Biophys. J. 67,
2387-2393. https://doi.org/10.1016/50006-3495(94)80725-8

Nilsson, G.E., Lefevre, S., 2016. Physiological Challenges to Fishes in a Warmer and Acidified Future.
https://doi.org/10.1152/physiol.00055.2015 31, 409-417.

158



https://doi.org/10.1152/PHYSIOL.00055.2015

Oeberst, R., Dickey-collas, M., Nash, R.D.M., 2009a. Mean daily growth of herring larvae in relation to
temperature over a range of 5 — 20 8 C, based on weekly repeated cruises in the Greifswalder
Bodden 1696-1701.

Oeberst, R., Dickey-Collas, M., Nash, R.D.M., 2009b. Mean daily growth of herring larvae in relation to
temperature over a range of 5-20°C, based on weekly repeated cruises in the Greifswalder
Bodden. ICES J. Mar. Sci. 66, 1696—1701. https://doi.org/10.1093/ICESIMS/FSP193

Ottersen, G., Stige, L.C., Durant, J.M., Chan, K.S., Rouyer, T.A., Drinkwater, K.F., Stenseth, N.C., 2013.
Temporal shifts in recruitment dynamics of North Atlantic fish stocks: effects of spawning stock
and temperature. Mar. Ecol. Prog. Ser. 480, 205-225. https://doi.org/10.3354/MEPS10249

Pankhurst, N.W., Munday, P.L., Pankhurst, N.W., Munday, P.L., 2011. Effects of climate change on fish
reproduction and early life history stages. Mar. Freshw. Res. 62, 1015-1026.
https://doi.org/10.1071/MF10269

Pape, O. Le, Bonhommeau, S., 2015. The food limitation hypothesis for juvenile marine fi sh 373-398.
https://doi.org/10.1111/faf.12063

Parmesan, C., 2006. Ecological and Evolutionary Responses to Recent Climate Change. Annu. Rev. Ecol.
Evol. Syst. 37, 637-669. https://doi.org/10.1146/annurev.ecolsys.37.091305.110100

Paulsen, M., Clemmesen, C., Hammer, C., Polte, P., Malzahn, A.M., 2017. Food-limited growth of larval
Atlantic herring Clupea harengus recurrently observed in a coastal nursery area. Helgol. Mar. Res.
70. https://doi.org/10.1186/s10152-016-0470-y

Paulsen, M., Clemmesen, C., Malzahn, A.M., 2014. Essential fatty acid (docosahexaenoic acid, DHA)
availability affects growth of larval herring in the field. Mar. Biol. 161, 239-244.
https://doi.org/10.1007/s00227-013-2313-6

Pauly, D., 1981. The relationships between gill surface area and growth performance in fish: a
generalization of von Bertalanffy’s theory of growth. Trop. Ecol. Dev.

Payan, P., Borelli, G., Boeuf, G., Mayer-Gostan, N., 1998. Relationship between otolith and somatic
growth:consequence of starvation on acid-base balance inplasma and endolymph in the rainbow
trout Oncorhynchus mykiss. Fish  Physiol. Biochem. 1998 191 19, 35-41.
https://doi.org/10.1023/A:1016064813517

Payne, M.R., 2010. Mind the gaps: A state-space model for analysing the dynamics of North Sea herring
spawning components. ICES J. Mar. Sci. 67, 1939-1947. https://doi.org/10.1093/icesjms/fsq036

Payne, M.R., Hatfield, E.M.C., Dickey-Collas, M., Falkenhaug, T., Gallego, A., Groger, J., Licandro, P.,
Llope, M., Munk, P., Réckmann, C., Schmidt, J.0., Nash, R.D.M., 2009. Recruitment in a changing
environment: The 2000s North Sea herring recruitment failure. ICES J. Mar. Sci. 66, 272-277.
https://doi.org/10.1093/icesjms/fsn211

Payne, M.R., Ross, S.D., Clausen, L.W., Munk, P., Mosegaard, H., Nash, R.D.M., 2013. Recruitment
decline in North Sea herring is accompanied by reduced larval growth rates 489, 197-211.
https://doi.org/10.3354/meps10392

Peck, M.A., Kanstinger, P., Holste, L., Martin, M., 2012. Thermal windows supporting survival of the
earliest life stages of Baltic herring (Clupea harengus). ICES J. Mar. Sci. 69, 578-589.
https://doi.org/10.1093/icesjms/fst048

Pedersen, B.H., Hjemeland, K., 1988. Fate of trypsin and assimilation efficiency in larval herring (Clupea
harengus) following digestion of copepods. Mar. Biol. 97, 467—-476.

159



Pedersen, B.H., Nilssen, E.M., Hjelmeland, K., 1987. Variations in the content of trypsin and trypsinogen
in larval herring (Clupea harengus) digesting copepod nauplii. Mar. Biol. 181, 171-181.

Pefiuelas, J., Poulter, B., Sardans, J., Ciais, P., Van Der Velde, M., Bopp, L., Boucher, O., Godderis, Y.,
Hinsinger, P., Llusia, J., Nardin, E., Vicca, S., Obersteiner, M., Janssens, I.A., 2013. Human-induced
nitrogen-phosphorus imbalances alter natural and managed ecosystems across the globe. Nat.
Commun. 4. https://doi.org/10.1038/ncomms3934

Pereira, H.M., Leadley, P.W., Proenca, V., Alkemade, R., Scharlemann, J.P.W., Fernandez-Manjarrés,
J.F., Araudjo, M.B., Balvanera, P., Biggs, R., Cheung, W.W.L., Chini, L., Cooper, H.D., Gilman, E.L,,
Guénette, S., Hurtt, G.C., Huntington, H.P., Mace, G.M., Oberdorff, T., Revenga, C., Rodrigues, P.,
Scholes, R.J., Sumaila, U.R., Walpole, M., 2010. Scenarios for global biodiversity in the 21st
century. Science (80-. ). 330, 1496-1501. https://doi.org/10.1126/SCIENCE.1196624

Perry, A.L., Low, P.J,, Ellis, J.R., Reynolds, J.D., 2005. Climate Change and Distribution Shifts in Marine
Fishes 308, 1912-1916.

Perry, D.M., Redman, D.H., Widman, J.C., Meseck, S., King, A., Pereira, J.J., 2015. Effect of ocean
acidification on growth and otolith condition of juvenile scup, Stenotomus chrysops. Ecol. Evol.
5, 4187-4196. https://doi.org/10.1002/ECE3.1678

Petitgas, P., Rijnsdorp, A.D., Dickey-Collas, M., Engelhard, G.H., Peck, M.A., Pinnegar, J.K., Drinkwater,
K., Huret, M., Nash, R.D.M., 2013. Impacts of climate change on the complex life cycles of fish.
Fish. Oceanogr. 22, 121-139. https://doi.org/10.1111/fog.12010

Pilecky, M., Zavorka, L., Arts, M.T., Kainz, M.J.,, 2021. Omega-3 PUFA profoundly affect neural,
physiological, and behavioural competences — implications for systemic changes in trophic
interactions. Biol. Rev. 96, 2127-2145. https://doi.org/10.1111/BRV.12747

Pimentel, M.S., Faleiro, F., Diniz, M., Machado, J., Pousdo-Ferreira, P., Peck, M.A., Portner, H.O., Rosa,
R., 2015. Oxidative Stress and Digestive Enzyme Activity of Flatfish Larvae in a Changing Ocean.
PLoS One 10, e0134082. https://doi.org/10.1371/JOURNAL.PONE.0134082

Pimentel, M.S,, Faleiro, F., Machado, J., Pous3o-Ferreira, P., Rosa, R., 2019. Seabream Larval Physiology
under Ocean Warming and Acidification. Fishes 2020, Vol. 5, Page 1 5, 1.
https://doi.org/10.3390/FISHES5010001

Politis, S.N., Mazurais, D., Servili, A., Zambonino-Infante, J.L., Miest, J.J., Sgrensen, S.R., Tomkiewicz, J.,
Butts, I.A.E., 2017. Temperature effects on gene expression and morphological development of
European eel, Anguilla anguilla larvae. PLoS One 12, 1-23.
https://doi.org/10.1371/journal.pone.0182726

Poloczanska, E.S., Brown, C.J., Sydeman, W.J., Kiessling, W., Schoeman, D.S., Moore, P.J., Brander, K.,
Bruno, J.F., Buckley, L.B., Burrows, M.T., Duarte, C.M., Halpern, B.S., Holding, J., Kappel, C. V.,
O’Connor, M.1., Pandolfi, J.M., Parmesan, C., Schwing, F., Thompson, S.A., Richardson, A.J., 2013.
Global imprint of climate change on marine life. Nat. Clim. Chang. 2013 310 3, 919-925.
https://doi.org/10.1038/nclimate1958

Polte, P., Kotterba, P., Hammer, C., Grohsler, T., 2014. Survival bottlenecks in the early ontogenesis of
Atlantic herring (Clupea harengus, L.) in coastal lagoon spawning areas of the western Baltic Sea.
ICES J. Mar. Sci. 71, 982-990. https://doi.org/10.4135/9781412953924.n678

Popper, A.N., Ramcharitar, J., Campana, S.E., Popper, A.N., Ramcharitar, J., Campana, S.E., 2005. Why
otoliths? Insights from inner ear physiology and fisheries biology. Mar. Freshw. Res. 56, 497-504.
https://doi.org/10.1071/MF04267

Portner, H.O., Bock, C., Mark, F.C., 2017. Oxygen- and capacity-limited thermal tolerance: bridging

160



ecology and physiology. J. Exp. Biol. 220, 2685—2696. https://doi.org/10.1242/JEB.134585

Portner, H.O., Farrell, A.P., 2008. Physiology and Climate Change. Science (80-. ). 322, 690—692.
https://doi.org/10.1126/science.ll57945

Portner, H.O., Knust, R., 2007. Climate Change Affects Marine Fishes Through the Oxygen Limitation of
Thermal Tolerance. Science (80-. ). 315, 95-97. https://doi.org/10.1126/SCIENCE.1135471

Portner, H.O., Peck, M.A., 2010. Climate change effects on fishes and fisheries: Towards a cause-and-
effect understanding. J. Fish Biol. 77, 1745-1779. https://doi.org/10.1111/j.1095-
8649.2010.02783.x

Queiros, Q., Saraux, C., Dutto, G., Gasset, E., Marguerite, A., Brosset, P., Fromentin, J.M., McKenzie,
D.J., 2021. Is starvation a cause of overmortality of the Mediterranean sardine? Mar. Environ.
Res. 170, 105441. https://doi.org/10.1016/J. MARENVRES.2021.105441

Regulska, M., Szuster-Gtuszczak, M., Trojan, E., Leskiewicz, M., Basta-Kaim, A., 2021. The Emerging
Role of the Double-Edged Impact of Arachidonic Acid-Derived Eicosanoids in the
Neuroinflammatory Background of Depression. Curr. Neuropharmacol. 19, 278.
https://doi.org/10.2174/1570159X18666200807144530

Réveillac, E., Lacoue-Labarthe, T., Oberhansli, F., Teyssié, J.L., Jeffree, R., Gattuso, J.P., Martin, S., 2015.
Ocean acidification reshapes the otolith-body allometry of growth in juvenile sea bream. J. Exp.
Mar. Bio. Ecol. 463, 87-94. https://doi.org/10.1016/).JEMBE.2014.11.007

Reznick, D., Lindbeck, E., Bryga, H., 2011. Slower Growth Results in Larger Otoliths: An Experimental
Test with Guppies (Poecilia reticulata). https://doi.org/10.1139/f89-014 46, 108-112.
https://doi.org/10.1139/F89-014

Riebesell, U., Gattuso, J.P., 2015. Lessons learned from ocean acidification research. Nat. Clim. Chang.
201551 5, 12-14. https://doi.org/10.1038/nclimate2456

Robin, J.H., Skalli, A., 2007. Incorporation of dietary fatty acid in European sea bass (Dicentrarchus
labrax) — A methodological approach evidencing losses of highly unsaturated fatty acids.
Aquaculture 263, 227-237. https://doi.org/10.1016/J.AQUACULTURE.2006.09.044

Rohlf, F.J., Archie, J.W., 1984. A Comparison of Fourier Methods for the Description of Wing Shape in
Mosquitoes (Diptera: Culicidae). Syst. Biol. 33, 302—317. https://doi.org/10.2307/2413076

Ronnestad, I., Manuel, Y., Ueberschar, B., Ribeiro, L., Sele, O., Boglione, C., 2013. Feeding behaviour
and digestive physiology in larval fish : current knowledge , and gaps and bottlenecks in research.
Rev. Aquac. 5, $59-598. https://doi.org/10.1111/raq.12010

Rosenblatt, A.E., Schmitz, 0.J., 2016. Climate Change, Nutrition, and Bottom-Up and Top-Down Food
Web Processes. Trends Ecol. Evol. 31, 965-975. https://doi.org/10.1016/j.tree.2016.09.009

Rossi, T., Nagelkerken, I., Simpson, S.D., Pistevos, C.A., Watson, S., Merillet, L., Fraser, P., Munday, P.L.,
Connell, S.D., 2015. Ocean acidification boosts larval fish development but reduces the window
of opportunity for successful settlement.

Rossi, T., Pistevos, J.C.A., Connell, S.D., Nagelkerken, I., 2018. On the wrong track: ocean acidification
attracts larval fish to irrelevant environmental cues. Sci. Reports 2018 81 8, 1-6.
https://doi.org/10.1038/s41598-018-24026-6

Ryland, J.S., 1966. Observations on the Development of Larvae of the Plaice , Pleuronectes platessa L
., in Aquaria. ICES J. Mar. Sci. 30, 177-195. https://doi.org/10.1093/icesjms/30.2

Sarasquete, C., Gisbert, E., Ribeiro, L., Vieira, L., Dinis, M.T., 2001. Glyconjugates in epidermal, branchial

161



and digestive mucous cells and gastric glands of gilthead sea bream, Sparus aurata, Senegal sole,
Solea senegalensis and Siberian sturgeon, Acipenser baeri development. Eur. J. Histochem. 45,
267-278. https://doi.org/10.4081/1637

Sargent, J.R., Tocher, D.R., Bell, J.G.,, 2003. The Lipids. Fish Nutr. 181-257.
https://doi.org/10.1016/B978-012319652-1/50005-7

Schulte, P.M., 2015. The effects of temperature on aerobic metabolism: towards a mechanistic
understanding of the responses of ectotherms to a changing environment. J. Exp. Biol. 218, 1856—
1866. https://doi.org/10.1242/JEB.118851

Sharma, R., Porch, C.E., Babcock, E.A., Maunder, M.N., Punt, A.E., 2019. Recruitment: Theory,
estimation, and application in fishery stock assessment models. Fish. Res. 217, 1-4.
https://doi.org/10.1016/).FISHRES.2019.03.015

Sheridan, J.A., Bickford, D., 2011. Shrinking body size as an ecological response to climate change. Nat.
Clim. Chang. 2011 18 1, 401-406. https://doi.org/10.1038/nclimate1259

Shields, R.J., Bell, J.G., Luizi, F.S., Gara, B., Bromage, N.R., Sargent, J.R., 1999. Natural Copepods Are
Superior to Enriched Artemia Nauplii as Feed for Halibut Larvae (Hippoglossus hippoglossus) in
Terms of Survival, Pigmentation and Retinal Morphology: Relation to Dietary Essential Fatty
Acids. J. Nutr. 129, 1186-1194. https://doi.org/10.1093/JN/129.6.1186

Siegenthaler, U., Monnin, E., Kawamura, K., Spahni, R., Schwander, J., Stauffer, B., Stocker, T.F.,
Barnola, J.-M., Fischer, H., 2017. Supporting evidence from the EPICA Dronning Maud Land ice
core for atmospheric C0o2 changes during the past millennium.
http://dx.doi.org/10.3402/tellusb.v57i1.16774 57, 51-57.
https://doi.org/10.3402/TELLUSB.V5711.16774

Sinclair, B.J., Marshall, K.E., Sewell, M.A., Levesque, D.L., Willett, C.S., Slotsbo, S., Dong, Y., Harley,
C.D.G., Marshall, D.J., Helmuth, B.S., Huey, R.B., 2016. Can we predict ectotherm responses to
climate change using thermal performance curves and body temperatures? Ecol. Lett. 19, 1372—
1385. https://doi.org/10.1111/ELE.12686

Sinclair, M., 2009. Herring and ICES: a historical sketch of a few ideas and their linkages. ICES J. Mar.
Sci. 66, 1652—-1661. https://doi.org/10.1093/ICESIMS/FSP115

Sinensky, M., 1974. Homeoviscous Adaptation—A Homeostatic Process that Regulates the Viscosity of
Membrane Lipids in Escherichia coli. Proc. Natl. Acad. Sci. 71, 522-525.
https://doi.org/10.1073/PNAS.71.2.522

Somarakis, S., Tsoukali, S., Giannoulaki, M., Schismenou, E., Nikolioudakis, N., 2018. Spawning stock,
egg production and larval survival in relation to small pelagic fish recruitment. Mar. Ecol. Prog.
Ser. View, 1-24. https://doi.org/10.3354/meps12642

Somero, G.N., 2012. The Physiology of Global Change: Linking Patterns to Mechanisms.
https://doi.org/10.1146/annurev-marine-120710-100935

Somero, G.N., 2010. The physiology of climate change: how potentials for acclimatization and genetic
adaptation will determine ‘winners’ and ‘losers.’” J. Exp. Biol. 213, 912-920.
https://doi.org/10.1242/JEB.037473

Sswat, M, Stiasny, M.H., Jutfelt, F., Riebesell, U., Clemmesen, C., 2018. Growth performance and
survival of larval Atlantic herring, under the combined effects of elevated temperatures and CO2.
PLoS One 13, e0191947. https://doi.org/10.1371/journal.pone.0191947

Sswat, Michael, Stiasny, M.H., Taucher, J., Algueré-Muifiz, M., Bach, L.T., Jutfelt, F., Riebesell, U.,

162



Clemmesen, C., 2018. Food web changes under ocean acidification promote herring larvae
survival. Nat. Ecol. Evol. 2, 836—840. https://doi.org/10.1038/s41559-018-0514-6

Stiasny, M.H., Mittermayer, F.H., Sswat, M., Voss, R., 2016. Ocean Acidification Effects on Atlantic Cod
Larval Survival and Recruitment to the Fished Population 1-11.
https://doi.org/10.1371/journal.pone.0155448

Stiasny, M.H., Sswat, M., Mittermayer, F.H., Falk-Petersen, I.B., Schnell, N.K., Puvanendran, V.,
Mortensen, A., Reusch, T.B.H., Clemmesen, C., 2019. Divergent responses of Atlantic cod to ocean
acidification and food limitation. Glob. Chang. Biol. 25, 839-849.
https://doi.org/10.1111/GCB.14554

Stirling, H.P., 1976. Effects of experimental feeding and starvation on the proximate composition of
the European bass Dicentrarchus labrax. Mar. Biol. 1976 341 34, 85-91.
https://doi.org/10.1007/BF00390791

Suthers, 1., 2000. Significance of larval condition: comment on laboratory experiments. Can. J. Fish.
Aquat. Sci. 57, 1534-1536. https://doi.org/10.1139/f00-098

Suthers, I.M., 1992. THE USE OF CONDITION INDICES IN LARVAL FISH. Aust. Soc. fish Biol.

Sydeman, W.J., Bograd, S.J., 2009. Marine ecosystems, climate and phenology: introduction. Mar. Ecol.
Prog. Ser. 393, 185—-188. https://doi.org/10.3354/MEPS08382

Szuwalski, C.S., Vert-Pre, K.A., Punt, A.E., Branch, T.A., Hilborn, R., 2015. Examining common
assumptions about recruitment: a meta-analysis of recruitment dynamics for worldwide marine
fisheries. Fish Fish. 16, 633-648. https://doi.org/10.1111/FAF.12083

Thomsen, J., Casties, I., Pansch, C., Kértzinger, A., Melzner, F., 2013. Food availability outweighs ocean
acidification effects in juvenile Mytilus edulis: Laboratory and field experiments. Glob. Chang.
Biol. 19, 1017-1027. https://doi.org/10.1111/gcb.12109

Tiedemann, M., Slotte, A., Nash, R.D.M., Stenevik, E.K., Kjesbu, 0.S., 2021. Drift Indices Confirm That
Rapid Larval Displacement Is Essential for Recruitment Success in High-Latitude Oceans. Front.
Mar. Sci. 8, 602. https://doi.org/10.3389/FMARS.2021.679900/BIBTEX

Tocher, D.R., 2015. Omega-3 long-chain polyunsaturated fatty acids and aquaculture in perspective.
Aquaculture 449, 94-107. https://doi.org/10.1016/J.AQUACULTURE.2015.01.010

Tocher, D.R., 2003. Metabolism and functions of lipids and fatty acids in teleost fish. Rev. Fish. Sci. 11,
107-184. https://doi.org/10.1080/713610925

Todgham, A.E., Stillman, J.H., 2013. Physiological responses to shifts in multiple environmental
stressors: Relevance in a changing world. Integr. Comp. Biol. 53, 539-544.
https://doi.org/10.1093/icb/ict086

Tonheim, S., Slotte, A., Andersson, L., Folkvord, A., Berg, F., 2020. Comparison of Otolith
Microstructure of Herring Larvae and Sibling Adults Reared Under Identical Early Life Conditions.
Front. Mar. Sci. 7, 529. https://doi.org/10.3389/FMARS.2020.00529/BIBTEX

Trudgill, D.L., Honek, A., Li, D., Van Straalen, N.M., 2005. Thermal time — concepts and utility. Ann.
Appl. Biol. 146, 1-14. https://doi.org/10.1111/1.1744-7348.2005.04088.X

Turan, C., 2000. Otolith shape and meristic analysis of herring (Clupea harengus) in the North-East
Atlantic. Arch. Fish. Mar. Res 48, 283-295.

Tylianakis, J.M., Didham, R.K., Bascompte, J., Wardle, D.A., 2008. Global change and species
interactions in terrestrial ecosystems. Ecol. Lett. 11, 1351-1363. https://doi.org/10.1111/).1461-

163



0248.2008.01250.X

Ueberschar, B., Clemmesen, C., 1992. A comparison of the nutritional condition of herring larvae as
determined by two biochemical methods - tryptic enzyme activity and RNA/DNA ratio
measurements. ICES J. Mar. Sci. 49, 245-249.

Van Der Have, T.M., De Jong, G., 1996. Adult Size in Ectotherms: Temperature Effects on Growth and
Differentiation. J. Theor. Biol. 183, 329—-340. https://doi.org/10.1006/JTBI.1996.0224

Verberk, W.C.E.P., Atkinson, D., Hoefnagel, K.N., Hirst, A.G., Horne, C.R., Siepel, H., 2021. Shrinking
body sizes in response to warming: explanations for the temperature—size rule with special
empbhasis on the role of oxygen. Biol. Rev. 96, 247-268. https://doi.org/10.1111/BRV.12653

Vignon, M., 2018. Short-term stress for long-lasting otolith morphology — brief embryological stress
disturbance can reorient otolith ontogenetic trajectory. Can. J. Fish. Aquat. Sci. 75, 1713-1722.
https://doi.org/10.1139/CJFAS-2017-0110/ASSET/IMAGES/LARGE/CJFAS-2017-0110F7.JPEG

Vignon, M., Morat, F., 2010. Environmental and genetic determinant of otolith shape revealed by a
non-indigenous tropical fish. Mar. Ecol. Prog. Ser. 411, 231-241.
https://doi.org/10.3354/MEPS08651

Visser, M.E., 2008. Keeping up with a warming world; assessing the rate of adaptation to climate
change. Proc. R. Soc. B Biol. Sci. 275, 649—659. https://doi.org/10.1098/rspb.2007.0997

Wall, R., Ross, R.P., Fitzgerald, G.F., Stanton, C., 2010. Fatty acids from fish: the anti-inflammatory
potential of long-chain omega-3 fatty acids. Nutr. Rev. 68, 280-289.
https://doi.org/10.1111/).1753-4887.2010.00287.X

Wang, J.Y., 1960. A Critique of the Heat Unit Approach to Plant Response Studies. Ecology 41, 785—
790. https://doi.org/10.2307/1931815

Weijerman, M., Lindeboom, H., Zuur, A.F., 2005. Regime shifts in marine ecosystems of the North Sea
and Wadden Sea. Mar. Ecol. Prog. Ser. 298, 21-39. https://doi.org/10.3354/MEPS298021

Whitehead, P.J.P., Teugels, G.G., 1985. The West African Pygmy Herring Sierrathrissa leonensis:
General features, Visceral Anatomy, and Osteology. Am. museum Novit. 2835, 1-44.
https://doi.org/10.2307/772463

Wold, P.A., Hoehne-Reitan, K., Cahu, C.L., Infante, J.Z., Rainuzzo, J., Kjgrsvik, E., 2009. Comparison of
dietary phospholipids and neutral lipids: effects on gut, liver and pancreas histology in Atlantic
cod (Gadus morha L.) larvae. Aquac. Nutr. 15, 73-84. https://doi.org/10.1111/).1365-
2095.2008.00569.X

Wold, P.A., Hoehne-Reitan, K., Cahu, C.L., Infante, J.Z., Rainuzzo, J., Kjgrsvik, E., 2007. Phospholipids vs.
neutral lipids: Effects on digestive enzymes in Atlantic cod (Gadus morhua) larvae. Aquaculture
272,502-513. https://doi.org/10.1016/).AQUACULTURE.2007.06.034

Worm, B., Duffy, J.E., 2003. Biodiversity, productivity and stability in real food webs. Trends Ecol. Evol.
18, 628-632. https://doi.org/10.1016/J.TREE.2003.09.003

Yasuda, T., Oda, M., Tanaka, S., Nanjo, N., Takahashi, M., Fukuwaka, M. aki, 2021. Selective retention
and transfer of long-chain polyunsaturated fatty acids in Japanese sardine. Mar. Biol. 168, 1-8.
https://doi.org/10.1007/500227-021-03985-X/FIGURES/4

Zambonino Infante, J.L., Cahu, C.L., 2001. Ontogeny of the gastrointestinal tract of marine fish larvae.
Comp. Biochem. Physiol. 130, 477-487.

Zambonino Infante, J.L., Cahu, C.L., Peres, A., 1997. Partial Substitution of Di- and Tripeptides for Native

164



Proteins in Sea Bass Diet Improves Dicentrarchus labrax Larval Development 1. Am. Soc. Nutr. Sci.
608-614.

Zambonino Infante, J.L., Gisbert, E., Sarasquete, C., Navarro, |., Gutiérrez, J., Cahu, C.L., 2008. Ontogeny
and physiology of the digestive system of marine fish larvae, in: Feeding and Digestive Functions
of Fishes. pp. 281-348.

165






