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Abstract  

The increasing atmospheric CO2 concentrations due to anthropic influence is causing the 
acidification of the oceans, which often co-occurs with hypoxia events. These are 
becoming a growing concern for marine ecosystem and for aquaculture due to the 
potential consequences on early life stages of marine animals and in particular for 
invertebrates, who form their internal skeletons out of calcium carbonate. The European 
cuttlefish (Sepia officinalis) is an excellent model to assess the effects of climate change, 
since it possesses a calcium carbonate structure from early development that grows very 
fast with a short life cycle. The present thesis aims to determine the effects of two 
environmental stressors, high CO2 environment and hypoxia events, in European 
cuttlefish embryogenesis, hatching rates and physiological characterisation through 
metabolic rates. Two separate experiments were performed. During the first, the cuttlefish 
eggs were kept in an indoor semi-open system with temperature maintained stable at 20°C 
and exposed to an acute event of hypoxia during the embryonic development (either day 
10 or day 20). In the second experiment, cuttlefish eggs were kept in an outdoor open 
seawater system and exposed to high CO2 or to high CO2 plus an acute hypoxia event 
(either day 10 or day 20). The data obtained from the first experiment suggested that the 
embryos, kept at a temperature of 20°C can manage an acute hypoxia event without 
substantial consequences on their development. In the second outdoor experiment a much 
lower hatching rate was recorded, compared to the first experiment. This might be 
reconnected to the higher water temperature. Based on these data, it can be hypothesised 
that temperature could be one of the main key factors for cuttlefish eggs survival. Even 
so, it is not clear which is the threshold temperature for cuttlefish during the embryonic 
development.  
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Resumo 

O aumento das concentrações atmosféricas de CO2 devido à influência antrópica, tem 
vindo a causar a acidificação dos oceanos. Esse fenómeno geralmente ocorre, em 
conjunto com eventos de hipoxia, devido a temperaturas elevadas da água e escorrência 
de nutrientes da terra. Devido ao declínio global do oxigénio oceânico e ao aumento das 
atividades humanas, a acidificação e a hipoxia dos oceanos tornaram-se uma grande 
preocupação para a biodiversidade marinha e dois importantes fatores de stress 
ambientais para os ecossistemas marinhos. No entanto, a hipoxia e a diminuição do pH 
da água podem-se tornar problemas potenciais para as condições de aquacultura intensiva, 
devido aos custos associados à manutenção da saturação de oxigénio assim como, de 
possíveis consequências nos primeiros tempos de vida dos animais marinhos. Isso é 
particularmente importante em invertebrados, que formam seus esqueletos internos de 
carbonato de cálcio. O choco Europeu (Sepia officinalis) é um excelente modelo para 
avaliar os efeitos das alterações climáticas, nomeadamente no que diz respeito ao 
aumento de CO2 e eventos de hipoxia nos oceanos, uma vez que esta espécie de 
cefalópodes possui uma estrutura de carbonato de cálcio desde o início do 
desenvolvimento, que cresce muito rapidamente com um ciclo de vida curto. Apesar 
disso, poucos estudos indicam até que ponto a combinação de ambos fatores de stress 
(aumento de CO2 e hipoxia) provocam efeitos adaptativos neste animal, especialmente 
durante o desenvolvimento embrionário. A presente tese visa determinar os efeitos de 
dois fatores de stress ambientais, ambiente de elevado CO2 e eventos de hipoxia, na 
embriogénese, taxas de eclosão e caracterização fisiológica através de taxas metabólicas 
de S. officinalis. Foram realizados dois testes em separado. Durante o primeiro, os ovos 
de choco (n = 2400) foram mantidos em sistema semiaberto com temperatura constante 
a 20°C. Os ovos foram expostos a um evento agudo de hipoxia durante o desenvolvimento 
embrionário (no dia 10 ou no dia 20) de forma a estudar como estes eventos podem afetar 
o desenvolvimento embrionário e a eclosão. Na segunda experiência, 1200 ovos de choco 
foram mantidos em sistema aberto. Os ovos foram divididos em quatro grupos: controle, 
expostos a CO2 400ppm, e três grupos mantidos em 1600 ppm de CO2, dois dos quais 
também foram expostos a um evento de hipoxia aguda (dia 10 ou dia 20). O objetivo foi 
analisar como diferentes tratamentos afetam a formação de ossos de choco, 
desenvolvimento embrionário e taxa de eclosão. Em ambas experiencias foram 
registrados e analisados estatisticamente dados de qualidade da água (salinidade, 
oxigénio, temperatura e pressão atmosférica), dados biológicos (peso húmido médio 
(MWW), taxa de eclosão, peso da progénie) e dados metabólicos (consumo de oxigénio). 
Os resultados da primeira experiência mostraram uma forte variabilidade do peso dos 
ovos ao longo do tempo relacionada ao desenvolvimento embrionário. A análise 
estatística do MWW mostrou que todos os efeitos considerados (tempo, eventos de 
hipoxia e tratamentos), foram estatisticamente diferentes. Apesar disso, o tempo (dias de 
amostragem) pode ser considerado o único fator relevante. Os animais mantidos a uma 
temperatura estável de 20°C começaram a eclodir a partir do dia 25, com um pico de 
eclosão por volta do dia 40. A taxa de eclosão foi em torno de 70- 75%. Uma taxa de 
malformação entre 1 e 3.5% foi observada na progénie. Os dados obtidos sugerem que os 
embriões, mantidos a uma temperatura de cerca de 20°C, podem gerir um evento de 
hipoxia aguda sem consequências substanciais no seu desenvolvimento. Os resultados da 
segunda experiência demostram uma variabilidade de MWW semelhante à observada na 
primeira experiência. Um déficit semelhante foi observado também nos registos dos 
dados da respirometria. A análise estatística do MWW mostrou que todos os efeitos 
considerados (tempo e tratamentos) foram estatisticamente diferentes. Apesar disso, o 
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tempo (dias de amostragem) pode ser considerado o único relevante. Os ovos começaram 
a eclodir por volta do dia 20 a uma temperatura média da água de 22.4°C. A taxa de 
eclosão foi em torno de 31.7% e nenhuma malformação foi registada. Como os ovos 
foram obtidos dos mesmos reprodutores e a qualidade da água foi a mesma, pode-se 
considerar que a diferença significativa na progénie pode estar relacionada com a 
temperatura. Os ovos foram mantidos ao ar livre em água que atingia frequentemente 
27°C durante os dias mais quentes, não havendo portanto qualquer controlo da 
temperatura. Com base nestes dados, considera-se como hipótese de que a temperatura 
pode ser um dos principais fatores chave para a sobrevivência dos ovos de choco. Apesar 
disso, não foi evidente qual é a temperatura limite para o choco durante o 
desenvolvimento embrionário. Mais estudos devem ser realizados, considerando a 
incubação múltipla e testando a exposição a longo prazo para entender como as mudanças 
climáticas afetam esta fase do ciclo de vida do choco. 
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1. Introduction 
1.1. Acidification of the oceans 

The oceans cover seventy percent of the earth’s surface. Their large volume and the ability 

of seawater to buffer carbon dioxide (CO2) allows the oceans to absorb approximately 

half of all anthropogenic carbon CO2 emissions to the atmosphere (Sabine et al., 2004).  

The CO2 produced by human activities penetrates the surface layers of the ocean and is 

transported by ocean currents to deeper waters. However, once atmospheric CO2 levels 

increase, the ability of the ocean to take it up decreases due to the reduced buffering ability 

of seawater as CO2 accumulates. Yet, the increase of anthropogenic CO2 emissions over 

time together with other climate-related variables, including a global temperature rise, 

have resulted in the elevation of the partial pressure of CO2 (pCO2) and reduction of 

seawater pH, a phenomenon also known as ocean acidification (Caldeira & Wickett, 

2003; Denman et al., 2007).  

 
Figure 1.1 Schematic diagram of ocean acidification. The reaction between dissolved carbon dioxide (CO2) 
and water results in an increase in the concentration of hydrogen ions (H+); additional changes include 
an increase in bicarbonate ions (HCO3), and a great decrease in carbonate ions (CO32); carbonate ions 
CO32- will modify the carbonate saturation state; these changes cause acidification (Image adapted from 
Birchenough et al., 2017). 

Ocean acidification causes a decrease of carbonate ions (CO32–), thereby reducing the 

calcium carbonate (CaCO3) saturation state in seawater (Kleypas et al., 2006). Elevated 
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partial pCO2 in seawater (also known as hypercapnia) could drive important alterations 

of the marine ecosystem by causing changes in the water carbonate chemistry (Orr et al., 

2005; Langdon & Atkinson, 2005; Kleypas et al., 2006; Fabry & Seibel, 2008), as it has 

been detectable in upper ocean layers for several decades (Chen & Millero, 1979; Brewer 

et al., 1997). Furthermore, hypercapnia can cause modifications and potential problems 

in marine animals, e.g., by provoking additional metabolic requirements in those exposed 

to these conditions (Pörtner, 2008; Blackford, 2010).  

Hypercapnia particularly affects marine organisms that form shells or internal skeletons 

out of amorphous calcite (calcifiers), primarily aragonite or calcite, which are more 

soluble than other forms of carbonate (Zeebe & Wolf-Gladrow, 2001). Several studies 

have shown that the calcification rate of calcifiers, such as corals (Hoegh-Guldberg et al., 

2007), coccolithophores (Riebesell et al., 2000; Zondervan et al., 2001), foraminiferans 

(Spero et al., 1997; Bijma et al., 2002) and bivalves (Gazeau et al., 2010; 2011; Thomsen 

et al., 2010) decrease with increasing pCO2, even in seawater supersaturated with CaCO3 

(Gattuso et al., 1998, Riebesell et al., 2000, Bijma et al., 2002, Kleypas et al., 2006, 

Gazeau et al., 2007; Fabry et al., 2008). Additionally, an increased pCO2 may also have 

complex effects on the physiology, growth, and reproductive success of these marine 

organisms.  

On the other hand, previous studies reported unchanged or increased calcification rates 

under high seawater pCO2 in echinoderms (Wood et al., 2008; Gooding et al., 2009; Ries 

et al., 2009), decapod crustaceans (Ries et al., 2009), juvenile cephalopods (Gutowska et 

al., 2010a; 2010b) and teleost fish (Checkley et al., 2009; Munday et al., 2011).  

In any case, the potential effects of this decline in pH on marine ecosystems and 

organisms are still poorly understood. Further studies should be done on the animals who 

possess complex life cycles, where it is often assumed that larval and juvenile stages may 

be the most vulnerable to environmental perturbations. (Pörtner, 2008; Pörtner & Farell, 

2008). 

1.2. Hypoxia in the sea  

In the past few decades, concomitantly with the acidification of the oceans, there are 

reports of a global oceanic oxygen decline (Schmidtko et al., 2017).  

Low oxygen episodes occur naturally (Ekau et al., 2010) and they are usually confined to 

well-defined areas or timescales (Whitney et al., 2007; Diaz & Rosenberg, 2008). Many 
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estuaries and coastal zones experience long-term hypoxia events lasting weeks to months 

due to the density stratification of the water body (Grieshaber et al., 1994).  

Under these conditions animals do not experience an instantaneous and complete lack of 

oxygen, they will rather be exposed to gradually declining partial pressures of oxygen 

instead. Furthermore, the degree of hypoxia tolerance varies among animals, from 

terrestrial mammals that survive only minutes to hours without O2 to hypoxia-tolerant 

fish, reptiles and invertebrates capable of withstanding anoxia for weeks to months 

(Grieshaber et al., 1994; Bickler & Buck, 2007).  

Several studies have reported sublethal physiological stress followed by reduced growth 

and reproductive potential in the non-migrating organism that survived hypoxia events 

(Diaz & Rosenberg, 2008; Vaquer-Sunyer & Duarte, 2008). Moreover, early life stages 

are assumed to be more sensitive to oxygen stress than older life stages (Levin et al., 

2009).  

One of the main causes of hypoxic episodes is the excessive anthropogenic input of 

nutrients and organic matter into coastal ecosystems (Cloern, 2001; Diaz, 2001; Chan et 

al., 2008).  

According to Diaz (2001), the growing density of human centers along the coasts and the 

increased presence over the years of hypoxic zones are important environmental stressors 

to marine species (Cosme & Hauschild, 2016; Townhill et al., 2017) that could lead to 

losses in local marine biodiversity (Vaquer-Sunyer & Duarte, 2008). Moreover, extreme 

hypoxia can cause the formation of O2- depleted dead zones devoid of higher marine life 

entirely (Vaquer-Sunyer & Duarte, 2008). In the future, low oxygen episodes are 

predicted to become more frequent, more severe, and to last longer (Diaz & Rosenberg, 

2008).  

To date, most of the research has been done on the latter stages of marine life cycles, and 

the combined effects of elevated CO2 hypoxic events and temperature on the marine 

ecosystem are poorly known. Additionally, oxygen stress promoted by changes in climate 

conditions could represent a major bottleneck for species survival not only in the wild, 

but also for those produced in aquaculture (Rosa et al, 2013).  

This thesis focuses on the effects of hypoxia and high levels of CO2 on the embryonic 

development of the cephalopod Sepia officinalis. However, to explore and assess these 

effects, we must first understand the biological cycle and how it could be disturbed.  
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1.3. The European cuttlefish (S. officinalis) 

Sepia officinalis belongs to the Class Cephalopoda, Order Sepiida, Family Sepiidae, and 

Genus Sepia, which includes around 100 species. This species can be found mostly in the 

Northeast Atlantic and the Mediterranean Sea, but also, from the North Sea to Northeast 

Africa (Jereb et al., 2015). S. officinalis lives in coastal waters and on the continental shelf 

at depths lower than 150 m (Boletzky, 1983).  

During the past 30 years, cephalopods have been an aquaculture candidate (Boucaud-

Camou, 1989; Vaz-Pires et al. 2004; Sykes et al. 2006; Vidal et al., 2014). Among the 

Genus Sepia, S. officinalis has been successfully reared in extensive aquaculture 

experiments at a medium scale in several EU countries such as Italy, France and Portugal 

(Sykes et al., 2014). Cultured S. officinalis is used also as an animal model for biological 

and biomedical research (e.g., physiology, ecology, neuroscience, nutritional 

biochemistry, aging, molecular biology, or immunology) and for public exhibition in 

aquariums (Sykes et al., 2014). 

 
Figure 1.2 Main successive stages of the life cycle of the cuttlefish S. officinalis. (Image adapted from 
Zatylny-Gaudin & Henry, 2018) 

The cycle of life of S. officinalis is relatively short, ranging from 6 months to 2 years 

(Guerra et al., 2006). When sexual maturity is reached, cuttlefish display a very typical 
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behaviour of courtship, where males mature earlier than females. Females receive the 

spermatophores in the paired seminal receptacles, under the buccal mass, where they may 

remain and be used for as much as 2–5 months (Hanlon et al., 1999). 

After breeding repeatedly (Hanlon et al., 1999), females will lay several hundred eggs 

over a period of a few days, in waters at depths below 30-40 m (Guerra, 2006) from late 

winter to early summer (Rodhouse, 1998), depending on the environmental factors.  

In cold waters (e.g., English Channel), cuttlefish reproduce during the second year of life 

and for a short breeding period of 2 - 3 months, usually between the end of spring and the 

beginning of summer (Boucaud-Camou et al., 1991; Önsoy & Salman, 2005). In contrast, 

in the Mediterranean, the majority of cuttlefish reproduce during the first year of life and 

over a longer period (Guerra & Castro, 1988).  

This species reaches sexual maturity at very different sizes/weights (Sykes et al., 2006) 

and has an estimated potential fecundity of a maximum of 8000 eggs in nature (Capaz et 

al., 2020). S. officinalis presents an intermittent spawning with no parental care of the 

eggs and the female dies shortly after spawning (Rocha et al., 2001). The offspring hatch 

as isometric copies of adults with an average length of 6-9 mm (Melzner et al., 2007) and 

a weight of 0.09-0.1 g (Sykes et al., 2012; Capaz et al., 2020).   

Cuttlefish have an internal cuttlebone (Rodhouse, 1998), made of an aragonitic-organic 

composite, composed of a calcareous phragmocone containing several delimiting 

lamellae (septae), separated by small vertical pillars and walls forming chambers 

(Birchall &Thomas, 1983). These chambers contain gas and are used to regulate the 

animal’s vertical position in the water column (Denton & Taylor, 1964). The cuttlebone 

is an associated buoyancy control mechanism (Denton & Gilpin-Brown, 1959) that is 

adjusted by moving liquid in or out of the shell chambers via an osmotic pump 

(Greenwald et al., 1980). The first chambers of the cuttlebone are synthesized during the 

embryonic phase within the egg case. The cuttlebone is produced rapidly, following the 

exponential growth rates observed in embryonic and juvenile cephalopods (Forsythe et 

al., 2002; Melzner et al., 2005). 

1.3.1. Embryonic development of S. officinalis 

After the copula, female cuttlefish lay eggs on hydrodynamic locations attached to wild 

flora, fauna, or human-related structures (Boletzky, 1983). According to Sykes et al. 

(2014), fertilized eggs usually present a spirally coiled, black-stained envelope to protect 
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the embryos from predation (Dickel et al., 2006) with a flask shape, a diameter ranging 

from 1.2 to 1.4 cm (Sykes et al., 2006) and a thickness around 1.5 mm (Lemaire, 1971). 

Embryonic development is temperature-dependent and may range from 25 days at 25 °C 

(Sykes et al., 2006 and Figure 1.3b) to 80 ̶ 90 days at 15 °C (Boletzky et al., 2006 and 

Figure 1.3a). The development ends with hatchlings that resume a necto-benthic lifestyle 

(Hanlon & Messenger, 1996) and appear externally as isometric copies of adults (Melzner 

et al., 2007). 

Embryonic life can be divided into 30 stages (Lemaire, 1970). During the segmentation 

(from Stages 1 to 9) the telolecithal egg presents a meroblastic discoidal cleavage 

associating blastomeres in the central position and blastocones on its fringe (Zatylny-

Gaudin & Henry, 2018). Afterwards, during epibolic gastrulation (stages 10–17), 

blastocones disappear under the ectoderm plate following the peripheral ring of blastula 

cells that will form the ring-shaped endo-mesoderm (Lemaire, 1971).  At the end of 

gastrulation, the vitelline syncytium and extraembryonic ectoderm surround the yolk and 

internalize the vegetal pole to form the yolk sac (Lemaire, 1971; Zatylny-Gaudin & 

Henry, 2018). From the end of stage 17 organogenesis begins (Lemaire, 1970).  

 
Figure 1.3a: Evolution of S. officinalis egg size during embryogenesis at 16°C. Evolution phases of the egg 
case: P1, polymerization of the egg case; P2, stabilization of the egg case; P3, thinning and delamination 
of the egg case. Illustration of different stages of embryogenesis during cleavage, gastrulation and 
organogenesis. Yellow: vitellus, red: future eyes, blue: future mantle and shell, green: future arms; pf, 
perivitelline fluid. (Figure adapted from Zatylny-Gaudin & Henry, 2018). Figure 1.3b: Egg mean wet 

a b 
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weight (MWW) trends over embryonic development at 19.5 ± 1.09 °C. Vertical bars represent standard 
deviation. Stars represent differences for P < 0.05. (Figure adapted from Sykes et el. 2009).  

The cleavage period corresponds to the first phase (P1) of egg evolution (Zatylny-Gaudin 

& Henry, 2018). A few hours after laying, the egg cell is covered with lamina propria and 

surrounded by a thick gelatinous capsule (1.4 mm, ±0.6 mm). In contact with seawater, 

the capsules polymerize, thus reducing the volume of the egg by about 30% and its 

thickness by 50% (Zatylny-Gaudin & Henry, 2018).  

During the embryonic development both mean wet weight (MWW) (Sykes et al., 2009) 

and size (Zatylny-Gaudin & Henry, 2018) show a similar lowering tendency during the 

first 10 days (P1, Figure 1.3a and 1.3b) while expelling the water from the inside and 

consequent hardening of the egg, after which this was inverted until the end of the 

embryonic development (Sykes et al., 2009). 

According to Zatylny-Gaudin & Henry (2018), after 15 days of incubation and following 

polymerization, the capsule thickness is reduced, and the outer and inner layers can be 

distinguished (Figure 1.4a, section A and B). Polymerization of the capsule proteins helps 

tighten the layers of coiled outer and inner envelopes, highlighting an increasing melanin 

gradient from the inner layers to the outer layers. The egg is then tightly wrapped by a 

hardened, strong yet elastic capsule. These morphological characteristics of the capsule 

define the second phase of egg evolution (P2, Figure 1.3a) and correspond to gastrulation 

and the beginning of organogenesis (P3, Figure 1.3a) (Zatylny-Gaudin & Henry, 2018).  

Thereafter, the embryo develops within the limits of a disk located at the animal pole, at 

the surface, or above the yolk mass, while the capsule size and thickness remain 

unchanged (Lemaire, 1971; Zatylny-Gaudin & Henry, 2018). 
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Figure 1.4a shows a cuttlefish egg in the last phases of development (Stage 30) when the chorion becomes 
more transparent and it is possible to see the embryo (approx. mantle length 6 mm) completely formed 
inside the egg (Figure adapted from O’Brien et al., 2016). Figure 1.4b shows a longitudinal section of the 
egg after 15 days (A) and 72 days (D). ANG stained in Prenant-Gabe triple staining. Magnification of the 
egg case including capsule thickness after 15 days (B) and 72 days (C). C, capsule or egg case; ch, chorion; 
emb, embryo; il, inner layer; pf, perivitelline fluid; ol, outer layer; Ct, capsule thickness; v, vitellus (Figure 
adopted from Zatylny-Gaudin & Henry, 2018). 

Organogenesis marks the beginning of the last phase, after the closure of the yolk sac, 

which ends with hatching and corresponds to 2/3 of the development period (Lemaire, 

1971).  

This phase is characterized by a massive increase of water accumulation (about 1 ml) 

(Zatylny-Gaudin & Henry, 2018) between the vitelline and chorion chamber to maintain 

the osmolarity until hatching (Figure 1.4a, section D) (Paulij et al., 1991; Boletzky, 2003). 

According to Sykes et al. (2009), during the last days of embryogenesis, the egg reaches 

a water content between 85% and 95%. The volume of this liquid is supposed to provide 

a buffer against mechanical injuries, changes in environment salinity (Pechenik, 1983), 

or acidity (Taylor, 1973) and stretch the capsule to its maximum size (De Leersnijder & 

Lemaire, 1972), making it more transparent (Figure 1.4b) (Boletzky, 1983; O’Brien et 

al., 2016). Moreover, the increase of perivitelline fluid (PVF) is involved in the 

availability of oxygen to the developing embryo because, together with the reduction in 

thickness of the chorion, it decreases the diffusion distance for oxygen, facilitating gas 

exchange (Lemaire, 1970; Wolf et al., 1985).  This process is necessary to support the 

increasing metabolic demands of the developing embryo (Cronin, 2000).  

During the last phase, a few days before hatching, the embryo completes its growth and 

has assimilated much of the yolk reserves, enabling faster assimilation of energy 
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resources (Zatylny-Gaudin & Henry, 2018). The outer and inner capsule envelopes have 

now completely merged, and the outermost layers of the capsule including melanin 

appear to be delaminated (Zatylny-Gaudin & Henry, 2018).  

At the time of hatching (stage 30 according to Lemaire et al., 1970), the release of 

enzymes by the Hoyle organ located on the end of the dorsal mantle facilitates the 

emergence of the juvenile (Cyran et al., 2013). Hatching is also facilitated by the thinning 

of the capsule (Figure 1.4a, section C) (Zatylny-Gaudin & Henry, 2018).  

Although there is some information related to the composition, physiology, and 

metabolism in distinct phases of the embryonic development in cuttlefish (Lemaire 1970; 

Wolf et al., 1985; Boletzky; 1987; 1989; 2006; Cronin, 2000; Sykes et al., 2009) data 

concerning the possible consequences of ocean acidification and hypoxia events during 

this phase remains undocumented. 

1.4. Embryonic respiration and aquaporins 

One of the major differences between terrestrial and aquatic vertebrates is that the latter 

group has a potentially greater difficulty in maintaining osmotic homeostasis because 

they are surrounded by an external environment which is almost always in osmotic dis-

equilibrium with their body fluids. In comparison to terrestrial animal species, aquatic 

organisms such as teleost fish and cephalopods may well possess a distinct set of 

mechanisms in order to adapt and survive the osmotic challenges posed by the seawater 

(hyper-osmotic) or freshwater (hypo-osmotic) environments (Sakamoto et al., 2015).  

Historically the transport of water across hydrophobic membranes was considered to 

occur via non-specific leakage. After the studies regarding the increased water permeation 

in certain cells or tissues, such as human erythrocytes and the urinary bladder of frogs, 

specific water channels were also thought to exist (Agre et al., 2001; Agre, 2005). 

Aquaporins, discovered by Peter Agre in 1992 (Agre et al., 1993), are integral membrane 

proteins whose main role is to facilitate the transport of non-ionic compounds (Heymann 

& Engel, 1999) and water between cells (Agre, 2005).  

Aquaporins have been documented in all kingdoms of life, the largest repertoire has been 

found in plants (Park et al., 2010). A subclass of aquaporin (AQP) water channels, termed 

aquaglyceroporins, are also able to transport ammonia, CO2, glycerol and perhaps urea 

and other small solutes (Hara-Chikuma & Verkman, 2006).  
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Aquaporins having been first observed in fish in 2000 (Cutler & Cramb, 2000). In 

cephalopods, aquaporins has been recently studied in Sepia pharaonis, where they seem 

to play a key role in the reception of signals derived from ionic and osmotic imbalances 

(Ren at al., 2020). In another study with Doryteuthis pealeii, it is suggested the 

contribution of aquaporins-like proteins to the granulate structure of chromatophores, 

pigmentary organs that are responsible of the colour change of the animal (Williams, 

2019). However, knowledge about aquaporins and their role in cephalopods, in particular 

Sepia officinalis, seems still limited.  

The goal of the experiment is to identify if aquaporins are involved in the maintenance of 

the osmotic equilibrium between the eggs and the environment when these are introduced 

in an environment with a different osmotic pressure (distilled water).  

1.5. Potential consequences of acidification of the oceans and hypoxia 

events on S. officinalis 

Highly mobile and active marine organisms as cephalopods need an efficient and 

powerful ion regulatory apparatus to maintain constant blood pH despite fluctuations in 

seawater pCO2. (Melzner et al., 2009). This ability to regulate extracellular pH could be 

one explanation for the increased tolerance of some organisms to adapt to the acidification 

of the oceans (Melzner et al., 2009). Despite its efficiency, one of the side effects is that 

the processes may require a higher energetic cost of maintenance in acidified conditions 

(Hu et al., 2011).  

A second concern involves the potential effects in the formation of the cuttlebone due to 

increasing pCO2 in marine water. According to Gutowska et al. (2008), the European 

cuttlefish S. officinalis, maintained calcification and growth in juveniles after 40 days of 

exposure to high pCO2. In a second study, Gutowska et al. (2010b) reported a 20-50% 

increase of the CaCO3 fraction in juvenile’s cuttlebones along with a structural change 

of the calcified matrix in water with a high level of pCO2 (~4000 μatm, pHNBS ~7.23 

and ~6000 μatm, pHNBS ~7.10).  

In the study of Dorey et al. (2013), it has been demonstrated how adverse abiotic 

conditions (high level of pCO2 and high temperature of the water) in the PVF have 

implications regarding the calcification capacities of the embryo and the developmental 

conditions for the subsequent juvenile life. According to Dorey et al. (2013), the growth 

of both embryos and juveniles was unaffected by pH, whereas calcium incorporation into 
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the cuttlebone increased significantly with decreasing pH at 16° and 19°C. This 

phenomenon of hyper calcification was observed only in a limited number of animals, 

but it does not guarantee functional performance and calls for a better mechanistic 

understanding of the calcification processes (Dorey et al., 2013).  

It has been demonstrated that early cuttlefish life stages are more vulnerable towards 

hypercapnia than juveniles and adults (Sigwart et al., 2016). For instance, juvenile 

performance can be impaired by stressful experiences such as food limitation, change in 

water movements, pollution, or UV- irradiation during larval or embryonic life (Pechenik, 

2006).  

Rosa et al. (2013) hypothesized that ocean acidification, warming and expanding hypoxia 

may act together as the main trigger for premature hatching and smaller post-hatching 

body sizes (Kamler, 2008) and, consequently, dictate negative effects on survival and 

development of posterior ontogenetic stages.  

Despite this, the information concerning the direct impacts of stressor events, as the 

effects of high pCO2 and hypoxia, on the embryogenic development biology, physiology 

and hatching rate are still scarce.  

2. Justification of the thesis topic 

The increasing atmospheric CO2 concentrations due to anthropic influence is causing the 

acidification of the oceans. This phenomenon often co-occurs with hypoxia events due to 

elevated water temperatures and accelerated nutrient delivery from land.  

Due to a global oceanic oxygen decline and an increase in human activities, ocean 

acidification and hypoxia are becoming a growing concern for marine biodiversity and 

two important environmental stressors to marine ecosystems. Nonetheless, hypoxia and 

decreasing pH of the water could become potential problems for intensive aquaculture 

conditions because of the costs associated with keeping oxygen saturation at normal 

levels and the potential consequences on early life stages of marine animals. This is 

particularly important in invertebrates who form their internal skeletons out of calcium 

carbonate. 

The European cuttlefish (S. officinalis) is an excellent model to assess the effects of 

climate change, namely regarding the increase of CO2 and hypoxia events in the oceans, 

since this cephalopod species possess a calcium carbonate structure from early 
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development that grows very fast with a short life cycle. This accelerated development 

has triggered the interest in its introduction as a new species for aquaculture 

diversification. Despite this, few studies have investigated the extent to which the 

combination of both stressors, increases of CO2 and hypoxia, elicits adaptative effects in 

this animal, especially during embryonic development. 

3. Objectives of the work 
The present thesis aims to determine the effects of two environmental stressors, high CO2 

environment and hypoxia events, in European cuttlefish (S. officinalis) embryogenesis 

(duration  in days according to Sykes et al., 2009 and stages of development as reported 

by Lemaire et al., 1970), hatching rates (Sykes et al., 2014) and physiological 

characterisation through metabolic rates (Rosewarne et al., 2016). 

Two separate experiments were performed. During the first, the cuttlefish eggs were 

exposed to an acute event of hypoxia during the embryonic development (either day 10, 

when the egg expels the water from the inside and become harder; or day 20) in order to 

study how acute hypoxia events can affect cuttlefish embryonic development and 

hatching rate. 

In the second experiment, the eggs were maintained at 1600 ppm of CO2, two groups 

were also exposed to an acute hypoxia event (either day 10 or day 20), in order to study 

how the different treatments affect the formation of the cuttlebone, the embryonic 

development and the hatching rate.  
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4. Materials and Methods 

4.1. Collection of the eggs 

 Eggs were obtained from multiple generation captive-bred populations not only to reduce 

the impact on the environment, but also to have precise information regarding the age of 

the eggs and to have a batch homogeneous as much as possible. 

Figure 4.1 shows the principal steps necessary to obtain the eggs for the experimental phase. The eggs 
lay by the females are attached to the net and airlifts (a) are removed with a knife and (b) and collected 
in a bucket with strong aeration (c). After, the eggs are selected by colour and shape (d) and the not 
suitable are discarded. (Photos a, c, d, from Sykes et al. 2014; photo b by A. Amaduzzi). 

After copulation, the eggs are attached by the females to ropes, nets and airlines (Figure 

4.1a). These are removed using a small knife to cut the egg lace connected to the plastic 

(Figure 4.1b), this prevents the damage of the chorion. Freshly laid eggs are characterized 

by a soft and gelatinous texture that makes it necessary to handle them carefully to avoid 

causing any harm. 

After being removed from the breeding tank, the eggs were collected in a bucket with 

strong aeration (Figure 4.1c) that makes them move gently before being individualized 

from the spawn and selected by colour and shape. Oval black eggs were considered viable 

(Figure 4.1d), while eggs of any other shape and/or colour were considered non-viable 

and discarded (Sykes et al., 2014). In both experiments, eggs were randomized divided 

into treatments. 

4.2. Hypoxia Experiment 

Three replicate 2.5L tanks were set for four different DO2 conditions (100% DO2; 75% 

DO2; 50% DO2 and 25% DO2) respectively for group Day 10 and Day 20, for a total of 

24 tanks (Figure 4.2). These were settled in an indoor semi-open system with temperature 

maintained stable at 20°C using titanium heaters. Each tank hosted 100 individualized 

normal cuttlefish freshly laid eggs (Sykes et al., 2014). 
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Figure 4.2 shows the organisation of the 24 tanks on 2 shelves, the first one (green colour) where there 
were the eggs used during the Hypoxia event at Day 10 arranged in triplicate per treatment. On the second 
shelf (orange colour) were organized the eggs used during the Hypoxia event on day 20. The blue lines 
show the triplicates divided by treatment. Every tank contained 100 eggs for a total of 2400 eggs. 

 Every tank contained a rectangular air stone, at the middle, and it was covered to avoid 

excess light intensity (intensity of 100 lux). Water entered the tank from the top and exited 

through the water level filter (1mm mesh). The eggs remained in the system for 45 days 

of normal development. The photoperiod resembled natural geographical conditions in 

spring (14 hD : 10 hN). 

4.2.1. Seawater quality 

Temperature, salinity, and DO2 were measured daily at 9:30 am, together with pH and 

atmosphere pressure. Both temperature and DO2 were measured with a VWR DO220 

probe, while salinity was measured with a VWR EC300 salinity meter. In addition, a 

MaximDallas temperature chip (Thermochron – DS1921G; MAXIM, Sunnyvale, CA, 

USA) recorded data every 15-30 minutes. Salinity was measured every day with a WTR 

Cond3310 salinity meter.  

Temperature was maintained stable at 20ºC by using a heating and cooling system. pH 

was measured in the collecting filtration tank and in the temperature regulation tank every 

day manually by using a VWR PH20 pH meter.  

4.2.2. Biological Data 

A representative batch of eggs was sampled at day 1 to estimate the average MWW of 

the sample size (around 18% of the embryos). Every 5 days, the eggs MWW (g) was 

measured to check the development. On the days of the hypoxia events (days 10 and 20), 

the MWW was taken just before the start of the experimental trial. Data regarding the 

number of hatchlings per treatment, the weight of the animals and the incidence of 
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malformation were recorded daily. Photos of the malformations were taken every time 

new hatchlings were found using a camera inserted in a stereomicroscope and connected 

to a laptop. To take the pictures animals were put in a Petri dish with a 4 mm sheet of 

squared paper under and filled with water from their tank. 

4.2.3. Metabolic Data 

Every 10 days, (day 10 and day 20 of the experiment) a given hypoxia level (100%, 75%, 

50% and 25% DO2 saturation) was applied to all the eggs of each replicate for 2 h. The 

water with the specific DO2 was prepared in isolated tanks of 1 L, after the eggs from 

each replicate were collected and moved to a specific tank. To keep the level of hypoxia 

stable, the 1L tanks were covered with bubble wrap and a dark plastic cover to protect the 

eggs from the light (Figure 4.3b and 4.3c). The aim was to determine rates of oxygen 

consumption (ṀO2). 

Three eggs, after being randomly selected, were inserted in the respirometer system where 

they recovered by being subject to full DO2 saturation, meanwhile, data was recorded 

every second for 50 minutes. The recovery procedure was applied also to the other eggs 

of the same replicate in a separated isolated tank meanwhile the respirometry data was 

being collected. Background ṀO2 (resulting from consumption of bacteria and electrode) 

was also assessed with no animal (n=2) in the chamber for respectively two hours and 

overnight (approximately six hours). 
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Figure 4.3 shows the main steps of the hypoxia event procedure: at day 10 the eggs of the first row (greet 
top) were exposed to the different levels of hypoxia, at day 20 the eggs in the second row received the same 
treatments (a). Meanwhile, the water with the level of hypoxia was prepared and maintained stable by using 
bubble wrap to prevent the gas exchange (b). The eggs were exposed to a determined hypoxia event for 2 
hours, meanwhile, they were covered with a dark cover (c).  After the stressor event, 3 randomly selected 
eggs were inserted into the respirometry system and data was collected for 50 minutes (d). 

Out of the total time recorded during the respirometry, only the data from minute 15 to 

minute 30 (in total 15 minutes) was used for the linear regression. This was done to 

prevent potential bias as, for example, potential bubbles of air left in the chamber. 

Bacterial respirometry was taken into consideration. Vessels containing marine water 

only were kept and measured to see the bacteria oxygen consumption (if any) and the 

results were subtracted to the actual values obtained during the recording of the three egg 

a b 

c 

d 
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respirometry. To obtain the final oxygen consumption of a single egg the results obtained 

were divided by three. 

4.2.3.1. Respirometry system 

Respiration analyses were conducted in an close respirometry system (Lefevre et al., 

2015) made of: a) one cylinder type chamber, where the three eggs were set (BPA free 

plastic; 3.1 x 3.2 cm) together with the oxygen probe collecting data; b) one cylinder type 

container (VWR 500 ml ) with water maintained at 20 ºC thanks to c) an external 

recirculating pump (Brushless DC Pump QR30E DC 12V, 4.2W), which was regulated 

to achieve a given flow connected to d) a refrigeration machine manually settled at 20ºC.  

Hypoxia levels of DO2 were achieved by gassing seawater with pure nitrogen (N2) using 

a ceramic stone in a closed 7 L reservoir. 

The temperature inside the chamber was constantly checked by using a compact 

FireStingO2 PC-controlled (USB) fiber-optic temperature meter (Figure 4.4). 

 

 
Figure 4.4 shows how the respirometry system was organized: the computer was connected to two 
FireStingO2 PC-controlled (USB) fiber-optic oxygen meter sensors which were inserted respectively inside 
the eggs chamber (inner one with green top) and on the temperature cylinder (external one in light blue). 
Oxygen levels were constantly monitored and regulated through a system of valves, directly connected to 
a N2 or O2 tanks or air pump. The chamber and the cylinder were isolated from each other, this allowed us 
to refill the chamber with gassed water with O2 after the hypoxia event. To maintain a stable temperature, 
the water was passing through the external cylinder and the refrigerator/heating system was manually 
settled at 20 °C. 
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The system had a total volume of 294 mL. While in recirculation and flushing, seawater 

entered and exited on opposite sides of the chamber at a flow of 60 L h-1 (3V) and 82 L 

h-1 (4.5V), respectively at a temperature of 20.0 ± 0.08°C. Dissolved oxygen saturation 

data was collected with a robust oxygen probe (3 mm diameter) connected to a compact 

FireStingO2 PC-controlled (USB) fiber-optic oxygen meter inserted in an isolated 

chamber with the eggs and the gassed water (Figure 5.4). The vessel was then places into 

the system to keep the temperature stable. Pyro Workbench software was used to calibrate 

the fiber-optic oxygen meter and collect the data. At the end of the experiment, the data 

was transferred to Microsoft Excel 2016. 

After the procedure, the eggs were removed, weighed, and then allowed to recover in 

normal rearing conditions until the end of the experiment.  
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4.3. CO2 Experiment 

Three replicate tanks were established for four different CO2 condition: normal 

(CO2 400ppm); high CO2 (CO2 1600ppm); high CO2 with hypoxia event (50% DO2) at 

day 10 of embryonic development and high CO2 with hypoxia event (50% DO2) at day 

20 of embryonic development at Ramalhete Marine Station (Figure 4.5).  

The experiment was performed in an outdoor open seawater system at a temperature 

around 22 °C using the conditions, setup and feedback systems for CO2 control previously 

described by Gregorio et al. (2019). The eggs remained in the system for a period of up 

to eight weeks during embryonic development. (Lemaire et al., 1970; Sykes et al., 2009; 

2014). Every 100L tank housed 100 normal cuttlefish freshly laid eggs, selected by shape 

and colour (Sykes et al., 2014).  

 
Figure 4.5 shows the tanks setting in Ramalehete, where the control (red tanks) was maintained with 
marine water at 400 ppm of CO2. The other tanks were maintained stable at 1600 ppm of CO2 with events 
of hypoxia at day 10 (yellow tanks) and day 20 (blue tanks). Every tank contained 100 eggs for a total of 
1200 eggs. 

Each tank was round-shaped and contained one airlift and one stone that made them move 

gently in a circular motion, preventing them from stacking on the bottom (Sykes et al., 

2006). The tanks were covered to avoid excess light intensity (mean intensity of 100 lux). 

Seawater entered the tank through the bottom and existed through the middle filter (1 cm 

mesh). The water flow was checked regularly to guarantee the same conditions in all 

tanks. The photoperiod was set to resemble natural geographical conditions in spring (14 

hD : 10 hN). 



 

20 
  

4.3.1. Water quality 

Oxygen and temperature were measured manually every day at 9:30 am using a multi-

sensor probe VWR DO220, together with pH and atmosphere pressure. iBottom 

temperature chips were inserted in the tanks to monitor the temperature hourly. Salinity 

was recorded every day with a WTR Cond3310 salinity meter. pH was measured daily in 

all the tanks using a VWR PH20 pH meter manually calibrated through pH 4, 7 and 10 

buffers (accuracy of ±0.02, pH ±1 digit). 

4.3.2. Biological Data 

Every 5 days, the eggs MWW (g) was measured to check the development over the weeks. 

The MWW was taken just before the start of the experimental trial on the days of the 

hypoxia events (days 10 and 20). Data regarding the number of hatchlings per treatment, 

the weight of the animals and the incidence of malformations.  

Photos of the new hatchlings were taken when malformations were observed. The new-

born cuttlefish bodies were checked every time there were new-borns and photos were 

collected if malformations were observed. 

4.3.2.1. Aquaporins 

Every 10 days (D10 and D20) three eggs were taken from each replicate tank and put on 

a petri dish with distillate water (enough to cover them) for 15 minutes. Every 10 seconds 

a photo was taken with a GoPro 3 Hero black digital camera positioned on a tripod. The 

camera was maintained in the same position throughout the experiment in order to 

maintain the same prospection and allow the program Adobe Lightroom to compare 

precisely if there was a change in volume or/and shape of the egg.  

Both the programs were analysing the profile of the objects in the pictures and underling 

the differences by overlapping the last image to the first. If differences were found the 

difference in area of pixel was coloured in red. 

4.3.3. Metabolic Data 

At day 10 and 20 of the study, respectively, a given hypoxia level (50% DO2 saturation) 

was applied for 2 h to the groups of eggs at high CO2 with hypoxia event at day 10 or day 

20 of embryonic development.  

Afterwards, three randomly selected eggs from every treatment group, were inserted in 

the respirometer system where they were subject to full DO2 saturation. Data of each 
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group was recorded every second for 50 minutes, aiming to determine rates of oxygen 

consumption (ṀO2). The equipment, setting and methodology used for the trial was the 

same described above in the hypoxia experiment (see Section 4.2.3). 

4.4. Statistical analysis 

IBM SPSS software was used for the statistical analysis. MWW of the eggs at day 5 was 

tested for both normal distribution and equality of variances using the Shapiro-Wilk test 

and the Levene’s test (Zar, 1999), respectively. The significant level was set at 0.05. 

MWW data recorded at day 5 were subject to a one-way ANOVA with Bonferroni post 

hoc test (Zar, 1999). Data analysis was done considering the division of the experiments 

into three stages: biological data, hatching rate and respirometry. 

4.4.1. Hypoxia experiment 

At the end of the experiment, Levene’s test (Zar, 1999), if the null hypothesis was 

rejected, a lower level of significancy would be used (P-value = 0.01) for the analysis of 

the variance (ANOVA). A three-way ANOVA was performed, considering the MWW as 

the dependent variable and considering three factors: i) time (sampling days); ii) hypoxia 

events at day 10 and day 20 and iii) treatments, followed by a Bonferroni post hoc test 

(Zar, 1999). The results were graphically represented to better interpret the significancy 

of the interaction. 

4.4.1.1. Hatchlings 

A Levene’s test (Zar, 1999) was performed on the hatchling data. In case of the rejection 

of the null hypothesis a lower level of significancy would have been used for the ANOVA 

(P-value = 0.01). A three-ANOVA test was used to test the null hypothesis of equal means 

for a variable of interest, the hatching rate, considering all possible combinations of the 

three grouping factors, that are i) time (sampling day), ii) treatments and iii) day of the 

hypoxia event (at day 10 and day 20). Afterward, multiple comparisons were performed 

using Bonferroni post hoc test (Zar, 1999). The results were graphically represented to 

better interpret the significancy of the interaction. 

4.4.1.2. Respirometry 

A linear regression was performed on the data collected during the respirometry phase of 

the four treatments (100%, 25%, 50% and 75% DO2) during the hypoxia event on day 10 

and day 20 of embryonic development. In the linear regression, the amount of oxygen 
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consumed (expressed in mg/L) was used as the dependent variable and the time in hours 

(h) as the independent variable. 

4.4.2.  CO2 experiment 

At the end of the experiment, a Levene’s test (Zar, 1999) was performed, if the null 

hypothesis was refused, a lower level of significancy would have been used (P-value = 

0.01). 

A two-way ANOVA was performed with data obtained, considering the MWW as the 

dependent variable and considering two factors: i) time (sampling days) and ii) 

treatments. Afterward, Bonferroni post hoc test (Zar, 1999) was used to determine 

multiple comparisons. The results were graphically represented to better interpret the 

significancy of the interaction. 

4.4.2.1. Hatchlings 

A Levene’s test (Zar, 1999) was performed on the hatchling data obtained, if the null 

hypothesis was rejected, a lower level of significancy would be used (P-value = 0.01) for 

the ANOVA. A two-way ANOVA was performed, considering the MWW as the 

dependent variable and considering two factors: are i) time (sampling day) and ii) 

treatments,  followed by a Bonferroni post hoc test (Zar, 1999). The results were 

graphically represented to better interpret the significancy of the interaction. 

4.4.2.2. Respirometry 

A linear regression was performed on the data collected during the respirometry phase of 

the four treatments, control (CO2 400ppm), high CO2 (CO2 1600ppm), high CO2 with 

hypoxia event (50% DO2) at day 10 of embryonic development and high CO2 with 

hypoxia event (50% DO2) at day 20 of embryonic development. In the linear regression, 

the amount of oxygen consumed (expressed in mg/L) was used as the dependent variable 

and the time in hours (h) as the independent variable.  

4.5.  Ethical statement 

All the procedures were approved by CCMAR Animal Welfare Committee (ORBEA 

CCMAR-CBMR) and Direcção-Geral de Alimentação e Veterinária (DGAV) of the 

Portuguese Government, according to National (Decreto-Lei 113/2013) and EU 
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legislation (Directive 2010/63/EU) on the protection of animals used for scientific 

purposes. Procedures were only applied to live animals by authorized users.  

5. Results 

5.1. Hypoxia experiment 

5.1.1. Water quality 

Temperature of the water was maintained stable during the experiment at 19.59 ºC ± 0.4 

with an 8.15± 0.03 pH and a mbar of 1016 ± 2. DO2 was 101.9%±1.41 and the salinity 

was 36.66 ‰ ± 0.32.  

5.1.2. Biological data 

The average MWW of the representative sample of eggs at day 1 was 0.576 g. During 

embryonic development, the weight of the eggs showed a significant variation, as it is 

possible to observe in Figures 5.1a and 5.1b. Starting from day 5, the mass of the eggs 

decreased, passing from approximately 0.450 g to 0.380 g at day 10. After, the average 

weight in all the treatments started to increase, reaching the maximum around day 30-35 

(around 0.654 g).  
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Figure 5.1a and 5.1b shows the MWW variation over time of the treatments (hypoxia event at day 10 (D10) 
on the top and hypoxia event at day 20 (D20) below). Results are reported ad average± SEM of n=2400 
eggs. The red icons indicate the day of the hypoxia event. As it is possible to observe the average weight 
decrease from 0.450 g to less than 0.400 g around day 40. 

At day 30, control at day 20 (100% D20) and 50% DO2 level at day 20 (50% D20) were 

the treatments with the highest presence of eggs heavier than 0.500 g, which was 

considered the moment after which the eggs could hatch. Passed this day the eggs 

exceeding 0.500 g were considered late hatching (approximately 20% of the eggs left at 

day 40) and the other aborts. 

Levene’s test on the MWW at day 5 showed no statistical difference between treatments. 

The normality tests noted a significant difference, through graphic inspection, no strong 

violation of the normality was observed and the sample was considered normally 

distributed. 

The one-way ANOVA highlighted significant differences between the MWW of the eggs 

at day 5, meaning that at least two replicates of the treatments were dissimilar. Bonferroni 

post hoc test showed that treatments 25% DO2 and 50% DO2 appeared significantly 

different from treatments 75% DO2 and 100% DO2, respectively. Concluding that the 

weight of the eggs at day 5 was not homogeneous across the four treatments. 

Levene’s test performed at the end of the experiment on the MWW data collected showed 

significantly differences. A lower level of significance was chosen to perform the 

ANOVA. The P-value was set at 0.01. 
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The three-way ANOVA results showed that all the effects, both principal and both of 

interaction, resulted significantly different with a P-value of 0.01, with the only exception 

of the factor hypoxia event at day 10 and day 20 (P-value = 0.018). The partial eta-

squared, which measures the power of the effect considered, of the factor ‘day’ resulted 

to be the only remarkable effect on the dependent variable (partial eta-square= 0.303). All 

the other effects, despite being significant, do not appear relevant (partial eta-squared 

≤0.004). 

Multiple comparisons were performed using Bonferroni post hoc test showed significant 

differences in the MWW of the eggs over time, between treatments and between hypoxia 

events.  

A remarkable variability in weight was observed, related to the development day 

(sampling day of the MWW), as already described above. The weight on day 5 appears 

significantly different compared to all the other sampling days, with the only exception 

of days 20 and 40. Day 10 and 15 do not appear significantly different between each other 

and with day 45. Starting from day 25 until day 35, the weight of the eggs appears to be 

always significantly different in all treatments. 

 
Figure 5.2 shows the MWW(g) variation of the two hypoxia events over time. Results are reported ad 

average± SEM of n=2400 eggs. The red icons indicate the day of the hypoxia event. 

Statistical differences were found in the interaction between day and hypoxia events, 

represented graphically in Figure 5.2. Results showed that eggs under hypoxia at day 20 

had significant lower mass both at day 5 and 35, when instead at day 40 it increased, 
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becoming higher than the average MWW of hypoxia event at day 10. On day 45 the 

average MWW of both the hypoxia events result aligned.   

  
Figure 5.3 shows the variation in MWW(g) per treatment over time. Results are reported as average± 

SEM of n=2400 eggs. The red icons indicate the day of the hypoxia event. 

Considering instead the treatments, the interaction between day and treatments seems to 

be mainly related to the increase in MWW at day 35, especially in treatments with oxygen 

at 50%DO2 and the control (100% DO2). This difference appears to be gradually fading 

at days 40 and 45. 

5.1.3. Hatchlings 

At a stable temperature around 19.6 ºC, the eggs started to hatch from day 25 of the 

experiment, where the highest hatching rate was observed in the treatments 25% and 50% 

DO2 (about 5% of the eggs). As it is possible to observe in the graphs below, treatments 

25% and 75% DO2 day 20 recorded a higher hatching rate already at day 35 compared to 

the other treatments, followed by another similar quantity of animals born at day 40 

(Figure 6.4). In all the other treatments, instead, a well-defined peak in the hatching rate 

was observed at day 40. 

On day 45, around 7% of the eggs out of the total ones left per tank hatched (around 30 

eggs). That day, treatments 50% DO2 day 10 and the 100%DO2 day 20 recorded the major 

number of hatchlings (around 14.4% vs. 5% in the other treatments). 
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Figure 5.4 shows the number of eggs hatched per day, starting from day 25 until the last day of the 
experiment (day 45). Results are reported as average± SEM. As it is possible to observe, the highest number 
of hatchlings were found on day 40. The animals found in between the sampling day were counted as 
hatched during the following sampling day (e.g., the cuttlefish hatched between day 31 and day 34 were 
counted all together at day 35). 

At the end of the experiment, the hatching rate in all the treatments was around 70%, the 

lowest percentage was observed in treatment 75% DO2 Day 20 (69.7%), the highest in 

treatment 50% DO2 Day 20 (75%). Data was analysed to evaluate the possible presence 

or absence of main effects due to individual factors (time, treatment and hypoxia event), 

also evaluates the significance of their interaction. 

Levene’s test performed at the end of the experiment on the hatching rate data showed 

significant differences. Consequently, a lower level of significance was chosen for 

performing the ANOVA. The P-value was set at 0.01.  

The three-way ANOVA, followed by Bonferroni post hoc test, showed that all the effects, 

both principal and both of interaction, were significantly difference. The partial eta-

squared, which measures the power of the effect considered, of the factor ‘day’ resulted 

to be the only remarkable effect on the dependent variable (partial eta-squared = 0.500). 

All the other effects, despite being significant, do not appear relevant (partial eta-squared 

≤0.01). 

A remarkable variability was observed in the number of hatchlings related to the factor 

day. The hatchlings were found starting from day 25, which is the reason why no 
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significant difference was observed from day 5 until day 20. From day 25 all the 

treatments results are significantly different. 

 
Figure 5.5 shows the average cumulative hatching rate plus SEM over time (from day 25 until day 45) for 
the four experimental treatments (100% DO2, 25% DO2, 50% DO2, 75% DO2). 

Considering only the factor treatments over the sampling days, represented graphically in 

Figure 5.5, no significant effect was observed in the hatching rate, with the only exception 

of treatment 75% DO2. The significance of the interaction between day and treatment, 

although also very modest, could be found in the fact that the percentage of hatching at 

day 35 seemed to be considerably higher in groups 25% and 75% DO2 than in groups 

50% and 100% DO2. However, this difference seemed to reset to zero at day 45 as the 

remaining eggs were abort, which weight was similar to the one recorded at day 10 and 

15 of development. The percentage of aborts at the end of the trial was around 27% for 

control and 50%DO2, 29% for 25% DO2 and 30% in treatment 75% DO2, respectively.  
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Figure 5.6 shows the average cumulative hatching rate plus SEM over time of the two hypoxia events 
groups (from day 25 to 45), showing that the Hypoxia event at day 10 results to have a hatching rate lower 
than the group which was exposed to hypoxia on day 20. 

The significance of the interaction between day and hypoxia event, albeit of a very modest 

entity, could be found in the fact that the hatching percentage of hypoxia event at day 20 

seems to be higher at days 35 and 40 and then aligns with the data from hypoxia event at 

day 10 on day 45. No significant differences were found in hatchling weight, which had 

an average of 0.092 g.  

Table 5.1 shows the initial and final MWW of the eggs, hatching rate, malformation rate and the mean 
weight ± standard deviation for each treatment (Day 10 100%, 25%, 50%, 75% DO2 and Day 20 100%, 
25%, 50%, 75% DO2). 

 D10 

100%  

DO2 

D10  

25% 

 DO2 

D10  

50%  

DO2 

D10  

75% 

DO2 

D20 

100% 

DO2 

D20  

25%  

DO2 

D20  

50% 

DO2 

D20  

75% 

DO2 

MWW at day 5 

(g) 

0.479 

±0.11 

 0.489 

±0.11 

0.488 

±0.12 

0.446 

±0.10 

0.485 

±0.11 

0.434 

±0.09 

0.431 

±0.09 

0.431 

±0.10 

MWW at day 45 

(g) 

0.413 

±0.19 

0.389 

±0.13 

0.394 

±0.14 

0.368 

±0.13 

0.404 

±0.18 

0.370 

±0.12 

0.383 

±0.13 

0.376 

±0.15 

Hatchling  

weight (g) 

0.092 

±0.04 

0.94 

±0.05 

0.090 

±0.01 

0.091 

±0.01 

0.088 

±0.01 

0.092 

±0.04 

0.094 

±0.04 

0.092 

±0.04 

Hatching 

Rate (%) 

72 

±3.0 

71.3 

±11.93 

71.3 

±5.13 

70.7 

±1.15 

73.3 

±1.53 

70 

±5.29 

75 

±1.0 

69.7 

±4.04 

Malformation 

Rate (%) 

1.67 

±1.15 

1.33 

±0.58 

2.43 

±1.62 

2.33 

±1.51 

1.67 

±1.15 

1.00 

±1.00 

3.50 

±2.12 

2.67 

±2.08 
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The malformation rate was between 1 and 3.5 %, the highest presence of malformation 

was noted in the treatments 50% and 75% DO2 of day 20, 3.5 ± 2.12 and 2.67 ± 2.08 

(Table 5.1). In both the control groups (100% DO2 day 10 and 100% DO2 day 20) was 

observed a malformation rate of 1.7%. The lowest rate was observed in both the treatment 

with the highest level of hypoxia (day 10 and 20 with 25% of DO2). 

The physical abnormalities were localized principally in the eyes, mantle coloration and 

chromophore and in a few cases on the tissues of the animals. 

The most common malformation involved the mantle formation, which could have 

involved a small area of it, Figure 5.7 image C, or the total surface of the mantle. In some 

severe cases, the mantle formation resulted incomplete, and the cuttlebone was visible 

(Figure 5.7 image I). 

All the animals with mantle abnormalities seemed unable to control the contraction and 

relaxation of the muscles around individual chromatophores, which allow them to 

camouflage. Furthermore, the animals did not show any response to light stimulus.  
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Figure 5.7 shows some of the malformations observed during the experiment. A healthy cuttlefish should 
present a homogeneous colored and shaped mantle and a response to light and dark stimulus as in photo 
A. The absence of chromatophores was observed in small areas, as in photo H, where the two arrows point 
to the part without chromatophores (which results in white) and the part with them (in a darker color). 
Lack of chromatophores was observed also in located areas, as it is possible to see in Figures D E and F 
where the area without chromatophores appears as a wound with ragged edges.  In more severe cases the 
absence of chromatophores was diffuse in all the body resulted in a “spotted” mantle, as in photo B, or 
partial transparency, like in picture I, where it was possible to see the cuttlebone. In some cases, a 
thickening of the superficial tissues was observed, as in Figure G. (Photo made by Angelica Amaduzzi). 

This kind of mantle malformations alone was mostly observed around day 25. From day 

30 cases of eye malformations started to appear more often, alone or combined with 

mantle abnormalities. The highest incidence of malformations to the mantle was in the 

50% DO2 day 10 condition.  

In a few cases, some sort of bubbles appeared in the tissues of the animals. In the worst 

case, the animal was not able to keep the correct position in the water and was corkscrew 

swimming (Figure 5.8 image B). Eye malformations were the most frequents, together 

with mantle chromatophores abnormalities.  

4 mm 
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Figure 5.8 shows malformations found during the hypoxia experiment. Some individuals were found with 
bubbles in the tissues. In the most severe cases, as in Figure B, the animals were unable to maintain the 
correct position in the water column and swim properly. (Photos taken by Angelica Amaduzzi). 

 
Figure 5.9 shows the photos of the eye malformations observed during the hypoxia experiments. The animal 
presented in Figure A is a normal cuttlefish (control). Figures B and E show hatchlings with an intense 
dark-colored eye with a partial or total absence of the eyelid. Figures D and F show the eye of the cuttlefish 
covered by an extra layer of membranes which results in a bulge aspect. Figure C shows a dark area in 
proximity of the left eye, the eye results flat and without eyelid. 

The abnormalities observed involved the structure and dimension of the eyes. In some 

cases, the eyes appeared devoid of the typical W-shaped pupil (Figure 6.9 image E) and 

with a thickening of the membranes forming the eyes (Figure 6.9 images D and F) other 

animals, ophthalmic manifestation was observed, as alteration of the tissue coloration 

(Figure 6.9 images C and F) and absence of reaction to light stimulus, making the animals 

totally or partially blind. The highest rate of eye malformations was observed in tanks 

75% DO2 day 10. 
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5.1.4. Respirometry data 

The linear regressions, using as dependent variable mg/L oxygen consumed and as 

independent variable time (15 minutes). For each treatment, the coefficient was calculated 

(Table 5.2). 

Table 5.2 shows the results of the linear regression performed with SPSS. 

 D10 

100% 

D10 

25% 

D10 

50% 

D10 

75% 

D20 

100% 

D20 

25% 

D20 

50% 

D20 

75% 

Constant ,187*** ,132*** ,158*** ,204*** ,145*** ,172*** ,123*** ,102*** 

Coefficient of 

time (h) 

,042*** ,051*** ,030*** ,029*** ,042*** ,055*** ,036*** ,029*** 

The results showed that the value of mg/L oxygen consumed by the eggs at time zero (the 

constant) appears different for each treatment. The treatment with the lowest value is 

group D20 75% DO2 (0.102), instead D10 75% DO2 showed the highest constant, exactly 

the double (0.204). 
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Figure 5.10a and 5.10b show the consumption of oxygen (mg/L) over time (15 minutes – from second 900 
until 1800) per treatment of the eggs exposed to hypoxia at day 10 (Figure 5.10a) and day 20 (Figure 
5.10b) of development, respectively.  As it is possible to observe, the treatment D20 75% DO2 results to be 
the one with the lowest value at time zero (900 s). D20 25% results instead, the treatment with the highest 
consumption rate at time zero, next to the control group D10 100% DO2. 

The coefficients of time indicate the rate of mg/L oxygen consumed by the eggs per hour: 

all the eggs inserted in the respirometry chamber showed oxygen consumption. The 

highest increment in consumption of oxygen over time (0.055) was observed in group 

D20 25% DO2. On the other hand, the lowest increment over time (0.029) was recorded 

for treatment D10 75% DO2 and D20 75% DO2. 
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5.2. CO2 experiment 

5.2.1. Water quality 

Tanks were kept outdoor during the month of July with an average of 101.43% ± 1.21 

DO2, 36.68 ‰ ± 0.29 salinity and 1016.06 ± 2.15 mbar. Due to the outdoor setting, a 

strong fluctuation was observed in the water temperatures, which recorded an average 

temperature of 22.2°C ± 1.9, with a minimum of 18 °C and a maximum of 27°C on the 

hottest days. 

Water pH in the tanks showed an average of 8.2± 0.04 in the Control, 7.8±0.05 in the 

High CO2, 7.8±0.04 in the High CO2 plus hypoxia at day 10 and 7.84±0.07 in the High 

CO2 plus hypoxia at day 20. 

5.2.2. Biological data 

The average MWW of the representative sample of eggs at day 1 was 0.744 g. During 

embryonic development, the weight of the eggs showed a significant variation, as it is 

possible to observe in Figure 5.11. Starting from day 5, the mass of the eggs decreased, 

passing from approximately 0.446 g to 0.380 g at day 10. After, the average weight in all 

the treatments started to increase, reaching the maximum around day 20-25 

(approximately 0.516 g).  

 
Figure 5.11 represents the MWW variation during the embryogenic development of the cuttlefish eggs used 
during the CO2 experiment. It is possible to see how the weight decrease from day 1 to day10, followed by 
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a gradual increase as described previously in the hypoxia experiment. Results are reported ad average± 
SEM of n=1200 eggs. The red icons indicate the day of the hypoxia event. 

On day 20, the treatment of high CO2 with Hypoxia event at day 10 had the highest 

incidence of eggs heavier than 0.500 g, which was considered the moment after which 

the eggs could hatch. After this period the eggs exceeding 0.500 g were considered late 

hatching (around 3% of the eggs left at day 35) and the other aborts.  

Levene’s test on the MWW at day 5 showed no statistical difference between treatments. 

The normality tests noted a significant difference, but through graphic inspection, no 

strong violation of the normality was observed, and sample was considered normally 

distributed. 

The ANOVA did not highlight significant differences between the treatments on day 5. 

This meant that the MWW of the eggs at day 5 was homogeneous. The Levene’s test 

performed on all the MWW data showed significant differences and a lower level of 

significance was chosen in order to perform the ANOVA. The P-value was set at 0.01.  

The two-way ANOVA, followed by Bonferroni post hoc test, showed that all the effects, 

both principal and both of interaction.  The partial eta-squared of the factor ‘day’ resulted 

to be the only remarkable effect on the dependent variable (partial eta-square= 0.242). All 

the other effects, despite being significant, do not appear relevant (partial eta-squared 

≤0.007). 

A remarkable variability in weight was observed, related to the development day 

(sampling day of the MWW). The weight on days 1 and 5 appears significantly different 

compared to all the other sampling days. Weight between day 20 and 25 does not appear 

significantly different, as well as between day 30 and day 35. 

5.2.3. Hatchlings 

The experiment was held in July, outdoor, following the natural variation of temperature. 

The first hatchlings were observed on day 20 of the experiment, in tanks with high CO2 

and high CO2 plus hypoxia event at day 10. 

As it is possible to observe in the graphs below, control and high CO2 groups recorded a 

higher hatching rate already at day 30 compared to the other treatment.  
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Figure 5.12 shows the number of eggs hatched per day, starting from day 20 until the last day of the 
experiment (day 35). Results are reported ad average± SEM. As it is possible to observe, the highest 
number of hatchlings were found on day 30. The animals found in between the sampling day were 
counted as hatched during the following sampling day (e.g., the cuttlefish hatched between day 
21 and day 24 were counted all together at day 25). Sampling day 20 is  not shown in  the graph as 
only three eggs hatched (two eggs for high CO2 treatment and one high CO2 plus hypoxia at day 10 
treatment). 

All the other treatments, except for high CO2 plus high hypoxia at day 10, recorded a peak 

of hatchling at day 30 of the experiment. At day 35, treatment high CO2 plus hypoxia at 

day 20 recorded the highest number of eggs hatched (about 7 eggs). At the end of the 

experiment the hatching rate was 31.7%, the lowest percentage was observed in treatment 

high CO2 plus hypoxia at day 10 (29.7%), the highest in treatment in the control group 

(34.7%).  

Data were analysed to evaluate the possible presence or absence of main effects due to 

individual factors (time and treatment), and their interaction. 

The Levene’s test performed on all the hatchling data showed significantly differences, a 

lower level of significant was chosen to perform the ANOVA. The P-value was set at 

0.01. The two-way ANOVA, followed by Bonferroni post hoc test, showed that all the 

effects were statistically different, with the only exception of the treatment (P-value = 

0.066). The partial eta-squared, which measures the power of the effect considered, of the 

factor ‘day’ resulted to be the only remarkable effect on the dependent variable (partial 

eta-squared = 0.198). All the other effects, despite being significant, do not appear 

relevant (partial eta-squared ≤0.004). 
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The results showed a remarkable variability in the number of hatchlings related to the 

day, as already described above. The hatchlings were found starting from day 20, which 

is the reason why no significant difference was observed from day 5 until day 20.  From 

day 25 all the treatments result significantly different. 

 
Figure 5.13 shows the average cumulative hatching rate plus SEM over time (from day 25 until day 35) 
for the four experimental treatments (control, high CO2, high CO2 plus hypoxia at day 10 and high CO2 

plus hypoxia at day 20). Sampling day 20 is not shown in  the graph as only 3 eggs hatched (two eggs for 
high CO2 treatment and one high CO2 plus hypoxia at day 10 treatment). 

Considering the treatments, represented graphically in Figure 5.13, no significant effect 

was observed in the hatching rate. The significance of the interaction between day and 

treatment, although also very modest, could be found in the fact that the percentage of 

hatching at day 25 seemed to be considerably higher in groups high CO2 plus hypoxia at 

day 10, however, this difference seemed to decrease in the following days. 

No significant differences were found between the weight of the hatchlings, which 

resulted around 0.083g.  No malformations were observed during the experiment. 
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Table 5.3 shows the MWW of the eggs plus standard deviation at day 5 and 35 and the hatching rate. No 
malformation was recorded during the experiment. 

 Control High CO2 High CO2 + 50% DO2 

D10 

High CO2 + 50% DO2 

D20 

MWW at day 5 

(g) 

0.433 

±0.13 

0.450 

±0.12 

0.449 

±0.14 

0.452 

±0.15 

MWW at day 

35 (g) 

0.315 

±0.12 

0.302 

±0.11 

0.318 

±0.13 

0.299 

±0.10 

Hatchling 

weight (g)  

0.082 

±0.014 

0.084 

±0.013 

0.082 

±0.011 

0.084 

±0.013 

Hatching rate 

(%) 

34.7 

±6.66 

32.3 

±3.79 

29.7 

±3.22 

30 

±2.65 

Eggs with a weight over 0.500 g (< 5% of the total amount left) at day 35 were taken from 

the tanks and opened with a scalpel to observe if they were aborts or late hatchlings.  

 

 

 
Figure 5.14 shows the cuttlefish aborts found inside the eggs with a weight over 0.500 g. Aborts were found 
in the control tanks (1,3,11) as well as in hypoxia and CO2 at day 10 (tank 7) and day 20 (9 and 11). 
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As it is possible to observe in Figure 5.14, some of the animals, as tanks 1 and 11 were 

alive but their body was not completely developed. In other cases, the animals were 

missing fundamental parts of the body, demonstrating that the development process 

stopped during the second phase of development (tank 3 and 9). In the most severe case, 

as high CO2 treatment (tank 5) and high CO2 plus hypoxia at day 10 (tank 7), the content 

of the eggs was a mass of non-developed tissues or aborted at early stages of development. 

The treatment with the higher amount of abort was High CO2 plus hypoxia at day 10. 

5.2.4. Respirometry data  

Two linear regressions were performed, using as dependent variable mg/L oxygen 

consumed and as independent variable time (15 minutes). The first one took into 

consideration the data recorded after the hypoxia event on day 10 and the second one the 

data after the hypoxia event on day 20, in addition also data from high CO2 plus hypoxia 

at day 10 were collected. Control and high CO2 respirometry data were also recorded on 

both occasions. For each treatment, the coefficient was calculated (Table 6.8). 

Table 5.4 shows the results of the linear regressions performed with SPSS on day 10 and day 20 of the 
experiment. 
 Control High 

CO2  

High 

CO2 + 

hypoxia 

D10 

Control High 

CO2 

High 

CO2 + 

hypoxia 

D10 

High 

CO2 + 

hypoxia 

D20 

Constant ,036*** ,069*** ,048*** ,123*** ,117*** ,134*** ,130*** 

Coefficient 

of time (h) 

,008*** ,014*** ,008*** ,025*** ,029*** ,023*** ,025*** 

The results showed that the value of mg/L oxygen consumed by the eggs at time zero (the 

constant) is different according to the groups. The lowest value (0.036) is for the Control 

Group while the highest (0.069) is for the High CO2 Group D10. The coefficients of time, 

indicating instead how much the Y increases for each additional hour, showed that the 

highest hourly increase (0.014) is for the high CO2 group D10 while the lowest hourly 

increase (0.008) is for the Control and high CO2 + hypoxia D10 groups. 



 

41 
  

 

 
Figure 5.15a and 5.15b show the consumption of oxygen (mg/L) over time (15 minutes – from second 900 
until 1800) per treatment at day 10 and day 20, respectively.  

The results recorded at day 20 showed that the value of mg/L oxygen consumed by the 

eggs at time zero (the constant) is quite similar according to the groups. The coefficients 

of time indicate the rate of mg/L oxygen consumed by the eggs per hour: all the eggs 

inserted in the respirometry chamber showed a growing trend. 

 

The lowest value (0.117) is for the high CO2 group while the highest (0.134) is for the 

high CO2 + hypoxiaD10 group. The coefficients of Time, in this case, highlighted that 
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the highest hourly increase (0.029) is for the high CO2 group while the lowest hourly 

increase (0.023) is obtained for the high CO2 + hypoxia D10 group. 

5.2.5. Aquaporins trial 

Every 10 days 3 eggs from every treatment were taken and put in a petri dish with 

distillate water for 15 minutes. The event was recorded with a camera set up on a tripod 

(Figure 5.17), and photos were taken every 15 seconds in order to record the possible 

changes in the volume of the eggs.  

 
Figure 5.16 shows the setting used to obtain the photo for the aquaporins trial. The camera (GoPro) was 
installed on the top of a tripod, which was rotated to capture photos of the egg during the 15 minutes of 
sampling. The eggs were inserted in Petri dishes, one per plate, and submerged with distilled water. 

Both the programs were used on the same images and in some cases the photos were also 

analysed manually due to the reflection of the water, which was giving false-positive 

results. No significant changes were observed on days 10 and 20. Most of the eggs, after 

being exposed to distilled water for 15 minutes, hatched and the animals had a weight in 

line with the ones observed in the tanks. No malformations were observed after the test.



                                                                         
 

  

6. Discussion 

6.1. Hypoxia experiment 

MWW of the eggs in the hypoxia experiment showed a trend similar to the ones observed 

in the studies of Sykes et al. (2009) and Zatylny-Gaudin & Henry (2018). It can be 

assumed that the decrease in weight around day 10 was caused by the expulsion of the 

water from the inside and consequent hardening of the egg, after which this was inverted 

until the end of the embryonic development (Sykes et al., 2009). 

From day 15 an increase in weight over time was observed, together with an increment 

of the percentage of eggs with a weight over 0.500 g. This phase, as described by Zatylny-

Gaudin & Henry (2018), was characterized by a massive increase of water accumulation 

between the vitelline and chorion chamber to maintain the osmolarity until hatching 

(Paulij et al. 1991; Boletzky, 2003).  

Statistical differences in MWW were found on day 5, before the hypoxia events. This can 

be reconnected to the intrinsic variability of the weight of the eggs. As it was described 

in Boletzky (1983) the dimension of the eggs, and consequentially the weight, is affected 

by the size/dimension of the female who laid them, as large females lay larger eggs.  

At a stable temperature of 20°C eggs started to hatch at day 25 of the experiment in all 

the treatments, the highest number of hatchlings was observed between days 35 and 40 

of the experiment. These development times were shorter in comparison to Sykes et al. 

(2006), where it was demonstrated that cuttlefish embryos need from 25 days at 25 °C 

days to complete their development.  

This reduction in development time was already observed in previous studies where 

temperature significantly decreased during the embryonic period, from 48–49 days at 

18.8ºC to 32–34 days at 22.8ºC (Rosa et al., 2013). In the present experiment, the early 

hatching can be reconnected to maintaining the same temperature overnight, without 

simulating the temperature variation normally present in nature. This could have 

increased the development rate and caused the early hatching of the eggs.  

A similar temperature-related pattern can also be observed in many heterotherms animals, 

as Atlantic salmon (Salmo salar), in which the approach to predict growth and 

development is based on degree-days (DD) (Amoroso et al., 2016).  
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The same method was used in the study of Uriarte et al. (2012), where the effect of 

temperature on embryonic development under controlled conditions was studied in 

Octopus mimus, together with the influence of temperature on the time taken to reach 

stage XX using physiological time (DD) (Campbell et al., 1974). 

In the study of Uriarte et al. (2012), the time taken to reach stage XV (third part of the 

organogenesis) at a stable temperature of 21 °C was 24, 58 and 75% shorter than observed 

in eggs maintained at 18, 15 and 12 °C, respectively. It was demonstrated the presence of 

an inverse relationship between environmental temperature and the duration of embryonic 

development. Embryos kept at 18 and 21 °C grew faster and required less degree-days 

than those at 12 and 15 °C. 

In the future the use of degree-days could be considered appropriate for predicting the 

physiological time of development and hatching phase of cuttlefish. Despite the potential, 

no optimum DD has been identified yet for European cuttlefish, nor a possible 

temperature threshold, as the available information in literature appears scarce.  

Average hatching rate was around 71.7%, similar results were obtained in Capaz et al. 

(2020), where the average rate was 74.4% and in the study of Sykes et al. (2012) (average: 

62%). Exposure to acute hypoxia events did not result in a relevant difference in terms of 

average animal weight (0.092 g), which resulted in line with the values recorded by Sykes 

et al. (2012) (0.099 g) and slightly heavier than in the study of Capaz et al. (2020) (0.080 

g). Despite this, malformations were observed especially on the mantle, even if in a minor 

percentage of the new-borns (below 5%). Similar anomalies were observed in the 

embryos and hatchlings of the squid Loligo vulgaris (Rosa et al. 2012), where a 

temperature of 19 °C significantly affected the embryonic development, causing 

underdeveloped mantle, complete body deformities and eye dimorphism. 

The cuttlefish mantle is composed of chromatophores, organs that are present in the skin 

of many cephalopods and are used for camouflage or signaling (Messenger, 2001). If the 

functionality of these organs is compromised, animals might not be able to blend in the 

environment nor communicate and their survival might be at risk. 

Progressively decreasing oxygen levels have been hypothesized to eventually trigger 

hatching once critical values are reached inside the egg in both vertebrates and 

invertebrates (cephalopods: DeWachter et al., 1988; Cronin & Seymour 2000). 
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Nevertheless, cuttlefish embryos did not show relevant differences after exposure to the 

acute event of hypoxia.  

Respirometry analysis performed at 20 °C showed that the embryo inserted in the 

respirometry chamber showed a growing trend in oxygen consumption, with the highest 

trend in the most severe hypoxia event (25%DO2) at day 20. Despite the stressor factor, 

eggs seemed to recover, and no statistical differences were observed in the hatching rate 

of the animals.  

Although the theories see the embryonic phase to be more sensitive to oxygen stress than 

older life stages (Levin et al., 2009), the results of the present trial suggest that cuttlefish 

embryos kept at a stable temperature of 20°C can manage an acute hypoxia event without 

substantial consequences to their development.  

Similar results have been obtained in studies with juveniles and adults S. officinalis 

(Storey & Storey 1979), Lolliguncula brevis (Zielinski et al., 2000) and Dosidicus gigas 

(Rosa & Seibel, 2008), where animals were exposed to short periods of strong hypoxia 

(Grieshaber et al., 1994). Despite the observation that oxygen fluctuations seem to be a 

common trigger for metabolic depression in several species of different animal groups 

including bivalves and gastropods (Michaelidis et al., 2005; Pörtner et al., 2005), results 

lead to think that cephalopods could withstand it.  

Studies in cuttlefish (Gutowska et al., 2010a; 2010b) demonstrated that S. officinalis has 

the potential to cope also with long-term exposure to the applied levels of hypoxia, 

together with other stressor factors as hypercapnia and elevated temperatures, but 

negative effects of the population level might be foreseen (Pörtner et al., 2005; Pörtner, 

2010; Melzner et al., 2012). To have a heightened understanding of the phenomena and 

its potential effects on this marine species, further studies should be done, also addressing 

the potential effects of long-term exposure to a different level of hypoxia during 

embryonic development. 

6.2. CO2 Experiment 

The variation of MWW showed a similar tendency, starting from day 10, already 

described in Sykes et al. (2009) and Zatylny-Gaudin & Henry (2018). It can be assumed 

that the decrease in weight was caused by the expulsion of the water from the inside and 

consequent hardening of the egg, after which this was inverted until the end of the 

embryonic development (Sykes et al., 2009). 
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Despite this, a different trend can be observed between the two experiments: in the 

hypoxia experiment, the heaviest weight was recorded during the 40th day of the 

experiment, while in the CO2 experiment it occurred during the first day of the trial (0.744 

± 0.058 g). During the expected highest peak of weight, corresponding to the moment 

when the egg mass increased due to the incorporation of water between the vitelline and 

chorion chamber, a lower weight (around 17%) was recorded in the CO2 trial in 

comparison with the one with hypoxia. 

A similar shortfall could be observed in the respirometry analysis trend where, even if 

eggs of the CO2 experiment kept a growing trend in oxygen consumption, the slope and 

values recorded were considerably inferior to the ones from the hypoxia experiment. This 

might be connected to the hypothesis that one or more eggs were not alive while in the 

respirometry chamber, especially the first recording on day 10.  

Despite the results obtained, eggs seemed to recover, and no statistical differences were 

observed in hatching rate between treatments and in average animal’s weight (0.083 g), 

which results in line with the values obtained in Capaz et al. (2020) (0.080 g). 

The first hatchlings were observed on day 20 of the experiment in tanks with high CO2 

and high CO2 plus hypoxia at day 10 conditions at an average temperature of 22.4 ºC. In 

line with the results obtained from previous studies (Uriarte et al., 2012), the development 

time significantly decreased due to the higher temperature.  

As in the study performed by Rosa et al. (2013), pH did not elicit any significant change. 

Similar results were achieved in Lacoue-Labarthe et al. (2009) where, even if pH showed 

a strong effect on the egg weight, no significant impact was observed on the weight of 

hatchlings at the end of development. 

Comparing the two experiments performed it can be noted that the hatching rate was 

visibly inferior in all the treatments of the CO2 experiment (average hatching rate: 31.7% 

in the second experiment vs 71.7% in the first experiment), including the control. Because 

the eggs were obtained from the same breeders and water was provided from the same 

system, it can be hypothesized that the significant difference in hatchlings might be 

reconnected to the temperature. Tanks of the CO2 trial were kept outdoor space of 

Ramalhete station where the water temperatures frequently reached 27°C during the 

hottest part of the day. 
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Based on the data collected, together with the absence of significant differences in 

hatching rate and weight of the hatchlings, it can be hypothesized that temperature might 

be one of the main key factors which can unfavourable the conditions inside the egg, more 

than environmental pH.  

This hypothesis is also corroborated by previous studies which suggest that near-future 

CO2 might not elicit major impacts on embryonic development (Dorey et al., 2013), 

survival rates (Dorey et al., 2013), or body size (Lacoue-Labarthe et al., 2009; Hu et al., 

2011; Dorey et al., 2013; Rosa et al., 2013; Sigwart et al., 2016) of S. officinalis. 

Dorey et al. (2013), also investigated the effects of seawater pH and temperature on the 

PVF, showing that eggs swelling increased, together with oxygen consumption, in 

response to acidification or warming, but that this effect seemed to weaken once 

temperature increases, suggesting that eggs plasticity could be limited. Also, the 

difference of pCO2 between the exterior and the interior of the egg diminished under 

warmer treatments; PVF pH was significantly lower at 16 °C than at 19 °C.  

Despite it is not clear which is the threshold temperature for cuttlefish during the first 

phases of the life cycle, multiple trials have been performed to single it out it in the adult 

specimen. Richard (1971) suggested 30°C as the possible upper survival threshold for 

adult animals of S. officinalis, while Pascual (1978) reported only lower growth at 30°C 

compared to 22°C. Nevertheless, the effect of high temperature on embryonic 

development has been studied in other cephalopod species. In the squid Loligo vulgaris 

reynaudii (Oosthuizen et al., 2002), an optimum range between 12 °C and ∼17 °C was 

determined for embryonic development. Outside the optimal temperature range abnormal 

ontogenesis occurred. In Rosa et al. (2013), warming per se caused a notable metabolic 

depression in the pre-hatching stage. These studies showed that early development stages 

were more sensitive to variable temperature regimes than later development stages. 

Although this species has shown to be quite resilient to future climate changes, these 

studies showed that temperature might play a major role in determining the life span of 

S. officinalis (Richard, 1971; Pascual, 1978; Forsythe et al., 1994; Domingues et al., 

2001a; 2001b; 2002; 2004). Further studies should be done to individuate a possible 

upper-temperature threshold in order to predict how this species will fare in the future. 
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7. Conclusion 

S. officinalis is an animal that had raised a commercial interest in the past few years due 

to its fast growth rate and the possibility to raise it in captivity at high densities (Boletzky, 

1983; Wells, 1994). Potentially cuttlefish can be considered a new aquaculture source of 

food (Sykes et al., 2006). Concomitantly, in the past few decades, growing concerns were 

raised on the increase of hypoxia events in the coastal water, together with rising of the 

water temperature, which is expected to increase between 1.5°C and 5.8°C by 2100 based 

on the different projections (Meehl et al., 2007), and the increase of carbon dioxide 

released in the marine environment. It is hypothesized that phenomena might decrease 

the pH of the surface water between 0.14 and 0.5 units, depending on the estimated 

scenario (Meehl et al., 2007). 

These events might harm the life cycle of many organisms and cause major losses in 

biodiversity. Between the species investigated S. officinalis seems to withstand acute and 

long-term exposure to a combination of factors related to climate change. The present 

experiments provided evidence that the early phase of life of S. officinalis can cope with 

an acute event of hypoxia and hypercapnia but appeared to be more sensitive than adults 

and juveniles to higher water temperature, as already described by Schipp et al. (1979). 

This might trigger the survival of the species, especially in the warmest months of the 

year, when the temperature raises in the coastal water, where female cuttlefish usually lay 

eggs (Boletzky, 1983), are higher. 

Despite the results obtained, further studies should be done to understand how climate 

change might affect this phase of the cuttlefish life cycle. 

A more realistic incubation scenario could be set by replicating the presented experiments 

with eggs incubated in parallel under multiple increased temperatures and under 

conditions of hypoxia, hypercapnia and hypoxia plus hypercapnia.  

This trial would help to understand better the relation between the environment and the 

interior of the egg and what kind changes can be elicited in terms of pCO2 and PVF pH, 

define the thermal window for cuttlefish embryonic development and to comprehend 

further the influence of each stress factor considered, thus giving a clearer picture of the 

possible future changes in the species survival and geographical range.  
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For future trials, long-term exposure should be tested, e.g., reproductive and multi-

generation studies, as it is expected that most of the consequences of climate change will 

be either long-lasting or persistent and realistic critical limits to these changes can be 

observed only if an organism has enough time to either reach a new steady state or perish 

(Pörtner et al., 2005). 

  



 

50 
  

References 

 

Agre P (2005). Nobel Lecture. Aquaporin water channels. Bioscience Reports. Volume 
24. 127-163. DOI: 10.1007/s10540-005-2577-2.  

Agre P, Borgnia M J, Yasui M, Neely JD, Carbrey J, Kozono D, Beitz E, Hoffert J, Leitch 
V, King L S (2001). Chapter 1: discovery of the aquaporins and their impact on 
basic and clinical physiology. Current Topics in Membranes, academic press. 
Volume 51. 1–38. DOI: 10.1016/S1063-5823(01)51003-0. 

Agre P, Sasaki S, Chrispeels M J (1993). Aquaporins, a family of membrane water 
channel proteins. American Journal Physiology. Volume 265. 461. DOI: 
10.1152/ajprenal.1993.265.3.F461 

Amoroso G, Adams M, Ventura T, Carter C, Cobcroft J (2016). Skeletal anomaly 
assessment in diploid and triploid juvenile Atlantic salmon (Salmo salar L.) and the 
effect of temperature in freshwater. Journal of fish diseases. Volume 39. DOI: 
10.1111/jfd.12438. 

Bickler P & Buck L (2007). Hypoxia tolerance in reptiles, amphibians, and fishes: life 
with variable oxygen availability. Annual review of physiology. Volume 69. 145-
170. DOI: 10.1146/annurev.physiol.69.031905.162529. 

Bijma J, Hönisch B, Zeebe R (2002). Impact of the ocean carbonate chemistry on living 
foraminiferal shell weight: Comment on “Carbonate ion concentration in glacial-
age deep waters of the Caribbean Sea” by W. S. Broecker and E. Clark. 
Geochemistry Geophysics Geosystems. Volume 3. DOI: 10.1029/2002GC000388. 

Birchall JD & Thomas NL (1983). On the architecture and function of cuttlefish bone. 
Journal of Materials Science. Volume 18. 2081-2086. DOI: 10.1007/BF00555001. 

Birchenough S, Williamson P, Turley C (2017). Future of the sea: ocean acidification. 
Government Office for Science. 

Blackford J (2010). Predicting the impacts of ocean acidification: Challenges from an 
ecosystem perspective. Journal of Marine Systems. Volume 81. 12-18. DOI: 
10.1016/j.jmarsys.2009.12.016. 

Boletzky S (1983). Sepia officinalis. In: Cephalopod Life Cycles, Species Accounts. 
Volume 1. 31-52.  

Boletzky S (1987). Embryonic phase. In: Cephalopod Life Cycles. Volume 2. 5–31.  
Boletzky Sv (1989). Recent Studies on Spawning, Embryonic Development, and 

Hatching in the Cephalopoda. Advances in Marine Biology. Volume 25. 85-115 
DOI: 10.1016/S0065-2881(08)60188-1. 

Boletzky Sv (2003). Biology of early life stages in cephalopod molluscs. Advances in 
Marine Biology. Volume 44.143-203. DOI: 10.1016/s0065-2881(03)44003-0. 

Boletzky SV, Erlwein B, Hofmann DK  (2006). The Sepia egg: a showcase of cephalopod 
embryology. In: The cuttlefish Sepia officinalis: a working model in cephalopod 
research. Vie Milieu, Volume 56. 191-201.  

Boucaud-Camou E (1989). L’aquaculture des cephalopodes: evaluation et perspectives. 
Haliotis .Volume 19. 201–214.  



 

51 
  

Boucaud-Camou E, Koueta N, Boismery J, Medhioub A (1991). The sexual cycle of 
Sepia officinalis from the Bay of Seine. In: Boucaud-Camou, E. Acta of the first 
international symposium on the cuttlefish Sepia, Centre de Publications de 
l'Université de Caen. 141-142.  

Brewer PG, Goyet C, Friederich G (1997). Direct observation of the oceanic CO2 
increases revisited. Proceedings of the Natural Academy of Sciences USA. Volume 
94. 8308-8313. DOI: 10.1073/pnas.94.16.8308. 

Brien C, Bowie M, Billard P, Darmaillacq AS, Jozet-Alves C, Benhaïm D, Olivier B, 
Dickel L (2016). The Effect of an Artificial Incubation Environment on Hatchling 
Size and Behavior in the Cuttlefish, Sepia Officinalis. Vie et Milieu. Volume 66. 1-
9. DOI: 10.1007/s00227-012-2059-6. 

Caldeira K, Wickett M  (2003). Oceanography: Anthropogenic carbon and ocean pH. 
Nature. Volume 425. 365. DOI: 10.1038/425365a.  

Campbell A, Frazer BD, Gilbert N, Gutierrez AP, Mackauer M (1974). Requirements of 
some aphids and their parasites. Journal of Applied Ecology. 11. 431–438.  

Capaz JC, Hernández-Brooke D, Balvet S, Couto AT, Alves AC, Gonçalves RA, Fria PA, 
Andrade JP, Sykes AV (2020). Control of Zootechnology Leads to Improved 
Cuttlefish (Sepia officinalis, L.) Reproduction Performance up to Pre-industrial 
Levels. Frontiers in Marine Science. Volume 7. DOI: 10.3389/fmars.2020.00112. 

Chan F, Barth JA, Lubchenco J, Kirincich A, Weeks H, Peterson W, Menge B (2008). 
Emergence of Anoxia in the California Current Large Marine Ecosystem. Science. 
Volume 319. 920. DOI: 10.1126/science.1149016.  

Checkley D, Dickson A, Takahashi M, Radich J, Eisenkolb N, Asch R (2009). Elevated 
CO2 Enhances Otolith Growth in Young Fish. Science. Volume 324. 1683. DOI: 
10.1126/science.1169806.  

Chen GT & Millero FJ (1979). Gradual increase of oceanic CO2. Nature. Volume 277. 
205–206.  

Cloern J (2001). Our Evolving Conceptual Model of the Coastal Eutrophication Problem. 
Marine Ecology Progress Series. Volume 210. 223-253. DOI: 
10.3354/meps210223.  

Cosme N & Hauschild MZ (2016). Effect Factors for marine eutrophication in LCIA 
based on species sensitivity to hypoxia. Ecological Indicators. Volume 69. 453-462. 
DOI: 10.1016/j.ecolind.2016.04.006. 

Cronin ER (2000). Morphology, respiration and energetics of the eggs of the giant 
cuttlefish, Sepia apama. University of Adelaide.  

Cronin ER & Seymour RS (2000). Respiration of the eggs of the giant cuttlefish Sepia 
apama. Marine Biology. Volume 136. 863- 870. DOI: 10.1007/s002270000274 

Cutler CP & Cramb G (2000). Water transport and aquaporin expression in fish. 
Molecular Biology and Physiology of Water and Solute Transport.  431–441. DOI: 
10.1007/978-1-4615-1203-5_57. 

Cyran N, Staedler Y, Schonenberger J, Klepal W, von Byern J (2013). Hatching glands 
in cephalopods – a comparative study. Zoologischer Anzeiger . Volume 253. 66-
82. DOI: 10.1016/j.mod.2014.11.003. 



 

52 
  

De Leersnyder M & Lemaire J (1972). Sur la composition minérale du liquide 
périembryonnaire de l'oeuf de Sepia officinalis L. Cahiers de Biologie Marine. 
Volume 13. 429-431. 

De Wachter B, Wolf G, Richard A, Decleir W (1988). Regulation of respiration during 
juvenile development of Sepia officinalis (Mollusca: Cephalopoda). Marine 
Biology. Volume 97. 365–371. DOI: 10.1007/BF00397767. 

Denton EJ & Gilpin-Brown JB (1959). Buoyancy of the cuttlefish. Nature. Volume 
184.1330-1331. 

Denton EJ & Gilpin-Brown JB (1961). The Buoyancy of the Cuttlefish, Sepia 
Officinalis (L.). Journal of the Marine Biological Association of the United 
Kingdom , Volume 41. 319 – 342. DOI: 10.1017/S0025315400023948. 

Denton EJ & Taylor DW (1964). The Composition of Gas in the Chambers of the 
Cuttlebone of Sepia Officinalis. Journal of the Marine Biological Association of the 
United Kingdom , Volume 44. DOI: 10.1017/S0025315400024747. 

Diaz R & Rosenberg R (2008). Spreading Dead Zones and Consequences for Marine 
Ecosystems. Science. Volume 321. 926-9. DOI:10.1126/science.1156401.  

Diaz RJ (2001). Overview of hypoxia around the world. Journal of Environmental 
Quality. Volume 30. 275-281. DOI: 10.2134/jeq2001.302275x. 

Dickel L, Darmaillacq AS, Poirier R, Agin V (2005). Behavioural and neural maturation 
in the cuttlefish Sepia officinalis. Vie et Milieu. Volume 56. 89-95. 

Domingues P, Sykes A, Andrade JP (2002). The effects of temperature in the life cycle 
of two consecutive gene- rations of the cuttlefish Sepia officinalis (Linnaeus, 1758), 
cultured in the Algarve (South Portugal). Aquaculture International. Volume 10. 
207-220. DOI: 10.1023/A:1022148802078. 

Domingues P, Sykes A, Sommerfield A, Almansa E, Lorenzo A, Andrade JP (2004). 
Growth and survival of cuttlefish (Sepia officinalis) of different ages fed 
crustaceans and fish. Effects of frozen and live prey. Aquaculture. Volume 229. 
239-254.  

Domingues PM, Kingston T, Sykes A, Andrade JP (2001b). Growth of young cuttlefish, 
Sepia officinalis (Linnaeus 1758) at the upper end of the biological distribution 
temperature range. Aquaculture Research. Volume 32. 923- 930. DOI: 
10.1046/j.1365-2109.2001.00631.x. 

Domingues PM, Sykes A, Andrade JP (2001a). The use of Artemia sp. or mysids as food 
source for hatchlings of the cuttlefish (Sepia officinalis L.), effects on growth and 
survival throughout the life cycle. Aquaculture International. Volume 9. 319-331. 
DOI: 10.1023/A:1020416811568. 

Dorey N, Melzner F, Martin S, Oberhänsli F, Teyssié J, Gattuso JP, Lacoue-Labarthe T 
(2013). Ocean acidification and temperature rise: Effects on calcification during 
early development of the cuttlefish Sepia officinalis. Marine Biology. Volume 160. 
DOI: 10.1007/s00227-012-2059-6. 

Ekau W, Auel H, Pörtner HO, Gilbert D (2010). Impacts of hypoxia on the structure and 
processes in pelagic communities (zooplankton, macro-invertebrates and fish). 
Biogeosciences. Volume 7. 1669-1699. DOI: 10.5194/bg-7-1669-2010.  



 

53 
  

Fabry V, Seibel BA, Feely RA, Orr JC (2008). Impacts of ocean acidification on marine 
fauna and ecosystem processes, ICES Journal of Marine Science. Volume 65. 414-
432 DOI: 10.1093/icesjms/fsn048. 

Forsythe JW, DeRusha RH, Hanlon RT (1994). Growth, reproduction and life span of 
Sepia officinalis (Cephalopoda: Mollusca) cultured through seven consecutive 
generations. Journal of Zoology London. Volume 233. 175-192. DOI: 
10.1111/j.1469-7998.1994.tb08582.x. 

Forsythe JW, Lee P, Walsh L, Clark T (2002). The effects of crowding on growth of the 
European cuttlefish, Sepia officinalis (Linnaeus, 1758) reared at two temperatures. 
Journal of Experimental Marine Biology and Ecology. Volume 269. 173-185. DOI: 
10.1016/S0022-0981(02)00006-0. 

Gattuso JP, Frankignoulle M, Bourge I, Romaine S, Buddemeier RW (1998). Effect of 
calcium carbonate saturation of seawater on coral calcification. Global and 
Planetary Change. Volume 18. 37-46. DOI: 1016/S0921-8181(98)00035-6. 

Gazeau F, Gattuso JP, Dawber C, Pronker A, Peene F, Peene J, Heip C, Middelburg J 
(2010). Effect of ocean acidification on the early life stages of the blue mussel 
Mytilus edulis. Biogeosciences. Volume 7. DOI: 10.5194/bg-7-2051-2010. 

Gazeau F, Gattuso JP, Greaves M, Elderfield H, Peene J, Heip C, Middelburg J (2011). 
Effect of Carbonate Chemistry Alteration on the Early Embryonic Development of 
the Pacific Oyster (Crassostrea gigas). PLoS One. Volume 6. DOI: 
10.1371/journal.pone.0023010. 

Gazeau F, Quiblier C, Jansen J, Gattuso JP, Middelburg J, Heip C (2007). Impact of 
elevated CO2 on shellfish calcification. Geophysical Research Letters. Volume 34. 
DOI: 10.1029/2006GL028554.  

Gooding R, Harley C, Tang E (2009). Elevated water temperature and carbon dioxide 
concentration increase the growth of a keystone echinoderm. Proceedings of the 
National Academy of Sciences of the United States of America. Volume 106. 9316-
21. DOI: 10.1073/pnas.0811143106. 

Greenwald L, Ward P, Greenwald O (1980). Cameral liquid transport and buoyancy 
control in chambered nautilus (Nautilus macromphalus). Nature. Volume 286. 55–
56 DOI: 10.1038/286055a0. 

Gregório SF, Ruiz-Jarabo I, Carvalho EM, Fuentes J (2019). Increased intestinal 
carbonate precipitate abundance in the sea bream (Sparus aurata L.) in response to 
ocean acidification. PLoS One. Volume 14. DOI: 10.1371/journal.pone.0218473. 

Grieshaber MK, Hardewig I, Kreutzer U, Pörtner HO (1994). Physiological and 
metabolic responses to hypoxia in invertebrates. Reviews of Physiology, 
Biochemistry and Pharmacology. Volume 125. 43-147. DOI: 
10.1007/BFb0030909. 

Guerra A (2006). Ecology of Sepia officinalis. Vie milieu. Volume 56. 97–107. 
Guerra A & Castro BG (1988). On the life cycle of Sepia officinalis (Cephalopoda, 

Sepioidea) in the Ría de Vigo (NW Spain). Cahiers de Biologie Marine.Volume 29. 
395-405. 



 

54 
  

Gutowska M, Pörtner HO, Melzner F (2008). Growth and calcification in the cephalopod 
Sepia officinalis under elevated seawater pCO2. Marine Ecology Progress Series. 
Volume 373. 303-309. DOI: 10.3354/meps07782. 

Gutowska MA, Melzner F, Langenbuch M, Bock C, Claireaux G, Pörtner HO (2010a). 
Acid-base regulatory ability of the cephalopod (Sepia officinalis) in response to 
environmental hypercapnia. Journal of comparative physiology. Biochemical, 
systemic, and environmental physiology. Volume 180. 323-35. DOI: 
10.1007/s00360-009-0412-y. 

Gutowska MA, Melzner F, Pörtner HO, Meier S (2010b). Cuttlebone calcification 
increases during exposure to elevated seawater pCO2 in the cephalopod Sepia 
officinalis. Marine Biology. Volume 157. 1653–1663. DOI: 10.1007/s00227-010-
1438-0. 

Hanlon RT & Messenger JB (1996). Cephalopod behaviour. Journal of the Marine 
Biological Association of the United Kingdom. Volume 78.  

Hanlon RT, Ament SA, Gabr H (1999). Behavioral aspects of sperm competition in 
cuttlefish, Sepia officinalis (Sepioidea: Cephalopoda). Marine Biology. Volume 34. 
719–728. DOI: 10.1007/s002270050588. 

Hara-Chikuma M, Verkman AS (2006). Physiological roles of glycerol-transporting 
aquaporins: the aquaglyceroporins. Cellular and Molecular Life Science. Volume 
63. 1386-92. DOI: 10.1007/s00018-006-6028-4.  

Heymann JB & Engel A (1999). Aquaporins: phylogeny, structure, and physiology of 
water channels.  News Physiology Science. Volume 14. 187-193. DOI: 
10.1152/physiologyonline.1999.14.5.187. 

Hoegh-Guldberg, O, Mumby P, Hooten AJ, Steneck RS, Greenfield P, Gomez E, Harvell 
C, Sale P, Edwards A, Caldeira K, Knowlton N, Eakin MC, Iglesias-Prieto R, 
Muthiga N, Bradbury R, Dubi A, Hatziolos M (2008). Coral Reefs Under Rapid 
Climate Change and Ocean Acidification. Science. Volume 318. 1737-42. DOI: 
10.1126/science.1152509. 

Hu MY, Tseng YC, Stumpp M, Gutowska MA, Kiko R, Lucassen M, Melzner F (2011). 
Elevated seawater PCO₂ differentially affects branchial acid-base transporters over 
the course of development in the cephalopod Sepia officinalis. American Journal of 
Physiology Regulatory Integrative and Comparative Physiology. Volume 300. 
DOI: 10.1152/ajpregu.00653.2010.  

Jereb P, Allcock A, Lefkaditou E, Piatkowski U, Hastie L, Pierce G, García Tasende M 
(2015). Cephalopod biology and fisheries in Europe: II. Species Accounts. DOI: 
10.13140/RG.2.1.1081.6164.  

Kamler E (2008). Resource allocation in yolk-feeding fish. Reviews in Fish Biology and 
Fisheries. Volume 18. 143 – 200. DOI: 10.1007/ s11160-007-9070-x. 

Kleypas J, Feely R, Fabry V, Langdon C, Sabine C, Robbins L (2006). Impacts of Ocean 
Acidification on Coral Reefs and Other Marine Calcifiers: A Guide for Future 
Research. Report of a Workshop Held. Volume 18. 

Lacoue-Labarthe T, Martin S, Oberhänsli F, Teyssié J, Markich S, Jeffree R (2009). 
Effects of increased pCO2 and temperature on trace element (Ag, Cd and Zn) 
bioaccumulation in the eggs of the common cuttlefish, Sepia officinalis. 
Biogeosciences. Volume 6. DOI: 10.5194/bg-6-2561-2009. 



 

55 
  

Langdon C & Atkinson MJ (2005). Effect of elevated pCO2 on photosynthesis and 
calcification of corals and interactions with seasonal change in 
temperature/irradiance and nutrient enrichment. Journal of Geophysical Research. 
Volume 110. DOI: 10.1029/2004JC002576. 

Lefevre S, Bayley M, McKenzie DJ (2015). Measuring oxygen uptake in fishes with 
bimodal respiration. Journal of Fish Biology. Volume 88. 206-231. DOI: 
10.1111/jfb.12698. 

Lemaire J (1970). Table de développement embryonnaire de Sepia officinalis L. 
(Mollusque Céphalopode). Extrait du Bulletin de la Société Zoologique de Francé. 
Volume 95. 773-785.  

Lemaire J (1971). Étude du développement embryonnaire de Sepia officinalis L. 
(Mollusque, Cephalopode). Université des Sciences et Techniques Lille, France. 

Levin LA, Ekau W, Gooday AJ, Jorissen F, Middelburg JJ, Naqvi SWA, Neira C, 
Rabalais NN, Zhang J (2009). Effects of natural and human-induced hypoxia on 
coastal benthos. Biogeosciences. Volume 6. 2063–2098. DOI: 10.5194/bg-6-2063-
2009. 

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye T, Gregory JM, Kitoh A, 
Knutti R, Murphy JM, Noda A, Raper SCB, Watterson IG, Weaver AJ, Zhao ZC 
(2007). Climate Change 2007. The Physical Science Basis. Contribution of 
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge University Press. 747-845.  

Melzner F, Forsythe J, Lee P, Wood J, Piatkowski U, Clemmesen C (2005). Estimating 
recent growth in the cuttlefish Sepia officinalis: Are nucleic acid-based indicators 
for growth and condition the method of choice? Journal of Experimental Marine 
Biology and Ecology. Volume 317. 37-51. DOI: 10.1016/j.jembe.2004.11.011.  

Melzner F, Gutowska M.A, Langenbuch M, Dupont S, Lucassen M, Thorndyke MC, 
Bleich M, Pörtner HO (2009). Physiological basis for high CO2 tolerance in marine 
ectothermic animals: pre-adaptation through lifestyle and ontogeny? 
Biogeosciences. Volume 6. 2313–2331. DOI: 10.5194/bg-6-2313-2009. 

Melzner F, Mark FC, Pörtner HO (2007). Role of blood-oxygen transport in thermal 
tolerance of the cuttlefish, Sepia officinalis. Integrative and Comparative Biology. 
Volume 47.  645–655. DOI: 10.1093/icb/icm074. 

Melzner F, Thomsen J, Koeve W, Oschlies A, Gutowska AM, Bange HW, Hansen HP, 
Körtzinger A (2012). Future ocean acidification will be amplified by hypoxia in 
coastal habitats. Marine Biology. Volume 160. 1875–1888. DOI: 10.1007/s00227-
012-1954-1. 

Messenger JB (2001). Cephalopod chromatophores: neurobiology and natural history. 
Biological Review Cambridge Philosophical Society. Volume 76. 473-528. DOI: 
10.1017/s1464793101005772. 

Michaelidis B, Haas D, Grieshaber MK (2005). Extracellular and intracellular acid‐base 
status with regard to the energy metabolism in the oyster Crassostrea gigas during 
exposure to air. Physiological and Biochemical Zoology. Volume 78. 373-383. 
DOI: 10.1086/430223. 



 

56 
  

Munday P, Hernaman V, Dixson D, Thorrold S, (2011). Effect of ocean acidification on 
otolith development in larvae of a tropical marine fish. Biogeosciences. Volume 8. 
DOI: 10.5194/bg-8-1631-2011.  

O’brien C, Mezrai N, Darmaillacq AS, Dickel L (2016). Behavioral development in 
embryonic and early juvenile cuttlefish (Sepia officinalis). Developmental 
Psychobiology. Volume 56. 145-160. DOI: 10.1002/dev.21476.  

Önsoy B & Salman A (2005). Reproductive biology of the common cuttlefish Sepia 
officinalis L. (Sepiida: Cephalopoda) in the Aegean Sea. Truk J. Veterinary Animal 
Science. Volume 29. 613-619. 

Oosthuizen, A., Roberts, M. J., and Sauer, W. H. H. (2002). Temperature effects on the 
embryonic development and hatching of the squid, Loligo vulgaris reynaudii. 
Bulletin of Marine Science. Volume 71. 619–632.  

Orr J, Fabry V, Aumont O, Bopp L,  Doney S, Feely R, Gnanadesikan A, Gruber N, Ishida 
A, Joos F, Key R, Lindsay K, Maier-Reimer E, Matear R, Monfray P, Mouchet A, 
Najjar R Plattner GK, Rodgers K, Yool A (2005). Anthropogenic ocean 
acidification over the twenty-first century and its impact on calcifying organisms. 
Nature. Volume 437. 681-686. DOI: 10.1038/nature04095.  

Park W, Scheffler BE, Bauer PJ, Campbell PT (2010). Identification of the family of 
aquaporin genes and their expression in upland cotton (Gossypium 
hirsutum L.). BMC Plant Biology. Volume 10. 142. DOI: 10.1186/1471-2229-10-
142. 

Pascual E (1978). Crecimiento y alimentación de tres generaciones de Sepia officinalis 
en cultivo. Investigación Pesquera. Volume 42. 421-441.  

Paulij WP, Herman PMJ, Roozen, MEF, Denuce, JM (1991). The influence of 
photoperiodicity on hatching of Sepia officinalis. Journal of Marine Biology 
Association U.K. Volume 71. 665–678. DOI: 10.1017/S0025315400053224 

Pechenik JA (1983). Egg capsules of Nucella lapillus (L.) protect against low-salinity 
stress. Journal of Experimental Marine Biology and Ecology. Volume 71. 165-179. 
DOI: 10.1016/0022-0981(93)90071-U. 

Pechenik JA (2006). Larval experience and latent effects—metamorphosis is not a new 
beginning. Integrative and Comparative Biology. Volume 46. 323-333. DOI: 
10.1093/icb/icj028. 

Pörtner HO (2008). Ecosystem effects of ocean acidification in times of ocean warming: 
A physiologist's view. Marine Ecology-progress Series. Volume 373. DOI: 203-
217.10.3354/meps07768.  

Pörtner HO & Farrell A (2008). Ecology physiology and climate change. Science. 
Volume 322. 690-2. DOI: 10.1126/science.1163156.  

Pörtner HO, Langenbuch M, Michaelidis B (2005). Synergistic effects of temperature 
extremes, hypoxia, and increases in CO2 on marine animals: From earth history to 
global change. Journal of Geophysical Research:Oceans. Volume 110. DOI:	
10.1029/2004JC002561. 

Pörtner, HO (2010). Oxygen- and capacity- limitation of thermal tolerance: a matrix for 
integrating climate-related stressor effects in marine ecosystems. Journal of 
Experimental Biology. Volume 213. 881-893. DOI: 10.1242/jeb.037523. 



 

57 
  

Richard A (1971). Contribution à l’étude expérimentale de la croissance et de la 
maturation sexuelle de Sepia officinalis L. (Mollusque, Céphalopode). Université 
de Lille. 264.  

Riebesell U, Zondervan I, Rost B., Tortell PD, Zeebe RE, Morel FMM (2000). Reduced 
calcification of marine plankton in response to increased atmospheric CO2. Nature. 
Volume 407. 364–367. DOI: 10.1038/35030078. 

Ries J, Cohen A, McCorkle D (2009). Marine calcifiers exhibit mixed responses to CO2-
induced ocean acidification. Geology. Volume 37. 1131-1134. DOI: 
10.1130/G30210A.1.  

Rocha F, Guerra A, González AF (2001). A review of reproductive strategies in 
cephalopods. Biological Review Cambridge Philosophical Society. Volume 76. 
291-304. DOI: 10.1017/s1464793101005681.  

Rodhouse PG (1998). Physiological Progenesis in Cephalopod Molluscs. The biological 
bulletin. Volume 195. DOI: 10.2307/1542771. 

Rosa R & Seibel BA (2008). Synergistic effects of climate-related variables suggest 
future physiological impairment in a top oceanic predator. Proceedings of the 
National Academy of Sciences of the United States of America. Volume 105. 
20776- 20780. DOI: 10.1073/pnas.0806886105. 

Rosa R, Pimentel MS, Boavida-Portugal J, Teixeira T, Trübenbach K, Diniz M (2012). 
Ocean Warming Enhances Malformations, Premature Hatching, Metabolic 
Suppression and Oxidative Stress in the Early Life Stages of a Keystone Squid. 
PLoS One. Volume 7. DOI: 10.1371/journal.pone.0038282. 

Rosa R, Trübenbach K, Repolho T, Pimentel M, Faleiro F, Boavida-Portugal J, Baptista 
M, Lopes VM, Dionísio G, Leal MC, Calado R, Pörtner HO (2013). Lower hypoxia 
thresholds of cuttlefish early life stages living in a warm acidified ocean. 
Proceedings. Biological sciences. Volume 280. 1768. DOI: 
10.1098/rspb.2013.1695. 

Rosewarne PJ, Wilson JM, Svendsen JC (2016). Measuring maximum and standard 
metabolic rates using intermittent-flow respirometry: a student laboratory 
investigation of aerobic metabolic scope and environmental hypoxia in aquatic 
breathers. Journal of fish biology. Volume 88. 265-283. doi:10.1111/jfb.12795  

Sabine C, Feely R, Gruber N, Key R, Lee K, Bullister J, Wanninkhof R, Wong C, Wallace 
DWR, Tilbrook B, Millero F, Peng TH, Kozyr A, Ono T, Rios A (2004). The 
Oceanic Sink for Anthropogenic CO2. Science. Volume 305. 367-71. DOI: 
10.1126/science.1097403.  

Sakamoto T, Ogawa S, Nishiyama Y, Akada C, Takahashi H, Watanabe T, Minakata H, 
Sakamoto H (2015). Osmotic/ionic status of body fluids in the euryhaline 
cephalopod suggest possible parallel evolution of osmoregulation. Scientific 
Reports. Volume 5. 14469. DOI: 10.1038/srep14469. 

Schipp R, Mollenhauer S, Boletzky S (1979). Electron microscopical and histochemical 
studies of differentiation and function of the cephalopod gill (Sepia officinalis l.). 
Zoomorphologie. Volume 93. 193-207. DOI: 10.1007/BF00993999. 

Schmidtko S, Stramma L, Visbeck M (2017). Decline in global oceanic oxygen content 
during the past five decades. Nature. Volume 542. 335-339. DOI: 
10.1038/nature21399. 



 

58 
  

Sigwart J, Lyons G, Fink A, Gutowska M, Murray D, Melzner F, Houghton J, Hu M 
(2016). Elevated pCO2 drives lower growth and yet increased calcification in the 
early life history of the cuttlefish Sepia officinalis (Mollusca: Cephalopoda). ICES 
Journal of Marine Science. Volume 73. 970-980. DOI: 10.1093/icesjms/fsv188.  

Spero H, Bijma J, Lea DW, Bemis BE (1997). Effect of seawater carbonate concentration 
on foraminiferal carbon and oxygen isotopes. Nature. Volume 390. 497–500. DOI: 
10.1038/37333. 

Storey KB & Storey JM (1979). Octopine metabolism in the cuttlefish, Sepia officinalis- 
octopine production by muscle and its role as an aerobic substrate for non-muscular 
tissues. Journal of Comparative Physiology. Volume 131. 311–319. DOI: 
10.1007/BF00688806. 

Sykes AV, Almansa E, Lorenzo A, Andrade JP (2009). Lipid characterization of both 
wild and cultured eggs of cuttlefish (Sepia officinalis L.) throughout the embryonic 
development. Aquaculture nutrition. Volume 15. 38-53. DOI: 10.1111/j.1365-
2095.2008.00566.x 

Sykes AV, Domingues P, Andrade JP (2014). European cuttlefish, Sepia officinalis 
in Cephalopod Culture. 175–204. DOI: 10.1007/978-94-017-8648-5_11. 

Sykes AV, Domingues P, Correia M, Andrade JP (2006). Cuttlefish Culture – State of the 
Art and Future Trends. Vie et Milieu. Volume 56. 129-137. 

Sykes AV, Pereira D, Rodríguez C, Lorenzo A, Andrare JP (2012). Effects of increased 
tank bottom areas on cuttlefish (Sepia officinalis, L.) reproduction performance. 
Aquaculture research. Volume 44. 1-12.  DOI: 10.1111/j.1365-2109.2012.03106.x. 

Taylor HH (1973). The ionic properties of the capsular fluid bathing embryos of Lymnaea 
stagnalis and Biomphalaria sudanica (Mollusca: pulmonata). Journal of 
Experimental Biology. Volume. 43-564.  

Thomsen J & Melzner F (2010). Moderate seawater acidification does not elicit long-
term metabolic depression in the blue mussel Mytilus edulis. Marine Biology. 
Volume 157. 2667-2676. DOI: 10.1007/s00227-010-1527-0.  

Townhill B, Pinnegar J, Righton D, Metcalfe J (2016). Fisheries, low oxygen and climate 
change: How much do we really know? Journal of Fish Biology. Volume 90. DOI: 
10.1111/jfb.13203.  

Uriarte I, Espinoza V, Herrera M, Zuniga O, Olivares A, Carbonell P, Pino S, Farias A, 
Rosas C (2012). Effect of temperature on embryonic development of Octopus 
mimus under controlled conditions. Journal of Experimental Marine Biology and 
Ecology. Volumes 416–417. 168–175. DOI: 10.1016/j.jembe.2012.03.003. 

Vaquer-Sunyer R & Duarte C (2008). Thresholds of hypoxia for marine biodiversity. 
Proceedings of the National Academy of Sciences of the United States of America. 
Volume 105. 15452-7. DOI: 10.1073/pnas.0803833105.  

Vaz-Pires P, Seixas P, Barbosa A (2004). Aquaculture potential of the common octopus 
(Octopus vulgaris Cuvier, 1797): A review. Aquaculture. Volume 238. 221-238. 
DOI: 10.1016/j.aquaculture.2004.05.018.  

Vidal E, Villanueva R, Andrade JP, Gleadall I, Iglesias J, Koueta N, Rosas C, Segawa S, 
Grasse B, Franco-Santos R, Albertin C, Caamal-Monsreal C, Chimal M, Edsinger 
E, Gallardo P, Le Pabic C, Pascual C, Roumbedakis K, Wood J (2014). Cephalopod 
culture: current status of main biological models, and research priorities. Advances 



 

59 
  

in Marine Biology. Volume 67. 1-98. DOI: 10.1016/B978-0-12-800287-2.00001-
9. 

Wells MJ (1994). The evolution of a racing snail. Marine and Freshwater Behaviour and 
Physiology. Volume 25. 1-12. 

Whitney F, Freeland H, Robert M (2007). Decreasing oxygen levels in the interior waters 
of the subarctic Pacific. Progress In Oceanography. Volume 75. 179-199. DOI: 
10.1016/j.pocean.2007.08.007.  

Williams TL (2019). Elucidating the Role of Nanostructured Pigment Granules in the 
Dynamic Coloration of Cephalopods: A Pathway Towards Bioinspired Materials. 
Doctoral dissertation The Faculty of 
the College of Science of Northeastern University. DOI: 10.17760/D20316340. 

Wolf G, Verheyen E, Vlaeminck A, Lemaire J, Declreir W (1985). Respiration of Sepia 
officinalis during embryonic and early juvenile life. Marine Biology. Volume 90. 
35–39 DOI: 10.1007/BF00428212. 

Wood H, Spicer J, Widdicombe S (2008). Ocean acidification may increase calcification 
rates, but at a cost. Proceedings. Biological sciences / The Royal Society. Volume 
275. 1767-73. DOI: 10.1098/rspb.2008.0343.  

Zar JH (1999). Biostatistical Analysis. Prentice-Hall, Upper Saddle River, NJ, USA.  
Zatylny-Gaudin C & Henry J (2018). Egg-Laying in the Cuttlefish Sepia officinalis. 

Biological Resources of Water. IntechOpen. DOI: 10.5772/intechopen.71915.  
Zeebe RE & Wolf-Gladrow D (2001). CO2 in seawater: equilibrium, kinetics, isotopes. 

Elsevier oceanography series. Series 65.  
Zielinski S, Lee PG, Pörtner HO (2000). Metabolic performance of the squid Lolliguncula 

brevis (Cephalopoda) during hypoxia: an analysis of the critical PO2. Journal of 
Experimental Marine Biology and Ecology. Volume 243. 241-259. DOI: 
10.1016/S0022-0981(99)00117-3. 

Zondervan I, Zeebe R, Rost B, Riebesell U (2001). Decreasing marine biogenic 
calcification: A negative feedback on rising atmospheric pCO(2). Global 
Biogeochemical Cycles. Volume 15. DOI: 10.1029/2000GB001321. 


