
Identification of lifecycle bottlenecks to assess the 

vulnerability of fish species to climate change 

 

 

 

Dissertation zur Erlangung des Akademischen Grades 

− Dr. rer. nat. − 

 

 

 

dem Fachbereich 2 Biologie/Chemie 

der Universität Bremen 

vorgelegt von 

 

 

 

Flemming Thomas Dahlke 

Diplom-Biologe 

 

 

Bremen, 2019 

  



  



Prüfungskomitee 

1. Gutachter: Prof. Dr. Hans-Otto Pörtner 

Universität Bremen, Alfred-Wegener-Institut Helmholtz Zentrum für Polar- und 

Meeresforschung, Am Handelshafen 12, 27570 Bremerhaven. 

2. Gutachter: Prof. Dr. Myron Peck 

Universität Hamburg, Institut für marine Ökosystem- und Fischereiforschung, Große 

Elbstraße, 133, 22767 Hamburg 

1. Prüferin: Prof. Dr. Juliane Filser  

Universität Bremen, Zentrum für Umweltforschung und Umwelttechnologie, Leobener 

Straße 6, 28359 Bremen 

2. Prüfer: Prof. Dr. Björn Rost 

Universität Bremen, Alfred-Wegener-Institut Helmholtz Zentrum für Polar- und 

Meeresforschung, Am Handelshafen 12, 27570 Bremerhaven. 

Datum des Promotionskolloquiums: 29.11. 2019 

  



Inhaltsverzeichnis 
List of abbreviations .................................................................................................................... I 

Summary ................................................................................................................................... II 
Zusammenfassung ..................................................................................................................... V 
1. Introduction ........................................................................................................................ 1 

1.1 Recent and projected climate change ............................................................................... 2 
1.2 Fish physiology and climate change ................................................................................ 7 

1.2.1 Responses to temperature .......................................................................................... 8 
1.2.2 Responses to ocean acidification ............................................................................. 12 

1.3 Model species ................................................................................................................. 15 
1.4 Thesis outline ................................................................................................................. 19 

2. Materials and methods ..................................................................................................... 21 

2.1 Experimental work ......................................................................................................... 21 
2.1.1 Animal collection .................................................................................................... 22 
2.1.2 Experimental conditions .......................................................................................... 23 

2.2 Incubation experiments .................................................................................................. 25 
2.2.1 Fertilization ............................................................................................................. 25 
2.2.2 Flow-through incubation (Publication I) ................................................................. 26 

2.2.3 Closed incubation (Publication II & III, Appendix Publication I & II) .................. 27 
2.3 Fertilization experiment ................................................................................................. 30 
2.4 Whole animal responses (Publication I-III, Appendix Publication I) ............................ 31 

2.4.1 Rate of development ................................................................................................ 31 
2.4.2 Developmental growth ............................................................................................ 31 

2.4.3 Oxygen consumption ............................................................................................... 32 
2.5 Subcellular responses ..................................................................................................... 34 

2.5.1 Sampling for enzyme and protein analysis (Publication I) ..................................... 34 

2.5.2 Sample preparation .................................................................................................. 35 
2.5.3 Enzyme assay .......................................................................................................... 36 

2.5.4. Protein expression .................................................................................................. 37 
2.5.5 Antibody specificity ................................................................................................ 37 

2.5.6 Protein quantification .............................................................................................. 38 

2.5.7 Immunolocalization of ion transporters .................................................................. 38 
2.6 Spawning habitat suitability maps (Publication III) ....................................................... 39 

2.7 Meta-analysis of stage-specific thermal responsiveness and thermal tolerance 

(Publication IV) .................................................................................................................... 40 
2.7.1 Data collection ......................................................................................................... 40 

2.7.2 Thermal responsiveness .......................................................................................... 41 
2.7.3 Thermal tolerance thresholds .................................................................................. 42 
2.7.4 Climate risks ............................................................................................................ 43 

3. Results .............................................................................................................................. 44 
3.1 List of Publications ......................................................................................................... 44 

3.2 Publication I ................................................................................................................... 46 

Climate change vulnerability of developing fish coincides with low capacity for 

homeostatic regulation ..................................................................................................... 46 
3.3 Publication II .................................................................................................................. 74 

Effects of ocean acidification increase embryonic sensitivity to thermal extremes in 

Atlantic cod, Gadus morhua. ........................................................................................... 74 
3.4 Publication III ............................................................................................................... 101 

Northern cod species face spawning habitat losses if global warming exceeds 1.5°C .. 101 
3.5 Publication IV .............................................................................................................. 123 

Thermal bottlenecks in the lifecycle define climate vulnerability of fish ...................... 123 



4. Synthesis ......................................................................................................................... 134 

4.2 Ontogenetic changes in thermal tolerance and OA resilience of teleost fish ............... 134 
4.2 Thermal performance and energy allocation under OA conditions ............................. 139 
4.3 Global patterns of thermal physiology and climate change vulnerability .................... 145 

4.4 Concluding remarks and perspectives .......................................................................... 152 
References .............................................................................................................................. 153 
5. Supplementary Information ............................................................................................ 162 

5.1 Supplement of Publication I ......................................................................................... 162 
5.2 Supplement of Publication II ........................................................................................ 172 

5.3 Supplement of Publication III ...................................................................................... 176 
5.4 Supplement of Publication IV ...................................................................................... 187 

6. Appendix Publications ................................................................................................... 196 
6.1 Appendix Publication I ................................................................................................. 196 
6.2 Appendix Publication II ............................................................................................... 206 

Acknowledgements ................................................................................................................ 216 





 

 

I List of abbreviations 

List of abbreviations 

ANCOVA Analysis of Covariance 

ANOVA Analysis of Variance 

ATP Adenosine Triphosphate 

CFTR Cystic Fibrosis Transmembrane Conductance Regulator 

CMIP5 5th Phase of the Climate Model Intercomparison Project 

Ea Arrhenius activation energy 

ESM Earth System Model 

ETS Electron Transport System 

GAM Generalized Additive Model 

GLMM Generalized Mixed-effect Model 

GHG Green House Gas (e.g., CO2) 

IPCC Intergovernmental Panel on Climate Change 

MCA Metabolic Cold Adaptation 

MO2 Oxygen consumption rate 

MRC Mitochondria-Rich Cell (also known as ionocyte) 

MZT Maternal-to-Zygotic Transition 

NBC-1 Na
+
/HCO3

−
 cotransporter 1 

NHE Na
+
/H

+
 exchanger 

NKA Na
+
/K

+
-ATPase 

NKCC-1 Na
+
/K

+
/2Cl

−
 cotransporter 

NOAA National Oceanic and Atmospheric Administration 

OA Ocean Acidification 

OCLTT Oxygen- and capacity-limited thermal tolerance 

OWA Ocean Warming and Acidification 

PCO2 Partial pressure of dissolved CO2 

PES Potential embryo survival 

pH potentia Hydrogenii  

pHF Free-scale of pH 

PTR Physiological Temperature Range 

RCP Representative Concentration Pathway 

RThreshold Thermal threshold range 

RWarming Warming tolerance range 

TMax Upper temperature threshold 

TMid Thermal midpoint temperature 

TMin Lower temperature threshold 

TTM Thermal threshold metric 

UNFCCC United Nations Framework Convention of Climate Change 

VHA Vacuolar-type H
+
-ATPase 

WOA World Ocean Atlas 

µatm Micro atmospheres 

 

  



 
II Summary 

Summary 

Globally observed impacts of climate change on marine organisms and ecosystems highlight 

the need to assess the risks and benefits of international mitigation commitments, such as the 

goal of limiting global warming to 1.5°C above pre-industrial levels. This requires 

information on species-specific thermal tolerance thresholds, lifecycle bottlenecks and the 

sensitivity of critical life stages to additional climate factors such as ocean acidification (OA), 

the CO2-driven decrease in seawater pH. However, this information is not available for many 

important fish species, including Atlantic cod (Gadus morhua) and Polar cod (Boreogadus 

saida).  

A general assumption is that species adapted to variable climates (e.g., Atlantic cod) have 

larger tolerance windows than those adapted to relatively stable conditions (e.g., Polar cod), 

and that egg-stages (embryos) are more vulnerable to temperature changes and OA than adults 

with fully functional organ systems for oxygen supply and acid-base homeostasis. As adults 

become sexually mature, temperature windows may narrow due to additional metabolic loads 

associated with gonad development. Accordingly, there is a risk that future warming and OA 

will affect the suitability of spawning habitats by exceeding the tolerance thresholds of 

embryos and/or spawning adults. 

In this thesis, experimental and meta-analytical investigations on lifecycle bottlenecks were 

used to describe physiological principles and to identify mitigation pathways that minimize 

climatic risks regionally (for Atlantic cod and Polar cod) and globally (for marine and 

freshwater species). The objective of the experimental part (Publication I-III) was to 

investigate the effects of OA (−0.4 pH, 400 vs 1100 µatm CO2) on embryonic thermal 

tolerance in Atlantic cod and Polar cod, and to use those embryonic tolerance windows for 

projections of spawning habitat suitability under different climate change (emission) 

scenarios. The meta-analysis (Manuscript IV) encompassing data from several hundred 

species explicitly tested two hypotheses: (i) Thermal tolerance increases from spawning adults 

and embryos to larvae and non-reproductive adults; (ii) the temperature dependence of 

physiological rates (i.e., thermal responsiveness) is higher in organisms with narrow 

temperature windows (stenothermal species or life stages) than in organisms with wide 

temperature windows (eurythermal species or life stages). Finally, impact risks associated 

with different global warming scenarios were assessed based on stage-specific tolerance 

thresholds of species from various climate zones. 
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Experimental results confirmed that embryonic temperature windows are wider in Atlantic 

cod than in Polar cod. Embryo mortality increased especially above the species-specific 

spawning temperature range (Atlantic cod: ≥9°C, Polar cod: ≥3°C), most likely due to 

constraints on aerobic energy (ATP) by mitochondria. The effects of OA intensified these 

thermal constraints, resulting in a narrowing of the temperature window for embryonic 

development and thus reproduction. 

Detailed experiments with Atlantic cod, including biochemical analyses, revealed that embryo 

vulnerability to additional effects of OA was highest during gastrulation, which is an early 

period characterized by high developmental complexity and low homeostatic capacity (i.e., 

low activity and expression of acid-base relevant ion transporters). Enhanced embryonic 

tolerance after this critical period was probably associated with a rapid (exponential) increase 

in capacity for ion transport and ATP production. The potential for acclimatization to 

warming and OA was evidenced through temperature- and OA-dependent changes in protein 

expression and enzyme activity, especially in larval stages. However, additional costs and 

developmental trade-offs associated with capacity adjustments during acclimatization (e.g., 

increased enzyme activity and ATP synthesis under OA) were reflected by increased 

embryonic oxygen consumption rates and reduced larval size at hatch in both species. 

Collectively, four experiments consistently showed that OA negatively affects embryonic 

thermal tolerance and energy efficiency in Atlantic cod and Polar cod. 

Spawning habitat projections based on embryonic tolerance windows suggest that under the 

high emission scenario (Representative Concentration Pathway 8.5), both species could lose 

many important spawning habitats in the northern Northeast Atlantic due to a decrease in 

embryo survival probability of more than 50%. Reduced emissions (RCP4.5) may avert 

dangerous climate impacts on Atlantic cod, but still leave few spawning areas for the more 

vulnerable Polar cod. However, strong emission cuts (RCP2.6), in line with the 1.5°C target, 

could minimize the risk of spawning habitat loss for both species. 

The meta-analysis revealed a globally consistent pattern of stage-specific thermal tolerance, 

indicating that spawners and embryos are less tolerant than larvae and non-reproductive 

adults. More specifically, it was shown that the tolerance windows of spawners and embryos 

are generally more than 10°C narrower than those of larvae and adults, possibly reflecting 

ontogenetic shifts in aerobic and homeostatic capacity. In addition, thermal responsiveness 

was found to be higher in stenothermal species and life stages with narrow temperature ranges 

than in eurythermal ones, indicating a mechanistic link between organismal thermal tolerance 
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and the kinetic coordination of metabolic functions. These results clearly identify the 

temperature requirements for reproduction (gonad and embryo development) as a critical 

lifecycle bottleneck with respect to the climate change vulnerability of marine and freshwater 

fish.  

The global risk assessment revealed that if warming continues unabated (RCP8.5), 

approximately 50% of the investigated species (N = 107 out of 211) could be confronted with 

water temperatures exceeding the current tolerance limit of spawners and/or embryos. This 

means that many species would have to relocate their spawning activity into cooler seasons or 

regions, which may be particularly problematic for polar species and those dependent on 

specific habitats (e.g., reef fishes). A positive perspective is that limiting global warming to 

1.5°C could reduce the number of species at risk to less than 10%. 

The results of this thesis clearly demonstrate the importance of integrating life cycle 

bottlenecks into physiology-based risk assessments for fish stocks. Habitat models and other 

modelling approaches thus become more effective tools not only to inform societies and 

policy makers about potential climate change impacts on fish populations and ecosystems, but 

also to develop effective mitigation strategies. For example, spawning habitat projections 

indicating potential refuge areas for Atlantic cod and Polar cod can help to establish marine 

conservation zones and other proactive measures against additional human perturbations such 

as overfishing and pollution.  

  



 

 

V Zusammenfassung 

Zusammenfassung 

Die weltweit beobachteten Auswirkungen des Klimawandels auf Meeresorganismen und 

marine Ökosysteme verdeutlichen die Notwendigkeit, Risiken und Nutzen internationaler 

Klimaschutzvereinbarungen zu bewerten. Insbesondere stellt sich die Frage, ob die 

Begrenzung der globalen Erwärmung auf 1,5°C über dem vorindustriellen Niveau 

hinreichend ist, um das Risiko gravierender ökologischer Schäden durch den Klimawandel zu 

minimieren. Die Voraussetzung, um die Anfälligkeit von Arten gegenüber dem Klimawandel 

zu bewerten, sind detaillierte Informationen über Temperaturtoleranzschwellen, Engpässe im 

Lebenszyklus und die Empfindlichkeit kritischer Lebensstadien gegenüber zusätzlichen 

Klimafaktoren. Hierzu gehört die CO2-bedingte Senkung des pH-Wertes im Meerwasser, was 

umgangssprachlich als Ozeanversauerung bezeichnet wird. Für viele wichtige Fischarten, 

einschließlich des Atlantischen Kabeljaus (Gadus morhua) und des Polardorschs (Boreogadus 

saida), sind solche Informationen jedoch nicht verfügbar. 

Eine allgemeine Annahme ist, dass Arten, die an ein variables Klima angepasst sind (z.B. 

Kabeljau), breitere Temperatur-Toleranzfenster haben als solche, die an relativ stabile 

Bedingungen angepasst sind (z.B. Polardorsch), und dass Ei-Stadien (Embryonen) anfälliger 

für Temperaturänderungen und Ozeanversauerung sind als adulte Fische mit voll 

funktionsfähigen Organsystemen zur Sauerstoffversorgung und Säure-Base-Homöostase. Des 

Weiteren wird vermutet, dass sich das Temperaturfenster von adulten Fischen während der 

Fortpflanzung aufgrund zusätzlicher metabolischer Anforderungen einengt. Dementsprechend 

besteht die Gefahr, dass die zukünftige Erwärmung und Versauerung der Ozeane die Eignung 

von Laichhabitaten durch Überschreiten der Toleranzschwellen von Embryonen und/oder 

laichenden Adulten beeinträchtigt.  

Im Rahmen dieser Dissertation wurden experimentelle und meta-analytische Studien zu 

physiologischen Engpässen und Toleranzgrenzen im Lebenszyklus von Fischen durchgeführt. 

Die Ergebnisse dieser Studien wurden verwendet, um Emissionsszenarien zu identifizieren, 

die klimatische Risiken sowohl regional (für Kabeljau und Polardorsch) als auch global (für 

Meeres- und Süßwasserfische) minimieren. Die experimentellen Studien (Publikation I-III) 

beinhalten vergleichende Untersuchungen zum Einfluss der Ozeanversauerung (-0,4 pH, 400 

vs. 1100 µatm CO2) auf die embryonale Temperaturtoleranz von Kabeljau und Polardorsch, 

sowie Szenario-basierte Modellprognosen für die Verfügbarkeit geeigneter Laichhabitate 

beider Arten im Nordost Atlantik. In der Meta-Analyse (Publikation IV) wurden Daten zu 

mehreren hundert Fischarten und deren Lebensstadien berücksichtigt, um zwei grundsätzliche 
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Hypothesen zu untersuchen: (i) Die Temperaturtoleranz erhöht sich vom reproduktiven 

Adulten (Laicher) über die Embryogenese und Larvenentwicklung bis hin zu nicht-

reproduktiven Adulten. (ii) Die Temperaturabhängigkeit physiologischen Raten (d.h. die 

thermische Sensitivität) ist bei Organismen mit engen Temperaturfenstern (stenotherme Arten 

oder Lebensstadien) höher als bei Organismen mit breiten Temperaturfenstern (eurytherme 

Arten oder Lebensstadien). Schließlich wurden anhand der Toleranzgrenzen von Laichern und 

Embryonen die Risikopotenziale verschiedener Klimaszenarien auf globaler Ebene 

verglichen. 

Die experimentellen Ergebnisse bestätigen, dass das embryonale Temperaturfenster beim 

Kabeljau breiter ist als beim Polardorsch. Die Mortalität der Embryonen beider Arten nahm 

besonders oberhalb des jeweiligen Laichtemperaturbereichs stark zu (Kabeljau: ≥9°C, 

Polardorsch: ≥3°C), höchstwahrscheinlich aufgrund von Beeinträchtigungen der aeroben 

(mitochondrialen) Energieversorgung. Bei beiden Arten konnte zudem gezeigt werden, dass 

die Effekte der Ozeanversauerung diese temperaturbedingten Beeinträchtigungen verstärken, 

und somit das Temperaturfenster für die Embryonalentwicklung und die Reproduktion weiter 

einengen.  

Detaillierte Experimente am Kabeljau, einschließlich biochemischer Analysen, belegen, dass 

die Anfälligkeit der Embryonen gegenüber zusätzlichen Effekten der Ozeanversauerung 

während der Gastrulation am höchsten war. Diese frühe Entwicklungsphase ist 

gekennzeichnet durch besonders kritische Entwicklungsprozesse und geringe Kapazitäten zur 

Regulation der Säure-Basen Homöostase (d.h. geringe Enzymaktivität und Proteinexpression 

von Ionentransportern). Eine verbesserte Toleranz der Embryonen (geringe Mortalität) nach 

dieser kritischen Phase ist wahrscheinlich auf einen schnellen (exponentiellen) Anstieg in der 

Aktivität und Expression Homöostasis relevanter Enzyme und Ionentransporter 

zurückzuführen. Das Potenzial für die Anpassung (Akklimatisation) an Erwärmung und 

Versauerung wurde durch expositionsbedingte Veränderungen in der Enzymaktivität und 

Proteinexpression nachgewiesen. Erhöhte Sauerstoffverbrauchsraten von Embryonen und 

reduziertes Wachstum bis zum Schlupf belegen allerdings, dass Kapazitätsanpassungen (z.B. 

erhöhte Enzymaktivitäten) während der Akklimatisation an Ozeanversauerung mit erhöhten 

Kosten und energetischen Kompromissen verbunden sind. Zusammenfassend zeigen die 

Ergebnisse von vier Experimenten ein konsistentes Bild von negativen Effekten der 

Ozeanversauerung auf die embryonale Temperaturtoleranz und Energieeffizienz beim 

Kabeljau und Polardorsch. 
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Laichhabitatmodelle, basierend auf den embryonalen Toleranzfenstern vom Kabeljau und 

Polardorsch, deuten darauf hin, dass beide Arten im Rahmen des Hoch-Emissionsszenarios 

(RCP8.5) viele wichtige Laichgebiete verlieren könnten, da die Überlebenswahrscheinlichkeit 

der Embryonen um mehr als 50% abnimmt. Reduzierte Emissionen (RCP4.5) könnten diese 

drastischen Klimaauswirkungen auf den Kabeljau abmindern, lassen aber immer noch wenige 

Laichgebiete für den empfindlicheren Polarkabeljau bestehen. Starke Emissionssenkungen 

(RCP2.6), im Einklang mit dem 1,5°C-Ziel, könnten jedoch das Risiko eines Verlustes der 

Laichhabitate für beide Arten deutlich minimieren. 

Die Meta-Analyse ergab ein global einheitliches Muster der Lebensstadien-spezifischen 

Temperaturtoleranz, was darauf hindeutet, dass Laicher und Embryonen erheblich kleinere 

Toleranzfenster besitzen als Larven und Adulte außerhalb der Laichzeit. Explizit wurde 

festgestellt, dass die Toleranzfenster von Laichern und Embryonen im Allgemeinen mehr als 

10°C enger sind als die von Larven und Adulten, was möglicherweise ontogenetische 

Veränderungen der aeroben und homöostatischen Kapazität widerspiegelt. Darüber hinaus 

konnte gezeigt werden, dass die thermische Sensitivität des Metabolismus bei stenothermen 

Arten oder Lebensstadien mit engen Temperaturbereichen höher ist als bei eurythermen. 

Dieser Befund legt nahe, dass ein direkter (mechanistischer) Zusammenhang zwischen der 

Temperaturtoleranz eines Organismus und der kinetischen Koordination von 

Stoffwechselfunktionen besteht. Insgesamt zeigen die Ergebnisse der Meta-Analyse, dass die 

Temperaturanforderungen für die Fortpflanzung (Laichen und Embryonenentwicklung) ein 

kritischer Engpass hinsichtlich der Anfälligkeit von Meeres- und Süßwasserfischen gegenüber 

dem Klimawandel sind. 

Die globale Risikobewertung ergab dass bei einer unverminderten Erwärmung (RCP8.5) etwa 

50% der untersuchten Arten (N = 107 von 211) mit Wassertemperaturen konfrontiert werden 

könnten, die die derzeitige Toleranzgrenze der Laicher und/oder Embryonen überschreiten. 

Dies bedeutet, dass viele Arten ihre Laichtätigkeit in kühlere Jahreszeiten oder Regionen 

verlagern müssten, was für polare Arten und solche, die von bestimmten Lebensräumen 

abhängig sind (z.B. Rifffische), besonders problematisch sein kann. Eine positive Perspektive 

ist, dass die Begrenzung der globalen Erwärmung auf 1,5°C die Zahl der gefährdeten Arten 

auf weniger als 10% reduzieren könnte. 

Die Ergebnisse dieser Dissertation zeigen eindeutig die Wichtigkeit der Integration von 

Lebenszyklus-Engpässen in Physiologie-basierte Risikoanalysen für Fischbestände. 

Habitatmodelle und andere Modellierungsansätze werden dadurch zu einem effektiveren 
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Instrument, nicht nur um Gesellschaften und politische Entscheidungsträger über die 

potenziellen Auswirkungen des Klimawandels auf Fischpopulationen und Ökosysteme zu 

informieren, sondern auch um wichtige Minderungsstrategien zu entwickeln. Beispielsweise 

können Laichhabitatmodelle potenzielle Schutzgebiete für Kabeljau und Polardorsch 

identifizieren und somit dazu beitragen, zusätzliche anthropogene Beeinträchtigungen durch 

Überfischung und Umweltverschmutzung in diesen Regionen zu verhindern.
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1. Introduction 

The oceans cover 71% of the earth’s surface and provide vital services to humanity, including 

food security and many other societal aspects related to marine ecosystem health and 

biodiversity (IPCC, 2019). Oceanic water masses (1.3 × 10
9
 km

3
) also play an important role 

in the global climate system and act as a climate change mediator (Stocker et al., 2013, 

Hoegh-Guldberg et al., 2019b). In fact, the global ocean has absorbed a substantial portion of 

the additional atmospheric heat (~90%) and CO2 (~30%) produced by the combustion of 

fossil fuels (e.g., oil, gas and coal) since the 1970s (Bindoff et al., 2013). These processes 

have reduced global warming of terrestrial areas (Bindoff et al., 2013) but on the other hand 

lead to a marked increase in sea surface temperature and a parallel decrease in seawater pH – 

a phenomenon termed ocean acidification (Caldeira and Wickett, 2003). The rate of ongoing 

anthropogenic ocean warming and acidification is probably unprecedented on geological time 

scales (Bindoff et al., 2013), raising concerns regarding the extent to which future climate 

change due to continued greenhouse gas emissions may affect marine ecosystems and 

organisms that provide income, nutrition and pleasure to millions of people (Pörtner et al., 

2014, Hoegh-Guldberg et al., 2019a). In Paris 2015, the United Nations Framework 

Convention on Climate Change (UNFCCC) established the goal of minimizing climatic risks 

by holding the global mean atmospheric temperature rise by the end of this century to well 

below 2°C, if not 1.5°C, above pre-industrial levels (UNFCCC, 2015). Understanding the 

implications of the Paris Agreement for the ocean, including the assessment of ecological 

risks under contrasting climate change scenarios is now an important task for the marine 

scientific community (Magnan et al., 2016, Hoegh-Guldberg et al., 2019a). The objective of 

this thesis is to advance the ecophysiological knowledge required for the development of 

reliable risk assessments and conservation strategies, with a special focus on the potential 

effects of ocean warming and acidification on the embryonic development of two important 

fish species – Atlantic cod, Gadus morhua and Polar cod, Boreogadus saida. 
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1.1 Recent and projected climate change  

The human population has grown from ~1 billion in ~1800 to 7.7 billion in 2019 (UN, 2019), 

leading to a corresponding increase in the demand of resources and energy, which is still 

mainly supplied by emission-intensive technologies (Field et al., 2014). Especially the 

burning of fossil fuels and associated emissions of approximately 550 gigatons CO2 (5.5 × 

10
14

 kg) have increased the concentration of CO2 in the atmosphere from ~275 parts per 

million (ppm) during the 19
th

 century (Stocker et al., 2013) to 411 ppm in October 2019 

(NOAA, 2019). Long-term climate reconstructions and time series of direct measurements 

provide compelling evidence that this increase is faster than any natural change in past 

800,000 years (Fig. 1.1), and it is very likely that anthropogenic CO2 emissions have and will 

contribute to climate change on land and in the ocean (IPCC, 2018). 

 

Figure 1.1 Reconstruction of atmospheric CO2 (blue line) and air temperature (red line) over the past 

800,000 years based on analysis of air trapped in ice cores from Antarctica (Vostok station and Dome 

C). The oldest ice (800,000 years before present) was retrieved at Dome C from more than 3,000 

meters depth (Lüthi et al., 2008). The curves show a strong correlation between atmospheric CO2 and 

temperature, with low CO2 concentrations during glacial (ice age) periods (grey bars) and high CO2 

concentrations during interglacial (warm) periods. The last glacial-interglacial transition (~10,000 

years before present) was associated with an increase of 1 ppm CO2 per century, which is considerably 

slower than the increase that occurred between the beginning of the 19
th
 century (275 ppm) and today 

(411 ppm on October 6th, NOAA, 2019, Stocker et al., 2013) 
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Since the beginning of the 20
th

 century, the global surface air temperature has increased by 

1.1°C and sea surface temperature (0-10 m depth) has increased by 0.8°C (Hoegh-Guldberg et 

al., 2019a, Fig. 1.2, A). Ocean warming occurred in parallel with an increasing frequency and 

intensity of marine heatwaves, a decrease in Arctic sea-ice extent (-50% in summer since 

1980, Fig. 1.2, B) and a decrease in seawater pH of 0.1 units (8.25 to 8.14, Fig. 1.2, C) due to 

the uptake of atmospheric CO2 by the ocean (IPCC, 2019, Stocker et al., 2013). More 

precisely, since the surface waters of the oceans are in gas equilibrium with the atmosphere, 

the increase in atmospheric CO2 leads to a net uptake of CO2 into the ocean (Caldeira and 

Wickett, 2003). The reaction of dissolved CO2 with seawater (Equation 1) causes the 

formation of carbonic acid (H2CO3), which dissociates into bicarbonate (HCO3
−
) and 

hydrogen (H
+
) ions, and the increase in H

+
 (i.e., acidification) is measured as a decrease in pH 

(-0.1 logarithmic pH units represents a ~30% increase in H
+
). 

CO₂ + H₂O ↔ H₂CO₃ ↔ HCO₃ˉ + H+ ↔ CO₃− + 2H⁺ 

Equation 1 

Elevated concentrations of dissolved CO2 and H
+
 may not only affect the acid-base status of 

water-breathing animals like fish (see Section 1.2.2), it also decreases the seawater 

concentration of carbonate (CO3
2−

) ions (the equilibrium of the reaction shifts to the left), 

making it more difficult for calcifying organisms (e.g., sea urchins, mussels, and corals) to 

form their shells (Caldeira and Wickett, 2003, Waldbusser et al., 2015). It is important to note 

that the extent of ocean warming and ocean acidification varies regionally and takes place 

against a background of natural (e.g. seasonal) oscillations to which species have adapted 

(Pörtner et al., 2014). Climate risk assessments therefore require detailed information on the 

physiology and lifecycle ecology of species as well as information on the dynamics of future 

climate change in specific habitats and seasons (Pacifici et al., 2015). 
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Figure 1.2 (A) Change in global surface air temperature over land (red and orange) and sea surface 

temperature (blue and cyan) relative to the reference period 1880-1900 (GISTEMP, NASA, 2019). 

Symbols are annual mean temperatures averaged over land areas (orange) and the open ocean (cyan, 

excluding ice-covered areas). Thick lines are 5-year lowess smooths. (B) Change in minimum Arctic 

sea-ice extent during summer (September) between 1979 and 2019 (www.meereisportal.de) (C) 

Change in monthly atmospheric CO2 concentration (red line) between 1958 and 2019 at Mauna Loa, 

Hawaii (NOAA, 2019). Corresponding changes in monthly seawater PCO2 and pH (right y-axis) at the 

ALOAH station are given by green and blue lines, respectively. (D) Historic (black line) and projected 

(colored lines) fossil-fuel emissions (mainly CO2) by 2100 according to IPCC’s Representative 

Concentration Pathways (RCP8.5, 6.0, 4.5 and 2.6) (Stocker et al., 2013). Lines indicate means of 

multiple Earth System Models (ESMs) with confidence intervals as shadings (one standard deviation). 

Earth system models (ESMs), such as those considered in the assessment reports of the 

Intergovernmental Panel on Climate Change (IPCC), provide spatially explicit projections of 

future climates based on different greenhouse gas (GHG) emission scenarios i.e., 

representative concertation pathways (RCPs) (Stocker et al., 2013). These four RCPs 

(RCP8.5, 6.0, 4.5 and 2.6) are labeled according to the estimated radiative forcing (the 

amount of solar energy absorbed by the Earth) in the year 2100 (8.5, 6.0, 4.5, 2.6 Watts per 

m
2
). In RCP8.5, GHG emissions continue to rise throughout the century, while in RCP6.0, 4.5 

and 2.6 emissions are assumed to peak in 2080, 2040 and 2020 respectively and then decline 

(Fig. 1.2, D). The RCP2.6 scenario is broadly in line with the target of the Paris Agreement to 
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limit the increase in global near-surface air temperature to 1.5°C (Magnan et al., 2016, 

Gattuso et al., 2015). Contrary to political commitments, global emissions currently follow 

the business-as-usual scenario RCP8.5 (Raftery et al., 2017, Rogelj et al., 2016). 

Regional differences in current sea surface temperature, sea-ice extent and surface pH are 

presented in Fig. 1.3 together with ESM projections for the end of this century under different 

RCPs (Scott et al., 2016). When considering global averages, ocean warming is projected to 

range between 1.1°C (RCP2.6) and 3.2°C (RCP8.5) with corresponding losses of Arctic sea-

ice extent. Ocean acidification (the decrease in surface pH) is projected to range between 0.15 

and 0.41 pH units (PCO2 of ~450 and ~1,100 µatm CO2) under RCP2.6 and RCP8.5, 

respectively. The highest rates of warming and acidification are projected to occur in 

subarctic and arctic regions, which is related to the decline of summer ice (and thus less 

reflection of solar heat) and higher solubility of CO2 in cold water (Steinacher and Joos, 

2016). For instance, the Northeast Atlantic, including the North Sea and Barents Sea, is 

expected to warm and acidify more than twice as fast as the global average. This region is 

currently inhabited by some of the world’s largest fish populations that play important roles in 

the food web and support major fisheries (Haug et al., 2017). However, while it is well-

documented that recent warming of the Northeast Atlantic caused significant changes in fish 

abundance and distribution (Haug et al., 2017, Perry et al., 2005, Poloczanska et al., 2013), 

little is known about the potential effects of future warming and acidification on key species 

such as Atlantic cod and Polar cod (Haug et al., 2017, Christiansen, 2017). 
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Figure 1.3 (A−C) Regional differences in current (1950-2005) sea surface temperature (SST), sea-ice 

extent and surface pH are shown for the period January-April (main spawning season of Atlantic cod 

and Polar cod). (D−I) Projected changes in SST, sea ice and pH by 2051-2100 (relative to 1950-2005) 

are shown for different emission scenarios: (D−F) RCP2.6 (low emission scenario) and RCP8.5 (high 

emission scenario). The climate data were produced during the 5
th
 phase of the Climate Model 

Intercomparison Project (CMIP5, 42 models) and downloaded from the NOAA’s Climate Change 

Web Portal (Scott et al., 2016). 
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1.2 Fish physiology and climate change 

The geographical distribution of organisms as well as their vulnerability to climate change is 

primarily determined by their physiological sensitivity to temperature (Pörtner, 2002, 

Angilletta, 2009). Unlike endothermic animals such as birds and mammals, fish and other 

aquatic ectotherms have limited capabilities to control their body temperature, making them 

particularly susceptible to temperature changes (Angilletta, 2009, Brett, 1956, Dannevig, 

1895). Moreover, fishes are directly exposed to changes in the chemical composition of their 

aqueous environment. Thus, depending on individual tolerance thresholds, projected ocean 

warming and acidification are expected to affect vital physiological processes, including 

aerobic metabolism, acid-base homeostasis and energy allocation (Pörtner and Farrell, 2008). 

At sublethal thresholds, these effects may compromise performances such as development, 

growth and reproduction, potentially leading to reduced population productivity and 

abundance (Pörtner and Knust, 2007). When environmental conditions exceed physiological 

limits, local extinction events could follow as a result of mortality or behavioral avoidance 

i.e., migration into more suitable habitats (Pörtner and Knust, 2007, Urban, 2015). The 

molecular to systemic mechanisms through which temperature and acidification affect 

organismal performance and survival have been stablished by the concept of oxygen- and 

capacity-limited thermal tolerance (OCLTT), suggesting that species inhabiting variable 

environments are more tolerant than those adapted to stable conditions (Pörtner, 2001, 

Pörtner, 2002, Pörtner et al., 2017). In other words, OCLTT implies that tolerance windows 

evolved to be as narrow as possible to ensure survival while minimizing the costs of living, 

resulting in functional and morphological differences between species in various climate 

zones and habitats (Pörtner, 2002). Within species, tolerance windows may shift between life 

stages according to the development of organ systems and associated capacities for oxygen 

transport and acid-base regulation (Pörtner and Farrell, 2008b, Pörtner and Peck, 2010b, Brett, 

1956). A central hypothesis of OCLTT in the context of anthropogenic climate change is that 

thermal tolerance windows narrow due to additional effects of acidification, which may 

exacerbate the risk of habitat loss in a warming ocean (Pörtner, 2008). As such, OCLTT 

provides a mechanistic framework for the development of climate risk assessments, but there 

are important knowledge gaps about the combined effects of temperature and acidification on 

developmental life stages (embryos and larvae), which may be particularly sensitive (Pörtner 

and Peck, 2010). This thesis therefore focuses on the effects of acidification on embryonic 

thermal tolerance in Atlantic cod and Polar cod as well as on the question whether narrow 

tolerance windows of embryos represent a general bottleneck in the lifecycle of fish.  
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1.2.1 Responses to temperature 

Ecological responses to recent climate change have been documented worldwide, mainly 

through changes in phenology (e.g., earlier spring events) and distribution shifts toward the 

poles or into deeper waters (Perry et al., 2005, Poloczanska et al., 2013, Pörtner et al., 2014). 

The ongoing expansion of boreal fish species (e.g., Atlantic cod) into the Arctic, the 

displacement of native species (e.g., Polar cod) and associated effects on species interactions 

and fisheries are characteristic examples of how climate change alters marine ecosystem 

structure and function in the Northeast Atlantic and elsewhere (Haug et al., 2017, Fossheim et 

al., 2015). Current knowledge suggests that these changes are largely due to physiological 

responses to temperature (Pörtner et al., 2014), although processes related to food availability 

and fisheries also play a role (Brander, 2007, Kjesbu et al., 2014). Two principle aspects of 

thermal physiology are particularly important in context of climate change: the temperature 

dependence of performance rates (e.g., metabolic rates) and the width of the thermal tolerance 

window (Schulte, 2015, Pörtner, 2002, Angilletta, 2009). Thermal performance curves 

provide numerical descriptions of temperature-dependent responses and tolerance windows 

(Fig. 1.4), making this approach a useful tool in climate risk assessments (Sinclair et al., 

2016). 

Within the species- or stage-specific tolerance window, metabolic rates scale exponentially 

with temperature (Fig. 1.4, A), typically resulting in a two to threefold change in rate with 

every 10°C change in temperature (Angilletta, 2009, Brown et al., 2004). The temperature 

dependence (hereafter thermal responsiveness) of metabolism refers to the thermodynamic 

(kinetic) effect of temperature on biochemical (enzymatic) reactions, which can be described 

by the Arrhenius equation:  

𝑘 = 𝐴 × e −
𝐸𝑎

𝑅 × 𝑇
 

Equation 2 

Where k is the reaction rate, A is the pre-exponential factor (constant at biologically relevant 

temperatures), Ea is the activation energy of the rate-limiting enzymatic reaction, R is the gas 

constant and T is the temperature in kelvin. Accordingly, “activation energy” serves as a 

measure of thermal responsiveness and indicates the extent to which metabolic rates and 

development times, for example, change in response to global warming (Brown et al., 2004). 

Thermal responsiveness may differ between species and life stages, reflecting energetic 

optimizations associated with the specialization on specific temperature regimes (Clarke, 
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2003, Pörtner, 2002). This theory was initially developed based on experiments with Antarctic 

bivalves and ice fishes, which exhibit very high densities of energy (ATP) producing 

mitochondria and high concentrations of metabolic enzymes to compensate for low diffusion 

rates in the cold (Pörtner, 2002, Pörtner et al., 2005). In these specialized animals, high 

activation energies (kinetic barriers) of rate-limiting steps in the citrate cycle are suggested to 

promote control of metabolic flux and thus resource efficiency despite mitochondrial 

proliferation (Pörtner et al., 2005). The disadvantage of this strategy is that relatively small 

temperature changes have a strong influence on metabolic processes (i.e., high thermal 

responsiveness), resulting in a narrowed aerobic temperature window (Pörtner, 2002, Pörtner, 

2010). To date, however, it has not been explicitly tested whether the proposed inverse 

relationship between metabolic thermal responsiveness and thermal tolerance represents a 

general principle. 
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Figure 1.4 (A) In ectotherms, the physiological (aerobic) temperature range (PTR) is defined as the 

temperature range over which metabolic rates (solid black curve) increase exponentially with 

temperature (Pörtner, 2010, Angilletta, 2009). Outside lower and upper temperature thresholds (cyan 

and orange arrows), oxygen supply capacity becomes insufficient to cover supply (e.g., to 

mitochondria), leading to a progressive decline in energy (ATP) availability and thus performance 

(blue and red dotted lines) (Pörtner and Knust, 2007). Short-term survival at critical temperatures is 

supported by aerobic metabolism and expression of molecular chaperones that prevent denaturation of 

protein structures (Pörtner, 2010). Prolonged exposure to critical temperatures eventually causes 

mortality (Moyano et al., 2017, Pörtner, 2010). (B) The thermal tolerance window (solid curve) is 

defined as the temperature range between lower and upper lethal limits (blue/red circles and arrows) 

(Pörtner, 2002). Additional factors, such as CO2-driven acidification (stippled curve), may intensify 

aerobic constraints at critical temperatures, thereby narrowing the tolerance window (Pörtner, 2008). 

(C) Tolerance windows are expected to widen from embryos to adults due to increasing capacities for 

oxygen supply and homeostatic regulation with the development of specialized organ systems (e.g. 

gills) (Rombough, 1997). Thermal windows may narrow again in large individuals and especially 

spawning stages, reflecting a net decrease in aerobic capacity in relation to body mass (Pörtner and 

Farrell, 2008). Illustrations were modified after (Pörtner, 2010, Pörtner and Farrell, 2008). 
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Beyond lower and upper tolerance thresholds, performance declines and mortality increases 

(Fig. 1.4, B). According to OCLTT, physiological constraints at low and high temperature 

thresholds result from a mismatch in oxidative ATP supply relative to demand (Pörtner and 

Knust, 2007). Survival at critical temperatures is time-limited and dependent on aerobic 

metabolism as well as on the efficacy of protective mechanisms, such as heat shock proteins 

(Pörtner, 2002, Pörtner and Knust, 2007). Thermal death occurs through chronic damage 

during prolonged exposure to critical temperatures and through denaturation of cell structures 

(proteins and membranes) under even more extreme conditions (Angilletta, 2009, Pörtner, 

2010).  

Species differ in thermal window width due to different capacities for oxygen uptake and 

transport, reflecting functional differences at systemic, tissue, cellular and mitochondrial 

levels (Pörtner et al., 2017). The expected increase in thermal tolerance from embryo to 

adulthood (Fig. 1.4, C) is likely underpinned by increasing aerobic capacities (in relation to 

body mass) associated with the development of cardiorespiratory organ systems (Pörtner et 

al., 2006, Pörtner and Farrell, 2008, Rombough, 1997). Especially the shift from cutaneous 

gas exchange to more efficient gill respiration during larval development is hypothesized to 

support wider temperature windows (Pörtner et al., 2006, Rombough, 1988, Rombough, 

1997). When adults become sexually mature, aerobic capacities and thus thermal tolerance 

may decrease during annual spawning seasons due to additional oxygen demands of egg and 

sperm masses (Pörtner and Farrell, 2008). Allometric constraints on oxygen demand-supply 

relationships are expected to cause a decrease in thermal tolerance and a shift to lower 

optimum temperature as individuals approach their maximum body size (Cheung et al., 2013, 

Pörtner, 2002). Compensatory responses to climate change may involve short-term shifts in 

thermal thresholds (acclimatization of individuals) as well as long-term shifts over many 

generations (evolutionary adaptation of populations) (Angilletta, 2009). Both acclimatization 

and adaptation require adjustments of biochemical properties, such as membrane 

modifications and optimization of enzyme function (Angilletta, 2009, Pörtner, 2010). 

However, experimental data and paleo-records of previous mass-extinction events indicate 

limited rescue potential through acclimatization and and/or adaptation, which is consistent 

with the observation that many species shift their distribution according to local climate 

velocities (Poloczanska et al., 2013, Pörtner et al., 2014). Nonetheless, realistic risk 

assessments are currently hampered by a lack of knowledge about the extent to which thermal 

windows of the most sensitive life stages narrow due to effects of additional anthropogenic 

factors such as ocean acidification (Pörtner et al., 2017). 
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1.2.2 Responses to ocean acidification 

The current extent of ocean acidification (Δ0.1 pH) has already negative effects on calcifying 

organisms such as pteropods and corals (Gattuso et al., 2015). Gloomy prospects for a future 

high-PCO2 ocean are also given by extinctions of many calcifying species during prehistoric 

acidification events (Wittmann and Pörtner, 2013) as well as by recent mass mortalities in 

North American oyster farms caused by upwelling of acidified deep water (Barton et al., 

2015). Compared to these invertebrate species, (adult) fish have relatively powerful 

homeostasis systems (Brauner and Baker, 2009), which is why they are generally considered 

less sensitive to ocean acidification (Wittmann and Portner, 2013). However, fish embryos 

and early larvae lack fully-functional organ systems (e.g., gills) that facilitate efficient gas 

exchange and acid-base regulation in adults (Alderdice, 1988). Although initial experiments 

suggest that unabated acidification i.e., RCP8.5 (PCO2 of 800-1200 µatm, Δ0.4-0.5 pH by 

2100) can affect the development of some fish species (Baumann, 2019, Cattano et al., 2018), 

little is known about the ontogeny of homeostatic capacity and its role in shaping the 

responses of developing fish to acidification and other abiotic factors (Esbaugh, 2018). 

Ocean acidification can directly affect the physiology of fish and other water breathing 

organisms by reducing the CO2 and H
+
 concentration gradient between seawater (current 

PCO2: ~420 µatm, pH 8.1) and their body fluids (PCO2 of fish blood: ~3,000-5,000 µatm, pH 

7.4-7.7) (Melzner et al., 2009b). This means that acidification hampers the diffusive release of 

metabolic CO2 and H
+
 across epithelial surfaces (Esbaugh, 2018, Melzner et al., 2009b). The 

resulting increase of internal PCO2 and H
+
 disrupts the acid-base balance of extra- and intra-

cellular body fluids (see Equation 1) with potentially fatal consequences (Pörtner, 2008), 

unless the organism is able to maintain acid-base homeostasis through ATP-dependent ion 

transport processes (Melzner et al., 2009b). In adult fish, the gills are the most important 

organ system for gas exchange and regulation of acid-base homeostasis (Evans et al., 2005). 

The epithelial tissues of gill filaments are well perfused and contain specialized cells that are 

responsible for ion regulation. These so-called ionocytes (see Fig. 1.5) express high quantities 

of membrane-bound ion transporters and are usually rich in ATP-producing mitochondria, 

which is why they are also referred to as mitochondria-rich cells (MRCs) (Evans et al., 2005).  
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Experiments with adult fish suggest that maintenance of extra-cellular acid-base homeostasis 

under ocean acidification is primarily achieved through H
+
 excretion paralleled by a net 

accumulation of bicarbonate [HCO3
−
] that is balanced in exchange of chloride [Cl

−
] ions 

(Brauner and Baker, 2009, Esbaugh, 2018). These processes involve ATP-dependent ion 

pumps like V-type H
+
-ATPase (VHA) and Na

+
/K

+
-ATPase (NKA), the latter being 

responsible for generating an electro-chemical gradient across cellular membranes that is used 

for electroneutral transport of [HCO3
−
] and [Cl

−
] in exchange of [K

+
] and [Na

+
] (Brauner and 

Baker, 2009, Esbaugh, 2017), as depicted in Fig. 1.5.  

 

Figure 1.5 Schematic illustration of a representative (adult-type) ionocyte highlighting documented 

mechanisms of acid-base regulation (Esbaugh, 2018, Evans et al., 2005). Compensation of CO2-

induced ocean acidification requires that accumulating (intra-cellular) CO2 is hydrated by cytosolic 

carbonic anhydrase (CA) while the resulting protons (H
+
) are excreted across the apical membrane via 

VHA and Na
+
/H

+
 co-transporter (NHE). Excess bicarbonate (HCO3

-
) ions are moved across the 

basolateral membrane by NBC-1 and bicarbonate-chloride anion exchangers (AE) to compensate for 

CO2-related pH disturbance of extra-cellular body fluids (Brauner and Baker, 2009). Transmembrane 

potential is maintained through stoichiometric cation/anion exchange by basolateral NKA, NKCC-1 

and AE as well as by apical chlorine (CL
-
) channels (CFTR) (Brauner and Baker, 2009, Esbaugh, 

2018, Evans et al., 2005). 
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Responses of embryos and larvae to acidification likely differ between species and 

developmental stages depending on the level of inherited (maternal) defense mechanisms, the 

capacities of epidermal ionocytes and the functional plasticity of homeostatic mechanisms 

(Hamdoun and Epel, 2007, Melzner et al., 2009b). More specifically, it is hypothesized that 

maternal factors, such as non-bicarbonate buffers (e.g., free amino acids) and chaperones 

(e.g., heat shock proteins), protect early cleavage stages against frequently encountered 

conditions (Hamdoun and Epel, 2007). Unexpected conditions (e.g. anthropogenic 

acidification) may overwhelm these intrinsic (species-specific) buffers and disrupt critical 

development processes (Hamdoun and Epel, 2007). The establishment of ionocytes and thus 

active homeostatic regulation is probably linked to the formation of germ layers and 

primordial tissues during gastrulation (Alderdice, 1988, Trayer et al., 2015). After 

gastrulation, increasing (e.g., growth- and activity-related) requirements for ion regulation and 

removal of metabolic CO2 necessitate the proliferation and differentiation of ionocytes 

(Brauner and Rombough, 2012), possibly increasing the tolerance of embryos and larvae to 

ocean acidification. The development of homeostasis systems may also enable organisms to 

respond to acidification through plasticity in the expression of ionocytes and ion transporters 

(Esbaugh, 2018). However, maintenance of acid-base homeostasis is an energy-intensive task, 

accounting for approximately 15% of the embryonic ATP budget (Rombough, 2011). 

Compensatory responses to future acidification are therefore expected to reduce the growth 

potential of embryos and larvae (Cattano et al., 2018), with negative implications for long-

tern survival and population productivity (Houde and Hoyt, 1987). Moreover, the production 

of additional ATP (via mitochondrial F1FO-ATP-Synthase) to fuel compensatory processes 

increases metabolic rate and oxygen demand, potentially leading to an earlier onset of oxygen 

limitation at critical temperatures (Pörtner, 2008). Estimating lifecycle bottlenecks and the 

impact of acidification on thermal performance curves can facilitate projections of future 

habitat suitability distribution (Pörtner et al., 2017), but appropriate data are lacking for most 

species, including for Atlantic cod and Polar cod. 
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1.3 Model species 

The experimental work of this thesis focusses on Atlantic cod and Polar cod, although an 

additional experiment was conducted with Atlantic herring, Clupea harengus, (Appendix 

Publication I). In order to improve the knowledge base with respected to the combined effects 

of warming and acidification on important fish species in the Northeast Atlantic, Atlantic cod 

and Polar cod were selected as model species. Moreover, different climatic affinities and 

overlapping distribution limits of Atlantic cod (sub-arctic) and Polar cod (arctic) (Fig. 1.6) 

characterize these species as an excellent model system to study how climate change in the 

Arctic will affect habitat suitability and co-existence of incoming and native species in this 

region. These experimental investigations were extended by a global meta-analysis addressing 

the relationship between thermal responsiveness and thermal tolerance across life stages, 

species and climate regions.  

 

Figure 1.6 Distribution of (A) Atlantic cod and (B) Polar cod according to Aquamaps 

(www.aquamaps.org). Red colors indicate high probability of occurrence. (C) The geographic 

locations of the main spawning habitats of Atlantic cod (Rose, 2019) and Polar cod (Ajiad, 2011) in 

the North Atlantic are indicated by light- and dark-blue shaded areas, respectively. Water depth is 

given by grey scale. 
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Atlantic cod is a bentho-pelagic species that can be found across the North Atlantic (Fig. 1.6, 

A), spanning more than 40° of latitude from Cape Hatteras (~35°N) on Northwest Atlantic 

coast to Spitzbergen (~82°N) in the northern Northeast Atlantic (Rose, 2019). Adults exploit 

water temperatures between −1.5°C and 20°C (Righton et al., 2010) and are therefore 

considered cold-eurythermal (Chabot and Claireaux, 2019). Most populations spawn between 

March and May at water temperature of 3°C to 7°C (Fig. 1.6, C), and some of these 

populations undertake spawning migrations over long distances (Brander, 2005). The most 

prominent example is the Barents Sea cod population, which is also named and commercially 

marketed as “Skrei” (the “wanderer” in Norwegian). During summer, this population 

undertakes feeding migrations into the northern Barents Sea where its distribution overlaps 

with the closely related Polar cod (both species belong to the family Gadidae) (Haug et al., 

2017). During winter, large schools migrate several hundred kilometers south to spawn from 

March to end of April at different locations along the Norwegian coast (Sundby and Nakken, 

2008). The main spawning grounds are located around the Lofoten archipelago at 68°N, 

where the Skrei fishery has been a major source of income for centuries (Kjesbu et al., 2014). 

In fact, archaeological excavations in Norway, the United Kingdom and Germany (Haitabu) 

revealed that preserved cod (also known as Bacalao when salted or Stockfish when air-dried) 

from the Lofoten was already traded across Europe during the Viking Age (~1,000 year ago) 

(Star et al., 2017). Climate-driven changes in the distribution of Atlantic cod probably lead to 

the discovery of North America by the Vikings, who were able to follow the track of cod 

populations across the North Atlantic (Kurlansky, 1997). Atlantic cod as a cheap protein 

resource for slaves and soldiers has also played an important role in modern history, and is 

today one of the most studied fish species in the world (Rose, 2019). The collapse of many 

cod populations since the 1990s has been attributed to severe overexploitation and 

unfavorable climate conditions (Brander, 2007, O'Brien et al., 2000).  

Increasing water temperatures, especially during the spawning season, tend to have negative 

effects on populations at the warm end of the species’ range, such as in the Irish Sea, North 

Sea and Kattegat (Planque and Frédou, 1999, O'Brien et al., 2000, Drinkwater, 2005). 

Conversely, warming has positive effects on the reproductive success of the northernmost 

populations, including Barents Sea cod, which is currently hitting an all-time high in terms of 

biomass (~3 million metric tons) (Kjesbu et al., 2014). Recent warming has also promoted the 

expansion of Barents Sea cod and other cold-eurythermal species into regions previously 

unaffected by industrial fisheries, which is raising conservation concerns (Christiansen et al., 

2014, Haug et al., 2017). In addition, with increasing abundances of Atlantic cod in the 
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Arctic, native species including Polar cod, may be at risk due to increased predation pressure 

(Christiansen, 2017, Kunz et al., 2016).  

Polar cod is a sympagic (ice-associated) species with a circumpolar distribution (Fig. 1.6, B) 

(Ajiad, 2011). Adults prefer water temperatures of -1.9°C to 0°C and are rarely found above 

3°C (Ajiad, 2011), which is why the species can be described as cold-stenothermal. In the 

Barents Sea, spawning takes place mainly in ice-covered regions during winter (December to 

February, Fig. 1.6, C) at water temperatures between -1°C and 2°C (Ajiad, 2011, Hop and 

Gjøsæter, 2013). Sea ice plays an important role in the lifecycle of Polar cod, protecting 

spawning adults from predators (especially sea birds) and serving as a nursery habitat for 

larvae and juveniles (Hop and Gjøsæter, 2013). Polar cod is probably the most abundant fish 

species in the Arctic, and as the main prey item for top-predators such as sea birds, seals and 

whales it has a central position in the Artic food web (Christiansen, 2017). While it has been 

speculated that the recent decline in Polar cod biomass from 5 to 1 million tons (Barents Sea) 

is due to rapid warming, sea-ice loss and increased predation by Atlantic cod and other 

incoming subarctic species (Christiansen, 2017), few studies have explicitly addressed the 

climate sensitivity of this fundamentally important species (Haug et al., 2017, Nahrgang et al., 

2014). 

Both Atlantic cod and Polar cod are iteroparous species (annual spawning) and produce 

pelagic eggs of about 1.5 mm diameter that develop near the water surface (Ajiad, 2011, 

Brander, 2005). These eggs are excellent experimental test objects since they are transparent, 

permeable for dissolved gases (e.g., O2 and CO2), form an energetically closed system (no 

exchange of nutrients with the environment) and lose their buoyancy immediately after death, 

making it easy to monitor developmental processes, energy allocation and mortality rates 

(Rombough, 2011). Adult Atlantic cod become sexually mature at the age of 3 to 7, and large 

females (≥10 kg) can produce more than 5 million eggs that are spawned in 10 to 20 batches 

over several weeks (Kjesbu, 1989). Polar cod mature at the age of 1+ and large females (e.g., 

0.2 kg) produce up to 50,000 eggs that are mostly spawned in a single event (Ajiad, 2011). 

Depending on hydrographic conditions, pelagic eggs may be retained at the spawning ground 

or dispersed over several hundred kilometers before they hatch (Ciannelli et al., 2015, Sundby 

and Nakken, 2008). Spawning during specific seasons and in specific locations is expected to 

increase the probability that developing eggs and larvae are retained in or dispersed to suitable 

nursery habitats with conditions (e.g., optimal temperature, high food, low predation) that 

maximize offspring survival (Ciannelli et al., 2015). The first scientific experiments that 

investigated the effects of temperature on embryogenesis in Atlantic cod were conducted by 
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Dannevig (1895). Since then, embryonic thermal windows have been intensively studied in 

different populations of Atlantic cod (e.g., Geffen et al., 2006, Hall et al., 2004, Hunt von 

Herbing et al., 1996), as well as in Polar cod (Laurel et al., 2018, Sakurai et al., 1998) and 

many other species (Rombough, 1997, Peck et al., 2012). The work of this thesis builds on the 

physiological and methodological findings of these previous studies (see Fig. 1.7) to fill 

knowledge gaps about how ocean acidification alters temperature responses and tolerance 

windows of fish embryos. 

 

Figure 1.7 Life cycle of Atlantic cod, Gadus morhua, and Polar cod, Boreogadus saida (Family: 

Gadidae). Although Atlantic cod can grow much larger (record: 96 kg, Froese and Pauly, 2018) than 

the Polar cod (usually less than 0.5 kg, Ajiad, 2011), both species undergo a morphologically similar 

development (Hall et al., 2004, Kent et al., 2016, Hunt von Herbing et al., 1996). During the cleavage 

period and most of the blastula period, developmental processes are primarily controlled by maternal 

mRNAs (Kimmel et al., 1995). The activation of the embryonic genome (also referred to as maternal-

to-zygotic transitions, MZT) occurs at the end of the blastula period (Kimmel et al., 1995). The 

gastrulation period is characterized by the formation of the three germ layers (endoderm, mesoderm, 

and ectoderm), which give rise to different tissue and organ systems during segmentation and 
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organogenesis (Kimmel et al., 1995). At hatching (3 to 4 weeks at 3°C), the mouth is still closed and 

larvae feed on their yolk reserves. The transition from endogenous to exogenous feeding occurs 

shortly before the yolk sack is completely absorbed. Subsequent larval development is characterized 

by major morphological changes, including pigmentation and the differentiation of fins, scales, 

digestive organs, circulatory systems and gill structures (Blaxter, 1988). After metamorphosis (3-5 

months), juveniles have fully functional organ systems and an adult appearance both in terms of 

pigmentation and morphology (Hunt von Herbing et al., 1996, Blaxter, 1988). Sexual maturation in 

Atlantic cod and Polar cod occurs at age 3+ and 1+, respectively (Ajiad, 2011, Brander, 2005). 

1.4 Thesis outline 

This thesis combines experimental investigations and meta-analysis to assess the sensitivity of 

fish species to warming and ocean acidification (hereafter OA, always referring to elevated 

PCO2 of 1,100 µatm and pH 7.7). The results are presented in four primary manuscripts 

(Publication I-IV) and two supplementary manuscripts (Appendix Publication I & II), all of 

which are considered in the synthesis of this work. First, a series of incubation experiments 

was conducted to investigate the combined effects of temperature and OA on the embryonic 

development of Atlantic cod (Publication I-III), Polar cod (Publication III) and Atlantic 

herring (Appendix Publication I). Relevant results were used to quantify climatic risks for 

Atlantic cod (Publication III and Appendix Publication II) and Polar cod (Publication III) 

under different emission scenarios. Furthermore, experimental results of this thesis and 

previously published data were used to characterize ontogenetic changes in thermal 

physiology and vulnerability to warming across marine and freshwater fishes from all climate 

zones (Publication IV).  

The specific questions and approaches of Publication I-IV are as follows: 

Publication I (Atlantic cod, Barents Sea) 

 Does exposure to OA increase embryonic vulnerability to warming? 

 Is embryonic vulnerability to warming and OA higher during early development and 

related to low homeostatic capacity? 

 Does exposure to warming and OA modify the development of functions that facilitate 

pH and energy homeostasis? 

Embryonic vulnerability to warming (6°C vs 9.5°C) and OA was evaluated based on daily 

mortality rates until hatch in a flow-through incubation system. The treatment conditions were 

selected to represent end-of-century conditions according to RCP8.5. Ontogenetic changes in 

homeostatic capacity were assessed through analyses of enzyme activity and protein 

expression of acid-base relevant ion transporters and mitochondrial ATP-Synthase at five 

prominent developmental stages between fertilization and yolk sack absorption. 
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Publication II (Atlantic cod, Kattegat) 

 Are there energetic costs associated with homeostatic responses to OA, and do these 

costs narrow the temperature window of aerobic metabolism? 

 Does exposure to OA affect the allocation of resources and thus somatic growth? 

Thermal windows under control and OA conditions were assessed based on hatching success 

at five temperatures (0, 3, 6, 9 and 12°C) using a closed incubation system. Embryonic 

oxygen consumption rates, mitochondrial capacities, larval morphometry at hatch and 

ionocyte morphology/abundance at hatch were measured to investigate the combined effects 

of temperature and OA on aerobic performance, energy allocation and ion regulation effort, 

respectively. 

Publication III (Atlantic cod and Polar cod, Barents Sea) 

 To what extent do Atlantic cod and Polar cod differ in terms of embryonic thermal 

tolerance and vulnerability to additional effects of OA? 

 Does embryonic thermal tolerance limit the availability of spawning habitat under 

future climate conditions? 

 Is the goal of limiting global warming to 1.5°C above preindustrial suitable to 

minimize the risk of spawning habitat loss for Atlantic cod and Polar cod? 

Thermal windows under control and OA conditions were assessed based on hatching success 

at five temperatures (Atlantic cod: 0, 3, 6, 9 and 12°C; Polar cod: 0, 1.5, 3, 4.5 and 6°C). 

Thermal windows were linked to spatial climate data to determine changes in spawning 

habitat suitability (potential embryo survival) in the northern Northeast Atlantic under 

different IPCC emission scenarios (RCP8.5, 4.5 and 2.6). 

Publication IV (meta-analysis) 

 Which life stage is most responsive to temperature? 

 Is there a relationship between stage-specific thermal responsiveness and organismal 

thermal tolerance, and how does this relationship vary across climatic regions? 

 Is the 1.5°C target suitable to minimize warming-related impact risks if the heat 

tolerance limits of the most sensitive life stage(s) are considered? 

Ontogenetic changes in thermal responsiveness and thermal tolerance were explored by 

merging and updating previously published data compilations. Species vulnerability to 

warming was estimated based on tolerance ranges of spawners and embryos considering 

climate projections by 2100 under RCP8.5, 6.0 and 2.6. 
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2. Materials and methods 

This section contains technical information regarding the experimental and meta-analytical 

work presented in Publication I-III and Publication IV, respectively. Statistical methods are 

explained in the respective Publications (Section 3). 

2.1 Experimental work 

Two series of incubation experiments were conducted in 2013 and 2014 (Fig. 2.1 and Table 

1). The first series took place at the Sven Lovén Centre in Kristineberg (Swedish west coast) 

and the second at two different aquaculture research facilities near Tromsø (northern 

Norway). In Sweden, experiments were conducted with Atlantic cod (Publication II) and 

Atlantic herring (Appendix Publication I) from the Kattegat region. In Norway, experiments 

were carried out with Polar cod (Karvikå station) and Atlantic cod (Krakenes station) from the 

Barents Sea. (Publication I, III and Appendix Publication II, Table 1). 

 

Figure 2.1 (Left) Map of northern Northeast Atlantic indicating the locations at which the 

experimental animals were collected (colored circles and squares) and where the experiments took 

place (asterisks with the same color). (Right) Pictures (top to bottom) show the research facilities in 

Kristineberg (University of Gothenburg), Karvikå (near Tromsø, The Arctic University of 

Norway/NOFIMA) and Krakenes (near Tromsø, NOFIMA).  
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2.1.1 Animal collection 

All experiments used wild fish caught during the spawning season. 

Kristineberg, Sweden 

Atlantic cod were caught by hand-gear in the Øresund strait (55°58’N; 12°38’E, Fig. 2.1) in 

March 2013. The water temperature at the spawning ground (20 to 25 m depth) was 4.5 ± 0.5 

°C. Five egg batches were fertilized on the fishing vessel (Fig. 2.2, A & B) and transported 

under temperature-controlled conditions (4°C) to the research facility in Kristineberg. The 

incubation experiment started approximately three hours after fertilization.  

Tromsø, Norway 

Polar cod were caught in Kongsfjorden (West-Spitsbergen: 78°95’N, 11°99’E, Fig. 2.1) by 

trawling in January 2014. Selected fish were held in flow-through tanks (0.5 m
3
) and 

transferred to the research facility in Karvikå. At the station, the fish were kept in a flow-

through tank (2 m
3
) at 3 ±0.3°C water temperature and complete darkness. Atlantic cod were 

caught by longlining in the southern Barents Sea (70°28’N, 18°00’E, Fig. 2.1) in March 2014. 

Mature fish were transported to the Centre for Marine Aquaculture (NOFIMA) and held in a 

flow-through tank (25 m
3
) under ambient light and temperature conditions (5 ± 0.5°C). In 

each experiment (one with Polar cod and two with Atlantic cod), six egg batches were used 

and the incubation experiments started approximately one hour after fertilization (Fig. 2.2, C-

E). 
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Figure 2.2 (A and B) Atlantic cod for the Kristineberg experiment (Publication II) were caught by the 

author (A) and Dr. Michael Sswat (B) in the Øresund strait using angling techniques. The egg batches 

used in the incubation experiment were fertilized directly on board the fishing vessel and transported 

to the station (pictures by M. Sswat). (C) Atlantic cod from the Barents Sea were caught by 

commercial fishermen and maintained at the station in Krakenes. The picture shows the author 

stripping a female cod with support by Dr. Velmurugu Puvanendran (left) and Gwendolin Göttler 

(back). (D and E) Polar cod were caught by the Norwegian research vessel RV Helmer Hanssen and 

maintained at the station in Karvikå. The pictures show a female Polar cod (D) before and (E) after 

stripping (pictures by G. Göttler). The scale bars are 1 cm. 

2.1.2 Experimental conditions  

Five separate incubation experiments were performed (Table 2.1), one with a flow-through 

system (Atlantic cod; Publication I) and four with a closed incubation system (Atlantic cod, 

Polar cod and herring; Publication II & III and Appendix Publication I). Each experiment 

used the same PCO2 treatments (for fertilization and incubation), which reflect the global 

average of present sea surface condition (PCO2 of 400 µatm, pH 8.1) and future OA (PCO2 of 

1100 µatm, pH 7.7) projected for the end of this century under the IPCC high-emission 

scenario (RCP8.5). Egg incubation temperatures (Table 2.1) were selected to cover the 

species-specific optimum range as well as critical tolerance thresholds and warming 

scenarios. 
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Fertilizations prior to incubation experiments were conducted at the specie-specific spawning 

temperature. An additional experiment was performed with a thermogradient table to explore 

the effects of OA on the temperature window for fertilization in Atlantic cod from the Barents 

Sea (unpublished data, see Fig. 2.6 and 4.1). Egg batches produced by different females and 

fertilized with the sperm of different males were kept separately and used as statistical 

replicates. 

Table 2.1 Summary of species, populations, incubation systems and treatment conditions used in the 

experiments presented in Publication I-III, Appendix Publication I and the synthesis section. *The 

incubation experiments and the fertilization experiment (Synthesis) with Atlantic cod from the Barents 

Sea are based on the same six egg batches. 

Experiment/

Publication 
Species Population System 

Egg 

batches 

(females) 

Fertilization 

(°C) 

Incubation 

(°C) 

Low 

CO2 

(µatm) 

High 

CO2 

(µatm) 

I 
Atlantic 

cod 

Barents 

Sea 

Flow-

through 
6* 5 6.0, 9.5 400 1100 

II 
Atlantic 

cod 
Kattegat Closed 5 4 

0.0, 3.0, 

6.0, 9.0, 

12.0 

400 1100 

III 
Polar 

cod 

Barents 

Sea 
Closed 6 3 

0.0, 1.5, 

3.0, 4.5, 

6.0 

400 1100 

III and 

Appendix II 

Atlantic 

cod 

Barents 

Sea 
Closed 6* 3 

0.0, 3.0, 

6.0, 9.0, 

12.0 

400 1100 

 Appendix I 
Atlantic 

herring 
Kattegat Closed 3 10 6.0, 10, 14 400 1100 

Fertilization 

(Discussion) 

Atlantic 

cod 

Barents 

Sea 

Gradient 

table 
6* -1.5 to 12 400 1100 
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2.2 Incubation experiments 

2.2.1 Fertilization 

All fertilizations were conducted within 30 min after stripping. Each egg batch was split in 

half and fertilized using filtered and UV-sterilized seawater previously adjusted to the 

respective temperature and PCO2 conditions (Table 2.1). A standardized dry fertilization 

protocol with milt aliquots from n = 3 males was used to maximize fertilization success. 

Fertilization success was assessed in subsamples (3 × 100 eggs per batch and PCO2 

treatment), which were incubated (at fertilization temperature) in sealed petri dishes until the 

8/16-cell stage (12-24 hours) and photographed under a stereomicroscope for subsequent 

evaluation (Fig. 2.3).  

 

Figure 2.3 Pictures show representative examples of Atlantic cod eggs categorized as viable or 

nonviable. Fertilization success was expressed as the percentage of fertilized and viable 8/16 cell 

embryos relative to the total amount of viable eggs in a sample. 
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2.2.2 Flow-through incubation (Publication I) 

Setup  

Six egg batches (200-520 ml) of Atlantic cod from the Barents Sea were equally distributed 

across treatments (50 to 130 ml per incubator). Treatment combinations (Table 1) were 

established in a commercial flow-through incubation system, which consisted of 24 upwelling 

incubators (6 egg batches × 2 PCO2 × 2 temperatures = 24) with a volume of 25 l each (Fig. 

2.4). The flow-rate was set to 1.5 l/min to ensure even distribution and mixing of eggs within 

the incubator. Two flow-through header-tanks (150 l volume, one for each temperature) were 

connected to the water supply pipes (sand-filtered and temperature-controlled fjord water) and 

equipped with a multi-channel feedback system (IKS-Aquastar, IKS, Karlsbad, Germany) to 

adjust (and control) elevated pH/PCO2 values online via infusion of pure CO2. Automatic 

recordings (every 30 min) of temperature and pH values within the incubation systems were 

referenced against daily measurements of seawater pH/temperature with a laboratory-grade 

pH/temperature-sensor (Mettler Toledo InLab Routine Pt 1000, Mettler Toledo, Columbus, 

OH, USA) connected to a WTW 3310 pH-meter (WTW, Weilheim, Germany). Prior to each 

measurement, the electrode was recalibrated against tempered Tris–HCl seawater buffers 

(Dickson et al., 2007) to express pH-readings according to the free proton concentration scale 

of seawater-pH (pHF) (Waters and Millero, 2013). The CO2SYS program (Lewis et al., 1998) 

was used to calculate PCO2 values based on total alkalinity and dissolved inorganic carbon 

(DIC) determined in water samples (n = 3) from each treatment combination (taken during the 

running experiment).  

Egg mortality 

A practical feature of cod eggs is that they immediately lose buoyancy after death. Therefore, 

daily mortality was monitored by draining dead sunken eggs into a graded cylinder after the 

water inflow was turned off for ~10 min. Due to the large amount of eggs with the incubators 

(50 to 130 ml ≈ 50,000 to 100,000 eggs), mortality was quantified volumetrically (to the 

nearest 0.5 ml). The volume of fertilized and unfertilized eggs within each incubator was 

estimated based on fertilization success data. Daily mortality rates were calculated as 

percentages relative to the estimated volume of fertilized eggs that was present in the 

incubator on the previous day. Total embryo mortality was calculated as the percentage of 

fertilized eggs that died before hatching. 
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Figure 2.4 Flow-through incubation system. (A) Elevated PCO2 levels were adjusted in seawater (set 

to 6.0° or 9.5°C) by infusion of 100% CO2 gas. Quick equilibration was achieved within the header 

tanks (150 l volume) by intense mixing (bubbling with pressurized air (white dots). (B) Seawater 

temperature and pH was monitored and recorded automatically within replicated incubators that 

contained no eggs to ensure that all incubators with eggs were technically identical and eggs were not 

damaged by the mounted sensors (black sensors: temperature, colored sensors according to treatment 

colors: pH, for temperature and pH values). (C) Aerated upwelling incubators (25 l volume) were 

equipped with an inflow valve to control upwelling flow rate in the incubators and an outlet valve to 

drain dead eggs into a calibrated cylinder. Gentle circulation was achieved by the upwelling seawater 

and very fine air bubbles (white dots) entering from the bottom of the incubator. Note that the 

drawings may not reflect realistic size ratios. 

2.2.3 Closed incubation (Publication II & III, Appendix Publication I & II)  

Setup  

The incubation experiments with Atlantic cod and herring from the Kattegat (Table 2.1) were 

started on one day (when they were caught). In contrast, the experiments with Atlantic cod 

and Polar cod from the Barents Sea were temporarily staggered, which means that every other 

day one female and 2-3 males were stripped. This procedure offered advantages in terms of 

time management and synchronization of sampling and measurements, including the 

possibility to perform additional fertilization experiments with the same egg batches used in 

the incubation experiment (see Section 2.3).  
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A custom-build incubation system (Fig. 2.5) was used for the experiments with Atlantic cod, 

Polar cod and herring. This system consisted of five temperature-controlled water baths (400 l 

volume) with up to 24 submergible (closed) egg incubators (1 l volume) per water bath. The 

only technical difference between the experiments with cod and herring was related to egg 

buoyancy. While the pelagic eggs of Atlantic and Polar cod float near the water surface of the 

incubator, the benthic (adhesive) eggs of herring were placed on a removable mesh plate at 

the lower end of the bottom tempered incubator (Fig. 2.5). 

Each treatment group (temperature/CO2 combination) of an egg batch was represented by two 

incubators (4 incubators per batch and temperature). To avoid biased mortality estimates, only 

one of the two incubators was used to assess hatching success, while samples for staging and 

respiration measurements were taken from the other incubator. 

At the start of the experiments, all incubators (1000 ml volume) were filled with filtered (0.2 

µm) and UV-sterilised seawater adjusted to the respective fertilization temperature/PCO2 

combination (Table 2.1) and stocked with eggs. In order to avoid insufficient oxygen supply 

in a stagnant incubator, care was taken to adjust the stocking density so that the pelagic cod 

eggs have enough space to arrange themselves in a single layer beneath the water surface. 

Likewise, herrings were placed in a single layer onto the mesh plate. The loaded incubators 

were then sealed with a Styrofoam lid and submerged in seawater baths with different water 

temperatures to ensure a smooth temperature change inside the incubator. Every 24h, ~90% of 

the water volume of each incubator was replaced by filtered (0.2 µm) and UV-sterilised 

seawater to avoid oxygen depletion and bacterial/fungal infestation. Each seawater bath 

contained two 60 l reservoir tanks, which were used to pre-adjust seawater to the 

corresponding temperature and PCO2 conditions. Water temperatures inside the water baths 

were controlled by thermostats and recorded automatically every 15 min (± 0.1 °C) via a 

multi-channel aquarium computer (IKS-Aquastar, IKS Systems, Germany). Future PCO2 

conditions were established by injection of pure CO2 gas into the submerged 60 l reservoir 

tanks at each temperature. A multi-channel feedback system (IKS-Aquastar), connected to 

individual pH-probes (IKS-Aquastar) and solenoid valves was used to control water-pH and 

PCO2 values. The PCO2 of the reservoir tanks was measured in situ prior to each water 

exchange with an infrared PCO2 probe (Vaisala GMP 343, manual temperature compensation, 

±5 µatm accuracy; Vaisala, Finland).  
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The probe was equipped with a MI70 Reading device and an aspiration pump, which was 

connected to a degassing membrane (G541, Liqui-Cel©, 3M, USA) to measure PCO2 in air 

equilibrated to dissolved water gases (Hari et al., 2008). Factory calibration was confirmed by 

measurements of seawater previously bubbled with a technical gas mixture (1000 µatm CO2 

in air, Air Liquide, Germany). Prior to the daily water exchange, pH-values of the reservoir 

tanks were measured with a lab-grade pH-electrode to three decimal places (Mettler Toledo 

InLab Routine Pt 1000 with temperature compensation, Mettler Toledo, Switzerland), which 

was connected to a WTW 3310 pH-meter.  

 

Figure 2.5 Closed incubation setup. Cod and herring eggs were incubated in closed incubators (1) 

with a water volume of 1 l. The incubators were placed into temperature-controlled water baths (2). 

Sterilized seawater used for daily water exchange was adjusted to the respective temperature and 

PCO2 within submerged reservoir tanks (3a, b). Elevated CO2 concentrations were administered via 

infusion of pure CO2 (3b) using a computer-controlled feedback system (4). Both reservoir tanks (low 

and high-CO2, 60 l) were bubbled with pressured air to ensure high oxygen saturation (>95%) as well 

as homogeneous CO2 concentrations and fast equilibration of seawater pH (within high-CO2 

reservoirs). Tempered liquid (5) pumped through submerged tubing (6) was used to maintain constant 

water temperatures. Note that the drawings may not reflect realistic size ratios. 
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Egg mortality and hatching success  

Mortality of Atlantic and Polar cod eggs was determined during daily water exchanges. In 

herring, daily mortality rates could not be determined. Hatching success was defined as the 

percentage of non-malformed larvae that hatched from the initial number of fertilized eggs. 

The proportion of fertilized eggs within an incubator was estimated based on the mean 

fertilization success of the respective egg batch. 

2.3 Fertilization experiment 

Parallel to the incubation experiments with Atlantic cod from the Barents Sea (Table 2.1), a 

thermogradient table (Fig. 2.6) was used to determine the temperature window of fertilization 

under present and future PCO2 conditions. Sub-samples of eggs and sperm used for the 

incubation experiments were stored on ice (~2 hours) for later use in the fertilization 

experiment.  

The thermogradient table holds 60 wells (10 temperatures × 6 replicates) suitable for 300 ml 

glass beakers. At least three hours before the start of the experiment, the empty beakers were 

placed into the tempered wells (set to -1.5−12°C). Approximately one hour before the start, 

the beakers were filled with filtered (0.2 µm) and UV sterilized seawater previously adjusted 

to similar temperatures (0, 3, 6, 9 and 12°C) and the desired CO2 concentration (400/1100 

µatm CO2). Subsequently, a Petri dish was placed onto the water surface and the beakers were 

covered with Plexiglas lids. After one hour of temperature equilibration, the fertilizations 

were conducted in a random order within the Petri dishes. In brief, 0.5 ml of eggs together 

with 20 ml milt (mix of 2-3 males) was pipetted into the dry Petri dish. The fertilization 

process was initiated by adding 10 ml of seawater from the respective beaker (1:500 

milt/seawater dilutions). After 1 min gamete contact time, the fertilization was stopped by 

pouring the content of the Petri dish into a small kitchen sieve and rising with seawater from 

the beaker. The rinsed eggs were then quickly returned into the beaker, incubated until 8/16 

cell-stage (6 h at 12°, 24-36 h at -1.5°C) and photographed under a binocular. By doing six 

fertilizations (one temperature) in a row (randomized order), the whole fertilization procedure 

could be done by one person within 45 min. Temperature and pH measurements at the start 

and the end of the 6 to 36h incubation period confirmed stable test conditions. 
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Figure 2.6 Thermogradient table used to explore the combined effects of temperature and elevated 

PCO2 on fertilization success in Atlantic cod from the Barents Sea (unpublished data, see Fig. 4.1). 

Fertilization experiments were conducted with the same six egg batches used in the incubation 

experiments (Publication I & III). Each egg batch was fertilized at factorial combinations of ten 

temperatures (-1.5−12°C) and two PCO2 conditions (400 vs 1100 µatm). 

2.4 Whole animal responses (Publication I-III, Appendix Publication I) 

2.4.1 Rate of development  

Subsamples of 5 to 10 eggs of each egg batch and treatment combination were obtained every 

24 h for determination of developmental stage after Hall et al. (2004). The rate of 

development was evaluated as the time (days) from fertilisation until stage 17 (end of 

gastrulation), stage 22 (50% eye pigmentation) and peak-hatch, which was defined as the time 

point when more than 50% of the remaining embryos of an incubator had hatched.  

2.4.2 Developmental growth  

Subsamples of 10 to 30 non-malformed larvae from each egg batch and treatment 

combination were photographed for subsequent measurements of larval morphometrics 

(standard length, yolk-free body area, total body area and yolk sac area; Fig. 2.7) using 

Olympus image analysis software (Stream Essentials
©

, Olympus, Tokyo, Japan). Only 

samples obtained from the same daily cohort (during peak-hatch at each temperature 
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treatment) were used for statistical comparison. In the experimental with Atlantic cod and 

Polar cod from the Barents Sea, 10 to 20 of previously photographed larvae were freeze-dried 

to determine individual dry weights (± 0.1µg precision, XP6U Micro Comparator, Mettler 

Toledo, Columbus, Ohio, USA). Replicates with less than 10 non-malformed larvae were 

precluded from statistical analyses. 

 

Figure 2.7 Different measurements of larval morphology at hatch (here Atlantic cod) are indicated by 

stippled lines with different colours. The scale bar is 1 mm. 

2.4.3 Oxygen consumption 

Oxygen consumption rates (MO2) of eyed-stage embryos (at 50 % eye pigmentation) were 

measured in closed, temperature-controlled respiration chambers (OXY0 41 A, Collotec 

Meßtechnik GmbH, Germany). The double-walled chambers were connected to a flow-

through thermostat to adjust the temperature of the respiration chamber to the corresponding 

incubation temperature of the eggs. Measurements were conducted in triplicate with 10 to 20 

eggs of each female and treatment combination. Eggs were placed into the chamber with a 

volume of 1 ml sterilised seawater adjusted to the corresponding PCO2 treatment. A magnetic 

micro-stirrer (3 mm) was placed underneath the floating eggs to avoid oxygen stratification 

within the respiration chamber (Fig. 2.8). The change in oxygen saturation was detected by 

micro-optodes (fiber-optic microsensor, flat broken tip, diameter: 140 µm, PreSens GmbH, 

Germany) connected to a Microx TX3 (PreSens GmbH, Germany).  
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Recordings were stopped as soon as the oxygen saturation declined below 80% air saturation. 

Subsequently, the water volume of the respiration chamber and wet weight of the measured 

eggs (gww) was determined by weighing (± 1 mg). Oxygen consumption was expressed as 

[nmol O2 (gww * min)
-1

] and corrected for bacterial oxygen consumption (< 5%) and optode 

drift which was determined by blank measurements before and after three successive egg 

respiration measurements.  

 

Figure 2.8 Respiration setup. Oxygen consumption rates of cod and herring embryos were measured 

in closed, temperature-controlled respiration chambers. Two measurements were run in parallel 

(high/low CO2 groups of an egg batch). Both chambers were connected to thermostats (not shown) 

pumping tempered water through the double-walled glass bodies. Atlantic and Polar cod eggs were 

floating in the chamber, while herring eggs were placed on a polyethylene mesh. A magnetic micro 

stirrer was placed into the respiration chamber (total volume of 2 ml) to avoid oxygen stratification. 

Pictures show cod and herring eggs at the stage of 50% eye pigmentation. Note that herring eggs were 

photographed during the staging procedure, not within the respiration chamber. Care was taken that 

herring eggs within the respiration chamber were not attached to each other. The drawings may not 

reflect realistic size ratios. 
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2.5 Subcellular responses  

2.5.1 Sampling for enzyme and protein analysis (Publication I) 

Enzyme activity and protein expression of major ion pumps, co-transporters and ATP-

Synthase were determined at five developmental stages (SI-SV) between fertilization and yolk 

sack absorption (Fig. 2.9, upper panel). Prior to sampling of egg and larvae, the aeration and 

water supply of the upwelling incubators was turned off so that eggs and larvae accumulated 

at the water surface. Eggs and larvae were then concentrated within a small kitchen sieve, 

pipetted into 1.5 ml cryovials (~500 individuals per vial) and immediately frozen in liquid 

nitrogen after excess water was removed by pipetting (Fig. 2.9, lower panel). Larvae were 

previously centrifuged to the bottom of the vial (~3 sec. at 500 rpm).  

 

Figure 2.9 The upper images show developmental stages of Atlantic cod. Stages SI (late blastula), SII 

end of gastrulation, SIII (50% eye pigmentation), SIV (peak hatch) and SV (complete yolk sack 

absorption) were sample for analysis of enzyme activity and protein expression (Publication I).The 

lower photograph shows the author while collecting samples from flow-through incubators at the 

aquaculture research facility of NOFIMA near Tromsø.  
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2.5.2 Sample preparation 

Crude extracts were prepared following Deigweiher et al. (2008) with the exception that 

different sample-to-extraction buffer dilutions were used for egg (SI-SIII) and larval stages 

(SIV & SV) to ensure similar concentrations of biologically active tissue in all extracts (Fig. 

2.10). This adjustment was necessary because a given fresh weight of egg-shelled embryos 

contains approximately half the number of individuals (tissue) than the same weight of frozen 

larvae (many individuals compressed to one piece). Given that soluble protein contents of egg 

and early larval stages were reported to vary by less than 3% (Finn et al., 1995), we 

normalized all measurements against protein content of the crude extract to account for 

potential differences in the number of individuals per sample. In brief, crude extracts were 

produced by homogenizing ~100 mg of frozen sample suspended in 5 (eggs) or 10 (larvae) 

volumes of ice-cold extraction buffer, which contained 50 mM imidazole (pH 7.8), 250 mM 

sucrose, 5 mM Na2-EDTA, 0.1% Na-desoxycholate, 5 mM β-mercaptoethanol and 0.2 ml 

proteinase inhibitor cocktail (Sigma-Aldrich, Taufkirchen, Germany; catalog no. P8340). 

Samples were homogenized in a temperature-controlled tissue homogenizer (Precellys 24, 

Bertin Technologies, France) set to 0°C, 6000 rpm (3 × 15 s). Cell fragments were removed 

by centrifugation (1000 g for 10 min at 2°C) and the supernatants (crude extract, ce) were 

taken for analyses. Final protein concentration of the crude extracts was determined according 

to Bradford (1976), using serum albumin (BSA) as standard. One half of each sample was 

used for the enzyme assay and the other half for immunoblotting procedures. 

 

Figure 2.10 Schematic representation of crude extract preparation and subsequent analysis of enzyme 

activity, antibody specificity and protein quantification (Publication I). 
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2.5.3 Enzyme assay 

Maximum total ATPase activity and fractional (inhibitor-sensitive) activities of Na
+
/K

+
-

ATPase (NKA), V-Type H
+
-ATPase (VHA) and mitochondrial ATP-Synthase (assayed as 

reversed catalysis) were measured in crude extracts by means of a coupled enzyme assay 

based on pyruvate kinase (PK) and lactate dehydrogenase (LDH) as described elsewhere 

(Deigweiher et al., 2008, Michael et al., 2016b) (Fig. 2.10). Transporter specific enzyme 

activities were determined as the difference between total ATPase activity (TA) and inhibitor-

insensitive (residual) ATPase activity, using inhibitors (ouabain, oligomycin and bafilomycin) 

and their concentrations previously applied to gill-tissue samples of adult cod: 5 mM ouabain 

for NKA (Deigweiher et al., 2008), 60 μM oligomycin for ATP-Synthase (Michael et al., 

2016b) and 0.1 μM bafilomycin A1 for VHA (Kreiss et al., 2015a). The assay was conducted 

in a micro-plate reader format and conducted under temperature-controlled conditions. 

Samples from 6.0°C or 9.5°C incubations were assayed at both temperatures to assess 

acclimation effects on enzyme activity. The reaction process i.e., oxidation of nicotinamide 

adenine dinucleotide hydride (NADH) and hydrolysis of ATP (see Fig. 2.10), was initiated by 

the addition of crude extract to 20 volumes of reaction buffer containing 100 mM imidazole, 

pH 7.8, 80 mM NaCl, 20 mM KCl, 5 mM MgCl2, 5 mM ATP, 0.24 mM Na-NADH2, 2 mM 

phosphoenolpyruvate and 12 U/ml PK with 17 U/ml LDH in a PK/LDH enzyme mix (Sigma-

Aldrich). All samples were arranged in a randomized order and measured in quadruplicates 

with 10 readings over a time period of 10 min at λ = 339 nm. Inhibitor-insensitive activities 

were calculated based on the extinction coefficient of NADH (ε = 6.31 mM
-1

 * cm
-1

) and 

expressed as micromoles of ATP consumed per hour per mg protein in the crude extract 

(µmol ATP mg
-1

 protein h
-1

). 
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2.5.4. Protein expression 

The expression of ion transporters was quantified by means of immunoblotting using different 

animal-derived antibodies (Publication I, Table 2.2). 

Table 2.2 Primary antibodies used for immunoblotting (IB) and immunohistochemical localization 

(IHC) of ion transport proteins in embryos and larvae of Atlantic cod (Publication I). 

Antibody Abbreviation Description Origin Host IB IHC Provider 

Na+/K+-

ATPase 
NKA 

Raised against the avian α 

subunit (D. M Fambrough, 

John Hopkins University, 

Baltimore, MD) 

Chicken Mouse 1:200 1:300 

Developmental Studies 

Hybridoma Bank, 

University of Iowa, USA 

Mitochondrial 

F1F0-ATPase  
F1F0-ATPase 

Raised against complex V 

(Anti-ATP5A) 
Cow Mouse 1:5000 1:300 

Abcam Antibodies, 

Cambridge, UK, serial 

number: ab14748 

V-type H+-

ATPase 
VHA 

Raised against the catalytic 

subunit of the peripheral V1 

complex of vacuolar ATPase 

(Anti-ATP6V1A) 

Zebrafish Rabbit 1:200 1:300 

Abcam Antibodies, 

Cambridge, UK, serial 

number: ab209832 

Na+HCO3
- -

cotransporter 1 
NBC-1 

Designed against peptide 

sequence 

EKEPFLGDKSFDK,  

(3' region, Michael et al. 

2016) 

Cod Rabbit 1:2000 1:300 

Michael, K., Lucassen, 

M. Alfred Wegener 

Institute, Helmholtz 

Centre for Polar and 

Marine Research, 

Bremerhaven, Germany 

Na+/K+/Cl- -

cotransporter 1 
NKCC-1 

Designed against the C-

terminus (MET-902 to SER-

1212) of human colonic 

crypt, clone T4 

Human Mouse 1:200 1:300 

Developmental Studies 

Hybridoma Bank, 

University of Iowa, USA 

 

2.5.5 Antibody specificity 

Western blots were performed to assess the specificity of primary antibodies used for protein 

quantification and/or localization (Fig. 2.10). A mix of subsamples from randomly selected 

crude extracts (developmental stage IV) was split into membrane (mf) and cytosolic fractions 

(cf) by ultra-centrifugation (350,000 g for 30 min at 4 °C). A volume of 15 μL from each 

fraction was separated by gel electrophoresis (SDS-PAGE) on 8 to 10% polyacrylamide gels 

according to (Laemmli, 1970), and transferred onto PVDF (Polyvinylidendifluorid) 

membranes (Immuno-BlotTM, Bio-Rad Laboratories) using a tank blotting system (Bio-Rad 

Laboratories). To prevent unspecific protein binding, blots were quenched for 1 h at room 

temperature (RT) in Tris-buffered saline (TBS) (TBS-Tween, 50 mM Tris -HCl, pH 7.4, 0.9% 

(wt/vol) NaCl, 0.1% (vol/vol) Tween20) containing 5% (wt/vol) nonfat skimmed milk 

powder. Incubation of blots with primary antibodies was done overnight at 2°C (dilutions in 
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TBS-T are given in Table 2.2). After washing with TBS-T, blots were incubated for 1 h (RT) 

with horseradish conjugated goat anti-rabbit/anti-mouse Immunoglobin G (IgG) antibodies 

(Pierce, Rockford, IL, USA, diluted 1:50,000 in TBS-T). Protein bands were visualized with 

ECL Advanced Western Blotting Detection Reagent (GE Healthcare, Munich, Germany), and 

imaged with a cooled charge-coupled device camera (LAS-1000: Fuji, Tokyo, Japan). Protein 

bands were referenced to pre-labelled SDS-PAGE standards (Bio-Rad, Munich, Germany). 

2.5.6 Protein quantification 

A 48-fold slot-blot filtration system (Hoefer PR 648, Amersham Biosciences, Freiburg, 

Germany) was used to quantify the expression of NKA, ATP-Synthase, 

Na
+
/HCO3

−
cotransporter 1 (NBC-1) and Na

+
/K

+
/2Cl

−
cotransporter 1 (NKCC-1) (Fig. 2.10). 

VHA was excluded due to insufficient antibody reactivity. After being activated in 100% 

methanol, PVDF membranes were equilibrated for 30 min in transfer buffer (10 mM 

NaHCO3, 3 mM Na2CO3, 20% (v/v) methanol, 0.025% (w/v) SDS, pH 9.5 - 9.9). Crude 

extracts were diluted 1:10 in electrophoresis running buffer (25 mM Tris, 192 mM glycine, 

0.1% w/v SDS), and 80 µl of each sample were applied to the system followed by repeated 

rinsing with transfer buffer (3 × 500 µl). A dilution series of pooled samples was used as a 

reference standard on each membrane, which were always loaded with randomly ordered 

samples from two egg batches (2 × 20 samples) yielding 12 runs in total (3 × 2 batches × 4 

proteins). After the loading process, membranes were immediately blocked for 1 h (RT) with 

TBS-T buffer containing 5% (w/v) non-fat skimmed milk powder. Methods for protein 

detection and imaging were the same as described above (see section “antibody specificity”). 

Signal intensities were analyzed using AIDA Image Analyzer software (version 3.52, Raytest, 

Straubenhardt, Germany). Values were recalculated from the reference curve and expressed as 

arbitrary units per mg protein content of the original sample (AU mg protein
-1

).  

2.5.7 Immunolocalization of ion transporters  

Newly hatched Atlantic cod larvae were fixed in 4% buffered formaldehyde (pH 7.4) and 

stored in 70% PBS-buffered isopropanol (pH 7.4) for immunolocalization of different ion 

transporters (Publication I: NKA, VHA, ATP-Synthase, NBC-1 and NKCC-1; Publication II: 

NKA, Table 2.2). Fixed larvae were rehydrated in 0.1 m phosphate-buffered saline (PBS, pH 

7.4) and incubated for 30 min in 3% bovine serum albumin (BSA) to block nonspecific 

binding during immunolocalization. Incubation with primary antibodies diluted 1:300 in PBS 

was done overnight at 2°C (see Table 2.2 for details on primary antibodies). After being 
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carefully rinsed with PBS, larvae were incubated for 2 h (room temperature) with one/two 

secondary antibodies for mono/co-localization of ion transporters. That is, Alexa DyLight© 

488 anti-mouse was used for mono-localizations (Publication II) and combined with Alexa 

DyLight© 594 anti-rabbit, (Jackson ImmunoResearch, West Grove, PA, USA for co-

localizations of NBC-1/NAK, NBC-1/NKCC-I, NBC-1/ATP-Synthase and NKA/VHA, 

respectively (Publication I). Both secondary antibodies were 1:300 diluted in PBS. Finally, 

larvae were rinsed once more with PBS and placed on a fluorescence slide prior to image 

acquisition with an inverse confocal laser-scanning microscope (Leica TCS SP5 II, Leica, 

Wetzlar, Germany). Negative controls were performed without application of the primary 

antibody (Fig. 2.11). 

 

Figure 2.11 Confocal scans of Atlantic cod larvae treated with (left) and without (right: Blank) 

fluorescent antibodies. Left: Immuno-positive cells expressing high quantities V-Type H
+
-ATPase 

(VHA) and Na
+
/K

+
-ATPase (NKA) are stained in green and red, respectively. Ionocytes expressing 

both transporters appear orange. The “Blank” image confirms minimal auto-fluorescence of VHA and 

NKA. Blank images of other transporters are given as supplementary material (Publication I). The 

scale bar is 1 mm. 

2.6 Spawning habitat suitability maps (Publication III) 

Temperature- and PCO2-dependent hatching success data of Atlantic cod and Polar cod from 

the Barents Sea were used to map future changes in potential egg survival (spawning habitat 

suitability) under different emission scenarios (RCP8.6, 4.5 and 2.6). First, experimental data 

were fitted using spline regressions [generalized additive models (GAM) in R (www.R-

project.org)]. This method has no a priori assumptions about the shape of the survival curve, 

which is useful when assessing the impact of additional factors (e.g., OA) on thermal 

tolerance. Regression fits of hatching success under control (400 µatm) and high-PCO2 (1100 

µatm) conditions were then used to calculate the potential egg survival at specific locations 

according to local water temperatures for the baseline period (1985-2005) and the end of this 

century (2081-2100). The change in spawning habitat suitability was expressed as the relative 

change in potential egg survival between these two periods. For each scenario, the treatment 

fits were evaluated for gridded upper-ocean water temperatures (monthly averages) bilinearly 
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interpolated to a horizontal resolution of 1° × 1° and a vertical resolution of 10m. The effect 

of OA on hatching success was only considered under RCP8.5, while control data were used 

to project changes in spawning habitat suitability under RCP4.5 and 2.6. To account for 

species-specific reproduction behavior, habitat maps were constrained according to spawning 

seasonality and depth preferences reported for Atlantic cod (March-May, 50-400m) (Brander, 

2005) and Polar cod (December-March, 5-400m) (Ajiad, 2011). The eligible depth range was 

limited to the upper 50m, since both species produce pelagic eggs which immediately ascent 

into the upper mixed-layer if spawned at greater depths. Spatial (observations) temperature 

data for the baseline period were extracted from the World Ocean Atlas (WOA13) (Locarnini, 

2013). Future climate data were derived from simulations carried out in the 5th phase of the 

Coupled Model Intercomparison Project (CMIP5) (Key et al., 2015).  

2.7 Meta-analysis of stage-specific thermal responsiveness and thermal tolerance 

(Publication IV) 

2.7.1 Data collection 

To explore the degree of ontogenetic and geographic variation in thermal physiology, existing 

reviews and data compilations that focused on a particular life stage (e.g., Comte and Olden, 

2017, Moyano et al., 2017, Rombough, 1997) were merged and augmented with peer 

reviewed results published until December 2018 (Fig. 2.12). 

 

Figure 2.12 Global map showing the geographic origin of populations and life stages (colored 

symbols) for which thermal responsiveness and threshold data have been assessed (Publication IV). 

The size of the symbols corresponds to the number of data points at a specific location. Some data 

(e.g., larval stages) are not shown due to incomplete geographical information.  
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2.7.2 Thermal responsiveness 

Metabolic thermal responsiveness was compared among embryos, larvae, and non-

reproductive adults (hereafter adults) based on temperature-dependent development rates 

(embryos: n = 104/73 populations/species) and oxygen consumption rates (MO2) of embryos 

(n = 10/7), larvae (n = 14/12) and adults (n = 62/54). Only experimental data acquired under 

controlled temperature conditions were considered, and statistical analyses accounted for 

acclimation effects and phylogenetic non-independence (Lutterschmidt and Hutchison, 1997). 

Thermal responsiveness was quantified by using the central equation of the metabolic theory 

of ecology (Brown et al., 2004), according to which the scaling of physiological rates (R) with 

body mass (M) and temperature (T) is 

𝑅 = 𝑅0 𝑀𝑏𝑒−𝐸𝑎/𝑘𝑇 

Equation 3 

where responsiveness is given by the value of −Ea (in electron volts, eV), which is the 

activation energy of the rate-limiting biochemical process, b is a mass-scaling exponent, R0 is 

an organism-specific coefficient, and k is Boltzmann’s constant. More specifically, intra and 

interspecific thermal responses were fitted by linear ordinary least square (OLS) regression of 

the log-transformed trait value (development rate/MO2) on the reciprocal of temperature in 

Kelvin (see Publication IV, Fig 1). Developmental responses to temperature were strictly 

monotonic, while some MO2 datasets (< 10%) followed a unimodal response shape due to 

falling respiration rates at upper terminal temperatures. In these cases, extreme temperature 

treatments were removed until monotonicity was observed. Responses with r
2
 > 0.5 and P < 

0.05 were considered as sufficiently well fitted (Dell et al., 2011). In order to explore 

correlations between responsiveness and local temperature conditions, habitat temperature 

ranges were extracted from peer-reviewed literature or alternatively from FishBase 

(www.fishbase.org) and Aquamaps (www.aquamaps.org). If experimental temperature ranges 

exceeded the reported habitat range without detrimental effects on development and survival, 

the experimental (wider) range was considered. 
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2.7.3 Thermal tolerance thresholds 

Thermal threshold data of spawners (n = 300/320 species/populations), embryos (n = 

376/298), larvae (n = 72 species) and adults (n = 809/750) were organized into five 

temperature threshold metrics (TTMs): Lower temperature thresholds (TMin), upper 

temperature thresholds (TMax), threshold ranges (RThreshold = TMax – TMin), range midpoints 

(TMid = TMin + TMax/2) and warming threshold ranges (RWarming = TMax – TMid), as explained in 

Publication IV, Fig 1, C. TTMs of spawners reflect the temperatures at which ripe males and 

females (final stage of gonad maturation) have been observed in the field. TTMs of embryos 

are based on laboratory incubation experiments with n ≥ 3 stable temperature treatments. 

High or low temperatures reported to cause a statistically significant change in survival 

relative to the optimum value were defined as TMin or TMax. If no significant change was 

observed over the applied temperature range (n = 129 cases), the range midpoint was regarded 

as TMid. TTMs of larvae and adults are based on studies using established ramp-protocols 

(Lutterschmidt and Hutchison, 1997), where organisms are exposed to a dynamic change in 

temperature (constant rate) until loss of equilibrium (CTmin/max) or mortality occurs (e.g. 

50% or 100% mortality, LT50/100). The influence of acclimation temperature on larval and 

adult thermal tolerance was accounted for by considering the value determined under the 

highest/longest acclimation treatment (Lutterschmidt and Hutchison, 1997). Experimental 

studies using farmed fish or insufficient replication (n < 3 groups for each temperature 

treatment) were excluded. For each observation, the sampling site (latitude/longitude) was 

noted. If no geo-information was reported, the longitudinal/latitudinal midpoint and the 

habitat range were extracted from FishBase (www.fishbase.org) or Aquamaps 

(www.aquamaps.org). 
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2.7.4 Climate risks 

Warming threshold ranges (RWarming) of spawners and embryos were compared with 

temperature projections (2081-2100 relative to 1986-2005) produced during the 5
th

 phase of 

the Climate Model Intercomparison Project (CMIP5) These projections consider different 

representative concentration pathways (RCP8.5, 6.0 and 2.6. Sea surface temperatures (0-

10m) and near-surface air temperature (over land) were used to represent warming of marine 

and freshwater systems, respectively. Temperature data were downloaded from the Climate 

Explorer webpage of the Koninklijk Nederlands Meteorologisch Instituut 

(https://climexp.knmi.nl/start.cgi). Spawning seasonality was considered by using monthly 

temperature projections averaged over the period when most species spawn (March-August, 

Publication IV, Supplementary Fig. S8). Spawning seasons were extracted from original 

publications or FishBase (www.fishbase.org). The projected change in temperature (March-

August, 2081-2100) was averaged across 2.5° × 2.5° grid cells within latitudinal bands. 

Populations were considered at risk if the warming threshold was lower than the projected 

change in temperature at the populations’ latitudinal position (RWarming < ΔT). Climate risks 

associated with different emission scenarios were expressed as the percentage of populations 

with RWarming < ΔT. 
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3. Results  

3.1 List of Publications 

This thesis includes four submitted first-authorship publications (Publication I-IV). 

Supplementary materials of Publication I-IV are presented in Section 5. Two further (second-

author) contributions to publications are presented as Appendix Publication I & II (Section 6). 

Titles, author contributions and status of all publications are listed below.  

Publication I 

Title: Climate change vulnerability of developing fish coincides with low capacity for 

homeostatic regulation. 

Authors: Flemming T. Dahlke, Magnus Lucassen, Ulf Bickmeyer, Sylke Wohlrab, 

Velmurugu Puvanendran, Atle Mortensen, Melissa Chierici, Hans-Otto Pörtner & Daniela 

Storch. 

Author contributions: FTD designed the study. FTD conducted the experiments. ML, UB, 

MC, VP and AM provided equipment and facility infrastructure. FTD and SW analyzed the 

data and FTD wrote the manuscript. DS, ML and HOP commented and edited the manuscript. 

Status: Submitted August 2019, currently under review, Journal of Experimental Biology. 

Publication II 

Title: Effects of ocean acidification increase embryonic sensitivity to thermal extremes in 

Atlantic cod, Gadus morhua. 

Authors: Flemming T. Dahlke, Elettra Leo, Felix C. Mark, Hans-Otto Pörtner, Ulf 

Bickmeyer, Stephan Frickenhaus & Daniela Storch 

Author contributions: FTD and DS designed the study. FTD and EL conducted the 

experiments. UB provided equipment. FTD and SF analyzed the data and FTD wrote the 

manuscript. EL, DS and HOP commented and edited the manuscript. 

Status: Published 2017, Global Change Biology, DOI: 10.1111/gcb.13527. 

Publication III 

Title: Northern cod species face spawning habitat losses if global warming exceeds 1.5°C 

Authors: Flemming T. Dahlke, Martin Butzin, Jasmine Nahrgang, Velmurugu 

Puvanendran; Atle Mortensen, Hans-Otto Pörtner & Daniela Storch
 

Author contributions: FTD and DS designed the study. FTD conducted the experiments. 

JN, VP and AM provided equipment and facility infrastructure. FTD and MB analyzed the 

data and FTD wrote the manuscript. MB, DS and HOP commented and edited the manuscript. 

Status: Published 2018, Science Advances, DOI: 10.1126/sciadv.aas8821. 
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Publication IV 

Title: Thermal bottlenecks in the lifecycle define climate vulnerability of fish. 

Authors: Flemming T. Dahlke & Hans-Otto Pörtner
 

Author contributions: FTD and HOP designed the study. FD collected the data, analyzed 

the data and wrote the manuscript. HOP commented and edited the manuscript. 

Status: Submitted September 2019, currently under review, Science. 

Appendix Publication I 

Title: Impact of ocean warming and acidification on the bioenergetics of developing eggs of 

Atlantic herring, Clupea harengus. 

Authors: Elettra Leo, Flemming T. Dahlke, Daniela Storch, Hans-Otto Pörtner & Felix C. 

Mark. 

Author contributions: EL and FTD designed the study, conducted the experiment, 

analyzed and wrote the manuscript. DS, HOP and FCM commented and edited the 

manuscript. 

Status: Published 2018, Conservation Physiology, https://doi.org/10.1093/conphys/coy050. 

Appendix Publication II 

Title: Forecasting future recruitment success in the warming and acidifying Barents Sea. 

Authors: Stefan Königstein, Flemming T. Dahlke, Daniela Storch, Martina Stiasny, 

Catriona Clemmensen & Hans-Otto Pörtner. 

Author contributions: SK and HOP designed the study. FTD and MS provided 

experimental data. SK wrote the Manuscript. FTD, DS, MS, CC and HOP commented and 

edited the manuscript. 

Status: Published 2017, Global Change Biology, https://doi.org/10.1111/gcb.13848. 
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Abstract  

The vulnerability of fish embryos and larvae to environmental factors is often attributed to a 

lack of adult-like organ systems (gills) and thus insufficient homeostatic capacity. However, 

experimental data supporting this hypothesis are scarce. Here, by using Atlantic cod (Gadus 

morhua) as a model, the relationship between embryo vulnerability (to projected ocean 

acidification and warming) and homeostatic capacity was explored through parallel analyses 

of stage-specific mortality and in vitro activity and expression of major ion pumps (ATP-

Synthase, Na
+
/K

+
-ATPase, H

+
-ATPase) and co-transporters (NBC-1, NKCC-1). 

Immunolocalization of transporters was used to study functional characteristic of ionocytes in 

newly-hatched larvae. Treatment-related embryo mortality until hatch (+20%) occurred 

primarily during an early period (gastrulation) characterized by extremely low ion transport 

capacities. Thereafter, embryo mortality decreased in parallel with an exponential increase in 

activity and expression of all investigated ion transporters. Significant changes in transporter 

activity and expression in response to acidification (+15% activity) and warming (-30% 

expression) indicate some potential for short-term acclimatization, although likely associated 

with energetic trade-offs. Interestingly, newly hatched cod larvae displayed a remarkable 

abundance and diversity of ionocytes in their skin and whole-organism enzyme capacities as 

high as in gill tissue of adult cod, suggesting that early-life stages without functional gills are 

better equipped in terms of ion homeostasis than previously thought. This study implies that 

ontogenetic changes in homeostatic capacity shape the climate change vulnerability and 

acclimation potential of developing fish. 
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Introduction 

Embryonic development is a critical period in the lifecycle of many organisms (Hamdoun and 

Epel, 2007). This could be particularly true for ectothermic species that release their eggs into 

the ocean, which is expected to continue warming and acidifying at an unprecedented rate 

(Pörtner et al., 2014). Increasing evidence implies that by the end of this century the 

combination of unabated ocean warming (2−4°C) and ocean acidification (OA) (0.3−0.4 pH 

at PCO2 of 800−1,200 µatm) could exceed developmental limits of various ectotherms 

(Przeslawski et al., 2015, Pörtner et al., 2014, Cattano et al., 2018), with potential implications 

for global biodiversity and food security (Pörtner et al., 2014). Early-life vulnerability is often 

attributed to a lack of adult-like organ systems involved in energy and ion homeostasis 

(Melzner et al., 2009b, Cattano et al., 2018, Esbaugh, 2018). However, knowledge about the 

ontogeny of homeostatic capacity and its contribution to environmental tolerance is still 

incomplete (Hamdoun and Epel, 2007), making it difficult to identify lifecycle bottlenecks 

and climatic risks (Burggren and Mueller, 2015, Esbaugh, 2018).  

The eggs of aquatic ectotherms like fish are permeable for dissolved gases (e.g., O2 and CO2) 

and thermally equilibrated with their environment (Finn and Kapoor, 2008). Embryos are 

therefore directly exposed to changes in water temperature and CO2-driven acidification 

without having regulatory (defensive) organ systems like gills (Finn and Kapoor, 2008). 

Instead, early (cleavage) stages are thought to be protected by maternally provisioned 

(passive) defenses such as non-bicarbonate pH buffering and constitutive heat-shock proteins 

(Melzner et al., 2009b, Hamdoun and Epel, 2007). These mechanisms may support embryonic 

resilience to natural environmental variability (Hamdoun and Epel, 2007), but the level of 

innate robustness is probably species-specific and, in some cases, insufficient to cope with the 

challenges posed by anthropogenic climate change (Dahlke et al., 2018, Przeslawski et al., 

2015). After the cleavage stage, developmental control and defense is handed over from 

maternal factors to those synthesized from the embryonic genome (Tadros and Lipshitz, 

2009), and it is expected that the progressive differentiation of specialized cells (ionocytes) 

and tissues promotes active homeostatic regulation and thus improved environmental 

tolerance (Alderdice, 1988, Rombough, 1997, Melzner et al., 2009b).  

As inferred from studies on adult fish, maintenance of homeostasis in a thermally dynamic 

environment includes adjustments to the structure and functioning of cell membranes and 

enzymes involved in energy (ATP) production (Hazel, 1995, Somero, 1995). Within 

temperature limits that are typically narrow in embryos and larvae (Rombough, 1997), such 
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responses (i.e., thermal acclimation) may support normal development and optimal use of 

energetic resources (Schnurr et al., 2014, Scott et al., 2012). Developmental defects can result 

from a mismatch between ATP demand and supply capacity at critically high or low 

temperatures (Dahlke et al., 2017, Leo et al., 2018, Sokolova et al., 2012), as well as from 

thermal damages to proteins at extreme temperatures (Somero, 2010). CO2-driven OA 

hampers the diffusive release of metabolic CO2 across epithelial surfaces, which causes an 

increase in internal PCO2 and, consequently, a potentially harmful decline in pH of 

extra/intracellular body fluids (Esbaugh, 2018, Brauner and Baker, 2009). Restoring acid-base 

balance requires ATP-intensive ion transport mechanisms (Pan et al., 2015, Pörtner, 2008), 

including proton ([H
+
]) excretion and bicarbonate ([HCO3

-
]) accumulation (Brauner and 

Baker, 2009, Esbaugh, 2018). The additional ATP demand for CO2-compensation is expected 

to reduce embryonic/larval growth efficiency (Baumann et al., 2012, Dahlke et al., 2018) and 

thermal tolerance by tightening energy supply constraints at critical temperatures (Dahlke et 

al., 2018, Pörtner and Farrell, 2008). Increased climate vulnerability of embryos and larvae 

compared to adults likely represents a common feature among vertebrate and invertebrate taxa 

living in different climate zones and habitats (Pörtner et al., 2014, Przeslawski et al., 2015, 

Rombough, 1997). Knowledge regarding the ontogeny of regulatory functions in relation to 

environmental tolerance, acclimation potential and energy budgeting may help advancing the 

concept of early-life vulnerability (Hamdoun and Epel, 2007) and its potential for directing 

future eco-physiological research.  

Here, we use a marine cold-water fish (Atlantic cod, Gadus morhua) to investigate (i) whether 

high vulnerability to projected acidification and warming (figure 1A, B) during early 

development coincides with low homeostatic capacity and (ii) whether this environmental 

challenge modifies the ontogeny of energy-intensive homeostatic functions, which can inform 

about acclimatization potential (Burggren, 2018, DeWitt et al., 1998). Embryo vulnerability 

was quantified based on daily mortality rates until hatch. Homeostatic capacity was assessed 

at five stages until yolk sack absorption (Fig. 1C) through measurements of ion transport and 

ATP synthesis capacities (in vitro enzyme activity and/or protein expression of ATP- 

Synthase, Na
+
/K

+
-ATPase, V-Type H

+
-ATPase, Na

+
/HCO3

-
 cotransporter 1 and Na

+
/K

+
2Cl

-

cotransporter 1) in combination with immunohistological analyses of ionocyte morphology. 

Cod represents a suitable model because rearing methodology (Puvanendran et al., 2015, 

Dahlke et al., 2017) and protocols for biochemical analyses and immunolocalization of 

relevant ion transporters are well established (Kreiss et al., 2015a, Kreiss et al., 2015b, 

Melzner et al., 2009a, Michael et al., 2016a, Michael et al., 2016b). Furthermore, our previous 
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experiments confirmed the vulnerability of cod embryos to acidification and warming (Dahlke 

et al., 2017, Dahlke et al., 2018), and data available on ion-regulatory mechanisms in gill 

tissue of adult cod (Kreiss et al., 2015a, Kreiss et al., 2015b, Melzner et al., 2009a, Michael et 

al., 2016a, Michael et al., 2016b) allow for quantitative and qualitative comparisons between 

embryos, larvae and adults. 

 

Figure 1 Experimental design. (A) The Atlantic cod, Gadus morhua, is of commercial importance and 

widely distributed across the North Atlantic (Froese and Pauly, 2018). Some of these regions are 

expected to experience particularly high rates of CO2-driven ocean acidification (OA) and warming. 

Global projections of OA and warming are based on seasonal (spawning season, January−March, 

2050−2099) CMIP5 ensemble means (high emission scenario RCP8.5) relative to historical climates 

(1956−2005), retrieved from NOAAs Climate Change Web Portal (Scott et al., 2016). Animals used in 

this experiment were caught in the Barents Sea (pointer). (B) Egg batches (n = 6 produced by 6 

different females) were separately incubated from fertilization to yolk sac absorption under factorial 

combinations of two temperatures and CO2 concentrations, representing present spawning conditions 

(6.0°C, 400 µatm, pH 8.1) as well as future OA (6.0°C, 1100 µatm, pH 7.7), warming (9.5°C, 400 

µatm, pH 8.1) and the combination of both factors (9.5°C, 1100 µatm, pH 7.7) according to RCP8.5. 

Treatment conditions were recorded automatically every 30 min (see also Fig. S1 and Table S1). (C) 

Images show developmental stages investigated during this study. The incubation experiment was 

terminated at the stage of yolk sac absorption (SV, 24 days at 6.0°C, 15 days at 9.5°C). Daily embryo 

mortality (Fig. 2) was assessed between 12 hours post fertilization and the onset of hatching (SIV). 

Enzyme activities and protein expression of major ion transporters were determined at stages SI−SV 

(Fig. 3 and 4). Ion transporters were immunolocalized in larvae (SIV, Fig. 5) reared under control 

conditions. 
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Materials & Methods  

This experiment was conducted in Norway in 2014 according to local regulations of the 

Norwegian Animal Research Authority (Forsøksdyrutvalget, permit: FOTS ID 6382). 

Experimental animals 

Mature Atlantic cod were caught by longlining in the southern Barents Sea (Tromsøflaket, 

approximately 70.5°N, 18°E) in March 2014. After being transported to the Centre of Marine 

Aquaculture of NOFIMA outside Tromsø (Norway), the fish were held in a flow-through tank 

(25 m
3
, supplied with fjord water) under ambient photoperiod, salinity (34 PSU), pH (8.1) and 

temperature (5 to 6°C) conditions.  

Fertilization 

Gametes used for in vitro fertilization were obtained by means of strip spawning from 

randomly selected females (n = 6, 66-94 cm length) and males (n = 12, 59-91 cm length, 

Supplementary Table S2). All fertilizations were conducted within 30 min after stripping 

according to a standard protocol (Brown et al., 2003). In brief, each of six egg batches was 

divided into two equal portions to be fertilized under two different PCO2 conditions (400 

µatm and 1100 µatm, pHFree Scale 8.1 and 7.7) using filtered (0.2 µm) seawater adjusted to 6°C. 

To maximize genetic diversity, the eggs of each female were fertilized with a sperm mix from 

two different males. Fertilization success (Table S2) was determined in subsamples of 100 

eggs (n = 3 subsamples per batch and PCO2 treatment), which had been incubated in sealed 

petri dishes (20 ml water volume) for 12h at 6°C before being photographed with a digital 

camera mounted to a binocular. Eggs (8 or 16-cell stage) with a clear and regular cleavage 

pattern were considered fertilized. Fertilization success differed between egg batches 

produced by different females (ANOVA, P < 0.001, Table S2), while there was no significant 

effect of PCO2 (P = 0.175). 

Incubation 

A full-factorial design with two levels of PCO2/pH (400 µatm, pH 8.1 and 1100 µatm, pH 

7.7) and two temperatures (6 °C and 9.5 °C) was used for incubation of eggs and larvae (Fig. 

S1). Eggs previously fertilized at different PCO2 conditions were subdivided into different 

temperature groups with the same PCO2, resulting in four experimental treatments: (i) 6 °C, 

400 µatm; (ii) 6 °C, 1100 µatm; (iii) 9.5 °C, 400 µatm; (iv) 9.5 °C, 1100 µatm (Fig. 1B). Eggs 

for treatments 3 and 4 were warmed from 6 °C to 9.5 °C at a rate of ~ 0.5 °C h
-1

. Increased 
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temperature and PCO2 conditions reflect end-of-century climate projections according to the 

IPCC Representative Concentration Pathway 8.5 (RCP8.5, (Pörtner et al., 2014)). Treatment 

combinations were established in a flow-through incubation system, which consisted of 24 

upwelling incubators (6 egg batches × 2 PCO2 × 2 temperatures = 24) with a volume of 25 L 

each. The flow-rate was set to 1.5 L/min to ensure even distribution and mixing of eggs 

within the incubator. Two flow-through header-tanks (150 L volume, one for each 

temperature) were connected to the water supply pipes and equipped with a multi-channel 

feedback system (IKS-Aquastar, IKS, Karlsbad, Germany) to adjust (and control) elevated 

pH/PCO2 values online via infusion of pure CO2. Automatic recordings (every 30 min) of 

temperature and pH values within the incubation systems were referenced against daily 

measurements of seawater pH/temperature with a laboratory-grade pH-electrode (Mettler 

Toledo InLab Routine Pt 1000, Mettler Toledo, Columbus, OH, USA) connected to a WTW 

3310 pH-meter (WTW, Weilheim, Germany). Prior to each measurement, the electrode was 

recalibrated against tempered Tris–HCl seawater buffers (Dickson et al., 2007) to convert 

pHNBS-readings to the free proton concentration scale of seawater-pH (pHF, (Waters and 

Millero, 2013)). The CO2SYS program (Lewis et al., 1998) was used to calculate PCO2 

values based on total alkalinity and dissolved inorganic carbon (DIC) determined in water 

samples (n = 3) from each treatment combination (taken during the running experiment). 

Seawater parameters are shown in Fig. 1B and Table S1. 

Embryo mortality 

Egg batches (n = 6, 200-520 ml, Table S2) were equally distributed across treatments (50 to 

130 ml per incubator). Egg mortality was determined volumetrically every 24h until the onset 

of hatching by draining dead (sunken) eggs into a graduated cylinder (± 0.5 ml). Fertilization 

success data (Table S2) were used to estimate the volume of fertilized and unfertilized eggs 

within each incubator. Daily mortality rates were calculated as percentages relative to the 

estimated volume of eggs that was present in the incubator on the previous day. To better 

resolve changes in embryo vulnerability in relation to developmental age, egg mortality was 

also displayed as a function of degree-days (days post fertilization multiplied by incubation 

temperature) (Trudgill et al., 2005). Total embryo mortality was calculated as the percentage 

of fertilized eggs that died until hatching. 

Sampling 

Subsamples of eggs and larvae used for analyses of enzyme activity and protein expression 

were obtained from each treatment at developmental stages SI–SV (Fig. 1C). Prior to 
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sampling, the aeration and water supply of the incubators was turned off so that eggs and 

larvae accumulated at the water surface. Eggs and larvae were then concentrated within a 

small kitchen sieve, pipetted into 1.5 ml cryovials (~500 individuals per vial) and immediately 

frozen in liquid nitrogen after excess water was removed by pipetting. Larvae were previously 

centrifuged to the bottom of the vial (~3 sec. at 500 rpm). Additional samples of larvae (stage 

SIV) reared under control conditions (6°C/400 µatm) were fixed in 4% buffered 

formaldehyde (pH 7.4) and stored in 70% PBS-buffered isopropanol (pH 7.4) for 

immunolocalization of NKA, VHA, ATP-Synthase, NBC-1 and NKCC-1. 

Sample preparation 

Crude extract preparations followed the same protocol as described elsewhere (Kreiss et al., 

2015a, Melzner et al., 2009a, Michael et al., 2016a, Michael et al., 2016b), with the exception 

that different sample-to-extraction buffer dilutions were applied for egg (SI-SIII) and larval 

(SIV, SV) stages to ensure similar concentrations of biologically active tissue in all extracts. 

This adjustment was necessary because a given fresh weight of egg-shelled embryos contains 

approximately half the number of individuals (tissue) than the same weight of frozen larvae 

(many individuals compressed to one piece). Given that soluble protein contents of egg and 

early larval stages were reported to vary by less than 3% (Finn et al., 1995), we normalized all 

measurements against protein content of the crude extract to account for potential differences 

in the number of individuals per sample. In brief, crude extracts were produced by 

homogenizing ~100 mg of frozen sample suspended in 5 (eggs) or 10 (larvae) volumes of ice-

cold extraction buffer, which contained 50 mM imidazole (pH 7.8), 250 mM sucrose, 5 mM 

Na2-EDTA, 0.1% Na-desoxycholate, 5 mM β-mercaptoethanol and 0.2 ml proteinase inhibitor 

cocktail (Sigma-Aldrich, Taufkirchen, Germany; catalog no. P8340). Samples were 

homogenized in a temperature-controlled tissue homogenizer (Precellys 24, Bertin 

Technologies, France) set to 0°C, 6000 rpm (3 × 15 s). Cell fragments were removed by 

centrifugation (1000 g for 10 min at 2°C) and the supernatants (crude extract, ce) were taken 

for analyses. Final protein concentration of the crude extracts was determined according to 

Bradford (Bradford, 1976), using serum albumin (BSA) as standard. One half of each sample 

was used for the enzyme assay and the other half for immunoblotting procedures. 

Enzyme assay  

Maximum total ATPase activity and fractional (inhibitor-sensitive) activities of NKA, VHA 

and ATP-Synthase (reversed catalysis) were measured in crude extracts by means of a 

coupled enzyme assay based on pyruvate kinase (PK) and lactate dehydrogenase (LDH) as 
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described elsewhere (Kreiss et al., 2015a, Melzner et al., 2009a, Michael et al., 2016a, 

Michael et al., 2016b). Transporter specific enzyme activities were determined as the 

difference between total ATPase activity (TA) and inhibitor-insensitive (residual) ATPase 

activity, using inhibitor concentrations previously applied to gill-tissue samples of adult cod: 

5 mM ouabain for NKA (Michael et al., 2016a), 60 μM oligomycin for ATP-Synthase 

(Michael et al., 2016b) and 0.1 μM bafilomycin A1 for VHA (Kreiss et al., 2015a). The assay 

was conducted in a micro-plate reader format and conducted under temperature-controlled 

conditions. Samples from 6.0°C or 9.5°C incubations were assayed at both temperatures to 

assess acclimation effects on enzyme activity. The reaction process (oxidation of NADH, 

hydrolysis of ATP) was initiated by the addition of crude extract to 20 volumes of reaction 

buffer containing 100 mM imidazole, pH 7.8, 80 mM NaCl, 20 mM KCl, 5 mM MgCl2, 5 

mM ATP, 0.24 mM Na-NADH2, 2 mM phosphoenolpyruvate and 12 U/ml PK with 17 U/ml 

LDH in a PK/LDH enzyme mix (Sigma-Aldrich). All samples were arranged in a randomized 

order and measured in quadruplicates with 10 readings over a time period of 10 min at λ = 

339 nm. Inhibitor-insensitive activities were calculated based on the extinction coefficient of 

NADH (ε = 6.31 mM
-1

 * cm
-1

) and expressed as micromoles of ATP consumed per hour per 

mg protein in the crude extract (µmol ATP mg
-1

 protein h
-1

). 

Antibody specificity 

Western blots were conducted to assess the specificity of primary antibodies used for protein 

quantification and/or localization (details on primary antibodies are given in Table S3). A mix 

of subsamples from randomly selected crude extracts (developmental stage IV) was split into 

membrane (mf) and cytosolic fractions (cf) by ultra-centrifugation (350,000 g for 30 min at 

4 °C). A volume of 15 μL from each fraction was separated by SDS-PAGE on 8 to 10% 

polyacrylamide gels according to (Laemmli, 1970), and transferred onto PVDF membranes 

(Immuno-BlotTM, Bio-Rad Laboratories) using a tank blotting system (Bio-Rad 

Laboratories). To prevent unspecific protein binding, blots were quenched for 1 h at room 

temperature (RT) in TBS-Tween buffer (TBS-T, 50 mM Tris -HCl, pH 7.4, 0.9% (wt/vol) 

NaCl, 0.1% (vol/vol) Tween20) containing 5% (wt/vol) nonfat skimmed milk powder. 

Incubation of blots with primary antibodies was done overnight at 2°C (dilutions in TBS-T 

are given in Table S3). After washing with TBS-T, blots were incubated for 1 h (RT) with 

horseradish conjugated goat anti-rabbit/anti-mouse IgG antibodies (Pierce, Rockford, IL, 

USA, diluted 1:50,000 in TBS-T). Protein bands were visualized with ECL Advanced 

Western Blotting Detection Reagent (GE Healthcare, Munich, Germany), and imaged with a 
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cooled charge-coupled device camera (LAS-1000: Fuji, Tokyo, Japan). Protein bands (Fig. 

S2) were referenced to pre-labelled SDS-PAGE standards (Bio-Rad, Munich, Germany). 

Protein quantification 

A 48-fold slot-blot filtration system (Hoefer PR 648, Amersham Biosciences, Freiburg, 

Germany) was used to quantify the expression of NKA, ATP-Synthase, NBC-1 and NKCC-1. 

VHA was excluded due to insufficient antibody reactivity. After being activated in 100% 

methanol, PVDF membranes were equilibrated for 30 min in transfer buffer (10 mM 

NaHCO3, 3 mM NA2CO3, 20% (v/v) methanol, 0.025% (w/v) SDS, pH 9.5 - 9.9). Crude 

extracts were diluted 1:10 in electrophoresis running buffer (25 mM Tris, 192 mM glycine, 

0.1% w/v SDS), and 80 µl of each sample were applied to the system followed by repeated 

rinsing with transfer buffer (3 × 500 µl). A dilution series of pooled samples was used as a 

reference standard on each membrane (Fig. S2, F), which were always loaded with randomly 

ordered samples from two egg batches (2 × 20 samples) yielding 12 runs in total (3 × 2 

batches × 4 proteins). After the loading process, membranes were immediately blocked for 1 

h (RT) with TBS-T buffer containing 5% (w/v) non-fat skimmed milk powder. Methods for 

protein detection and imaging were the same as described above (see section “antibody 

specificity”). Signal intensities were analysed using AIDA Image Analyzer software (version 

3.52, Raytest, Straubenhardt, Germany). Values were recalculated from the reference curve 

and expressed as arbitrary units per mg protein content of the original sample (AU mg protein
-

1
).  

Immunolocalization of ion transport proteins 

Fixed larvae (SIV) were rehydrated in 0.1 m phosphate-buffered saline (PBS, pH 7.4) and 

incubated for 30 min in 3% BSA to block nonspecific binding during immunolocalization of 

NKA, ATP-Synthase, VHA, NBC-1 and NKCC. Incubation with primary antibodies diluted 

1:300 in PBS was done overnight at 2 °C (see Table S3 for details on primary antibodies). 

After being carefully rinsed with PBS, larvae were incubated for 2 h (RT) with two secondary 

antibodies (DyLight© 488 anti-mouse and DyLight© 594 anti-rabbit, Jackson 

ImmunoResearch, West Grove, PA, USA, diluted 1:300 in PBS) for co-localization of NBC-

1/NAK, NBC-1/NKCC-I, NBC-1/ATP-Synthase and NKA/VHA, respectively. Negative 

controls were performed for each pair without application of the primary antibody (Fig. S2, 

G). Finally, larvae were rinsed once more with PBS and placed on a fluorescence slide prior 

to image acquisition with an inverse confocal laser-scanning microscope (Leica TCS SP5 II, 

Leica, Wetzlar, Germany).  



 
56 Results – Publication I 

Statistical analyses 

Statistical analyses were conducted with the open source software R (www.r-project.org). If 

normality and homoscedasticity were not violated (assessed via Q-Q plots), linear mixed 

models (LME, package ‘lme4’, (Bates et al., 2014)) were applied (total mortality, enzyme 

activity-to-expression ratios). Otherwise generalized linear mixed-effect models (GLMM, 

package ‘lme4’) were used (daily mortality, enzyme activity, protein expression) and 

appropriate probability distributions were assessed the “MASS” package (Ripley et al., 2013). 

In all cases, different levels of temperature, PCO2 and developmental stage were treated as 

fixed factors while “egg batch” was included as a random factor. The package ‘lsmeans’ 

(Lenth, 2016) with Tuckey’s P-value corrections was used to conduct pairwise comparisons 

of single model factors. All data are presented as means (± s.e.m.) and statistical tests with P 

< 0.05 were considered significant. Results of test statistics are summarized in Table S4. 

Results 

Mortality 

The influence of elevated PCO2 (400 vs 1100 µatm, pH8.1 vs 7.7) on daily mortality rates of 

cod embryos was a function of temperature and developmental age (degree days post 

fertilization, Fig. 2A, B), as indicated by an interaction between age, PCO2 and temperature 

(generalized linear mixed-effect model, GLMM: χ
2
 = 5.2, P = 0.0233, Table S4). Increased 

mortality due to elevated PCO2 occurred primarily during early development (cleavage and 

gastrulation, SI−SII) and in combination with warming. Few losses were observed during 

organogenesis, segmentation and hatching (SII−IV), suggesting that embryonic tolerance 

increased markedly after gastrulation. Total mortality until hatching (Fig. 2C) of embryos 

exposed to elevated PCO2 and warming (28.2 ± 0.5%) was two-fold higher than in the control 

group (13.1 ±1.4%, least-square contrast with Tukey correction: t = 8.5, P < 0.0001, n = 12, 

Fig. 2C). Differences between mortalities under either elevated PCO2 (14.1 ± 1.3%) or 

warming (16.1 ± 1.2%) were not significant. These results clearly demonstrate that early 

embryogenesis (and particularly gastrulation) is a critical bottleneck with respect to the 

combined effects of CO2 and temperature on Atlantic cod (Fig. 2D). 
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Figure 2 Embryo vulnerability to acidification and warming is a function of developmental age. (A, 

B) The vulnerability of Atlantic cod embryos to OA and warming was assessed based on daily 

mortality rates between fertilization and hatching (SIV) using two levels of temperature (6.0 °C, c and 

9.5 °C, b) and two levels of PCO2 (Control: 400 µatm and OA: 1100 µatm, color code is given next to 

d). Temperature-dependent development times until stages SI−IV (arrows) were normalized by means 

of degree-days (days * incubation temperature, upper x-axis). Filled circles indicate daily mortality 

rates higher than zero. (C) Bars show total embryo mortality until hatching. Asterisks indicate 

significant treatment effects (least-square posttest with Tuckey correction, P < 0.05). All values are 

given as means (± s.e.m., n = 6). (d) Three-dimensional representation of the relationship between 

embryo mortality, treatment combination and normalized developmental age (degree-days). Colored 

planes denote average mortality rates (as displayed in panel A and B). Pictures with grey bars indicate 

developmental times until stages SI (late blastula), SII (100% epiboly), SIII (50% eye pigmentation) 

and SIV (hatching). Mortality was not assessed between hatching and yolk sack absorption (SV), 

while all stages were sampled for analyses of enzyme activity and protein expression. High embryo 

vulnerability (mortality) to combined effects of elevated temperature and PCO2 during gastrulation 

(SI−SII) identifies this period as particularly critical.  

Enzyme activities 

Total ATPase activity (TA, Fig. 3A) and specific activities of V-Type H
+
-ATPase (VHA), 

Na
+
/K

+
-ATPase (NKA) and mitochondrial F1FO-ATP-Synthase (assayed via ATP hydrolysis, 

hereafter ATP-Synthase) increased with developmental stage in a similar, sigmoidal way in 
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all treatment combinations (GLMM, P < 0.0001, Fig. 3B, Table S4). Activities of NKA, VHA 

and ATP-Synthase were extremely low at stage SI and stage SII (end of gastrulation). 

Thereafter, activities increased exponentially until hatch (SII to SIV), while a less rapid 

increase was observed between hatch and yolk sack absorption (SIV−SV). These observations 

suggest that the capacity for energy-dependent ion transport (NKA and VHA) and energy 

provisioning (ATP-Synthase) increased 40 to 60-fold between the end of gastrulation and 

yolk sack absorption. Notably, enzymatic capacities (TA, NKA, VHA and ATP-Synthase) of 

early larvae (SIV and SV) reached levels similar to those measured in gill tissue of adult cod 

(grey shadings in Fig. 3C).  

While Total ATPase did not differ between PCO2 treatments, exposure to elevated PCO2 

increased the activity of NKA, VHA and ATP-Synthase (GLMM, P < 0.05, Table S4), 

especially at stages SIV and SV (15 to 25%, Fig. 3B). Accordingly, we argue that under OA 

conditions, higher ion regulation capabilities are established without significant adjustments 

to the overall development of ATP-dependent enzyme capacities. This may result in reduced 

energy/resource allocation to functions other than ion homeostasis, as indicated by smaller 

fractions of residual ATPase capacity at elevated compared to control PCO2 conditions 

(GLMM, χ
2
 = 13.5, P < 0.0001, Fig. 3D−G). Warming from 6.0°C to 9.5°C stimulated 

enzyme activities (GLMM, P < 0.0001, Fig. 3A and B, Table S4) corresponding to a Q10 of 3 

to 4 (Q10 = fold-change in reaction rate with 10 °C increase), without changing the general 

response to elevated PCO2 (Fig. 3). In both CO2 treatments, warming reduced the summed 

contribution of NKA, VHA and ATP-Synthase activity to TA (especially in larvae stages, SIV 

and SV), as indicated by larger fractions of residual enzyme capacity at 9.5°C compared to 

6.5°C (GLMM, χ
2
 = 5.2, P = 0.0230, Fig. 3D−G). 

These treatment-related changes in absolute enzyme activity and residual capacity correspond 

with the effects of elevated PCO2 and temperature on embryonic growth (Fig. S3) determined 

in a parallel experiment (Dahlke et al., 2018) using a different setup with a wider temperature 

range (0−12°C) but the same egg batches and CO2 treatments as in the present study. 

Reductions in larval dry weight at hatch (proxy for embryonic growth) by an average of ~20% 

under OA conditions (Fig. S3, A) indicate an energetic trade-off associated with increased 

energy allocation towards ion regulation. In line with the idea that higher residual enzyme 

capacities at 9.5°C versus 6.0°C (this study, Fig. 3D−G) reflect lower energy requirements for 

ion regulation, growth reductions due to elevated PCO2 decreased from cold (35% at 0°C) to 

warm temperatures (15% at 9 and 12°C, Fig. S3, B).  



 

 

59 Results – Publication I 

 

Figure 3 Effects of acidification and warming on the development of enzymatic ion transport 

capacities in Atlantic cod. (A) Total ATPase (TA) activity was determined to estimate (B) the specific 

activity of acid-base relevant ion pumps: V-type H
+
-ATPase (VHA), Na

+
/K

+
-ATPase (NKA) and 

mitochondrial ATP-Synthase at developmental stages SI−SV (images). See D−G for color-coded 

treatment combinations. Sigmoidal regressions (lines) illustrate response patterns. Asterisks indicate 

significant CO2 effects (averaged over temperature treatments, least-square contrast with Tuckey 

correction, P < 0.05). (C) Bars show stage-specific activities of VHA, NKA and ATP-Synthase (log-

scale, 9.5°C, 400 µatm CO2) in relation to activities assayed at 10°C in gill tissue of adult cod (gray 

shadings, (Kreiss et al., 2015a, Kreiss et al., 2015b, Melzner et al., 2009a, Michael et al., 2016a, 

Michael et al., 2016b). All values are given as means (± s.e.m., n = 6). (D−G) Stacked pie charts 

illustrate fractions of transporter-specific enzyme activity (NKA VHA and ATP-Synthase) and 

residual ATPase capacity (colored fractions with number indicating percentages) relative to TA under 

different treatment conditions. 

Protein expression 

The protein expression of NKA, ATP-Synthase and secondary ion transporters NKCC-1 and 

NBC-1 (Fig. 4A−D) increased from low levels during cleavage and gastrulation (SI and SII) 

to a maximum at hatching (SIV), followed by a 30–40% decrease during yolk sack absorption 

(GLMM, stage-effect: P < 0.001, Table S4). The apparent increase in transporter expression 

in response to elevated PCO2 (~10% at SIII–SV) was statistically not significant. Exposure to 

increased temperature (9.5°C) caused an overall reduction in protein expression of ~40% 

(SIII–SV) compared to 6.0 °C (GLMM, P < 0.05, Table S4). The correlation between the 

expression of energy-dependent (NKA, NBC-1 and NKCC-1) and energy-providing (ATP-
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Synthase) homeostasis functions (Fig. 4E) did not differ between treatments (that is, similar 

intercept and slope, Table S4), indicating co-regulation during environmental challenge.  

Lower enzyme expression of NKA and ATP-Synthase at 9.5°C compared to 6.0°C did not 

result in different enzyme activities when assayed at a common temperature (Fig. 4F and G, 

Table S4), indicating that maximum catalytic rates were increased due to warm-acclimation. 

Moreover, enzyme activities of NKA and ATP-Synthase increased throughout yolk sack 

absorption (SV) despite a reduction in expression between SIV and SV (Fig. 4 A, B). These 

results suggest a temperature- and stage-specific change in function (catalytic power), 

reflected by the increase in enzyme activity-to-expression ratios due to warming and 

developmental progress (GLMM, P < 0.0001, Fig. 4H and I, Table S4). 
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Figure 4 Effects of acidification and warming on stage-specific expression of ion transporters in 

developmental stages of Atlantic cod. (A−D) Protein expression (AU = arbitrary units per mg protein 

content, ± s.e.m., n = 6) of (A) NKA and (B) ATP-Synthase, (C) NKCC-1 and (D) NBC-1 as a 

function of developmental stage (SI−SV) and different treatment combinations (color code given in 

Fig. 1). Inlets: Antibody specificity was confirmed in fractionated protein extracts (ce = crude extract, 

cf = cytosolic fraction, mf = membrane fraction). Pink arrows indicate molecular weights (kDa) based 

on pre-labelled protein standards. (E) Correlation between the expression of energy-providing ATP-

Synthase and energy-demanding ion transporters (NKA, NKCC-1 and NBC-1). The overall linear 

regression (black line, r
2
 = 0.62, P < 0.0001) is based on single (n = 335), log-transformed expression 

measurements (grey symbols) and is shown with the 95% prediction bands (light grey shading) and 

95% confidence intervals (dark grey shading). Measurements ≤ 0.05 AU were considered as zero 

values and excluded from this analysis (n = 25). Colored lines indicate no significant change in slope 

and/or intercept due to different treatment combination (ANCOVA: P ≥ 0.05, Table S4). (F and G) 

Grey-colored bars show that stage-specific enzyme activities (log scale, left y-axes) of embryos/larvae 

reared at 6.0°C (light grey) and 9.5°C (dark grey) were not significantly different when assayed at a 

common temperature (6.0°C, GLMM, P > 0.5). Brown-colored bars show the respective enzyme 

expression levels (log scale, right y-axes) of embryos/larvae reared at 6.0°C (light brown) and 9.5°C 

(dark brown), indicating lower expression levels at higher temperature (GLMM, P < 0.05). Error bars 

are ± s.e.m. (n = 12, CO2 were pooled). (H and I) Enzyme activity-to-expression ratios for NKA and 

ATP-Synthase determined at different stages reared at 6.0 °C (white) and 9.5 °C (black). For NKA, 

stage SI was excluded due to low expression levels. Asterisks indicate significant temperature effects 

at different stages (averaged over CO2 treatments, least-square contrast with Tuckey correction, P < 

0.05; CO2 effects were not significant, Table S4). 

Ion transporter localization  

Targeted ion transporters (NKA, VHA, NBC-1 and NKCC-1) and mitochondrial ATP-

Synthase were localized in different epithelial cells of newly hatched larvae (SIV, Fig. 5A). 

Four prominent cell types were characterized based on their morphology and transporter 

composition: Type I and II were identified as mitochondria-rich cells (MRCs). Both MRC-

subtypes displayed a similar expression profile (high expression of ATP-Synthase, NKA, 

VHA and NKCC-1, but low expression of NBC-1), while they differed in terms of size and 

anatomical location. The occurrence of Type I MRCs (diameter: ~50 µm) was limited to the 

yolk sack epithelium, whereas Type II MRCs (~30 µm) formed dense aggregations around the 

primordial gill cavity, suggesting that the latter will mature into branchial (adult-type) MRCs 

during gill development (Sucre et al., 2011). Type III ionocytes were characterized by their 

distinct expression profile (high expression of NBC-1, but low expression of ATP-Synthase, 

NKA, VHA and NKCC-1), morphology (relatively small surface with apical pit of ~15 µm 

diameter) and location (entire body surface with highest densities on the distal fin fold).  
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Figure 5 Immunolocalization of ion transporters in yolk sack larvae of Atlantic cod. (a) Whole-mount 

confocal scans and magnified sections (boxes) show localizations of (1) ATP-Synthase (green) with 

NBC-1 (red), (2) VHA (green) with NKA (red), (3) NKA (green) with NBC-1 (red), and (4) NKCC-1 

with NBC-1 (red) in newly hatched larvae (SIV, lateral view) reared under control conditions (6.0 °C, 

400 µatm CO2). Immuno-positive cells expressing high quantities of both transporters appear in 

orange. Four prominent cell types (Type I-IV) were identified based on their transporter expression 

profile, size and anatomical location (see main text). Type I and II were identified as mitochondria-
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rich cells (MRCs, magnification box 1). Type I MRCs (~40 µm diameter) are mostly located on the 

yolk sack epithelium, whereas Type II MRCs (~25 µm diameter) occur in high densities around the 

primordial gill cavity (box 2). It is noteworthy that VHA was ubiquitously expressed by epidermal 

cells (see 2). Type III cells exhibit an apical pit (AP, ~15 µm diameter, box 3) and are distributed over 

the entire body surface. The appearance of Type IV cells (rich in NKA, NKCC-1, ATP-Synthase and 

NBC-1, ~15 µm diameter, box 4) resembles that of neuromast cells (Dow et al., 2018), which play a 

role in rheotaxis (Carrillo and McHenry, 2016). (b) Diagram of MRCs (Type II and II) and NBC-1-

rich cells (Type III) indicating documented and proposed acid-base-relevant ion transport mechanisms 

in marine teleosts (Esbaugh, 2018, Evans et al., 2005). Accumulating CO2 is hydrated by cytosolic 

carbonic anhydrase (CA) while the resulting protons (H
+
) are excreted across the apical membrane via 

VHA and Na
+
/H

+
 co-transporter (NHE). Excess bicarbonate (HCO3

-
) ions are moved across the 

basolateral membrane by NBC-1 and bicarbonate-chloride anion exchangers (AE) to compensate for 

respiratory and OA-related pH disturbance of extra-cellular body fluids. Transmembrane potential is 

maintained through stoichiometric cation/anion exchange by basolateral NKA, NKCC-1 and AE as 

well as by apical chlorine (CL
-
) channels (Cystic fibrosis transmembrane conductance regulator, 

CFTR). N = Nucleus, AP = Apical pit. Grey scale bars are 1mm, white scale bars (boxes) are 10 µm. 

High NBC-1 expression implies that these cells are specialized on (basolateral) bicarbonate 

transport from intra- to extracellular which, in combination with apical H
+
 export via Na

+
/H

+
 

antiporter (Brauner and Baker, 2009, Esbaugh, 2018), is suggested to compensate for 

respiratory and environmental acidosis (see Fig. 5B for mechanistic detail). We observed 

another cell type with a shape similar to neuromast cells (Carrillo and McHenry, 2016). The 

expression of NKA, ATP-Synthase, NBC-1 and NKCC-1 by these cells may primarily relate 

to their function as signal transducing mechanoreceptors (Gillespie and Walker, 2001), but it 

is conceivable that they also contribute to organismal ion homeostasis. Overall, it appears that 

by the time of hatching cod larvae are already equipped with advanced capabilities to 

maintain homeostasis, including the potential to respond to environmental change via 

developmental (homeostatic) plasticity. 

Discussion 

Due to insufficient physiological defense systems, embryonic life stages are considered 

particularly vulnerable to environmental factors (Hamdoun and Epel, 2007). In support of this 

hypothesis, we show that during early development of a marine fish (Atlantic cod) extremely 

low capacities for homeostatic regulation coincide with a period of high embryo vulnerability 

to simulated ocean acidification and warming. By the time of hatching, however, cod larvae 

were less sensitive and equipped with ion transport and ATP production capacities similar to 

those of specialized adult gill tissue, indicating that this developmental stage is more 

competent in terms of pH and energy homeostasis than previously assumed. Moreover, the 

establishment of enhanced enzyme capacities and modulation of protein expression levels in 
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response to acidification and warming implies that late embryos and larval stages are 

increasingly capable to respond to changing environments via adjustments in enzyme 

capacities and ion exchange. This homeostatic plasticity is also supported by new insights into 

the functional diversity of acid-base relevant ionocytes scattered over the entire surface of 

yolk sack larvae. On the basis of our results, a conceptual model of fish early-life 

vulnerability and homeostatic plasticity within the context of anthropogenic climate change is 

proposed below (Fig 6). 

The ontogeny of energy-intensive homeostatic mechanisms in fish embryos and larvae is 

thought to be linked to the differentiation of extrabranchial (epidermal) mitochondria-rich 

ionocytes (Varsamos et al., 2005). Our results demonstrate that the expression and activity of 

ion transporters of these cells changes not only during the course of development but also in 

response to different environmental conditions. Although in vitro analyses of enzyme 

expression and activity cannot resolve the actual (in vivo) biochemical responses of an intact 

organism (Somero et al., 2017), we consider the presented data as reliable proxies: First, the 

relative increase in total ATPase activity (in vitro metabolic capacity) between SI and SV is 

directly proportional to the increase in oxygen consumption (in vivo metabolic intensity) 

determined in cod embryos (Finn et al., 1995) over the same developmental period (Fig. S4). 

Secondly, the fractional activity of whole-larvae NKA (28.5% of TA at SV) corresponds with 

the relative amount of available ATP (30%) that is typically allocated to regulate sodium-

potassium fluxes in metabolically active tissues (Somero et al., 2017), including gill tissue 

(29−36%) of adult cod (Kreiss et al., 2015a, Michael et al., 2016b).  

The most stress-sensitive development phases are often associated with morpho-functional 

transitions (Burggren and Mueller, 2015), such as those occurring during gastrulation (Schier, 

2007). This early period is not only characterized by extremely low ion homeostasis 

capacities (at least in cod), but also by complex morphogenetic processes, including the 

formation of germ layers which give rise to different tissues and organ systems (Finn and 

Kapoor, 2008). At the same time, developmental control is handed over from maternally 

provisioned factors (e.g. mRNAs, enzymes, chaperones) to those synthesized from the 

embryonic genome (Schier, 2007). Any defect at this stage may cause disproportionately 

serious damage, either leading to instantaneous mortality or deformities. In fact, high 

vulnerabilities of gastrula stages to diverse external stressors (e.g. temperature, OA, UV 

radiation, hypoxia or toxicants) were demonstrated in different cod species (Gadiformes) 

(Dahlke et al., 2017, Kouwenberg et al., 1999, Nahrgang et al., 2017, Skjærven et al., 2013, 

Wieland et al., 1994), as well as in model organisms like zebrafish (Danio rerio) (Ali et al., 
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2011, Jesuthasan and Strähle, 1997, Sawant et al., 2014), Drosophila melanogaster (Bergh 

and Arking, 1984) and Xenopus laevis (Heikkila et al., 1985, Metikala et al., 2018, Degitz et 

al., 2000), and identify this period as a critical bottleneck for many, if not all metazoans. 

Suggested mechanisms underlying embryo mortality in the face of external stressors include 

the impairment of functions related to cell division and cell motility, such as pH-sensitive and 

energy-dependent microtubule dynamics (Cheng et al., 2004, Zalik et al., 1999). It is thus 

likely that increasing capacities for pH and energy homeostasis contributed to the observed 

decrease in cod embryo vulnerability after gastrulation, although additional mechanisms may 

have been involved. For instance, data on vertebrate and invertebrate model organisms 

suggest that many defense and repair functions (e.g. heat shock responses and apoptotic 

pathways) emerge during or after gastrulation (Rupik et al., 2011, Hamdoun and Epel, 2007). 

 

Figure 6 Conceptual diagram of fish embryo vulnerability and homeostatic plasticity in a climate 

change context. Early embryogenesis is controlled and protected by provisioned (innate) factors (e.g. 

maternal mRNAs and chaperones), which buffer developmental processes against expected 

environmental conditions before inducible defenses, including ion homeostasis functions, are 

sufficiently effective (Hamdoun and Epel, 2007). The progressive decay of innate defense factors after 

fertilization (Tadros and Lipshitz, 2009) is paralleled by the rise of capacity for ion homeostasis linked 

to the development of ionocytes (Brauner and Rombough, 2012, Varsamos et al., 2005). High 

vulnerability of gastrula stages to diverse factors like thermal stress (Rombough, 1997), OA (Dahlke et 

al., 2017), hypoxia (Sawant et al., 2014, Wieland et al., 1994), UV radiation (Jesuthasan and Strähle, 

1997, Kouwenberg et al., 1999), and toxins (Ali et al., 2011, Nahrgang et al., 2017) likely results from 

the coincidence of low homeostatic capability and the inherent instability of cell movements during 

this critical period (Jesuthasan and Strähle, 1997). Increased tolerance of later stages is associated with 

the proliferation and differentiation of ionocytes in combination with the establishment of heat-shock 

responses (Rupik et al., 2011), self-repair functions, nervous, cardiovascular and hormonal control 

systems (Hamdoun and Epel, 2007), and the ability to adjust the homeostatic capacities via changes in 

gene expression and/or post-translational modifications (i.e., homeostatic plasticity) (Scott et al., 
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2012). Plasticity of homeostasis functions can facilitate short-term acclimatization to environmental 

change (Burggren, 2018), albeit such responses are often associated with energetic trade-offs (Dahlke 

et al., 2018, DeWitt et al., 1998). 

Rapid ionocyte development between gastrulation and yolk sack absorption was reflected by 

enzyme activities of larvae reaching levels similar to those measured in gill tissue of adult 

cod. The formation of adult-like gill structures (secondary lamellae, branchiostegal rays and 

opercular bones) lasts about 50 days in cod larvae reared at 5°C (von Herbing Hunt et al., 

1996). Accordingly, our results contradict the view that early larvae without fully functional 

gills are inefficient in terms of pH homeostasis. The diversity of extra-branchial ionocytes in 

cod hatchlings supports the impression that early larvae are already equipped with high-

performance homeostasis systems. From an evolutionary perspective, this appears plausible 

given that marine fish larvae are among the fastest growing vertebrates (30% d
-1

 in cod (Finn 

et al., 2002)) with correspondingly high requirements for efficient removal of metabolic CO2 

and acid-base regulation (Brauner and Rombough, 2012). In fact, an early study (Ishimatsu et 

al., 2004) suggests that (short-term) survival of marine fish larvae is possible at PCO2 levels 

(>10,000 µatm) tenfold higher than those projected for the end of this century. 

Proportional changes in the expression and activity of primary (NKA, VHA) and secondary 

ion transporters (NBC-1, NKCC-1), as well as their co-localizations in mitochondria (ATP-

Synthase) rich ionocytes (MRCs) suggest that cod embryos and larvae utilize commonly 

proposed bicarbonate regulation mechanisms (Brauner and Baker, 2009, Esbaugh, 2018) to 

defend pH homeostasis against respiratory and environmental acidosis. An intriguing aspect 

in this regard is the identification of abundant bicarbonate transporter (NBC-1) rich cells 

(Type-III ionocytes), which to our knowledge have not yet been demonstrated in marine fish 

larvae. We propose that these cells are specialized on acid-base regulation and CO2 export, 

although our results provide limited accesses to the underlying mechanisms. A potential 

model (figure 5B) implies that metabolic CO2 is hydrated by carbonic anhydrase, while the 

resulting bicarbonate ions and protons are exported via basolateral NBC-1 and apical Na
+
/H

+
 

exchangers, respectively (Brauner and Baker, 2009, Esbaugh, 2018). The distribution of these 

Type-III ionocytes over the entire body surface is morphologically consistent with the 

dependence of early larvae on cutaneous gas exchange. In addition, particularly high cell 

densities on the distal fin fold, where water-flow velocities are highest during swimming (Li 

et al., 2012), probably reflect a morphological feature that ensures steep (outward) 

concentration gradients required for electroneutral (energy-efficient) proton export. 

Specialization of MRCs on energy-intensive osmoregulation and ATP-dependent proton 
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export is indicted by higher expression of NKA, NKCC-1, VHA and ATP-Synthase than in 

Type-III ionocytes. 

Exposure of cod embryos to acidification modified the ontogeny of pH homeostasis capacity 

in a potentially adaptive manner. The magnitude of homeostatic plasticity (e.g., enhanced ion 

transport capacity) increased gradually with age, suggesting that developmental pathways 

toward enhanced capacities were enabled during early embryogenesis, possibly just after the 

onset of zygotic transcription. These observations agree with the idea that functional 

adjustments during development offer some potential for species to cope with rapid 

anthropogenic climate change (Burggren, 2018). However, together with previous (in vivo) 

work on echinoderms (Pan et al., 2015), our results (e.g., smaller residual enzyme capacities) 

suggest that additional costs for acid-base regulation are met through energy reallocations. In 

many species, including cod (Dahlke et al., 2018), altered energy budgets in response to 

elevated PCO2 are reflected by reductions in developmental growth (reviewed by Cattano et 

al., 2018, Esbaugh, 2018), sometimes still detectable in juvenile stages (Murray et al., 2016). 

Accordingly, our results link CO2-related subcellular adjustments (enzyme capacities) with 

developmental trade-offs at the animal-level (growth deficits), which can contribute to 

increased susceptibility to natural sources of mortality, i.e. starvation and predation (Garrido 

et al., 2015). 

In line with studies on zebrafish (Schnurr et al., 2014, Scott et al., 2012), exposure to 

increased temperature (Δ3.5 °C) altered the ontogeny of homeostasis functions, as indicated 

by reduced protein expression and increased catalytic power of focal enzymes. Improved 

catalytic power of enzymes at yolk sac absorption may relate to the emergence of membrane 

remodeling capacities at this stage (Buddington et al., 1993), but we cannot exclude that other 

mechanisms such as post-translational modifications (Best et al., 2018, Scott et al., 2012) 

and/or expression of isozymes (Pfeiler et al., 1990) contributed to the observed response 

pattern. Higher catalytic power of enzymes in combination with higher kinetic energy at 

warmer temperatures may support maintenance of ionic balance despite lower expression of 

ion transporters (Fields et al., 2015, Somero, 1995). These mechanisms may also reduce the 

additional energy required for CO2 compensation, as indicated by higher residual enzyme 

capacities and smaller CO2-related growth deficits in warm-acclimated cod larvae. At critical 

temperatures, however, energetic benefits associated with warm-acclimation are increasingly 

outweighed by rising maintenance costs and constraints on mitochondrial energy production 

(Dahlke et al., 2017, Leo et al., 2018). Compromised energy supply for ion regulation at 

critical temperatures may increase vulnerability to additional factors such as OA (Pörtner, 
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2008), as demonstrated in cod embryos (Dahlke et al., 2018, Dahlke et al., 2017) and many 

other marine organisms (Przeslawski et al., 2015).  

Conclusion 

Low capacities to maintain pH and energy homeostasis of early cod embryos correspond with 

the concept that maternally provisioned defense mechanisms protect initial development 

against natural environmental variability (Hamdoun and Epel, 2007) (Fig. 6). Innate defense 

levels differ between locally adapted species or populations and sometimes due to parental 

pre-exposure (Donelson et al., 2018). Future climate changes may exceed the range of natural 

variability and thus innate defense levels. The establishment of improved tolerance after the 

critical gastrulation period most likely involves increasing capacities for homeostatic 

regulation associated with the differentiation of specialized cells (ionocytes) and organ 

systems (Varsamos et al., 2005). Regulatory mechanisms of early cod larvae are more 

sophisticated than previously expected, possibly reflecting a physiological prerequisite for 

highly active and rapidly growing fish larvae (Rombough, 2011). Capacity adjustments and 

modifications of regulatory mechanisms potentially support short-term acclimatization to 

climate change, but the extent of homeostatic plasticity may cause additional energetic costs 

and trade-offs, which can increase the susceptibility of individuals to predation and other 

sources of natural mortality (Koenigstein et al., 2018). 
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Abstract 

Thermal tolerance windows serve as a powerful tool for estimating the vulnerability of marine 

species and their life-stages to increasing temperature means and extremes. However, it 

remains uncertain to which extent additional drivers, such as ocean acidification, modify 

organismal responses to temperature. This study investigated the effects of CO2-driven ocean 

acidification on embryonic thermal sensitivity and performance in Atlantic cod, Gadus 

morhua, from the Kattegat. Fertilized eggs were exposed to factorial combinations of two 

PCO2 conditions (400 µatm vs. 1100 µatm) and five temperature treatments (0, 3, 6, 9 and 12 

°C), which allow identifying both lower and upper thermal tolerance thresholds. We 

quantified hatching success, oxygen consumption (MO2) and mitochondrial functioning of 

embryos as well as larval morphometrics at hatch and the abundance of acid-base relevant 

ionocytes on the yolk sac epithelium of newly hatched larvae. Hatching success was high 

under ambient spawning conditions (3 to 6°C), but decreased towards both cold and warm 

temperature extremes. Elevated PCO2 caused a significant decrease in hatching success, 

particularly at cold (3 and 0°C) and warm (12°C) temperatures. Warming imposed limitations 

to MO2 and mitochondrial capacities. Elevated PCO2 stimulated MO2 at cold and intermediate 

temperatures but exacerbated warming-induced constraints on MO2, indicating a synergistic 

interaction with temperature. Mitochondrial functioning was not affected by PCO2. Increased 

MO2 in response to elevated PCO2 was paralleled by reduced larval size at hatch. Finally, 

ionocyte abundance decreased with increasing temperature but did not differ between PCO2 

treatments. Our results demonstrate increased thermal sensitivity of cod embryos under future 

PCO2 conditions and suggest that acclimation to elevated PCO2 requires reallocation of 

limited resources at the expense of embryonic growth. We conclude that ocean acidification 

constrains the thermal performance window of embryos, which has important implication for 

the susceptibility of cod to projected climate change.  
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Introduction 

Anthropogenic climate change will impact marine fish stocks in various ways (Gattuso et al., 

2015). Global ocean warming is currently the main environmental driver of changes, which 

scale from individual physiological responses (Pörtner & Knust, 2007) to shifting population 

dynamics (Petitgas et al., 2013) and altered ecosystem productivity (Britten et al., 2016). By 

the year 2100, continued warming of 3 to 4°C is expected to occur in concert with an increase 

in the frequency of thermal extreme events and ocean acidification (Bopp et al., 2013, IPCC, 

2014). Ocean acidification results from the absorption of atmospheric CO2 by the surface 

ocean (increase in PCO2) and has been demonstrated to affect the performance and survival of 

various marine organisms, including many fish species (see reviews by Heuer & Grosell, 

2014, Wittmann & Pörtner, 2013). Estimating species vulnerability to future ocean warming 

therefore requires knowledge of how additional drivers, such as ocean acidification, affect the 

susceptibility of organisms to increasing temperature means and extremes. 

Ectothermic species can only tolerate specific conditions. Their ability to carry out vital 

functions over a range of temperatures is defined as their thermal performance window 

(Pörtner, 2002). Performance limits at extreme temperatures are species-specific and may 

emerge from a mismatch between oxygen demand and supply to vital cellular functions, such 

as mitochondrial ATP production, ion regulation and protein synthesis (Pörtner, 2002, 

Pörtner, 2010, Schulte, 2015). The resulting deficiency in oxidative energy production first 

compromises whole-animal performances like development, growth and reproduction 

(Pörtner & Knust, 2007). Beyond high critical temperatures, severe hypoxemia sets in and 

organisms need to exploit protective mechanism (e.g. heat shock proteins and antioxidative 

defence) to avoid thermal death (Pörtner, 2010). In the long run, such performance limitations 

can translate into population decline, shifts in migration patterns or the abandonment of 

traditional habitats (Farrell et al., 2008, Pörtner & Knust, 2007). Ocean acidification may act 

as an additional stressor since the effects of elevated PCO2 can affect vital physiological 

processes, including those involved in oxidative energy production (Heuer & Grosell, 2014, 

Wittmann & Pörtner, 2013). Consequently, a narrowing of the thermal tolerance window 

occurs through exacerbated constraints on aerobic metabolism and functional capacities, as 

previously demonstrated for marine invertebrates (Schiffer et al., 2014, Walther et al., 2009). 

Species vulnerability to direct effects of climate change may depend on tolerance thresholds 

of sensitive early life-stages (Pörtner & Peck, 2010). Fish embryos are considered to possess 

particularly narrow tolerance windows because central organ systems and regulation 
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pathways are not yet fully developed (Pankhurst & Munday, 2011). Moreover, developing 

embryos are passive recipients of their environment and entirely dependent on parental 

provisioning of resources (yolk) and molecular defence mechanisms (Kamler, 2008). 

Increased metabolic costs associated with thermal acclimation and acid-base regulation could 

therefore invoke trade-offs between the allocation of limited resources to vital maintenance 

functions and other energy demanding processes like developmental growth (Rombough, 

2011).  

The present study investigated the effects of future ocean acidification (PCO2 = 1100 µatm; 

pH = 7.77) on embryonic thermal sensitivity in Atlantic cod, Gadus morhua, from the 

Kattegat. We used a wide range of temperatures (0, 3, 6, 9, 12°C), which allows identifying 

both lower and upper thermal tolerance thresholds of cod embryos (Geffen et al., 2006). The 

Kattegat population was chosen as it is one of the southernmost populations of cod in the 

Northeast Atlantic and thus particularly at risk from ocean warming (Drinkwater, 2005). By 

integrating the effects of temperature and elevated PCO2 on embryonic development, aerobic 

metabolism and resource utilization we sought to answer the following questions: (1.) Do 

temperature and elevated PCO2 interact to affect embryo survival and hatching success? (2.) 

Does exposure to elevated PCO2 aggravate thermal constraints on whole-embryo oxygen 

uptake and mitochondrial energy production? (3.) Are there energetic costs and 

developmental trade-offs associated with thermal acclimation and compensation of acid-base 

disturbance? To address the latter point, we evaluated larval morphometrics at hatch and the 

abundance of Na
+
/K

+
-ATPase rich ionocytes on the yolk sac epithelium as morphological 

indicators for developmental growth and acid-base regulation effort, respectively. Our results 

provide novel mechanistic insight into the physiological consequences of coincident changes 

in temperature and PCO2, relevant for the understanding of climate change impacts on cod 

and other marine ectotherms. 

Materials and Methods 

Broodstock and gamete collection 

The study was conducted at the Sven Lovén Centre for Marine Science, Kristineberg 

(Sweden) between March and May 2013 in accordance with the legislation of the Swedish 

Board of Agriculture (Permit: 332-2012). Adult Atlantic cod were caught by trawl and hand-

gear in the Øresund strait (55°58’N; 12°38’E) during the spawning season in March 2013. 

Water temperature and salinity at the spawning ground (20 to 25 m depth) was 4.5 ± 0.5°C 
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and 32 PSU, respectively. Gametes of males (37 to 68 cm; n = 12) and females (48 to 87 cm; 

n = 5; table S1) for in vitro fertilisations were obtained by strip spawning. 

Fertilisation protocol 

Fertilisation was conducted within 30 min after stripping at ambient water temperature (4.5 ± 

0.5 °C) and two different seawater PCO2 treatments (present-day PCO2: 400 µatm, pHF: 8.15 

and future PCO2: 1100 µatm, pHF: 7.77; Table S2). Seawater (salinity: 33 PSU) used for 

fertilisation of cod eggs was filtered (0.2 µm) and UV-sterilised. Egg batches obtained from 

individual females were split into two separate portions for the use at the two different PCO2 

treatments and fertilised with milt aliquots from 3 to 5 males. A standardised milt-seawater 

dilution of 1:500 was used to maximise fertilisation success (Trippel, 2003). The fertilisation 

process was stopped after 10 min gamete contact time by rinsing excess milt and ovarian fluid 

(Butts et al., 2009). Rinsed eggs were immediately transferred into airtight polyethylene 

containers previously filled with seawater adjusted to respective PCO2 treatments and 

maintained at the same temperature conditions (4.5 ± 0.5°C) as during fertilisation until the 

start of the incubation experiment (3 to 6 h post fertilisation). During storage, water-pH did 

not change by more than 0.01 units and oxygen concentration remained above 95% (OXI 

340i, WTW, Germany). Prior to the start of the incubation experiment, subsamples of 30 eggs 

per batch were collected and photographed with a digital imaging system (Stereomicroscope: 

Olympus SZX7; Camera: Olympus DP 26, Olympus, Japan) to determine differences in mean 

egg diameter between females (Table 2). Fertilisation success was determined in subsamples 

of 100 eggs (n = 3 subsamples per batch and PCO2 treatment). Triplicates were incubated 

within sealed petri dishes (20 ml) at 5°C and the corresponding PCO2 treatment for 12 h. 

Subsequently, the eggs were photographed to evaluate fertilisation success at the 8 or 16-cell 

stage (Table 1).  
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Table 1 Mean egg diameter and fertilisation success of cod eggs fertilised at ambient temperature and 

different PCO2 conditions.  

Female  

Mean egg  

diameter  

(mm, ±SD) 

Fertilisation success (%) 

400 µatm SD 1100 µatm SD 

1 1.48 (0.03) 75.0 0.2 83.4 6.7 

2 1.54 (0.02) 96.7 2.2 95.9 2.8 

3 1.48 (0.03) 97.2 2.2 98.1 1.3 

4 1.28 (0.02) 92.9 2.4 88.7 3.4 

5 1.36 (0.03) 96.9 1.3 95.3 1.7 

 

Experimental design 

Cod eggs previously fertilised at either present-day or elevated PCO2 were maintained at 

respective PCO2 treatments and incubated at five different temperatures (0, 3, 6, 9 and 12°C) 

until hatch. Temperatures were selected to cover the entire range of thermal conditions during 

embryonic development of cod, including average spawning conditions (4 to 8°C) in the 

Kattegat/Øresund area (Borjesson et al., 2013, Righton et al., 2010) and projected warming 

scenarios (+3 to 4°C, IPCC, 2014, RCP8.5). Individual egg batches of five different females 

were used and females were treated as biological replicates. Each PCO2 and temperature 

treatment group of an egg batch was sub-divided into two stagnant incubators. In order to 

avoid biased survival estimates, only one of both incubators was used to evaluate embryo 

survival and larval morphology at hatch, while oxygen consumption rates, mitochondrial 

capacities and continuous monitoring of developmental stage were measured in subsamples 

taken from the second incubator. 

Incubation protocol 

Initially, all incubators (Imhoff sedimentation cones, 1000 ml volume) were filled with 6°C 

filtered (0.2 µm) and UV-sterilised seawater (400/1100 µatm CO2, 33 PSU) and stocked with 

eggs at a density of 0.35 to 0.5 eggs ml
-1

. Subsequently, incubators with eggs were submerged 

into 400 L seawater baths thermostatted to different temperatures (0, 3, 6, 9 and 12°C) to 

ensure a gradual temperature change inside the incubator. The transparent, bottom tapered 
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incubators were sealed with a custom-made Styrofoam cover to prevent outgassing of CO2 

and temperature fluctuations at the water surface. Eggs received dim light with a daily rhythm 

of 12 h/12 h light/darkness. Every 24 hours 90% of the water volume of each incubator was 

replaced by filtered (0.2 µm) and UV-sterilised seawater (33 PSU) to avoid oxygen depletion 

and bacterial or fungal infestation. An outlet valve was mounted at the bottom of the 

incubators to drain the seawater with dead eggs, which lose buoyancy and descend to the 

bottom. The incubators were slowly refilled from underneath the positively buoyant, viable 

eggs. Oxygen saturation of drained seawater was never below 90% and water-pH did not 

change by more than 0.01 units within 24 h. Seawater parameters are summarised in Table 2 

and Fig. S1. 

Table 1 Summary table for mean seawater quality parameters measured during cod egg incubation 

until complete hatch. Partial pressures of dissolved carbon dioxide (PCO2) were measured in situ in air 

equilibrated with dissolved water gases. Measurements of seawater-pHNBS were calibrated against 

tempered Tris-HCl seawater buffers and adjusted according to the free proton concentration scale 

(pHF). Individual values of incubation temperature O2, PCO2 and pHF are displayed in Fig. S1. 

Nomina

l       T 

(°C)  

Measure

d      T 

(°C) 

Duratio

n (days) 

Oxygen (%) PCO2 (µatm) pHF 

Contro

l 

High-

PCO2 

Contro

l 

High-

PCO2 

Contro

l 

High-

PCO2 

0 0.04 45 95.6 95.6 409 1114 8.15 7.77 

3 3.05 30 95.4 95.5 409 1057 8.15 7.77 

6 6.15 18 94.9 94.7 415 1122 8.14 7.76 

9 9.14 13 94.3 94.6 422 1091 8.14 7.77 

12 12.11 9 94.1 94.3 417 1097 8.14 7.77 

 

Each seawater bath contained two 60 l reservoir tanks, which were used to adjust seawater to 

the corresponding temperature and PCO2 conditions for daily water exchange. Thermostats 

were used to maintain water temperatures; recirculating pumps (40 l/min
-1

) were installed to 

ensure homogeneous temperature conditions in the 400 l seawater baths. Water temperatures 

of the different water baths were recorded automatically every 15 min (± 0.1°C) by a multi-

channel aquarium computer (IKS-Aquastar, IKS Systems, Germany). Temperatures within 

randomly selected incubators (3 per treatment) and reservoir tanks were measured manually 
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on a daily basis. Temperature differences between the 400 l seawater bath and submerged egg 

incubators and 60 l reservoir tanks did not exceed 0.2°C.  

Future PCO2 conditions were established by injection of pure CO2 gas into the submerged 60 l 

reservoir tanks at each temperature. A multi-channel feedback system (IKS-Aquastar), 

connected to individual pH-probes (IKS-Aquastar) and solenoid valves was used to adjust 

water-pH and PCO2 values. Pure CO2 was infused via perforated silicone tubes until the 

desired value was reached. The PCO2 of the reservoir tanks was measured in situ prior to 

every third water exchange with an infrared PCO2 probe (Vaisala GM70, manual temperature 

compensation, ±10 µatm accuracy; Vaisala, Finland). The probe was equipped with an 

aspiration pump and sealed with a gas-permeable membrane to measure PCO2 in air 

equilibrated to dissolved water gases as described by Jutfelt and Hedgarde (2013). Factory 

calibration was confirmed by measurements of seawater previously bubbled with a technical 

gas mixture (1010 µatm CO2 in air; AGA Sweden). Prior to the daily water exchange, pH-

values of the reservoir tanks were measured with a lab-grade pH-electrode to three decimal 

places (Mettler Toledo InLab Routine Pt 1000 with temperature compensation, Mettler 

Toledo, Switzerland), which was connected to a WTW 3310 pH-meter. A three-point 

calibration with NBS-buffers was performed on a daily basis. To convert NBS to the free 

proton concentration scale for seawater pH (Waters & Millero, 2013), the electrode was 

recalibrated with Tris-HCl seawater buffers (Dickson et al., 2007), which were acclimated to 

the corresponding incubation temperature prior to each measurement. Seawater pH-values 

refer to the free proton concentration scale throughout this manuscript. 

Data collection 

Cumulative survival, development and hatching success 

Embryo mortality was recorded on a 24-hour basis until all individuals within an incubator 

had either died or hatched. Cumulative embryo survival until complete hatch was expressed 

as the percentage of living individuals at day-x post fertilisation relative to the initial number 

of fertilised eggs. Once hatching commenced, free-swimming larvae were collected in the 

morning, euthanized with an overdose of tricaine methanesulfonate (MS-222) and counted 

after visual examination for morphological deformities under a stereomicroscope. The 

incidence of larval deformities was quantified as the percentage of hatchlings exhibiting 

severe deformations of the yolk sac, cranium or vertebral column (Fig. S2).  

Subsamples of 5 to 10 eggs of each female and treatment combination were obtained every 24 

h (every 48 h at 0°C and 3°C) for determination of developmental stage after Hall et al. 
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(2004). The rate of development was evaluated as the time (days) from fertilisation until stage 

17 (end of gastrulation), stage 22 (50% eye pigmentation) and peak-hatch, which was defined 

as the time point when more than 50% of the remaining embryos of an incubator had hatched 

(Peck et al., 2012).  

Hatching success as a synonym for overall embryo viability was defined as the percentage of 

non-malformed larvae that hatched from the initial number of fertilised eggs. The proportion 

of fertilised eggs within an incubator was estimated from the mean fertilisation success of the 

respective egg batch (Table 2). Statistical analyses for larval deformities and hatching success 

are based on n = 4 to 5 females at each treatment combination (n=5 females at 0°C, 6°C, 

12°C; n=4 females at 3°C, 9°C).  

Whole-embryo oxygen consumption  

Oxygen consumption rates (MO2) of eyed-stage embryos (50 % eye pigmentation, stage 22 

according to Hall et al., 2004; Fig.1.iii) were measured in closed, temperature controlled 

respiration chambers (OXY0 41 A, Collotec Meßtechnik GmbH, Germany). The double-

walled chambers were connected to a flow-through thermostat to adjust the temperature of the 

respiration chamber to the corresponding incubation temperature of the eggs. Measurements 

were conducted in triplicate with eggs of each female using n = 3 different females in total. 

For each run a mean number (± SD) of 20 ± 5 eggs were placed in the chamber with a volume 

of roughly 1 ml sterilised seawater adjusted to the PCO2 values of the corresponding 

treatment. A magnetic micro-stirrer (3 mm) was placed underneath the floating eggs to avoid 

oxygen stratification in the respiration chamber. The change in oxygen saturation was 

detected by micro-optodes (fiber-optic microsensor, flat broken tip, diameter: 140 µm, 

PreSens GmbH, Germany) connected to a Microx TX3 (PreSens GmbH, Germany). 

Recordings were stopped as soon as the oxygen saturation declined below 80% air saturation. 

Subsequently, the exact water volume of the respiration chamber and wet weight of the 

measured eggs were determined by weighing (± 0.01 mg) on a precision balance. Oxygen 

consumption was expressed as [nmol O2 (egg * h)
-1

]. Bacterial oxygen consumption and 

optode drift was determined by measurements of the blank respiration chamber before and 

after three successive egg respiration measurements.  

Mitochondrial respiration 

Mitochondrial respiration was measured in a homogenate of eyed-stage embryos (50% eye 

pigmentation, stage 22 according to Hall et al., 2004; Fig. 1.iii). One hundred eggs from n = 3 
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females were gently ground on ice in a glass potter filled with 2 ml ice-cold modified 

mitochondrial respiration medium MIR05 (0.5 mM EGTA, 3 mM MgCl2, 60 mM K-

lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 160 mM sucrose, 1g L
-1

 

bovine albumine serum, pH 7.4, 380 mOsmol L
-1

) (Gnaiger et al., 2015, Iftikar & Hickey, 

2013). The resulting homogenate was collected and mitochondrial respiration was estimated 

using Oroboros Oxygraph-2k™ respirometers (Oroboros Instruments, Innsbruck, Austria). 

The oxygen flux [nmol O2 (egg * h)
-1

] was recorded and calculated in real-time using 

Oroboros DatLab 5.2.1.51 (Oroboros Instruments, Innsbruck, Austria). Measurements were 

conducted in MIR05 buffer equilibrated to atmospheric PCO2, at the acclimation temperature 

of the eggs. The PO2 ranged from atmospheric saturation (370 nmol ml
-1

) to 150 nmol ml
-1

). 

A substrate-uncoupler-inhibitor titration (SUIT) protocol was used to investigate the 

capacities of the single components of the electron transport system (ETS). 10 mM glutamate, 

2 mM malate, 5 mM pyruvate, 10 mM succinate and 3mM ADP were added to stimulate 

oxidative phosphorylation (OXPHOS) and 3 µM oligomycin was used to inhibit F0 -F1 ATP 

synthase and assess LEAK respiration. Repeated titration of carbonyl cyanide p-

(trifluoromethoxy)phenyl-hydrazone (FCCP, 0.5 µM each step) was used to uncouple 

mitochondria (ETS) and Complex I (NADH: ubiquinone oxidoreductase, EC 1.6.5.3) and 

Complex II (succinate dehydrogenase, EC 1.3.5.1) were inhibited by the addition of rotenone 

(0.5 µM) and malonate (5 mM), respectively (c.f. Shama et al., 2014). OXPHOS coupling 

efficiency was calculated as [(OXPHOS-LEAK)/OXPHOS] according to Gnaiger et al. 

(2015). All chemicals were obtained from Sigma-Aldrich, Germany. 

Larval morphometrics at hatch 

Subsamples of 10 to 30 non-malformed larvae of 4 to 5 females at each treatment 

combination (n=5 females at 6°C; n=4; females at 0°C, 3°C, 9°C, 12°C) were photographed 

for subsequent measurements of larval standard length somatic body area and yolk sac area 

using Olympus image analysis software (Stream Essentials
©

, ± 1 µm). Only samples obtained 

from the same daily cohort (during peak-hatch at each temperature treatment) were used for 

statistical comparison of larval morphometrics between PCO2 treatments (Politis et al., 2014).  

Immunohistochemistry and confocal microscopy 

Subsamples of 5 to 10 larvae were obtained from n = 3 females and each treatment 

combination within 24 h post hatch. Larvae were fixed in 4 % buffered formaldehyde (PBS, 

pH 7.4) for 12 h at 15°C and stored in 70% PBS buffered isopropanol (pH 7.4). For 

immunohistochemical staining of Na
+
/K

+
-ATPase (NAK) fixed larvae were rehydrated in 0.1 
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M PBS (pH 7.4) and incubated in 3% bovine serum albumin (BSA) for 30 min to block non-

specific binding. Subsequently, larvae were incubated with the primary antibody (monoclonal 

mouse antiserum against the α-5 subunit of chicken NKA, D.M. Fambrough, Johns Hopkins 

University, Baltimore, USA, diluted by 1: 100 in PBS) for 12 h at 2°C on a rotator. 

Afterwards, larvae were rinsed in PBS and incubated with a secondary antibody (DyLight
©

 

488-conjugated goat anti-mouse, Jackson ImmunoResearch, USA) for 2 h at room 

temperature. Finally, larvae were rinsed once more with PBS and placed on a fluorescence 

slide prior to image acquisition with a confocal laser-scanning microscope (Leica TCS SP5 

II). Negative controls were performed without application of the primary antibody. The 

surface area of individual immuno-positive cells (IPCs) on the yolk sac epithelium was 

measured (± 1 µm) with the image processing freeware ImageJ
©

. The total number of IPCs on 

the yolk sac was evaluated using a cell counter plugin for ImageJ
© 

(ATCN 1.6). Reliability of 

the software was verified by manual counts (< 1% variation). IPC density was calculated as 

the number of cells divided by the yolk sac area (cells per mm
2
). The total surface area of 

IPCs on the yolk sac (“IPC-cover”) was estimated as a function of cell area (CA) and cell 

density (CD). In order to express IPC-cover as the percentage of the total yolk sac area for 

each individual we used the following formula: IPC-cover = CA × CD ×100. 

Data analysis 

If not stated otherwise, statistical analyses were conducted using the program SigmaPlot 

version 12.5 (Systat Software, San Jose, CA). Cumulative survival functions (with 95% 

confidence intervals) of embryos exposed to different water temperatures and PCO2 

conditions are based on Kaplan-Meier survival analysis. Embryos that did not die but 

emerged as larvae towards the end of the experiment were treated as right-censored 

observations (Kaplan & Meier, 1958). Nonparametric log-rank tests were applied to compare 

survival curves among different PCO2 conditions (fixed factor) at each of five incubation 

temperatures separately. 

Multi factorial analyses of variance (two-way ANOVA) was used to evaluate whether 

temperature and PCO2 (treated as fixed factors) and the combination of both factors had an 

effect on the following dependent variables: developmental time until embryos reached 

morphological landmarks (end of gastrulation, 50% eye pigmentation and peak hatch), larval 

malformations, hatching success, whole-embryo MO2 and ionocyte morphology. Levene’s 

and Shapiro-Wilk methods confirmed normality and homoscedasticity, respectively. 
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Data on mitochondrial functioning (OXPHOS, contribution of complex I & II to ETS and 

OXPHOS coupling efficiency) were checked for outliers by Nalimov’s test at the level of p < 

0.01. Preliminary two-way ANOVAs showed no significant effect of PCO2 on mitochondrial 

functioning (all p > 0.5); as a result, data derived from different PCO2 treatments were pooled 

within groups of n=3 females in order to increase precision and statistical power for the 

detection of temperature effects (Quinn & Keough, 2002). Subsequently, nonlinear 

regressions were used to describe the relationship between temperature and ETS (complex I 

and II) and OXPHOS coupling efficiency. To account for unequal variances, a generalised 

additive model (GAM) was applied to assess the effect of temperature on OXPHOS. This 

spline-based, semi-parametric method has been implemented in several statistical tools of the 

open source software R (R Developmental Core Team, 2013), such as the package mgcv 

(Wood, 2006). The gam() function in mgcv has the benefit of avoiding prior assumptions 

about the shape of the regression function, while it provides an estimate of the predictor effect 

(i.e. temperature), including regression coefficients and p-values (Wood, 2006). Data on 

whole-embryo MO2 and OXPHOS were displayed as Arrhenius reaction norms, in order to 

linearize exponential data and to resolve changes in metabolic states (Kumamoto et al., 1971). 

Differences in larval morphometrics (standard length, somatic body area and yolk sac area) 

were determined by multi factorial analysis of covariance (ANCOVA) using general linear 

models in R (R Developmental Core Team, 2013). The models were run with Temperature 

and PCO2 as fixed factors, while the female-specific egg diameter was treated as a continuous 

covariate. Homogeneity of regression slopes was confirmed graphically prior to ANCOVA 

procedures. All data are presented as means (± s.e.m.) and statistical tests with p < 0.05 were 

considered significant.  

Results 

Fertilisation success 

Fertilisation success did not differ among PCO2 conditions (paired t-test: n = 5, p = 0.803) 

and ranged between 75% and 98% (Table 2). 

Cumulative survival and developmental time 

Cumulative survival until hatch followed a general pattern characterised by two distinct 

periods at either treatment combination (Fig. 1). The major portion of mortality occurred 

during an early developmental period, which lasted from the cleavage-stage (Fig. 1.i) until the 

end of gastrulation (closure of blastopore, Fig. 1.ii). Only few losses were recorded during 
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subsequent development and hatching. Under present-day PCO2 conditions, cumulative 

embryo survival increased from 52% at 0°C to 73% °C at 3°C but decreased progressively at 

warmer temperatures reaching 63% at 6°C, 42% at 9°C and 25% at 12°C. Exposure to 

elevated PCO2 caused a significant decrease in embryo survival at 0°C,  °C and 12°C (log-

rank test: all p < 0.001) but not at 6 and 9°C (Fig.1). 

As expected, the rate of embryonic development was highly temperature-dependent such that 

the time from fertilisation until peak hatch increased from 9 days at 12°C to 42 days at 0°C 

(two-way ANOVA, F4,45 = 723.5, p < 0.001, Fig. 1). The influence of elevated PCO2 on the 

development time until embryos reached stage 17 (Fig. 1.ii), stage 22 (Fig. 1.iii: 50% eye 

pigmentation) and peak hatch was not significant (two-way ANOVA, all p > 0.5, Fig. S3). 
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Figure 1 Cumulative survival until hatch of 

Atlantic cod embryos reared at different 

temperatures (from bottom to top: 0, 3, 6, 9 and 

12°C) and PCO2 conditions. Survival probability 

functions and p-values are based on Kaplan-

Meier survival analysis. Dotted lines indicate 

95% confidence intervals. Grey vertical lines 

labelled with (i), (ii) and (iii) denote successive 

stages during embryonic development also 

demonstrated in the pictures: (i) initial cleavage 

(start of the incubation experiment), (ii) closure 

of blastopore (end of gastrulation) and (iii) 50% 

eye pigmentation (stage sampled for respiration 

measurements). 

 

 

Hatching success 

Hatching success decreased from the thermal optimum (3°C to 6°C) towards colder and 

warmer temperatures, yielding a dome-shaped response pattern across the applied temperature 

range (two-way ANOVA: F4,45 = 15.9, p < 0.001, Fig. 2). Elevated PCO2 caused a significant 
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reduction in hatching success (two-way ANOVA: F1,45 = 11.1, p = 0.002), especially at 

extremely cold and warm temperatures. The relative difference between PCO2 treatments 

increased from Δ11% at 9°C to Δ47% at 0°C and Δ42% at 12°C.  

The proportion of unviable larvae hatching with severe morphological malformations 

increased with temperature and ranged from 6% at 0°C to 22% at 12°C (two-way ANOVA: 

F4,45 = 9.1, p < 0.001). Exposure of embryos to elevated PCO2 had an additive effect, such 

that the incidence of deformities was consistently increased by an average of Δ37% (two-way 

ANOVA: F1,45 = 10.0, p = 0.003, Fig. 1, inlet). 

 

Figure 2 Hatching success of Atlantic cod embryos as a function of temperature and different PCO2 

conditions. Where not visible, error bars fall within data symbols. (Inset) Bar graph shows the 

proportion of malformed larvae hatching at different temperature and PCO2 conditions. Data are 

means (± s.e.m.).  

Respiratory performance and capacity of eyed-stage embryos 

Temperature and PCO2 interactively affected in vivo oxygen consumption rates (MO2) of 

eyed-stage embryos (two-way ANOVA: F4,29 = 4.4, p = 0.011). In general, MO2 increased 

with temperature, whereas extremely cold (0 °C) and warm temperatures (12 °C) caused 

changes in metabolic states, indicated by discontinuous Arrhenius reaction norms (Fig. 3a). In 

the range from 0 to 9°C, MO2 of embryos exposed to elevated PCO2 was increased by an 

average of Δ11% relative to control conditions. By contrast, simultaneous exposure to 

elevated PCO2 and warmer temperatures (12°C) led to a significant reduction in MO2 when 

compared with present-day PCO2 (paired t-test: p < 0.01, n = 3). The increase in MO2 in 
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response to elevated PCO2 between 0 and 9°C was statistically significant if values measured 

at 12°C were removed from the model (two-way ANOVA: F1,23 = 6.16, p = 0.025). 

In vitro mitochondrial oxidative phosphorylation capacity (OXPHOS) was significantly 

influenced by temperature (GAM, F4,14 = 4.27, p = 0.011) such that OXPHOS increased until 

9°C but levelled off at 12°C. Thermal sensitivity and limitations upon warming of OXPHOS 

were consistent with those observed for whole-embryo MO2, as was illustrated by parallel 

Arrhenius reaction norms (Fig. 3a). 

The relative contribution of complex I (CI) and complex II (CII) to the electron transport 

system (ETS) was positively correlated with temperature. However, the response patterns 

differed markedly between the two complexes (Fig. 3b). Oxygen consumption rates of CI 

displayed an increase from 0 to 9°C and a subsequent decrease towards 12°C (3-parameter 

Gaussian function, F4,14 = 4.03, p = 0.046). Conversely, oxygen consumption of CII increased 

exponentially from 0 to 12°C (2-parameter exponential growth function, F4,14 = 13.62, p = 

0.003), indicating dissimilar thermal performance thresholds among respiratory complexes. 

OXPHOS coupling efficiency, expressed as the ratio of consumed oxygen to produced ATP, 

was significantly correlated with temperature (three-parameter Gaussian function: F4,14 = 

5.36, p = 0.022). Coupling efficiency was stable in the range from 3 to 9°C but decreased 

towards both extremely cold (0°C) and warm temperatures (12°C), yielding a dome-shaped 

response across the applied temperature range (Fig. 3c) 
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Figure 3 Respiratory performance and 

mitochondrial capacities of Atlantic cod 

embryos as a function of temperature at 

different PCO2 conditions (filled symbols). Open 

symbols refer to pooled data from both CO2 

treatments. (a) Arrhenius plots of in vivo whole-

embryo oxygen consumption rates (MO2) and in 

vitro mitochondrial phosphorylation capacity 

(OXPHOS). Solid lines are linear regressions 

indicating constant thermal sensitivity of MO2 

and OXPHOS in the range from 3 to 9°C. (b) 

Changes in the contribution of complex I (open 

triangles) and complex II (open diamonds) to 

the electron transport system (ETS). Thermal 

performance curves (solid lines) were described 

by fitting a three-parameter Gaussian function 

for complex I (2.148*exp(-5*(T-7.714)/4.823)
2
,
 

r
2
 = 0.40) and a two-parameter exponential 

growth function for complex II 

(0.242*exp0.151*T, r
2
 = 0.40). (c) OXPHOS 

coupling efficiency expressed as the ratio of 

consumed oxygen to produced ATP (open 

squares). Thermal performance curve of 

OXPHOS coupling efficiency was described by 

a three-parameter Gaussian function 

(0.667*exp(-5*((T-6.68)/7.152)2, r
2
 = 0.40). 

 

Larval morphometrics at hatch 

Both standard length (SL, Fig. S4a) and somatic body area (SBA, Fig. 4a) of newly hatched 

larvae were significantly affected by temperature (ANCOVA, SL: F4,45 = 10.7, p < 0.001; 

SBA: F4,45 = 2.8, p = 0.040) and tended to decrease in response to warming. SL of larvae 

reared under elevated PCO2 was reduced by an average of Δ5% relative to present-day PCO2 

(ANCOVA: F1,45 = 6.6, p = 0.015). The reduction of developmental growth in response to 
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elevated PCO2 became more apparent through the measure of SBA (Δ11%, ANCOVA: F1,45 

= 15.4, p < 0.001), indicating that larvae were leaner rather than shorter. Yolk sac area was 

also influenced by temperature (ANCOVA: F4,45 = 4.2, p = 0.007), but did not differ among 

PCO2 treatments (ANCOVA: F1,45 = 0.25, p = 0.628; Fig. S4b).  

Abundance of NKA-rich ionocytes on the yolk sac of newly hatched larvae 

Na
+
/K

+
-ATPase immuno-positive cells (IPCs) were most abundant on the yolk sac epithelium 

of newly hatched cod larvae. Highest densities were observed on the walls of the primordial 

gill cavity (Fig. 4b.ii). The percentage of the yolk sac area covered by IPCs (IPC-cover) 

decreased linearly with increasing temperature (2-way ANOVA: F4,29 = 35.2, p < 0.001) from 

25% at 0°C to 17% at 12°C under present-day PCO2 conditions. An apparent difference in 

IPC-cover between PCO2 treatments was not significant (2-way ANOVA: F1,29 = 1.9, p = 

0.172). 

 

 

Figure 4 Effects of temperature and PCO2 on 

larval morphology at hatch. (a) To estimate 

developmental growth we measured larval 

somatic body area as illustrated by the inserted 

image. Data are means (± s.e.m.) derived from 

ANCOVA analysis. Results for larval standard 

length and yolk sac area are displayed in 

supplementary figure S4. (b) The abundance of 

Na
+
/K

+
-ATPase immunopositive cells (IPCs) 

on the yolk sac epithelium of newly hatched 

larvae was used as a morphological indicator of 

embryonic acid-base regulation effort. Linear 

regressions indicate the correlation between 

IPC-cover and temperature. Where not visible, 

error bars fall within data symbols. The inserted 

confocal image shows a representative cod 

larva with IPCs stained in green. Arrowheads 

indicate: (i) IPCs on the yolk sac, (ii) densely 

aggregated IPCs on the walls of primordial gill 

cavity and (iii) the head of the larva. Data are 

means (± s.e.m). 
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Discussion 

This study aimed to assess the effects of ocean acidification on embryonic thermal sensitivity 

in a key marine fish species, Gadus morhua. Our results demonstrate that constraints imposed 

by elevated PCO2 impair the capacity of embryos to survive under low and high temperature 

extremes, which has important implications for the susceptibility of cod to future climate 

change. 

Latitudinal ranges of marine ectotherms are fundamentally determined by their ranges of 

thermal tolerance (Sunday et al., 2012). Understanding species- and life stage-specific 

thermal windows, and secondly, the effects of ocean acidification on these windows is thus 

crucial to anticipate future changes in species abundance and distribution patterns (Pörtner & 

Farrell, 2008; Pörtner & Peck, 2010). The present study shows that exposure to future PCO2 

levels can increase the sensitivity of cod embryos to thermal extremes and vice versa. 

Hatching success of embryos acclimated to intermediate temperatures (6 to 9°C) was only 

marginally reduced in response to elevated PCO2, whereas exposure at 0°C and 12°C caused 

a reduction in hatching success by more than 40% relative to ambient CO2 conditions (Fig. 2). 

This effect corresponds to a narrowing of the thermal tolerance window of cod embryos and 

implies that ocean acidification constrains the range of suitable spawning conditions for this 

economically important species. Future levels of PCO2 are thus likely to exacerbate the 

impacts of warming and/or thermal extreme events, such as cold snaps or heat waves, which 

are expected to become more frequent and more intense with climate change (Stocker et al., 

2013). Reduced heat-tolerance in response to experimental ocean acidification has been 

reported for early life-stages of marine fish species (Flynn et al., 2015, Pimentel et al., 2014, 

Pimentel et al., 2016) and various marine invertebrates (reviewed by Przeslawski et al., 

2015). In line with these previous studies, our results strengthen the hypothesis that 

physiological constraints imposed by elevated PCO2 enhance the susceptibility of organisms 

to thermal extremes (Pörtner, 2012); in this case possibly due to an increase in oxygen 

demand (Fig. 3).  

Lethal effects of elevated PCO2 and critical temperatures occurred primarily during early 

embryogenesis (Fig.1), likely reflecting ineffective homeostatic control mechanisms until the 

end of gastrulation (Hamdoun & Epel, 2007). Thermal tolerance thresholds of hatching 

success presented here (≤ 0 and ≥ 9°C) agree well with those reported in other studies (Dahlke 

et al., 2016, Geffen et al., 2006, Nissling, 2004). These values also match the thermal niche (3 

to 7 °C) occupied by most cod populations during spawning (Righton et al., 2010), which is 
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narrow compared to temperature preferences of non-breeding adult conspecifics (-1.5 to 20 

°C). Ontogenetic differences in thermal tolerance can be linked to a shift in the capacity for 

oxygen supply from simple diffusion across the integument of embryos to fully developed 

ventilation and cardiovascular systems in post-larval stages (Pörtner & Farrell, 2008). 

Physiological constraints associated with thermal specialization of embryos may therefore 

constitute one important reason for the climate sensitivity of cod and other marine ectotherms. 

Our results imply that future warming (+3 to 4°C) will exceed embryonic tolerance thresholds 

of southern cod populations, e.g. in the Celtic Sea, North Sea and adjacent Kattegat, 

especially if combined with ocean acidification. 

Changes in cod abundance and distribution patterns further depend on factors other than 

temperature, such as food-web dynamics, habitat availability and demography, all of which 

are influenced by climate and human exploitation of marine resources (Kjesbu et al., 2014, 

Petitgas et al., 2013). These complexities can at least in part be captured through their energy 

demand and associated routine metabolic scope shaping distribution limits (Deutsch et al., 

2015). Efforts to estimate the susceptibility of marine ectotherms to climate change must 

therefore build on a mechanistic understanding of individual physiological responses to 

temperature (Pörtner & Farrell, 2008). Mechanisms that have been suggested to play an 

important role in shaping thermal tolerance windows of water breathing animals include 

protein thermal stability (Somero, 2010), the regulation of ventilation and cardiac 

performance (Eliason et al., 2011, Pörtner &  Farrell, 2008), in relation to aerobic energy 

supply and demand (Pörtner, 2010, Schulte, 2015, Sokolova et al., 2012). Limits found at 

different levels of biological organization are suggested to follow a systemic to molecular 

hierarchy of thermal tolerance (Pörtner, 2002).  

Our measurements of whole-embryo oxygen consumption rates (ṀO2) and mitochondrial 

functioning (Fig. 3) indicate that heat tolerance of cod embryos is shaped by the organismal 

capacity to cover oxygen and energy (ATP) demand at thermal extremes. Limitations to ṀO2 

upon warming were paralleled by decrements in mitochondrial phosphorylation capacity 

(OXPHOS) and coupling efficiency resulting from functional constraints to the electron 

transport system (ETS). Defective performance of ETS was primarily related to a decrease in 

the activity of complex I (Fig. 3c), which is the main entrance of electrons into the ETS and 

contributes significantly to ATP synthesis (Hochachka & Somero, 2016). This lack of 

capacity to further increase aerobic energy production matches organismal heat tolerance 

limits beyond which vital functions cease (Pörtner & Knust, 2007), as was evident from 

reduced hatching success under these conditions (≥ 9°C, Fig. 2). Similarly, progressive 



 
94 Results – Publication II 

insufficiency of mitochondrial ATP production was seen at low temperatures, possibly related 

to the onset of hatching failure. Compromised cellular energy balance and thereby energy 

demanding processes such as acid-base regulation and protein synthesis (Pörtner, 2012, 

Sokolova et al., 2012) may ultimately lead to reduced CO2 resilience and survival in the cold 

(≤ 3°C, Fig. 2).  

Increased energy demand of embryos acclimated to elevated PCO2 was reflected by a rise in 

MO2 (Δ11%) within the range from 0 to 9°C. By contrast, simultaneous exposure to elevated 

PCO2 and warmer temperatures (12°C) caused a significant decrease in MO2, suggesting that 

additional energetic loads associated with CO2 compensation caused an earlier onset of 

thermal constraints on MO2. This synergistic response pattern links impaired aerobic capacity 

with reduced embryo survival under exposure to warming and elevated PCO2. Previous 

studies investigating CO2 effects on the thermal sensitivity of aerobic metabolism in marine 

fish embryos reported similar results (Di Santo, 2015, Rosa et al., 2014, Rosa et al., 2016), 

while other species or life stages may display higher acclimation capacities (Flynn et al., 

2015, Gräns et al., 2014). 

Increased energy requirements for maintenance imposed by elevated PCO2 and warming 

coupled with reduced mitochondrial energy provision translated into diminished 

developmental growth, evidenced by significantly reduced larval standard length and somatic 

body area at hatch (Fig. 4a). Interestingly, exposure of embryos to elevated PCO2 caused a 

significant reduction in larval body size, while yolk reserves remaining at hatch did not differ 

between PCO2 treatments. Hence, our results imply that energy provision was already at its 

maximum and increased energetic costs associated with acclimation to elevated PCO2 

induced reallocation of limited resources at the expense of embryonic growth (Rombough, 

2011). This observation corresponds with the idea that resource allocation follows a 

hierarchical order where vital homeostasis-related functions take priority over other energy 

demanding processes such as developmental growth (Wieser & Krumschnabel, 2001).  

The abundance of extrabranchial ionocytes in newly hatched larvae serves as a morphological 

indicator for embryonic acid-base regulation effort (Hiroi & McCormick, 2012). These cells 

contain large amounts of ion pumps such as Na
+
/K

+
-ATPase (NKA), which is considered the 

major energy sink for homeostasis-related processes (Melzner et al., 2009). The observed 

increase of ionocyte surface area towards low temperatures hence indicates additional efforts 

associated with cold acclimation (Pörtner et al., 1998). Exposure to elevated PCO2 did not 

induce significant changes in ionocyte morphology (Fig. 4b). It is therefore plausible that not 
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only acid secretion, but also further regulation and defence mechanisms (e.g. protein turnover, 

DNA repair) contributed to increased energy demands under high-PCO2 conditions as 

previously demonstrated in sea urchin larvae (Pan et al., 2015, Stumpp et al., 2012).  

The regulation of energy allocation to maximize growth during embryogenesis is important 

for the fitness and survival of hatching larvae since predation pressure during fish early life 

history is strongly size-dependent and generally corresponds with the principle of “bigger is 

better” (Houde, 1997, Pepin et al., 2015). Furthermore, reduced body size at hatch affects 

larval foraging ability and starvation resistance (Miller et al., 1988), thus leading to increased 

vulnerability throughout the critical first-feeding period, which can be decisive in terms of 

year-class strength (Chambers & Trippel, 2012). When effects of elevated PCO2 were 

investigated in isolation, increased larval deformities and mortality was demonstrated for 

Atlantic silverside, Menidia menidia, (Baumann et al., 2012), Atlantic herring, Clupea 

harengus, (Frommel et al., 2014) as well as for cod from the Barents Sea, Norwegian Sea and 

Øresund (Frommel et al., 2012, Stiasny et al., 2016). These results corroborate our findings 

and emphasize the susceptibility of cod to future ocean acidification. However, populations 

may differ in their susceptibility to direct effects of temperature and PCO2 (Frommel et al., 

2013, Oomen & Hutchings, 2016). Further research is therefore needed to account for existing 

differences in life history characteristics and acclimatisation capacity among more than 

twenty cod populations located across the North Atlantic. 

In summary, warming-imposed limitations to oxygen uptake and mitochondrial capacities 

indicate a mechanistic link between aerobic energy homeostasis and heat tolerance. Exposure 

to elevated PCO2 exacerbated negative effects of both warm and cold temperatures on 

survival and aerobic performance at the whole-embryo level, reflecting a narrowing of the 

aerobic thermal tolerance window. Increased embryonic energy demand under elevated PCO2 

was evidenced by higher metabolic rates and reduced larval size at hatch, while the 

consumption of yolk reserves remained unaffected. We conclude that cod embryos lack 

sufficient physiological capacities to convert and allocate energy to systemic functions that 

facilitate homeostasis and, at the same time, maximise organismal performance under 

stressful environmental conditions. Projected ocean acidification and warming are thus likely 

to exert negative effects by narrowing this developmental bottleneck, possibly leading to the 

abandonment of traditional spawning habitats in the Kattegat and other regions along the 

southern boundary of the species’ distribution.  

  



 
96 Results – Publication II 

Acknowledgments 

This study was funded through the research program BIOACID (Biological Impacts of Ocean 

Acidification, phase II) by the German Federal Ministry of Education and Research (BMBF, 

FKZ 03F0655B). Additional funding was received from the Association of European Marine 

Biological Laboratories (ASSEMBLE, grant agreement no. 227799). All authors 

acknowledge funding through the PACES (Polar Regions and Coasts in a Changing Earth 

System) program of the Alfred Wegener Institute, Helmholtz Centre for Polar and Marine 

Research (AWI). Furthermore, the authors gratefully thank Bengt Lundve and the 

Kristineberg Biological Station staff for excellent logistical support. We further thank Dana 

Graulich for technical assistance and two anonymous reviewers for their constructive 

comments. 

References 

Baumann H, Talmage SC, Gobler CJ (2012) Reduced early life growth and survival in a fish in direct 

response to increased carbon dioxide. Nature Climate Change, 2, 38-41. 

Bopp L, Resplandy L, Orr JC et al. (2013) Multiple stressors of ocean ecosystems in the 21st century: 

projections with CMIP5 models. Biogeosciences, 10, 6225-6245. 

Børjesson P, Jonsson P, Pacariz S, Bjork G, Taylor MI, Svedang H (2013) Spawning of Kattegat cod 

(Gadus morhua)-Mapping spatial distribution by egg surveys. Fisheries Research, 147, 63-71. 

Britten GL, Dowd M, Worm B (2016) Changing recruitment capacity in global fish stocks. Proc Natl 

Acad Sci U S A, 113, 134-139. 

Butts IAE, Trippel EA, Litvak MK (2009) The effect of sperm to egg ratio and gamete contact time on 

fertilization success in Atlantic cod Gadus morhua L. Aquaculture, 286, 89-94. 

Chambers RC, Trippel E (2012) Early life history and recruitment in fish populations, Springer 

Science & Business Media. 

Dahlke FT, Politis SN, Butts IAE, Trippel EA, Peck MA (2016) Fathers modify thermal reaction 

norms for hatching success in Atlantic cod, Gadus morhua. Journal of Experimental Marine Biology 

and Ecology, 474, 148-155. 

Deutsch C, Farrell A, Seibel B, Pörtner HO, Huey RB (2015). Climate change tightens a metabolic 

constraint on marine habitats. Science, 348, 1132-1135. 

Di Santo V (2015) Ocean acidification exacerbates the impacts of global warming on embryonic little 

skate, Leucoraja erinacea (Mitchill). Journal of Experimental Marine Biology and Ecology, 463, 72-

78. 

Dickson AG, Sabine CL, Christian JR (2007) Guide to best practices for ocean CO2 measurements. 

Drinkwater KF (2005) The response of Atlantic cod (Gadus morhua) to future climate change. Ices 

Journal of Marine Science, 62, 1327-1337. 

Eliason EJ, Clark TD, Hague MJ et al. (2011) Differences in Thermal Tolerance Among Sockeye 

Salmon Populations. Science, 332, 109-112. 



 

 

97 Results – Publication II 

Farrell AP, Hinch SG, Cooke SJ, Patterson DA, Crossin GT, Lapointe M, Mathes MT (2008) Pacific 

Salmon in Hot Water: Applying Aerobic Scope Models and Biotelemetry to Predict the Success of 

Spawning Migrations. Physiological and Biochemical Zoology, 81, 697-708. 

Flynn EE, Bjelde BE, Miller NA, Todgham AE (2015) Ocean acidification exerts negative effects 

during warming conditions in a developing Antarctic fish. Conserv Physiol, 3. 

Frommel AY, Maneja R, Lowe D et al. (2012) Severe tissue damage in Atlantic cod larvae under 

increasing ocean acidification. Nature Climate Change, 2, 42-46. 

Frommel AY, Maneja R, Lowe D et al. (2014) Organ damage in Atlantic herring larvae as a result of 

ocean acidification. Ecological Applications, 24, 1131-1143. 

Frommel AY, Schubert A, Piatkowski U, Clemmesen C (2013) Egg and early larval stages of Baltic 

cod, Gadus morhua, are robust to high levels of ocean acidification. Marine Biology, 160, 1825-1834. 

Gattuso JP, Magnan A, Bille R et al. (2015) Contrasting futures for ocean and society from different 

anthropogenic CO2 emissions scenarios. Science, 349. 

Geffen AJ, Fox CJ, Nash RDM (2006) Temperature-dependent development rates of cod Gadus 

morhua eggs. J Fish Biol, 69, 1060-1080. 

Gnaiger E, Boushel R, Søndergaard H et al. (2015) Mitochondrial coupling and capacity of oxidative 

phosphorylation in skeletal muscle of Inuit and Caucasians in the arctic winter. Scandinavian journal 

of medicine & science in sports, 25, 126-134. 

Gräns A, Jutfelt F, Sandblom E et al. (2014) Aerobic scope fails to explain the detrimental effects on 

growth resulting from warming and elevated CO2 in Atlantic halibut. Journal of Experimental 

Biology, 217, 711-717. 

Hall TE, Smith P, Johnston IA (2004) Stages of embryonic development in the Atlantic cod Gadus 

morhua. J Morphol, 259, 255-270. 

Hamdoun A, Epel D (2007) Embryo stability and vulnerability in an always changing world. Proc Natl 

Acad Sci U S A, 104, 1745-1750. 

Heuer RM, Grosell M (2014) Physiological impacts of elevated carbon dioxide and ocean acidification 

on fish. American Journal of Physiology-Regulatory Integrative and Comparative Physiology, 307, 

R1061-R1084. 

Hiroi J, Mccormick SD (2012) New insights into gill ionocyte and ion transporter function in 

euryhaline and diadromous fish. Respiratory Physiology & Neurobiology, 184, 257-268. 

Hochachka PW, Somero GN (2016) Biochemical adaptation, Princeton University Pres. 

Houde ED (1997) Patterns and trends in larval-stage growth and mortality of teleost fish. J Fish Biol, 

51, 52-83. 

Iftikar FI, Hickey AJR (2013) Do Mitochondria Limit Hot Fish Hearts? Understanding the Role of 

Mitochondrial Function with Heat Stress in Notolabrus celidotus. PLoS One, 8. 

IPCC (2014) Summary for Policymakers. In: Climate Change 2014: Impacts, Adaptation, and 

Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change. (eds Field CB, Barros VR, 

Dokken DJ, Mach KJ, Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, 

Girma B, Kissel ES, Levy AN, Maccracken S, Mastrandrea PR, White LL) pp Page. Cambridge, 

United Kingdom, and New York, NY, USA, Cambridge University Press. 



 
98 Results – Publication II 

Jutfelt F, Hedgarde M (2013) Atlantic cod actively avoid CO2 and predator odour, even after long-

term CO2 exposure. Frontiers in Zoology, 10. 

Kamler E (2008) Resource allocation in yolk-feeding fish. Reviews in Fish Biology and Fisheries, 18, 

143-200. 

Kaplan EL, Meier P (1958) Nonparametric estimation from incomplete observations. Journal of the 

American statistical association, 53, 457-481. 

Kjesbu OS, Bogstad B, Devine JA et al. (2014) Synergies between climate and management for 

Atlantic cod fisheries at high latitudes. Proceedings of the National Academy of Sciences, 111, 3478-

3483. 

Kumamoto J, Raison JK, Lyons JM (1971) Temperature “breaks” in Arrhenius plots: A 

thermodynamic consequence of a phase change. Journal of theoretical biology, 31, 47-51. 

Melzner F, Gutowska MA, Langenbuch M et al. (2009) Physiological basis for high CO2 tolerance in 

marine ectothermic animals: pre-adaptation through lifestyle and ontogeny? Biogeosciences, 6, 2313-

2331. 

Miller TJ, Crowder LB, Rice JA, Marschall EA (1988) Larval Size and Recruitment Mechanisms in 

Fishes - toward a Conceptual-Framework. Canadian Journal of Fisheries and Aquatic Sciences, 45, 

1657-1670. 

Nissling A (2004) Effects of temperature on egg and larval survival of cod (Gadus morhua) and sprat 

(Sprattus sprattus) in the Baltic Sea - implications for stock development. Hydrobiologia, 514, 115-

123. 

Oomen RA, Hutchings JA (2016) Genetic variation in plasticity of life-history traits between Atlantic 

cod (Gadus morhua) populations exposed to contrasting thermal regimes. Can J Zool, 94, 257-264. 

Pan TCF, Applebaum SL, Manahan DT (2015) Experimental ocean acidification alters the allocation 

of metabolic energy. Proc Natl Acad Sci U S A, 112, 4696-4701. 

Pankhurst NW, Munday PL (2011) Effects of climate change on fish reproduction and early life 

history stages. Marine and Freshwater Research, 62, 1015-1026. 

Peck MA, Kanstinger P, Holste L, Martin M (2012) Thermal windows supporting survival of the 

earliest life stages of Baltic herring (Clupea harengus). Ices Journal of Marine Science, 69, 529-536. 

Pepin P, Robert D, Bouchard C et al. (2015) Once upon a larva: revisiting the relationship between 

feeding success and growth in fish larvae. Ices Journal of Marine Science, 72, 359-373. 

Petitgas P, Rijnsdorp AD, Dickey-Collas M et al. (2013) Impacts of climate change on the complex 

life cycles of fish. Fisheries Oceanography, 22, 121-139. 

Pimentel MS, Faleiro F, Dionisio G, Repolho T, Pousao-Ferreira P, Machado J, Rosa R (2014) 

Defective skeletogenesis and oversized otoliths in fish early stages in a changing ocean. Journal of 

Experimental Biology, 217, 2062-2070. 

Pimentel MS, Faleiro F, Marques T et al. (2016) Foraging behaviour, swimming performance and 

malformations of early stages of commercially important fishes under ocean acidification and 

warming. Climatic Change, 1-15. 

Politis SN, Dahlke FT, Butts IAE, Peck MA, Trippel EA (2014) Temperature, paternity and 

asynchronous hatching influence early developmental characteristics of larval Atlantic cod, Gadus 

morhua. Journal of Experimental Marine Biology and Ecology, 459, 70-79. 



 

 

99 Results – Publication II 

Pörtner HO, Hardewig I, Sartoris F, Van Dijk P (1998) Energetic aspects of cold adaptation: critical 

temperatures in metabolic, ionic and acid-base regulation. Cold ocean physiology, 66, 88-120. 

Pörtner HO (2002) Climate variations and the physiological basis of temperature dependent 

biogeography: systemic to molecular hierarchy of thermal tolerance in animals. Comparative 

Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 132, 739-761. 

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, 213, 881-893. 

Pörtner HO (2012) Integrating climate-related stressor effects on marine organisms: unifying 

principles linking molecule to ecosystem-level changes. Marine Ecology Progress Series, 470, 273-

290. 

Pörtner HO, Farrell AP (2008) ECOLOGY Physiology and Climate Change. Science, 322, 690-692. 

Pörtner HO, Knust R (2007) Climate change affects marine fishes through the oxygen limitation of 

thermal tolerance. Science, 315, 95-97. 

Pörtner HO, Peck MA (2010) Climate change effects on fishes and fisheries: towards a cause-and-

effect understanding. J Fish Biol, 77, 1745-1779. 

Przeslawski R, Byrne M, Mellin C (2015) A review and meta-analysis of the effects of multiple 

abiotic stressors on marine embryos and larvae. Glob Chang Biol, 21, 2122-2140. 

Quinn GP, Keough MJ (2002) Experimental design and data analysis for biologists, Cambridge 

University Press. 

R Developmental Core Team (2013) R: A language and environment for statistical computing. 

Righton DA, Andersen KH, Neat F et al. (2010) Thermal niche of Atlantic cod Gadus morhua: limits, 

tolerance and optima. Marine Ecology Progress Series, 420, 1-U344. 

Rijnsdorp AD, Peck MA, Engelhard GH, Mollmann C, Pinnegar JK (2009) Resolving the effect of 

climate change on fish populations. Ices Journal of Marine Science, 66, 1570-1583. 

Rombough P (2011) The energetics of embryonic growth. Respiratory Physiology & Neurobiology, 

178, 22-29. 

Rosa R, Baptista M, Lopes VM et al. (2014) Early-life exposure to climate change impairs tropical 

shark survival. Proceedings of the Royal Society B-Biological Sciences, 281. 

Rosa R, Paula JR, Sampaio E et al. (2016) Neuro-oxidative damage and aerobic potential loss of 

sharks under elevated CO2 and warming. Marine Biology, 163. 

Schiffer M, Harms L, Pörtner HO, Mark FC, Storch D (2014) Pre-hatching seawater pCO2 affects 

development and survival of zoea stages of Arctic spider crab Hyas araneus. Marine Ecology Progress 

Series, 501, 127-139. 

Schulte PM (2015) The effects of temperature on aerobic metabolism: towards a mechanistic 

understanding of the responses of ectotherms to a changing environment. Journal of Experimental 

Biology, 218, 1856-1866. 

Shama LNS, Strobel A, Mark FC, Wegner KM (2014) Transgenerational plasticity in marine 

sticklebacks: maternal effects mediate impacts of a warming ocean. Functional Ecology, 28, 1482-

1493. 



 
100 Results – Publication II 

Sokolova IM, Frederich M, Bagwe R, Lannig G, Sukhotin AA (2012) Energy homeostasis as an 

integrative tool for assessing limits of environmental stress tolerance in aquatic invertebrates. Mar 

Environ Res, 79, 1-15. 

Somero GN (2010) The physiology of climate change: how potentials for acclimatization and genetic 

adaptation will determine 'winners' and 'losers'. Journal of Experimental Biology, 213, 912-920. 

Stiasny MH, Mittermayer FH, Sswat M et al. (2016) Ocean Acidification Effects on Atlantic Cod 

Larval Survival and Recruitment to the Fished Population. PLoS One, 11, e0155448. 

Stocker T, Qin D, Plattner G-K et al. (2013) Technical summary. In: Climate Change 2013: The 

Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change.  pp Page., Cambridge University Press. 

Stumpp M, Trubenbach K, Brennecke D, Hu MY, Melzner F (2012) Resource allocation and 

extracellular acid-base status in the sea urchin Strongylocentrotus droebachiensis in response to CO2 

induced seawater acidification. Aquat Toxicol, 110, 194-207. 

Sunday JM, Bates AE, Dulvy NK (2012) Thermal tolerance and the global redistribution of animals. 

Nature Climate Change, 2, 686-690. 

Trippel EA (2003) Estimation of male reproductive success of marine fishes. Journal of Northwest 

Atlantic Fishery Science, 33, 81-113. 

Walther K, Sartoris FJ, Bock C, Pörtner H-O (2009) Impact of anthropogenic ocean acidification on 

thermal tolerance of the spider crab Hyas araneus. Biogeosciences, 6, 2207-2215. 

Waters JF, Millero FJ (2013) The free proton concentration scale for seawater pH. Marine Chemistry, 

149, 8-22. 

Wieser W, Krumschnabel G (2001) Hierarchies of ATP-consuming processes: direct compared with 

indirect measurements, and comparative aspects. Biochemical Journal, 355, 389-395. 

Wittmann AC, Pörtner HO (2013) Sensitivities of extant animal taxa to ocean acidification. Nature 

Climate Change, 3, 995-1001. 

Wood S (2006) Generalized additive models: an introduction with R, CRC press. 

 



 

 

101 Results – Publication III 

3.4 Publication III 

Northern cod species face spawning habitat losses if 

global warming exceeds 1.5°C 

Flemming T. Dahlke
1,2

, Martin Butzin
1
, Jasmine Nahrgang

3
, Velmurugu Puvanendran

4
; Atle 

Mortensen
4
, Hans-Otto Pörtner

1,2
 & Daniela Storch

1*
 

1
 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am 

Handelshafen 12, 27570, Bremerhaven, Germany 

2
 University of Bremen, NW 2 Leobener Str., 28359, Bremen 

3 
UIT The Arctic University of Norway, Tromsø, Norway 

4
 The Centre for Marine Aquaculture, Nofima, Tromsø, Norway 

  



 
102 Results – Publication III 

Abstract 

Rapid climate change in the Northeast Atlantic and Arctic poses a threat to some of the 

world’s largest fish populations. Impacts of warming and acidification may become accessible 

through mechanism-based risk assessments and projections of future habitat suitability. We 

show that ocean acidification causes a narrowing of embryonic thermal ranges which 

identifies the suitability of spawning habitats as a critical life-history bottleneck for two 

abundant cod species. Embryonic tolerance ranges linked to climate simulations reveal that 

ever-increasing CO2 emissions (Representative Concentration Pathway 8.5) will deteriorate 

suitability of present spawning habitat for both Atlantic cod (Gadus morhua) and Polar cod 

(Boreogadus saida) by 2100. Moderate warming (RCP4.5) may avert dangerous climate 

impacts on Atlantic cod, but still leaves few spawning areas for the more vulnerable Polar cod 

which also loses the benefits of an ice-covered ocean. Emissions following RCP2.6, however, 

support largely unchanged habitat suitability for both species, suggesting that risks are 

minimized if warming is held ‘below 2°C, if not 1.5°C’, as pledged by the Paris Agreement. 

  



 

 

103 Results – Publication III 

Introduction 

Ocean warming and acidification (OWA), driven by unabated CO2 emissions, are expected to 

constrain the survival and reproduction of many marine organisms (1). Existing knowledge 

implies that physiological limits of early life history stages define the vulnerability of species 

to OWA (2). Studies of worst-case impact scenarios are important to raise risk awareness and 

gain societal acceptance for mitigation policy (3). However, even more important is the 

identification of emission pathways required to minimize impact risks and to locate potential 

refuge habitats of endangered species that should receive priority in conservation (1-3). Yet, 

mechanism-based risk assessments that integrate vulnerable life stages and their specific 

habitat needs into a scenario context are barely available, especially for marine species 

inhabiting Arctic regions (4, 5). 

The European Subarctic and Arctic shelf seas (Iceland, Norwegian, Greenland and Barents 

Sea) are projected to experience higher rates of ocean warming, acidification and sea-ice loss 

than most other marine areas on Earth (6). These ocean regions –previously termed the Seas 

of Norden (7) – are inhabited by highly productive fish populations, most of which undertake 

annual migrations to specific spawning locations (4). The biophysical features of suitable 

spawning habitats support the survival of early-life stages as well as their dispersal towards 

suitable nursery areas (8). Given that fish embryos are often more sensitive to environmental 

change than subsequent life stages (2), embryonic tolerance may act as a fundamental 

constraint on spawning habitat suitability. For example, thermal tolerance ranges narrower in 

fish embryos than in other life stages may represent a biogeographic constraint (8) and are 

likely explained by incomplete development of cardiovascular and other homeostatic systems 

(9). Ocean acidification (OA) caused by elevated aquatic CO2-levels may exacerbate the 

disturbance of homeostasis (10), thereby narrowing the thermal range (2, 11) and possibly 

reducing spawning habitat suitability by impairing egg survival.  

Both Atlantic cod and Polar cod are key members of the Northern high-latitude fish fauna, but 

they differ in terms of thermal affinity and spawning preference (4, 5). Atlantic cod is a 

“thermal generalist” that occupies temperate to Arctic waters between -1.5 and 20°C (12). In 

contrast, Polar cod is a “thermal specialist”, endemic to the High Arctic and rarely found at 

temperatures above 3°C (13). Due to overlapping temperature ranges of juvenile and adult life 

stages, both species coexist during their summer feeding migrations (14). During winter and 

spring, however, spawning occurs in separate locations with different water temperatures and 

sea-ice conditions (Fig.1). Given that Atlantic cod prefers warmer waters (3 to 7°C) than 
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Polar cod (-1 to 2°C), the latter species is considered to be particularly vulnerable to climate 

change (5, 14). Moreover, another indirect threat to Polar cod reproduction is the projected 

loss of sea ice, which serves as nursery habitat for larvae and juveniles during spring and 

summer (5). 

The spawning aggregations of Atlantic and Polar cod – often comprising many million 

individuals – are important resources for humans and other marine predators. For instance, the 

Norwegian Atlantic cod fishery alone generates annual revenue of 800 million USD (15), 

while Polar cod is an essential food item for many marine birds and mammals (5). Estimating 

changes in spawning habitat suitability for these focal species therefore has high 

socioecological relevance (4). Functional responses of embryos to OWA incorporated into 

habitat models may help identify spatial risks and benefits at varying emission scenarios, 

including the goal of limiting global warming to 1.5 °C above preindustrial levels (16).  

Here, we assess embryonic ranges of thermal tolerance under ocean acidification in Atlantic 

cod and Polar cod. Oxygen consumption rates (MO2) of eyed-stage embryos and larval 

morphometrics at hatch provide insight into energetic constraints imposed by OWA. 

Spawning habitat suitability was mapped across the Seas of Norden under different 

Representative Concentration Pathways (RCPs) by linking egg survival data with climate 

simulations of the Coupled Model Intercomparison Project (CMIP5). RCPs either assume ‘no 

greenhouse gas mitigation’ (RCP8.5), ‘intermediate mitigation’ (RCP4.5) or ‘strong 

mitigation’ (RCP2.6). The latter scenario was developed with the goal to limit the increase in 

global mean surface temperature (averaged over land and sea surface) to below 2°C relative to 

the reference period of 1850-1900 and is suitable to provide a first estimate for the 

consequences of keeping global warming to “well below 2°C, if not 1.5°C, as stated in the 

Paris Agreement (16). 
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Figure 1 Distribution patterns of (A) Atlantic cod and (B) Polar cod in the Seas of Norden. These 

waters are inhabited by different Atlantic cod and Polar cod populations, all of which reproduce during 

winter and spring (Atlantic cod: March-May, Polar cod: December-March) at species-specific 

locations (i.e. spawning habitats, blue-shaded areas) with characteristic temperature and sea-ice 

conditions (Atlantic cod: 3 to 7°C, open water; Polar cod: -1 to 2°C, closed sea-ice cover). Green 

arrows indicate egg and larval dispersal driven by prevailing surface currents. During summer, the 

feeding grounds (green-shaded areas) of both species partly overlap, for example around Svalbard, 

which marks the northernmost distribution limit of Atlantic cod. Red symbols denote the origin of 

animals (spawning adults) used in this study. Distribution maps were redrawn after (4, 13, 31). NEW, 

Northeast Water Polynya; FJL, Franz-Joseph-Land, NZ, Novaya Zemlya.  
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Results 

Embryonic oxygen consumption (MO2) increased with increasing temperature but leveled off 

or decreased at the warmest temperatures (Atlantic cod: ≥ 9°C; Polar cod, ≥ 4.5°C, Fig. 2, A 

and B), which is, in combination with increased mortality under these conditions (Fig. 4), 

indicative of severe heat stress. Embryos acclimated to lower temperatures (< 9/4.5°C) and 

elevated PCO2 consumed ~10% more oxygen compared to those reared under control-PCO2. 

This trend was reversed upon warming, indicating that additional oxygen and associated 

energy demands under OA conditions cannot be met at critically high temperatures, causing 

the upper thermal limit of metabolic maintenance to decline. Higher energy requirements 

under elevated PCO2 may result from the cumulative costs of increased acid-base regulation, 

protein turnover and damage repair (9, 10). The allocation of energy to life-sustaining 

functions should receive priority over growth (17), as was evidenced by CO2- and warming-

induced reductions in larval size at hatch (Fig. 2, C-F, fig. S2). The relative decrease in larval 

yolk-free body area due to elevated PCO2 averaged 10% for Atlantic cod (P < 0.001) and 

13% for Polar cod (P <0.001), with the smallest larvae hatching at the warmest temperature 

(Fig. 2, C and D, table S1). Reductions in larval body size and dry weight (Fig. 2, E and F, 

table S1) are in line with the CO2-induced reallocation of energy away from growth also seen 

in other fish species (18).  
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Figure 2 Effects of elevated PCO2 on embryonic thermal performance indicated by successful 

development in Atlantic cod (left) and Polar cod (right). A, B, Oxygen consumption rates (MO2) were 

measured in eyed-stage embryos (image). Symbols are means (± SEM depicted as bars, n = 6 or 4). 

Performance curves (lines) are based on n = 28 data points. Dark and light shadings indicate 90% and 

95% Bayesian credible confidence intervals, respectively. C, D, Larval yolk-free body area at hatch 

was assessed as an indicator of somatic growth and resource (yolk) utilization. Box plots overlaid with 

individual values show the 25th, 50th and 75th percentile; whiskers mark 95% confidence intervals. E, 

F, Offsets between regression lines (with 95% confidence intervals) indicate CO2-related differences 

in size-weight relationships of newly hatched larvae (image). Individuals were pooled across 

temperature treatments (E: 0-12°C, F: 0-3°C). A-F, Significant main effects of temperature, PCO2 or 

their interaction (T * PCO2) are indicated by ★, whereas ★ denote significant CO2 effects within 

temperature treatments (Tukey HSD, n = 6 or 4 per treatment). See table S1 for details on statistical 

tests. 
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Egg survival decreased outside preferred spawning temperatures of Atlantic cod (≤ 0 and ≥ 

9°C) and Polar cod (≥ 3°C), particularly under the influence of elevated PCO2 (Fig. 3, table 

S1). Accordingly, our results confirm that embryonic tolerance ranges represent a tight 

constraint on the thermal spawning-niche of Atlantic cod and Polar cod. CO2-induced 

mortalities at their optimum spawning temperature were less pronounced for Atlantic cod (6 

°C, Fig. 3, A) than for Polar cod (0 to 1.5°C, Fig. 3, B). This observation corresponds with the 

variation in CO2-sensitivity reported by previous studies on fish early life-stages that tested 

for OWA-effects solely under optimum temperature conditions (18). However, both species 

experienced a similar CO2-related decline in egg survival at their respective warmer threshold 

(-48% at 9°C for Atlantic cod and -67% at 3°C for Polar cod). Increased thermal sensitivity of 

embryos under projected PCO2 levels implies a narrowing of their thermal tolerance range 

and thereby, of the species reproductive niche (2). As a consequence, the spatial extent of 

thermally suitable spawning habitat for Atlantic cod and Polar cod may not only shift to 

higher latitudes in response to warming but also contract due to OWA. 

 

Figure 3 Effects of elevated PCO2 on temperature-dependent egg survival in (A) Atlantic cod and (B) 

Polar cod. Symbols represent means (± SEM depicted as bars, n = 6). Thermal performance curves 

(TPCs, lines) of each species are based on n = 36 data points. Dark and light shadings indicate 90% 

and 95% Bayesian credible confidence intervals, respectively. TPCs were extrapolated into sub-zero 

temperatures by incorporating freezing tolerance thresholds from the literature (Methods). Significant 

main effects of temperature, PCO2 or their interaction (T * PCO2) are indicated by ★, whereas ★ 

denote significant CO2 effects within temperature treatments (Tukey HSD, n = 6 or 4 per treatment). 

See table S1 for details on statistical tests. 
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Compared with contemporary (known) spawning sites of Atlantic cod and Polar cod in the 

study area (blue areas in Fig. 1; yellow dashed areas in Fig. 4), our baseline simulations 

(1985-2004) suggest that spawning occurs exclusively within the thermal optimum range of 

embryo development (> 90% potential egg survival, PES, Fig 4). However, the area of 

thermally suitable spawning habitat (PES >90%) is larger than the area where spawning 

actually occurs. For example, despite suitable temperatures, no spawning of Atlantic cod has 

been observed in the north-eastern Barents Sea, indicating that spawning habitat suitability 

also depends on factors other than temperature. Mechanisms that preclude certain areas as 

suitable for spawning may include aberrant dispersal of eggs and larvae, unfavourable feeding 

conditions and predation pressure (8).  

 

Figure 4 Current (baseline) spawning habitat suitability for (A) Atlantic cod and (B) Polar cod in the 

seas of Norden. Spawning habitat suitability is expressed as potential egg survival (% PES, colour 

coded) by combining experimental survival data (Fig. 3) with WOA13 temperature fields (1° × 1°, 

upper 50m of shelf seas) for the baseline period of 1984-2005. Values are averaged over annual 

spawning seasons (Atlantic cod: March–May, Polar cod: December–March), and referenced against 

locations where spawning has been documented (yellow dashed areas, (13, 31)). The spatial extent of 

thermally suitable spawning habitat (PES > 90%) is typically larger than the “realized spawning 

habitat” because other limiting factors are not considered. Dotted magenta lines indicate the respective 

seasonal sea-ice edge positions (defined as areas with ice concentrations > 70%, note that sea-ice edge 

various slightly between species due to varying species-specific spawning seasons). NEW, Northeast 

Water Polynya; FJL, Franz-Joseph-Land, NZ, Novaya Zemlya.  
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By 2100, unabated OWA (RCP8.5) is projected to cause a significant decline in potential egg 

survival (PES) at major spawning sites of both species (Fig. 5, A-C). For Atlantic cod, PES is 

projected to decrease around Iceland (-10 to -40%) and the Faroe Islands (-20 to -60%) as 

well as along the entire Norwegian coast (-20 to -60%), including the most important 

spawning sites at the Lofoten archipelago (at 68°N, Fig. 5, A). In turn, extensive shelf regions 

off Svalbard and across the north-eastern Barents Sea will become more suitable (PES, +10 to 

+60%) due to warming and decreasing sea-ice cover. However, potential habitat gains in the 

North are constrained by reduced cold-tolerance of Atlantic cod embryos under OA 

conditions and, possibly, unknown constraining factors (see above). Under RCP4.5, 

decrements in PES of Atlantic cod at some southern spawning sites (e.g. Faroe Islands: -10 to 

-40%) are largely outweighed by thermal benefits (PES, +20 to +60%) in the north-eastern 

Barents Sea (between Svalbard, Franz Josef Land and Novaya Zemlya, Fig. 5, D and F).  

Polar cod will likely experience the most dramatic losses of spawning habitat south of 

Svalbard and Novaya Zemlya (PES, -40 to -80%; RCP8.5, Fig. 5, B). Moreover, Polar cod is 

going to lose most of its under-ice habitats except for a small refuge on the East-Greenland 

shelf (Fig. 5, B). Even warming without OA-effects (RCP4.5, Fig. 5, E and F) will 

substantially reduce the suitability of important spawning habitats for Polar cod off Svalbard 

(PES, -20 to -60%) and Novaya Zemlya (PES, -10 to -40%). The wide-spread loss of sea ice 

under RCP8.5 and 4.5 scenarios may indirectly affect the reproductive success of Polar cod, 

because the ice protects spawning adults from predation and serves as a feeding habitat for 

early-life stages (5). Limiting global warming to about 1.5 °C above preindustrial levels (that 

is, the median temperature of RCP2.6) may not only minimize reductions in PES at the 

present core spawning areas of both species to less than 10% (Fig. 5, G-I), but also maintain 

some sea-ice cover. 
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Figure 5 Change in thermally suitable spawning habitat of Atlantic cod (left) and Polar cod (right) in 

the Seas of Norden under Representative Concentration Pathways (RCPs). A–C, RCP8.5: Unabated 

ocean warming and acidification. D–F, RCP4.5: Intermediate warming (no acidification considered). 

G–I, RCP2.6: Less than 2 °C global warming (no acidification considered). Maps show the shift in 

potential egg survival (PES) between the baseline period (1985–2004, Spawning seasons of Atlantic 

cod: March–May and Polar cod: December–March, see Fig. 3) and the median of CMIP5 multimodel-

based projections (monthly sea surface temperature, 0-50m, see Methods) for this century’s end 

(2081–2100). Black shading indicates areas (cells, 1° × 1°) with high uncertainty (that is, the shift in 

PES within that cell is smaller than the CMIP5 ensemble spread, see Methods). Dotted magenta lines 

represent the sea-ice edge positions of the respective species-specific spawning season (defined as 

areas with ice concentrations > 70%). C, F, I, For each map, values (change in PES) of individual 

cells are summarized by kernel density estimations with the width corresponding to the relative 

occurrence of values. Box plots show the 25th, 50th and 75th percentile; the ends of the whiskers mark 

the 95% intervals. NEW, Northeast Water Polynya; FJL, Franz-Joseph-Land, NZ, Novaya Zemlya. 
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Discussion 

Our projections suggest that OWA-driven impacts on egg survival and consequent changes in 

spawning habitat suitability may be primary determinants of climate-dependent constraints on 

Atlantic cod and Polar cod. Present findings are in line with the hypothesis that tolerance 

thermal ranges and embryonic habitats of both species are compressed by progressive OWA 

(2). Our results also corroborate that unmitigated climate change represents an existential 

threat for cold-adapted species like Polar cod (19), although we identified some cold refugia 

for this species in the High Arctic. Atlantic cod may follow the poleward displacement of its 

thermal optimum, possibly leading to the establishment of this commercially important 

species in regions that are currently dominated by Polar cod. The parallel decrease in habitat 

suitability off Iceland and the Norwegian coast (under RCP8.5) implies that by 2100 

spawning south of the Arctic Circle (e.g. south of the Lofoten) may no longer be possible for 

Atlantic cod. Potential displacements of commercially important fish stocks across 

management boundaries and exclusive economic zones poses major challenges not only to 

national fishermen and conservationist, but also to international bodies and regulations which 

intend to avoid overexploitation, resource conflicts and the degradation of pristine ecosystems 

in the Arctic (4, 20). 

However, if global warming is limited to 1.5°C above preindustrial levels, changes in thermal 

suitability of present spawning habitats are unlikely to exceed critical thresholds of Atlantic 

cod and Polar cod. Residual risks may be reduced further as both species can potentially adapt 

to climatic changes, by responding either (I) via shifts in the timing and/or location of 

spawning within present regions (21), or (II) through transgenerational processes that enhance 

physiological tolerance (22). Uncertainties in our results also relate to (III) the reliability and 

resolution of the CMIP5 climate projections (23).  

First (I), the temporal window for spawning in the North is limited to late winter–spring due 

to the extreme seasonality of light and associated primary production (food for planktonic 

larvae) at high latitudes (>60°N) (21). Significant changes in spawning phenology are 

therefore unlikely to occur in this region. Instead, northward expansions of spawning during 

historic and ongoing warming periods are well documented, especially for Atlantic cod which 

extended its spawning activity to West-Svalbard in the 1940’s – almost 500 km farther north 

than today (21). However, core spawning areas (e.g., the Lofoten archipelago for the Barents 

Sea population) have always been occupied during past centuries, possibly due to favorable 

combinations of biotic and abiotic factors that maximize recruitment success (8, 21). After 



 

 

113 Results – Publication III 

spawning, dispersal of eggs and larvae towards suitable nursery areas – sometimes over 

hundreds of kilometers – plays an important role in terms of life-cycle connectivity and 

population replenishment (8). Spawning at alternative locales (as required under RCP8.5) 

could disturb connectivity and therefore increase the risk of advective losses and recruitment 

failure (8). Accordingly, successful establishment of new spawning habitats will largely 

depend on a number of factors in addition to egg survival (i.e., prey availability, predation 

pressure and connectivity), all of which are currently difficult to predict (2, 21). 

Second (II), our results assume that embryonic tolerance ranges are constant across different 

populations and generations (i.e. no evolutionary change within this century). These 

assumptions are supported by experimental data (e.g. similar temperature optima for egg 

development among different Atlantic cod populations (24), see also fig. S1), as well as by 

field observations (e.g. consistent northward shift of cod spawning activity in response to 

previous/ongoing warming (17)) and phylogenetic analyses of thermal tolerance evolution in 

marine fish (e.g. < 0.1°C change in thermal tolerance per 1 million years (25)). 

Transgenerational plasticity (TGP) may promote short-term adaptation to environmental 

change via non-genetic inheritance (e.g. maternal transmission) (22). However, in contrast to 

the theory of TGP, experiments on Atlantic cod suggest that egg viability is impaired during 

similar degrees of warming if females are heat-exposed during gonad maturation (26). This 

example of negative TGP corresponds with the majority (57%) of studies on TGP in fish that 

either observed neutral (33%) or negative (24%) responses (27). Given the limited capacity 

for short-term adaptation, it is most likely that species have to abandon their traditional 

habitats as soon as physiological limits are exceeded (2). Accordingly, our results not only 

identify high-risk areas, but also potential refuge habitats that should receive priority with 

respect to the implementation of marine reserves. 

Third (III), CMIP5 climate projections include uncertainties (23). To some extent, these 

uncertainties can be reduced and assessed by considering multi-model results (see Methods). 

Near-coastal habitats are poorly represented in current global climate models (23). The 

confidence of climate impact projections for these areas could be improved in future studies, 

most elegantly by means of global multi-resolution ocean models with unstructured meshes 

(28). 

In light of embryonic intolerance to OWA, we show that with unabated greenhouse gas 

emissions, large areas presently used for spawning will become less suitable for recruitment 

of Atlantic cod and Polar cod, possibly leading to cascading impacts on Arctic food webs and 
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associated ecosystem services (4, 5). However, our results also emphasize that mitigation 

measures, as pledged by the Paris Agreement, can ameliorate climate change effects on both 

species. Given that current CO2 emissions trajectories yield a 1% chance of limiting global 

warming to 1.5°C above preindustrial (29), our results call for immediate emission cuts 

following scenarios compatible with warming by 1.5°C in order to avert irreversible 

ecosystem damage in the Arctic and elsewhere. 
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Materials and Methods 

Broodstock 

Atlantic cod (AC) were caught by longlining in the southern Barents Sea (Tromsøflaket: 

70°28’00”N, 18°00’00”E) in March 2014. Mature fish were transported to the Centre for 

Marine Aquaculture (NOFIMA, Tromsø, Norway) and held in a flow-through tank (25 m
3
) 

under ambient light, salinity (34 PSU) and temperature conditions (5 ± 0.5°C). Polar cod (PC) 

were caught in Kongsfjorden (West-Svalbard: 78°95’02”N, 11°99’84”E) by trawling in 

January 2014. Selected fish were held in flow-through tanks (0.5 m
3
) and transferred to the 

Aquaculture Research Station in Karvikå (NOFIMA, The Arctic University of Norway UiT, 

Tromsø) At the station, the fish were kept in a flow-through tank (2 m
3
) at 3 ±0.3 °C water 

temperature (34 PSU) and complete darkness. In both experiments, gametes used for in vitro 

fertilisations were obtained by strip spawning from n = 13 (PC: 12) males and n = 6 females 

(table S2). 



 

 

115 Results – Publication III 

Fertilization protocol 

All fertilizations were conducted within 30 min after stripping. Each egg batch was split in 

half and fertilized using filtered and UV-sterilized seawater (34 PSU) previously adjusted to 

the broodstock holding temperature (AC: 5°C, PC: 3°C) and two different PCO2 conditions 

(Control-PCO2: 400 µatm, pH(Free-Scale): 8.15 and High-PCO2: 1100 µatm, pHF: 7.77). A 

standardized dry fertilization protocol with milt aliquots from n = 3 males was used to 

maximize fertilization success (30). 

Fertilization success 

Fertilization success was assessed in subsamples (3 × 100 eggs per batch and PCO2 

treatment), which were incubated within sealed petri dishes until the 8/16-cell stage (AC: 12h, 

5°C; PC: 24h, 3°C) and photographed under a stereomicroscope for subsequent evaluation 

(table S3). These images were also used to determine the mean egg diameter of an egg batch 

(30 eggs per batch, table S3).  

Incubation setup 

According to different spawning season, both experiments could be conducted consecutively 

with the same experimental setup in 2014 (PC: February to April, AC: April to May). Eggs 

previously fertilized at either Control- or High-PCO2 were maintained at the respective CO2 

treatment and incubated until hatch at five different temperatures (AC: 0, 3, 6, 9, 12°C; PC: 0, 

1.5, 3, 4.5, 6°C). Temperature ranges were selected to cover spawning preferences of AC: 3 to 

7 °C (31) and PC: ≤ 2 °C (13) as well as projected warming scenarios for the respective 

region. Each treatment group of an egg batch was sub-divided into two stagnant incubators 

(20 incubators per female, 120 in each experiment). In order not to bias survival estimates, 

only one of the two incubators was used to evaluate egg survival (and larval morphometrics at 

hatch), while subsamples required for embryonic MO2 measurements were taken from the 

second incubator. 

Initially, all incubators (1000 ml volume) were filled with filtered (0.2 µm) and UV-sterilised 

seawater (34 PSU) adjusted to the respective fertilization treatment and stocked with 

positively buoyant eggs. With regard to oxygen supply in a stagnant incubator, it is important 

to ensure that the eggs have enough space to arrange themselves in a single layer beneath the 

water surface. We therefore adjusted the amount of eggs per incubator (AC: ~300 to 500; PC: 

~200 to 300) according to differences in egg size between AC (~1.45 mm) and PC (~1.65 

mm). Loaded incubators were then located in differently thermostatted seawater baths (400 l 
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volume) to ensure a smooth temperature change inside the incubator. The transparent, bottom 

tapered incubators were sealed with a Styrofoam cover to prevent CO2 outgassing and 

temperature fluctuations. According to natural light regimes, AC eggs received dim light with 

a daily rhythm of 8 h/16 h light/darkness and PC eggs were kept in darkness except for dim 

light exposure during handling. Every 24h, 90% of the water volume of each incubator was 

replaced by filtered (0.2 µm) and UV-sterilised seawater to avoid oxygen depletion. An outlet 

valve was mounted at the bottom of the incubators to drain the seawater with dead eggs, 

which lose buoyancy and descend to the bottom. Each seawater bath contained two 60 L 

reservoir tanks, which were used to pre-adjust seawater to the corresponding temperature and 

PCO2 conditions. Water temperatures inside the water baths were controlled by thermostats 

and recorded automatically every 15 min (± 0.1 °C) via a multi-channel aquarium computer 

(IKS-Aquastar, IKS Systems, Germany). Future PCO2 conditions were established by 

injection of pure CO2 gas into the submerged 60 L reservoir tanks at each temperature. A 

multi-channel feedback system (IKS-Aquastar), connected to individual pH-probes (IKS-

Aquastar) and solenoid valves was used to control water-pH and PCO2 values. The PCO2 of 

the reservoir tanks was measured in situ prior to each water exchange with an infrared PCO2 

probe (Vaisala GMP 343, manual temperature compensation, ±5 µatm accuracy; Vaisala, 

Finland). The probe was equipped with a MI70 Reading device and an aspiration pump, 

which was connected to a degassing membrane (G541, Liqui-Cel©, 3M, USA) to measure 

PCO2 in air equilibrated to dissolved water gases (32). Factory calibration was confirmed by 

measurements of seawater previously bubbled with a technical gas mixture (1000 µatm CO2 

in air, Air Liquide, Germany). Prior to the daily water exchange, pH-values of the reservoir 

tanks were measured with a lab-grade pH-electrode to three decimal places (Mettler Toledo 

InLab Routine Pt 1000 with temperature compensation, Mettler Toledo, Switzerland), which 

was connected to a WTW 3310 pH-meter. A two-point calibration with NBS-buffers was 

performed on a daily basis. To convert NBS to the free proton concentration scale for 

seawater pH (33), the electrode was calibrated with Tris-HCl seawater buffers (34), which 

were acclimated to the corresponding incubation temperature prior to each measurement. 

Seawater pH-values refer to the free pH scale (pHF) throughout this manuscript. Seawater 

parameters are summarised in figure S3.  

Egg survival  

Egg mortality was recorded on a 24-hour basis until all individuals within an incubator had 

either died or hatched (figure S4). Once hatching commenced, free-swimming larvae were 
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collected in the morning, euthanized with an overdose of tricaine methanesulfonate (MS-222) 

and counted after visual examination for morphological deformities under a stereomicroscope. 

The incidence of larval deformities was quantified as the percentage of hatchlings exhibiting 

severe deformations of the yolk sac, cranium or vertebral column. Egg survival was defined 

as the percentage of non-malformed, viable larvae that hatched from the initial number of 

fertilised eggs (figure S5). The proportion of fertilised eggs within an incubator was estimated 

from the mean fertilization success of the respective egg batch (table S3).  

Respirometry 

Oxygen consumption rates (MO2) of eyed-stage embryos (at 50 % eye pigmentation, figure 

S4) were measured in closed, temperature-controlled respiration chambers (OXY0 41 A, 

Collotec Meßtechnik GmbH, Germany). The double-walled chambers were connected to a 

flow-through thermostat to adjust the temperature of the respiration chamber to the 

corresponding incubation temperature of the eggs. Measurements were conducted in triplicate 

with 10 to 20 eggs of each female and treatment combination. Eggs were placed into the 

chamber with a volume of 1 ml sterilised seawater adjusted to the corresponding PCO2 

treatment. A magnetic micro-stirrer (3 mm) was placed underneath the floating eggs to avoid 

oxygen stratification within the respiration chamber. The change in oxygen saturation was 

detected by micro-optodes (fiber-optic microsensor, flat broken tip, diameter: 140 µm, 

PreSens GmbH, Germany) connected to a Microx TX3 (PreSens GmbH, Germany). 

Recordings were stopped as soon as the oxygen saturation declined below 80% air saturation. 

Subsequently, the water volume of the respiration chamber and wet weight of the measured 

eggs (gww) was determined by weighing (± 1 mg). Oxygen consumption was expressed as 

[nmol O2 (gww * min)
-1

] and corrected for bacterial oxygen consumption (< 5%) and optode 

drift which was determined by blank measurements before and after three successive egg 

respiration measurements.  

Larval morphometrics 

Subsamples of 10 to 30 non-malformed larvae from each female and treatment combination 

were photographed for subsequent measurements of larval morphometrics (standard length, 

yolk-free body area, total body area and yolk sac area) using Olympus image analysis 

software (Stream Essentials
©

, Olympus, Tokyo, Japan). Only samples obtained from the same 

daily cohort (during peak-hatch at each temperature treatment) were used for statistical 

comparison. After being photographed, 10 to 20 larvae were freeze-dried to determine 

individual dry weights (± 0.1µg, XP6U Micro Comparator, Mettler Toledo, Columbus, Ohio, 
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USA). Replicates with less than 10 non-malformed larvae were precluded from statistical 

analyses. 

Statistical analysis 

Statistics were conducted with the open source software R, version 3.3.3 (www.r-project.org). 

Linear mixed effect models (package ‘lme4’ (35)) were used to analyse data on egg survival 

and MO2. In each case, we treated different levels of temperature and PCO2 as fixed factors 

and included ‘female’ (egg batch) as a random effect. Differences in larval morphometrics 

(yolk-free body area, total body area, dry weight, standard length and yolk sac area) were 

determined by multi-factorial analysis of covariance (ANCOVA). These models were run 

with temperature and PCO2 as fixed factors and egg diameter as a covariate. Levene’s and 

Shapiro-Wilk methods confirmed normality and homoscedasticity, respectively. The package 

‘lsmeans’ (36) was used for pairwise comparisons (p-values were adjusted according to 

Tukey’s HSD method). All data are presented as means (± SEM) and statistical tests with p < 

0.05 were considered significant. Results are summarized in table S1. 

Thermal performance curves 

Generalized additive models (GAMs, package ‘mgcv’ (37)) were used to fit thermal 

performance curves of successful development building on egg survival and MO2. This 

method has the benefit of avoiding a priori assumptions about the shape of the performance 

curve, which is crucial in assessing the impact of elevated PCO2 on thermal sensitivity. 

‘Betar’ and ‘Gaussian’ error distributions were used for egg survival and MO2 data, 

respectively. To avoid over-fitting, the complexity of the curve (i.e. the number of degrees of 

freedom) was determined by penalized regression splines and generalized cross validation 

(37). Models of egg survival were constrained at thermal minima because eggs of cold-water 

fish can survive sub-zero temperatures far below any applicable in rearing practice. Following 

Niehaus et al. (38), we forced each model with artificial zero values (n = 6) based on absolute 

cold-limits from the literature. These limits were set to -4 °C for Atlantic cod (39) and -9 °C 

for Polar cod assuming similar freezing resistance as reported for another ice-associated fish 

species from Antarctica (40). 

Spawning habitat maps 

Fitted treatment effects on normalized egg survival data (figure S6, A, raw data is shown in 

Fig. 3) were linked with climate projections for the Seas of Norden to infer spatially explicit 

changes in the maximum potential egg survival (PES) under different RCPs. That is, the 
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treatment fits were evaluated for gridded upper-ocean water temperatures (monthly averages) 

bilinearly interpolated to a horizontal resolution of 1° × 1° and a vertical resolution of 10m. 

To account for species-specific reproduction behavior, we first constrained each map 

according to spawning seasonality and depth preferences reported for Atlantic cod (March-

May, 50-400m (31)) and Polar cod (December-March, 5-400m (13)). As both species produce 

pelagic eggs which immediately ascent into the upper mixed-layer if spawned at greater 

depths (13, 31), we further limited the eligible depth range to the upper 50m. PES at a given 

latitude and longitude was then estimated from the calculations by selecting the value at the 

depth of maximum egg survival (at 0 to 50m depth). Egg dispersal was not considered since 

the major bulk of temperature- and acidification-related mortality occurs during the first week 

of development (figure S4). 

Oceanic conditions were expressed as climatological averages of water temperatures, sea ice 

concentrations and the pH of surface water. Our observational baseline is represented by 

monthly water temperatures (WOA13 (41)) and sea ice concentrations (HadISST (42)), 

averaged from 1985 to 2004, and by pH values averaged over the period 1972–2013 

(GLODAPv2 (43, 44)). Simulated ocean climate conditions were expressed as 20-year 

averages of monthly seawater temperatures and sea ice concentrations, and of 20-year 

averages of annual pH values of surface water. End-of-century projections were derived from 

climate simulations for 2081–2100 carried out in the 5th phase of the Coupled Model 

Intercomparison Project (CMIP5 (43)). We considered only those 10 ensemble members (see 

table S4) which provide data on each of the relevant parameters (water temperature, sea-ice 

and pH) under Representative Concentration Pathway RCP8.5, 4.5 and 2.6 (45). Projected pH 

values and temperatures are shown in figure S6, E-L. To account for potential model biases, 

we diagnosed for each of the 10 CMIP5 models the differences between simulations and 

observations for the baseline period and subtracted these anomalies from the CMIP5-RCP 

results for 2081–2100. For 2081–2100, we considered the CMIP5-RCPs ensemble median of 

maximum potential egg survival (PES) and assessed the uncertainty of PES at a given 

location by defining a signal-to-noise ratio that relates the temporal change in PES between 

2081–2100 and 1985–2004 (ΔPES) to the median absolute deviation (MAD) of results for 

2081–2100. Model results are not robust where the temporal change in PES is smaller than 

the ensemble spread, i.e., ΔPES / MAD < 1. PES calculations for scenarios RCP2.6 and 

RCP4.5 were carried out for PCO2 = 400 µatm. The effect of elevated PCO2 (1100 µatm) on 

PES was only considered under scenario RCP8.5. 
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Abstract 

Species vulnerability to climate change depends on the most temperature-sensitive life stages, 

but for major animal groups like fish, lifecycle bottlenecks are often not clearly defined. Our 

global analysis integrates stage-specific thermal tolerance data with the temperature 

dependence (responsiveness) of physiological rates, demonstrating that tolerance windows of 

spawners and embryos are generally ~10°C narrower than those of larvae and adults, with 

tropical and polar species being most vulnerable. Correspondingly, physiological 

responsiveness (change in rate per °C) was found to be higher in species and life stages with 

narrow temperature ranges. Considering narrow tolerance ranges of spawners and embryos in 

climate projections implies that intended emission cuts, consistent with less than 2°C 

warming above preindustrial, could reduce the number of species at risk by a factor of 5−10. 
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Main text 

 Ectothermic animals such as fish specialize on limited temperature ranges (1-4), and the 

vulnerability of species to climate change will depend on the most temperature-sensitive 

phase in the lifecycle (5-8). For instance, global warming may cause local extinctions when 

water temperatures exceed critical tolerance thresholds (9-11), which often differ between 

morphologically distinct life stages (5, 8, 12). Within their specific tolerance ranges, species 

and life stages may also differ with respect to the temperature dependence (i.e., 

responsiveness) of physiological rates (13-15), with implications for the effects of climate on 

individual energy demands, activity and the timing of ecological events (14-16). However, 

although ontogenetic changes in thermal physiology are expected to play a central role in the 

ecology and climate change vulnerability of fish populations (6, 17) that provide income and 

nutrition to millions of people (18), systematic analyses to identify lifecycle bottlenecks in 

thermal tolerance and responsiveness are largely lacking (6). A major challenge in closing this 

knowledge gap lies in the scarcity of consistent data, in part due to difficulties in maintaining 

reproductive adults and early-life stages under laboratory conditions.  

We present a meta-analysis that integrates different, stage-specific measurements of thermal 

tolerance and responsiveness of marine and freshwater fishes from all climate zones into the 

context of established ecophysiological theory (Fig. 1). With this approach, we asked whether 

ontogenetic shifts in thermal tolerance are consistent across species and geographic regions, 

and whether there is a general relationship between thermal tolerance, physiological responses 

and responsiveness. 

First, thermal tolerance thresholds were compared among spawners (males/females with 

mature gonads), embryos, larvae and adults (Fig. 1A). Lower and upper temperature 

thresholds (TMin/TMax), range midpoints (TMid) and width of ranges between thresholds 

(RThreshold), of spawners (n = 358/299 populations/species) are based on field (in situ) 

observations (that is, behavioral temperature preferences and avoidance thresholds, see 

methods). Threshold metrics of embryos (n = 384/324) are lethal limits assessed under 

controlled temperature conditions. The thresholds of larvae (n = 72 species) and adults (n = 

827/547) are critical (CTmax) or lethal temperatures (LT50/100) estimated according to 

established experimental protocols (19). Explicitly, after accounting for phylogenetic non-

independence (methods), we tested whether temperature thresholds increase from spawners 

and embryos to larvae and adults according to expected ontogenetic shifts in homeostatic and 

aerobic capacity (5, 7),  
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Second, thermal responsiveness of physiological rates was compared among life stages, i.e. 

development rates (embryos: n = 104/88 populations/species) and oxygen consumption rates 

(MO2) of embryos (n = 10/9), larvae (n = 14/12) and adults (n = 67/56). Only experimental 

data measured under controlled temperature conditions were used, taking into account 

acclimation effects (Supplementary Fig. S1) and phylogeny (methods), and considering that 

there is no systematic difference in the temperature responsiveness of development and MO2 

(Supplementary Fig. S2). Temperature-rate responses were analyzed according to the central 

equation of metabolic theory (20), stating that the scaling of physiological rates (R) with body 

mass (M) and temperature (T) is 

𝑅 = 𝑅0 𝑀𝑏𝑒−𝐸𝑎/𝑘𝑇 

Responsiveness is given by the value of −Ea in electron volts (eV, positivized hereafter), 

which is the activation energy of the rate-limiting biochemical (metabolic) process, b is a 

mass-scaling exponent, R0 is an organism-specific coefficient, and k is Boltzmann’s constant 

(Fig. 1, B and C). The metabolic theory of ecology (20, 21) predicts that within the 

physiological temperature range (PTR, Fig. 1, B and C) Ea centers around 0.65 eV, 

irrespective of trait, species or life stage (20, 21). An alternative hypothesis is that Ea varies 

between thermally specialized species and life stages (14, 22), with stenothermal organisms 

(narrow PTR and tolerance thresholds) being kinetically more responsive to temperature than 

eurythermal ones (2, 13).  
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Figure 1 Theoretical concepts of thermal tolerance and responsiveness in fish. (A) Lower and upper 

temperature thresholds (TMin and TMax) indicate temperatures that cause behavioral avoidance and/or 

impair physiological functions, thereby defining distributional boundaries (2, 3, 23). During the 

lifecycle, temperature threshold ranges (RThreshold, TMax – TMin) and thus warming tolerance ranges 

(RWarming, TMax – TMid) are expected to widen from embryos to adults following the development of 

aerobic capacity (5, 7), and narrow again in large individuals and especially spawning stages with 

large mature gonads (7). (B) Physiological rates (solid lines) of species or life stages (symbols) 

typically scale exponentially across the temperature range between TMin and TMax (i.e., physiological 

temperature range, PTR). (C) Responsiveness within the species/stage-specific PTR was quantified in 

Arrhenius form (log-transformed rate vs inverse absolute temperature in Kelvin), where the slope of 

the intra- or interspecific response equals the activation energy (Ea) in electron volts (eV) (21). 

Evolutionary adaption can reduce the kinetic effect of temperature (14), resulting in lower Ea values 

of interspecific (stippled lines) compared to intraspecific responses (solid lines, see also 

Supplementary Fig. S3). Different intraspecific slopes illustrate the hypothesis (2, 13) that Ea is higher 

in stenothermal organisms with narrow temperature ranges (circles) than in eurythermal ones (square).  
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We found that thermal tolerance thresholds (TMax, Fig. 1A) decrease together with TMin and 

TMid (Supplementary Fig. S4) from the poles toward the tropics, and thermal threshold ranges 

(RThreshold, TMax − TMin) tend to decrease from mid-latitudes towards higher and lower latitudes 

(Fig. 2B), as expected based on regional climatology (4, 10, 23). Stage-specific differences in 

TMax and RThreshold (spawners < embryos < larvae < adults, P < 0.001, Fig. 2, C and D) support 

the hypothesis that thermal tolerance increases from fertilization to adulthood according to the 

development of homeostatic and cardiorespiratory capacity (5, 7). Narrow temperature ranges 

of spawners may reflect a reduction in aerobic capacity due to additional energy/oxygen 

requirements of egg and sperm masses (7). Notably, we found that threshold ranges of 

spawners and embryos are on average >10°C narrower compared to larvae and adults (Fig. 

2D). The ecological coherence of our results is supported by a close correspondence between 

behavioral and physiological limits of spawners in 11 species (Supplementary Fig S5, A), and 

by a match between the behavioral and physiological optimum (TMid) of spawners and 

embryos in 256 species (Supplementary Fig. S5, B). 
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Figure 2 Thermal tolerance thresholds of fish across life stages and latitude. (A and B) Colored 

symbols indicate (A) upper temperature thresholds (TMax) and (B) temperature threshold ranges 

(RThreshold, TMax − TMin) of spawners (black, behavioral thresholds), embryos (blue, lethality tests), 

larvae (orange, lethality tests) and adults (red, lethality tests) as a function of absolute latitude 

(distribution range midpoint). Regression fits (black lines) with 95% confidence intervals (colored 

shadings) are based on generalized additive models (P < 0.05). Only the correlation between latitude 

and RThreshold of larvae (orange stippled line) was not significant (P > 0.05). The hashtag indicates that 

lower thresholds used to calculate RThreshold of adult Antarctic notothenoids (n = 3) were set to -3°C 

according to their effective blood freezing temperature (26). (C and D) Corresponding to A and B, 

colored symbol indicate (C) upper tolerance thresholds (TMax) and (D) temperature threshold ranges 

(RThreshold) of life stages. Differences in thermal tolerance between life stages are significant (linear 

mixed-effect models followed by least-square contrast with Tuckey correction, *** = p < 0.001, ** = 

p < 0.01). White lines and colored boxes indicate model-estimated means with 95% confidence 

intervals, respectively. 



 
130 Results – Publication IV 

Physiological rates (development and MO2) of embryos exhibit on average ~20% higher 

activations energies than MO2 of larvae and adults (P < 0.05, Fig. 3A), indicating a functional 

relationship between narrow embryonic tolerance ranges and high thermal responsiveness at 

this stage (5, 13). Ontogenetic changes in thermal tolerance and responsiveness are 

particularly well documented for Atlantic cod, Gadus morhua. In this representative species, 

stage-specific MO2 data indicate a decrease in Ea from embryos (1.03 eV) to larvae (0.84 eV) 

and adults (0.54 eV), while upper temperature thresholds increase from 8−12°C in embryos 

(lethality) to 17−20°C in larvae (growth) and adults (lethality) (Fig. 3B). Correlations between 

estimated habitat temperatures and intraspecific Ea values of embryos (Fig. 3C) and of larvae 

and adults (Fig. 3D) suggest that temperature responsiveness is adaptive and shaped to meet 

environmental conditions and ecological requirements (e.g., temperature variability, activity 

and energy efficiency) (2, 14). This theory implies that low responsiveness allows relatively 

constant activity levels in a thermally dynamic environment (temperate regions), while high 

activation energies of specific (rate-limiting) biochemical pathways can promote metabolic 

control and thus high resource efficiency in polar or tropical organisms adapted to or 

dependent on stable temperature conditions (2, 13). The trade-off with high thermal 

responsiveness is that relatively small temperature changes have a large impact on metabolic 

processes, which limits these specialized (stenothermal) organisms to relatively narrow 

temperature ranges (2, 13), as indicated by a negative correlation between habitat temperature 

ranges and Ea (R
2
 = 0.32, P < 0.0001, Fig. 3E). Variability around these patterns may relate to 

unresolved lifestyle characteristics, including adaptation to factors other than temperature 

(e.g., oxygen, pH, salinity, predation and resource limitation) (2, 14, 15).  
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Figure 3 Thermal responsiveness differs between life stages and locally adapted species. (A) Boxplots 

of intraspecific Ea values depict median (black lines), 25
th
 to 70

th
 percentiles (boxes), 10

th
 and 90

th
 

percentiles (whiskers) and outliers (dots) for embryo development (light blue, n = 104 experiments), 

embryo MO2 (dark blue, n = 10), larval MO2 (orange, n = 14) and adult MO2 (red, n = 67). Different 

letters indicate finding significantly different between groups (least-square contrast with Tuckey 

correction, P < 0.05). (B) Arrhenius plot indicating stage-specific responsiveness (slope = Ea) in 

Atlantic cod (Gadus morhua). MO2 data (colored circles) are based on experiments with different 

populations (embryos: n = 2, larvae: n = 4, adults: n = 2). Colored horizontal bars denote upper 

temperature thresholds of embryos, larvae and adults based on lethality tests (embryos and adults) and 

growth data (larvae) (27). (C and D) Scatter plots show correlations between intraspecific Ea values 

(colored symbols) and habitat temperature of (C) embryos and (D) larvae and adults. (E) Correlation 

between Ea values and habitat temperature ranges of embryos, larvae and adults. Regression fits (lines 

with 95% confidence intervals) in C−E are based on generalized additive models. Inlet: Linear least-

square correlation between Ea and habitat temperature range considering mean values of different 

groups (see panel A for color code). 
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The difference in Ea between life stages and locally adapted species clearly shows that 

temperature-rate responses do not strictly conform to statistical thermodynamics (20, 21), but 

rather reflect an outcome of physiological optimizations and trade-offs associated with 

ecology, lifestyle and ontogeny (13, 14, 22). Accordingly, biophysical models using a 

generalized Ea of 0.65 eV (21) instead of the actual responsiveness of fish embryos (~0.9 eV) 

may lead to imprecise projections of ecological timing and population dynamics. At a 

hypothetical temperature increase of 3°C, for example, an Ea of 0.65 eV would underestimate 

the change in development time of cod embryos (0.92 eV) and associated probability 

functions (e.g., predation mortality) by ~80% (Supplementary Fig. S6).  

The risk that global warming (ΔT) until 2100 affects the reproduction of species by exceeding 

the threshold ranges of spawners and embryos (RWarming < ΔT) differs between realms (marine 

and freshwater) and emission scenarios (Fig. 4, A and B). Despite larger threshold ranges of 

freshwater versus marine species (Supplementary Fig. S7), impact risks are probably higher in 

freshwater systems due to exposure to higher warming rates ΔT on land than in the sea, 

especially in sub-Arctic regions. Under RCP8.5 (high emissions), the fractions of vulnerable 

marine and freshwater populations (spawners vs. embryos) with RWarming (=TMax – TMid) < ΔT 

reached 49% vs. 27% and 70% vs. 54%, respectively. The percentages of potentially affected 

populations were approximately halved under RCP6.0 and approached zero under RCP2.6 

(low emissions suitable to keeping global warming below 2°C above preindustrial). While our 

projections neglect several factors that may reduce (e.g., evolutionary adaptation) or increase 

(ocean acidification, hypoxia) the vulnerability of species to global warming, these 

uncertainties are unlikely to violate the conclusion that unabated climate change poses a 

serious threat to the reproduction of marine and freshwater fishes. 

The narrow temperature ranges of spawners and embryos, which may turn out to be a critical 

bottleneck for the persistence of fish populations under climate change, underline the need for 

proactive strategies such as identifying and protecting alternative spawning habitats in cooler 

regions (24), while intensifying efforts to maintain global warming within 1.5°C above pre-

industrial temperature in order to avoid severe ecological damage to marine and freshwater 

systems (25).  
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Figure 4 Climate risks of marine and freshwater fishes based on warming tolerances of spawners and 

embryos. (A and B) Warming tolerance ranges (RWarming, TMax – TMid, see Fig. 1C) of (A) marine and 

(B) freshwater spawners (black) and embryos (blue) are plotted against latitudinal range midpoints 

(horizontal black lines are latitudinal ranges). Colored lines indicate projected warming of (A) sea 

surface temperature and (B) near-surface air temperature over land by 2081-2100 compared to 1986-

2005 for March-August (main spawning season, see Supplementary Fig. S8) considering different 

representative concentration pathways (RCP8.5, 6.0 and 2.6). Grey-shaded areas give the standard 

deviation across 2.5° × 2.5° grid cells within each latitudinal band (360° longitude). Populations living 

at different latitudes are considered at risk from climate change if RWarming (TMax – TMid) of spawners or 

embryos is smaller than the extent of warming (ΔT) projected for that latitude. Only species were 

considered where spawning and embryo development occur mainly at less than 50m depth.  
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Materials and Methods 

Data collection 

Many reviews and meta-analyses have examined the effects of temperature on development 

times (5, 28, 29) and oxygen consumption rates (30-33), as well as the thermal preferences 

and tolerance ranges of marine and freshwater fish species often by focusing on a particular 

life stage (5, 10, 29, 34-38). To explore the degree of ontogenetic variation in thermal 

responses, we merged and updated these existing data compilations with peer reviewed results 

published until December 2018.  

Thermal thresholds 

Thermal threshold data of spawners, embryos, larvae and adults were organized into five 

temperature threshold metrics (TTMs): Lower temperature thresholds (TMin), upper 

temperature thresholds (TMax), threshold ranges (RThreshold = TMax – TMin), range midpoints 

(TMid = TMin + TMax/2) and warming threshold ranges (RWarming = TMax – TMid), as explained in 

Fig 1A. TTMs of spawners reflect the temperatures at which ripe males and females (final 

stage of gonad maturation) have been observed in the field. In some cases (n = 110), only a 

preferred spawning temperature was reported, which was regarded as TMid. To assess the 

extent to which occurrence (behavioral) thresholds data differ from temperatures that exert 

negative effects on gonad maturation and/or subsequent offspring survival, we compared 

field-based and experimental observations of TMax, including 11 species from sub-arctic, 

temperate and tropical regions (Supplementary Fig. S5). This dataset indicates that field-based 

estimates of spawner TMax are slightly lower (1.4°C), although the difference was statistically 

not significant (Two-sided Wilcoxon Signed-Rank Test, P = 0.054). TTMs of embryos are 

based on laboratory incubation experiments with n ≥ 3 stable temperature treatments. High or 

low temperatures reported to cause a statistically significant change in survival relative to the 

optimum value were defined as TMin or TMax. If no significant change was observed over the 

applied temperature range (n = 129 cases), only the range midpoint (TMid) was noted. For 

larvae and adults, TMin and TMax are based on studies using established ramp-protocols (19), 

where organisms are exposed to a dynamic change in temperature (constant rate) until loss of 

equilibrium (CTmin/max) or a mortality occurs (e.g. 50% or 100% mortality, LT50/100). The 

influence of acclimation temperature on larval and adult thermal tolerance was accounted for 

by considering the value determined under the highest/longest acclimation treatment (19). We 

excluded all experimental studies using farmed fish or insufficient replication (n < 3 groups 

for each temperature treatment). For each observation, the sampling site (latitude/longitude) 
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was noted. If no geo-information was reported, the longitudinal/latitudinal midpoint and the 

habitat range were extracted from FishBase (www.fishbase.org) or Aquamaps 

(www.aquamaps.org). 

Temperature responsiveness  

Only studies that used wild-caught animals and n ≥ 3 constant temperature treatments were 

considered in the assessment of embryonic, larval and adult responsiveness. In some cases, 

the authors provided only the regression equation of the development or oxygen consumption 

rate-temperature relationships, which was then used to calculate the specific rates for each 

temperature treatment. Embryo development days (D) from fertilization to hatching was 

transformed into developmental rate (1/D) and mass-corrected (1/D/m
0.25

) to a common body 

weight of 20 mg by converting the species-specific egg diameter into volume (spherical 

equation) and then into mass (m) assuming a density of 1 g ml
-3

 (39). Likewise, 

resting/routine oxygen consumption rates (MO2) of larvae and adults were mass-corrected to 

100 mg and 100 g, respectively, according to the reported (species-specific) or average mass 

exponent of 0.8 (30). No mass-correction was done for embryo MO2, assuming isometric 

scaling of weight-specific metabolism during embryogenesis (40). All MO2 data are given as 

mg oxygen consumed per kg and hour (mg O2 kg h
-1

). Measurements of MO2 using 

anesthetics were excluded. Activation energies (Ea) of monotonic responses were estimated 

based on the Arrhenius-Boltzmann model. That is, thermal responses were fitted by linear 

ordinary least square (OLS) regression of the log-transformed trait value on the reciprocal of 

temperature in Kelvin (41). Some MO2 datasets (< 10%) followed a unimodal response shape 

due to falling respiration rates at upper terminal temperatures (outside the physiological 

temperature range, PTR, see Fig. 1B). In these cases, extreme temperature treatments were 

removed until monotonicity was observed (PTR = monotonic response range). All 

developmental responses of embryos to temperature were monotonic. In cases where the 

authors reported increased mortality at lower or upper extremes (despite monotonicity), these 

temperature treatments were excluded. Responses with R
2
 > 0.5 and P < 0.05 were considered 

as sufficiently well fitted (15). All measurements of embryonic MO2 (and development) are 

based on acclimated animals (incubation temperature = assay temperature), while assessments 

of larval and adult MO2 employed variable acclimation procedures. However, the effect of 

acclimation time (more versus less than 5 days) on responsiveness was not significant after 

accounting for phylogenetic non-independence (linear mixed-effect model followed by 

Tuckey’s posttest: t = 0.45, P = 0.610, n = 79, Supplementary Fig. S1).  
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Habitat temperatures  

The hypothesis that stenothermal organisms with narrow temperature ranges are thermally 

more responsive than eurythermal ones was explored based on the correlation between Ea and 

estimated habitat temperatures (range and midpoint) of different life stages. Habitat 

temperatures of embryos and larvae are physiological temperature ranges (PTR), defined as 

the monotonic response range between TMin and TMax (Fig. 1B): The midpoint of this range 

was considered as the species/population specific mean habitat temperature. In contrast to 

experiments with embryos and larvae, measurements of adult MO2 rarely cover the entire 

physiological temperature range. We therefore extracted habitat temperatures of adults from 

original publications or from FishBase (www.fishbase.org) and Aquamaps 

(www.aquamaps.org). This temperature information was compared with experimental data to 

assure that habitat ranges are within the PTR of the respective species or population.  

Climate risks 

Warming threshold ranges (RWarming, TMax − TMid) of spawners and embryos were compared 

with end-of-century temperature projections (2018-2100 relative to 1986-2005) produced 

during the 5
th

 phase of the climate model intercomparison project (CMIP5). These projections 

consider different representative concentration pathways: RCP8.5 (unabated emissions), 

RCP6.0 (intermediate emissions) and RCP2.6, which is a low-emission scenario consistent 

with the goal of limiting global warming (air temperature over land and sea) to 1-2 °C above 

preindustrial (1850-1900). Sea surface temperatures (0-10m) and near-surface air temperature 

(over land) were used to represent warming of marine and freshwater systems, respectively. 

Temperature data were downloaded from the KNMI Climate Explorer webpage 

(https://climexp.knmi.nl/start.cgi). Spawning seasonality was considered by using monthly 

temperature projections averaged over the period when most species spawn (March-August, 

see Supplementary Fig. S8). Spawning seasons were extracted from original publications or 

FishBase (www.fishbase.org). The change in temperature ΔT projected by the respective RCP 

for March-August, 2081-2100 was averaged across 2.5° × 2.5° grid cells within latitudinal 

bands (360° longitude). Populations were considered at risk if the warming threshold  RWarming 

was lower than the projected change in temperature at the populations’ latitudinal position 

(RWarming < ΔT).  
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Statistical analyses 

All statistical analyses were conducted using the open-source software platform R (version 

3.5.2) and implemented packages “lme4” (42), “mgcv” (43) and “ggplot2” (44). Tests with P 

< 0.05 were considered significant. Linear mixed-effect models (LMMs, “lme4”) were used 

to compare mean values of different temperature threshold metrics among life stages. In these 

analyses, “life stage” was treated as a fixed factor and “latitude” as a continuous covariate, 

while “order”, “family” and “genus” were included as nested random effects to account for 

phylogenetic non-independence. LMMs were also used to test for differences between mean 

intraspecific Ea of embryo development, embryo MO2, larval MO2 and adult MO2, with “Life 

stage” was treated as a fixed factor while “order”, “family” and “genus” were included as 

nested random effects. Prior to analysis, Ea values were power-transformed (Ea
0.25

) to 

improve normality. Generalized additive models (GAMs, “mgcv”) were used to explore 

correlations between different thermal threshold metrics and absolute latitude and Ea-

temperature correlations. All GAMs were run with Gaussian error distributions and “identity” 

link functions.  
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4. Synthesis 

The goal of this synthesis is to describe the ontogeny of organismal tolerance to temperature 

and ocean acidification (OA) in teleost fish. In this context, emphasis is placed on the 

integration of experimental and meta-analytical results ranging from responses of individual 

enzymes and organisms (Manuscript I-III) to global-scale patterns of thermal physiology and 

climate change vulnerability (Manuscript IV). The first three Sections discuss (4.1) 

mechanisms that contribute to stage-specific temperature and OA tolerance, (4.2) the effects 

of OA on thermal performance and (4.3) potential ecological consequences of different 

climate change scenarios. Concluding remarks and perspective are presented in Section 4.4. 

4.2 Ontogenetic changes in thermal tolerance and OA resilience of teleost fish 

The vulnerability of locally adapted species to temperature extremes, OA and other abiotic 

factors is expected to change from fertilization to adulthood and during sexual maturation 

(Pörtner and Farrell, 2008, Pankhurst and Munday, 2011, Brett, 1956). Responsible 

mechanisms may include functional constraints and trade-offs associated with the 

differentiation of cells, tissues and organ systems that facilitate energy- and ion homeostasis 

(Pörtner and Peck, 2010). In congruence with the expected ontogenetic change in organismal 

capacity for aerobic energy production and regulation of ion homeostasis, the results of 

Publication IV demonstrate a globally consistent pattern of stage-specific thermal tolerance 

(spawners < embryos < larvae < adults). Moreover, inverse correlations between metabolic 

thermal responsiveness and species-specific temperature ranges indicate that developmental 

efficiency of embryos and specialization of polar and tropical species (adults) on extreme 

habitat temperatures comes at the cost of a wide thermal tolerance window (Pörtner, 2002). 

These macrophysiological patterns are in line with the concept of oxygen- and capacity 

limited thermal tolerance (OCLTT) (Pörtner, 2002, Pörtner, 2001) and supported by 

experimental data presented in Publication I-III.  

The results presented in Publication I-III support the hypothesis that lethal effects of 

temperature and OA during early embryogenesis are a consequence of low homeostatic 

capacities and identify the gastrulation period as particularly critical. More specifically, 

extremely low ATP synthesis and ion transport capacities of cleavage and gastrula stages 

indicate that energy supply and ion homeostasis (and thus physiological tolerance) of 

cleavage and gastrula stages depends entirely on maternally provisioned ATP and defense 

mechanisms, such as non-bicarbonate pH buffering (e.g., amino acids), and chaperones 

(Hamdoun and Epel, 2007). These innate defense mechanisms protect initial developmental 
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processes (Hamdoun and Epel, 2007), including fertilization (Fig. 4.1), while active 

homeostatic regulation begins after gastrulation (Manuscript I). Gastrula stages are most 

vulnerable to temperature and OA (Manuscript I-III), possibly due to the depletion of 

maternal defenses and ATP stores (Schier, 2007, Hamdoun and Epel, 2007) and the inherent 

instability of epibolic cell movements during gastrulation (Jesuthasan and Strähle, 1997).  

High vulnerability of gastrula stages to various abiotic factors has been demonstrated in 

insects (Bergh and Arking, 1984), amphibians (Metikala et al., 2018, Degitz et al., 2000) and 

mammals (Wolpert, 2008), suggesting that this period represents a general bottleneck in the 

lifecycle of multicellular animals. The exact mechanism underlying temperature- and OA-

related mortality during gastrulation of Atlantic and Polar cod (Publication I-III) is unclear, 

but it is possible that energy deficits and uncompensated pH disturbances impaired the 

functioning of specific proteins (e.g., microtubules), which facilitate energy-intensive cell 

migrations (epiboly) that result in the formation of germs layers (ectoderm, mesoderm and 

endoderm) (Cheng et al., 2004). The germ layers give rise to different tissues and organ 

systems (Kimmel et al., 1995) and any defect at this stage may have disproportionately severe 

consequences, including mortality and deformities causing mortality at later stages. Another 

potential factor leading to narrow tolerance ranges during gastrulation of fish embryos is the 

increased thermal responsiveness i.e., Arrhenius activation energy (Ea) of development rate 

(Publication IV, see also Section 4.3). High thermal responsiveness means that relatively 

small temperature changes have a strong kinetic impact on physiological rates and thus on 

energy demand and supply relationships (Pörtner, 2002). Since gastrulation processes are still 

dependent on provisioned ATP stores (Publication I), it is likely that the susceptibility to 

temperature-induced (harmful) energy deficits is particularly high at this stage. 
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Figure 4.1 Effects of temperature and OA on fertilization success and hatching success in Atlantic cod 

(Barents Sea). Fertilization success (unpublished data) was unaffected by OA and temperatures 

ranging from 0°C to 12°C (ANOVA, P > 0.05, n = 60). In contrast, temperature extremes and OA 

caused increased mortality during gastrulation and a corresponding decrease in hatching success (data 

from Publication III). Both datasets are based on the same egg batches (n = 6).  

After gastrulation, a decrease in temperature and OA-related mortality of cod embryos was 

paralleled by a rapid increase in the activity and expression of all investigated ion pumps and 

co-transporters, providing support for a causal relationship between organismal tolerance and 

the capacity for maintaining energy and ion homeostasis (Publication I, Fig. 4.2, A). In fact, 

whole-organism ion transport (enzyme) capacities increased more than 30-fold from 

gastrulation to yolk sack absorption, reaching values similar to those previously measured in 

gill tissue of adult cod (Kreiss et al., 2015b, Melzner et al., 2009a, Michael et al., 2016a). This 

remarkable development was probably associated with the proliferation and differentiation of 

epidermal ionocytes, which facilitate pH and osmoregulation before the establishment of 

specialized (adult-like) gill structures (Esbaugh, 2018, Trayer et al., 2015). Surprisingly high 

ion transport capacities together with the diversity of ionocytes distributed over the entire 

body surface of early cod larvae (Publication I) support the impression that these fragile life 

stages are already equipped with powerful homeostasis systems. This observation contradicts 

the general assumption that larvae without functional gills are substantially less effective in 

terms of energy and ion homeostasis than adult stages (Melzner et al., 2009b). However, 

relatively high ATP synthesis and ion transport capacities of larvae explain their temperature 

tolerance range, which is much wider than in embryos and almost as wide as in adults 
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(Publication IV). Moreover, powerful homeostasis systems in larvae likely represent a 

physiological prerequisite for high activity and fast growth (Rombough, 1988), and explain 

their ability to tolerate PCO2 levels of more than 10,000 µatm (~20-fold higher than ambient) 

for at least several days (Ishimatsu et al., 2008). Advanced ion transport capacities of Atlantic 

cod larvae demonstrated in Publication I also suggest that OA-related mortality of cod larvae 

from the same population (Stiasny et al., 2019) did not result from post-hatch defects, but 

from developmental failures (e.g., deformities) that arose during the critical period around 

gastrulation. In line with this hypothesis, OA-related mortality of Atlantic silverside larvae 

(Menidia beryllina) could only be demonstrated if exposure to elevated PCO2 (800 µatm) 

started at fertilization (Baumann et al., 2012). In contrast, larval survival was unaffected if 

embryogenesis occurred under ambient CO2 conditions and exposure to elevated PCO2 started 

at hatching (Baumann et al., 2012).  

Improved thermal tolerance in adults compared to larvae (Publication IV) is probably 

associated with the establishment of fully-functional cardiorespiratory systems, which enables 

more efficient ion regulation and aerobic ATP supply. In addition to the establishment of 

specialized organ systems, it has been suggested that an increasing capacity for adjusting cell 

membrane fluidity (i.e., homeoviscous adaptation) and heat shock responses contribute to 

wider temperature ranges and increased acclimatization potential in adults than in larvae and 

embryos (Rombough, 1997, Fig. 4.2, A). Although comparative studies are still lacking, it is 

reasonable to assume that fully functional organ systems and smaller surface-to-volume ratios 

also promote higher resilience to OA in adults than in larval stages. Support for this 

assumption comes from studies on marine invertebrates, where embryonic and larval stages 

are usually much more sensitive to OA than adults (Byrne and Przeslawski, 2013). Moreover, 

acid-base regulation mechanisms and the ability to compensate for elevated PCO2 conditions 

have been extensively studied in adult fish (Esbaugh, 2018, Evans et al., 2005), including 

Atlantic cod (Kreiss et al., 2015a, Melzner et al., 2009a, Michael et al., 2016a, Michael et al., 

2016b), and these studies suggest that adults usually have sufficient ion-regulatory capacities 

to compensate for OA-related reductions in extracellular pH within minutes to hours 

(Esbaugh, 2018). 

Spawning stages (adults with maturing gonads) are similarly sensitive to temperature as early 

embryos (Publication IV), possibly due to a net decrease in aerobic capacity associated with 

additional oxygen and energy demands of gonad development (Pörtner and Peck, 2010). The 

role of oxygen limitation in setting narrow tolerance ranges of spawners is supported by 

studies that demonstrated an increased vulnerability to hypoxia during sexual maturation 
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(Pankhurst, 1997). Allometric constraints on oxygen supply are also expected to cause a 

decrease in thermal tolerance and a shift to lower optimum temperatures for growth as 

individuals approach their maximum body mass (Pörtner and Farrell, 2008, Pörtner, 2010). In 

addition to oxygen limitation, it has been proposed that the temperature sensitivity of 

endocrine processes contributes to narrow temperature tolerance ranges of spawners or rather 

gametogenesis (Pankhurst and Munday, 2011). For instance, in many temperate fishes, 

including Atlantic cod, the onset of gonad maturation is triggered by seasonal changes in 

water temperature and photoperiod (Pankhurst, 1997), and experiments suggest that even 

small deviations from the preferred spawning temperature can disrupt hormone signaling 

pathways with detrimental effects on gamete quality and offspring viability (Pankhurst and 

Munday, 2011, Tveiten, 2008). Likewise, studies on terrestrial ectotherms and mammals 

suggest that temperature effects on hormonal processes related to gametogenesis play an 

important role in shaping the responses of species to climate change (Walsh et al., 2019). To 

date, few experimental studies addressed the effects of temperature on gametogenesis in 

marine fish and even less the effects of OA (Miller et al., 2015). Available data suggest that 

OA effects on the quality and quantity of produced gametes are rather small and sometimes 

even positive (Cattano et al. 2018). Clearly more research is needed to better understand how 

temperature, OA and other environmental factors affect gametogenesis and fertility of teleost 

fish. Specifically, recent advances in using magnetic resonance imaging (MRI) to measure 

temperature and OA effects on various physiological processes in living marine organisms 

(Maus et al., 2018, Bock et al., 2019) open up opportunities for the development of new, 

state-of-the-art methodologies for studying fish reproductive physiology in the context of 

anthropogenic climate change. 

Based on the results presented in Publication I-IV it can be concluded that the mechanisms 

underlying stage-specific tolerances to temperature and OA include both physiological and 

morphological constraints associated with “developmental critical periods”, the establishment 

of ion-regulatory and cardiorespiratory organ systems, the allometric scaling of aerobic 

capacity with body mass and endocrine processes during sexual maturation (Fig. 4.2, B). 

Notably, thermal tolerance ranges of spawners and embryos are on average more than 10°C 

narrower than those of larvae and non-reproductive adults (Publication IV), and it is likely 

that the temperature windows of embryos narrow due to OA (Publication I-III, see Chapter 

2). Accordingly, a central conclusion of this thesis is that the environmental requirements and 

tolerances of spawners and embryos represent critical bottlenecks in terms of population 

persistence under climate change (see Section 4.3). 
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Figure 4.2 Conceptual diagrams indicating ontogenetic changes in aerobic/homeostatic capacity and 

organismal tolerance. (A) Experimental data (Manuscript I) support the hypothesis that early 

embryogenesis is controlled and protected by maternal (innate) factors (Hamdoun and Epel, 2007). 

These “passive” defenses buffer developmental processes against expected environmental conditions 

before active homeostatic regulation is sufficiently effective (Hamdoun and Epel, 2007). High embryo 

vulnerability (low tolerance) coincides with the decay of passive defenses and still low homeostatic 

capacity during gastrulation (Manuscript I-III). This critical period is characterized by sensitive 

morphogenetic processes, including the maternal-to-zygotic transition (MZT), which marks the shift 

from passive defense to active homeostatic regulation (Tadros and Lipshitz, 2009). From gastrulation 

until hatching, aerobic and homeostatic capacities increase almost exponentially due to the 

proliferation and differentiation of ionocytes (Manuscript I), supporting increased tolerance to 

temperature, OA and other abiotic factors. The subsequent development of homeostatic functions 

(e.g., ion regulation, heat shock responses and membrane remodeling) and cardiorespiratory organ 

systems (e.g. gills) promotes a further increase of tolerance and acclimatization potential from the 

larval stages through metamorphosis into adulthood (Manuscript IV). (B) Mata-analytical results 

(Manuscript IV) support the hypothesis of increasing thermal tolerance ranges from embryos to larvae 

and adults, and that thermal tolerance decreases again during sexual maturation (Pörtner and Farrell, 

2008). Stage-specific tolerance limits mirror ontogenetic changes in aerobic and homeostatic capacity 

(Pörtner and Farrell, 2008a, Pörtner and Peck, 2010a) as well as additional constraints associated with 

the temperature sensitivity of endocrine processes involved in gonad development (Pankhurst and 

Munday, 2011).  

4.2 Thermal performance and energy allocation under OA conditions 

Thermal constraints on aerobic ATP production are expected to affect energy-intensive 

processes such as mitotic cell divisions, protein synthesis and ion regulation mechanisms 

responsible for OA compensation (Pörtner, 2008, Pörtner, 2002). The resulting consequences 

may include developmental defects, reduced growth and a narrowing of the thermal 

performance window due to additional effects of OA at critically high or low temperatures 

(Pörtner, 2008). In line with these hypotheses, the results presented in Publication I-III 
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demonstrate a consistent picture of impaired aerobic capacity and increased OA sensitivity 

outside the temperature optimum range of Atlantic cod and Polar cod embryos. Moreover, 

increased energy demands and altered resource allocation due to OA are confirmed by 

increased enzyme activities in embryos and larvae (Publication I), increased metabolic rates 

in embryos and reduced larval body size at hatch (Publication II-III). Collectively, these data 

indicate that embryonic temperature ranges of Atlantic cod and Polar cod narrow due to OA. 

In embryos without specialized cardiorespiratory organ systems, the capacity for aerobic 

energy production is a function of diffusive oxygen supply to mitochondria and the efficiency 

of the mitochondrial Electron Transport Systems (ETS) to generate a certain amount of ATP 

from available substrates and oxygen (Rombough, 1988, Hochachka and Somero, 2002). This 

ATP can then be used to fuel protein synthesis (i.e. somatic growth) and homeostatic 

functions in which ion transport mechanisms typically have the largest share of ATP 

(Rombough, 2011). Temperature extremes may affect aerobic capacity and dependent 

performances if oxygen (energy) requirements exceed diffusion rates (Rombough, 1988). 

Consequently, the kinetics of oxygen diffusion predefine absolute temperature limits of 

embryonic metabolism in relation to egg size i.e. diffusion distance (Rombough, 1988). 

However, biophysical models suggest that diffusive oxygen transport for relatively small fish 

eggs like those of Atlantic cod and Polar cod (~1.5 mm) is unlikely to become a limiting 

factor at temperatures below 15°C (Martin et al. 2017, Montani and Wainwright, 2015). 

Instead, the presented results suggest that critically low and high temperatures impair the 

functioning of mitochondria to such an extent that ATP supply to processes involved in cell 

division (e.g., DNA replication, protein synthesis) and pH homeostasis (e.g., ion transport) 

becomes limiting (Publication II, Appendix Publication I). These temperature-related energy 

constraints affect embryonic development and can increase the susceptibility to additional 

effects of OA, especially during early embryogenesis (Publication I-III). In particular, data 

presented in Publication II & III indicate a close correspondence between thermal constraints 

on mitochondrial efficiency (OXPHOS coupling), impaired whole-embryo aerobic 

performance (MO2) and decrements in embryonic growth and hatching success (Fig. 4.3, A-

C). Additional effects of OA on MO2 and hatching success were most pronounced at critical 

temperatures, corresponding to a narrowing of the embryonic temperature window (Pörtner 

2008).These mechanisms are likely to restrict the reproduction of Atlantic cod, Polar cod and 

potentially many other fish species under global warming, as indicated by very similar 

temperature ranges of embryos and spawners (Fig. 4.3, D; Publication IV, Supplementary 

Fig. S5).  
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The above described observations are in line with negative synergistic effects of temperature 

and OA on sub-cellular to whole organism performances in various marine species, including 

mitochondrial performance in juvenile Atlantic cod (Leo et al., 2017) and seabass (Howald et 

al., 2019), tissue energy budgets in adult king scallops (Schalkhausser et al., 2013) and Pacific 

oysters (Lannig et al., 2010), and whole organism aerobic performance in adult spider crabs 

(Walther et al., 2009), king scallops (Schalkhausser et al. 2013), Pacific oysters (Lannig et al., 

2010, Parker et al., 2017), sea urchins (Manríquez et al., 2019) and tropical reef fishes 

(Munday et al., 2009). It is important to note, however, that adult stages of many vertebrate 

and invertebrate species are robust to additional effects of OA (Lefevre, 2016). In contrast, a 

recent meta-analysis revealed that in embryos and larvae synergistic effects of temperature 

and OA are much more common than additive, neutral or antagonistic effects (Przeslawski et 

al., 2015), emphasizing that ontogenetic changes in homeostatic capacity determine lifecycle 

bottlenecks and thus the vulnerability of species to climate change. Interestingly, comparable 

measurements of embryonic and adult OXPHOS coupling efficiency in Atlantic cod suggest 

that the optimum range of mitochondrial thermal performance increased from 3−9°C in 

embryos (Publication II) to 3−16°C in adults (Leo et al., 2017), which is consistent with the 

ontogenetic sequence of whole-organism thermal tolerance in teleost fish (Publication IV). 

Future studies should explore the role of stage-specific membrane properties (including the 

ability to regulate fluidity) in shaping mitochondrial function (e.g. proton leakiness) and ion 

transport capacity at critical temperatures. 
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Figure 4.3 Thermal windows for embryonic aerobic performance, embryo survival and spawning of 

Atlantic cod. (A−C) Colored regression lines (empirically fitted polynomials) indicate the effects of 

temperature and OA (orange) on oxygen consumption (MO2, Publication II-III), mitochondrial 

efficiency (Publication II) and hatching success (Publication II-III). (D) Bars indicate the preferred 

spawning temperatures across 13 Atlantic cod populations (Brander, 2005). Dark grey bars indicate 

the preferred spawning temperatures of the cod populations considered in this study (Kattegat and 

Barents Sea). These results suggest similar optimum temperature ranges (grey shading) of spawners 

and embryos, in line with the global pattern shown in Publication IV. Hatching success decreases at 

critically high and low temperatures most likely due to constraints on aerobic ATP supply at the 

whole-organism and mitochondrial level. Additional energy demand due to OA, indicated by 

increased MO2 and enzyme activities (see Publication I), leads to reduced growth (see Publication II 

& III) and increased sensitivity to temperature extremes (denoted by orange arrows).  
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Ion regulation mechanisms studied in Atlantic cod embryos and early larvae (Publication I, 

Fig. 5) comply with the prevailing theory of acid-base homeostasis in adult marine fish 

(Esbaugh, 2017). In short, compensation of CO2-induced acidosis involves intracellular 

hydration of CO2 by carbonic anhydrase, leading to rising proton (H
+
) and bicarbonate 

(HCO
3-

) concentrations. Excess protons are exported via apical VHA and Na
+
/H

+
 exchangers 

(not confirmed in present study). Bicarbonate ions are transported into the extracellular space 

via basolateral NBC-1, thereby offsetting the OA-related increase in extracellular CO2 and 

returning pH to baseline values. Net bicarbonate extrusion is thought to be balanced by 

basolateral chlorine (Cl
-
) uptake via NKCC-1, while the electrochemical gradient required for 

bicarbonate and chlorine transport is maintained by NKA. In marine fish, electro-neutral 

(passive) proton extrusion via Na
+
/H

+
 exchangers has energetic advantages over VHA due to 

the steep inward Na
+
 gradient between intracellular and seawater. Future studies addressing 

the contribution of Na
+
/H

+
 exchangers to embryonic/larval acid-base balance may 

complement present insights. Additional knowledge gaps, including net in vivo proton efflux 

as well as intra- and extracellular pH dynamics in OA-exposed fish embryos, may become 

accessible though non-invasive methodologies like fluorescent dyes (Toyofuku et al., 2017) 

and MRI technology (Wermter et al., 2018). 

Exposure of Atlantic cod embryos to warming (6.0 vs 9.5°C) and OA modified the expression 

and activity of all investigated ion pumps and co-transporters. An increasing degree of 

homeostatic plasticity from gastrulation to yolk absorption (Publication I) implies that 

acclimatization mechanisms become increasingly effective by the time of hatching, thereby 

providing the physiological foundations that support larval survival and performances across a 

relatively broad range of environmental conditions (Publication IV). Similar results regarding 

the upregulation of ion transport and energy provisioning in response to sublethal warming 

and/or OA were derived from genomic, proteomic and tissue-specific analyses in medaka 

embryos, Oryzias latipes (Tseng et al., 2013), juvenile Atlantic halibut, Hippoglossus 

hippoglossus, (de Souza et al., 2014) and adult Gulf toad fish, Opsanus beta (Heuer and 

Grosell, 2016). In adult Atlantic cod, increased homeostatic activity in response to OA was 

demonstrated by upregulated mRNA expression and increased enzyme activity and protein 

expression (Michael et al., 2016b, Melzner et al., 2009a), but these responses were not 

reflected by changes in whole-organism performances like oxygen consumption, swimming, 

food conversion efficiency, growth and sensitivity to temperature extremes (Kunz et al., 2016, 

Melzner et al., 2009a, Michael et al., 2016a). In contrast, increased MO2 (10% at non-critical 

temperatures) and reduced growth (20%) indicate substantial energetic trade-offs associated 
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with OA compensation during embryonic and early larval development of Atlantic cod and 

Polar cod (Publication I-III). Since the amount of consumed resources (yolk) did not change 

in response to OA, these results support the idea that resource allocation follows a hierarchical 

order, where homeostasis functions receive priority over somatic growth (Wieser, 1995). 

Energetic and developmental trade-offs associated with OA-compensation have been 

demonstrated previously (Cattano et al., 2018), but it appears that in some cases the expected 

increase in energy demand is compensated or even overcompensated by increased food 

intake. For instance, higher energy demands can stimulate appetite and thereby feeding 

activity and growth if the fish are fed ad libitum (Munday et al., 2009b). Likewise, the results 

of a mesocosm experiment suggest that increased primary production (i.e. food availability) 

under OA conditions enhanced the survival chances of Atlantic herring larvae (Sswat et al., 

2018). On the other hand, experiments using different, carefully administered feeding 

scenarios revealed that sub-optimal food (energy) supply can exacerbate detrimental effects of 

OA on growth and survival (Murray et al., 2016, Gobler et al., 2018). One of these studies 

demonstrated high robustness of larvae to individual factors, while the combination of 

warming, OA and low food incurred severe deficits in terms of growth and survival (Gobler et 

al., 2018). Moreover, OA-related energy constraints may persist into adulthood, as evidenced 

by Murray et al. (2016) who reported a 6% decrease in body weight of juvenile Minidia 

minidia after 135 days of exposure. Compensatory responses to OA may also affect processes 

related to neuronal signaling, with potential implications for cognitive and sensory 

performances (Esbaugh, 2017). For instance, elevated bicarbonate concentrations required to 

correct extra- and intracellular pH may affect neurotransmitter functions (Nilsson et al., 

2012), thereby compromising olfaction, vision and behavioral patterns like feeding and 

predator avoidance (Munday et al., 2010).  

In view of the links between energy provisioning, ion homeostasis and temperature-dependent 

performances like development, growth, behavior and activity, it can be expected that 

energetic and neural (sub-lethal) constraints associated with OA have the potential to affect 

the fitness of fish early-life stages, especially in warming seas (Publication I-III, Appendix 

Publication II, Baumann, 2019). In particular, climate projections linked with thermal 

tolerance thresholds of spawners and embryos indicate that with unabated greenhouse gas 

emissions, many fish species have to change the seasonality, latitude and/or depth of 

spawning in order to track their thermal optimum for reproduction (Publication III-IV). 

However, the spawning grounds of species or populations are often limited to regions with 

specific hydrographic features (e.g. topography, upwelling, eddies, transport currents) that 
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maximize the chances of eggs and larvae being retained in, or dispersed to, suitable nursery 

areas i.e. habitat connectivity (Ciannelli et al., 2015). In a warming scenario, alternative 

spawning grounds, for example at higher latitudes, may be more suitable in terms of 

temperature, but less favorable in terms of habitat connectivity, which increases the 

probability of advective losses and spatiotemporal mismatches between larvae and their 

preferred prey items (Houde, 2008). Smaller temperature ranges and higher energetic loads 

due to additional effects of OA (Publication I-III) are likely to intensify geographic and 

trophodynamic constraints on spawning habitat availability, thereby increasing the risk of 

reproductive failure and population decline under climate change (Publication III). 

4.3 Global patterns of thermal physiology and climate change vulnerability 

Although it is well known that central aspects of thermal physiology change during the 

lifecycle of teleost fish (Brett, 1956, Pörtner and Farrell, 2008, Pörtner and Peck, 2010, 

Rombough, 1997), there has been no comprehensive meta-analysis that integrated 

observations of metabolic thermal responsiveness and thermal tolerance across life stages and 

geographic regions. As such, the results presented in Publication IV support and extent 

several macrophysiological hypotheses that have been developed over recent decades, 

including an inverse relationship between thermal responsiveness and thermal tolerance 

(Pörtner, 2002, Pörtner et al., 2000), the concepts of evolutionary temperature compensation 

(Clarke, 2003) and metabolic cold adaptation (Wohlschlag, 1960), and the climate variability 

hypothesis (Janzen, 1967). Moreover, experimental and meta-analytical results identify 

narrow tolerance ranges of spawners and embryos as critical lifecycle bottlenecks 

(Publication I-IV) and provide novel information with respect to the potential impact of 

different climate change scenarios (Publication III-IV), indicating that unabated warming and 

OA could affect the reproduction of many marine and freshwater fishes (Publication III-IV 

and Appendix Publication II). 

Functional trade-offs associated with the ecology, lifestyle and ontogeny of locally adapted 

species may require specialization on limited temperature ranges (Pörtner, 2001; 2002, 

Clarke, 2003). Fish embryos are reported to convert 60−90% of their energetic resources 

(yolk) into somatic tissue, while the production efficiency of adults is usually 30% or less 

(Rombough, 2011). The mechanistic basis of high embryonic efficiency is not entirely clear, 

but it is plausible to assume that high thermal responsiveness (and consequently reduced 

thermal tolerance, see Section 4.1) represents a trade-off associated with energetic 

optimizations (Publication IV, Pörtner, 2002). A corresponding trade-off between metabolic 
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efficiency and thermal responsiveness has been proposed for Antarctic ice fishes and bivalves. 

In these animals, elevated activation energies of rate-limiting enzymes (e.g., isocitrate 

dehydrogenase) are suggested to reduce the metabolic costs of cold-adaptation (e.g., 

maintenance of high mitochondrial densities) at the expense of high metabolic thermal 

responsiveness and a relatively narrow range of thermal tolerance i.e., stenothermality. 

Interestingly, many tropical (heat-adapted) fishes exhibit a similar degree of metabolic 

thermal responsiveness and stenothermality as embryos and Antarctic (polar) species 

(Publication IV). Accordingly, the presented results suggest that high metabolic thermal 

responsiveness and narrow tolerance ranges reflect the degree of physiological specialization 

required to achieve high developmental efficiency and energy homeostasis under extreme (but 

stable) temperature conditions (Publication IV, Pörtner, 2002, Pörtner et al., 2000). The extent 

of increased thermal responsiveness of embryos (mean Ea of ~0.9 eV) and species inhabiting 

polar and tropical regions implies that in these cases the effects of global warming on 

individual energy requirements and the timing of ecological events, including larval 

emergence and predator-prey dynamics will be more severe than predicted by the Metabolic 

Theory of Ecology (Ea of 0.65 eV) (Brown et al., 2004, Gillooly et al., 2001). For example, 

an ecological model using the canonical value of 0.65 eV (Brown et al., 2004) would 

underestimate the change in development time of Atlantic cod embryos (0.92 eV) and 

associated probability functions (e.g., predation mortality) due to a temperature increase of 3 

°C by more than 80% (Publication IV, Supplementary Fig S7). 

The concept of evolutionary temperature compensation predicts that organisms inhabiting 

different latitudes (e.g., polar vs tropical species) have similar (mass-corrected) metabolic 

rates at their respective habitat temperature (Clarke, 2003). However, lifestyle differences 

may cause variation in metabolic rates in any thermal habitat, making it difficult to assess the 

actual extent of temperature compensation among phylogenetically distinct species. Indeed, a 

seminal study published 20 years ago (Clarke and Johnston, 1999) reported that the extent of 

temperature compensation among adult fish is rather low. By incorporating recently published 

datasets, including several studies on Antarctic and tropical species and different life stages 

the results presented in Publication IV suggest that the extent of temperature compensation is 

greater than previously known and more pronounced in larvae and adults than in embryos. 

The response pattern of larval MO2 is remarkably similar to the classic example of 

temperature compensation in lactate dehydrogenase activity of adult fish inhabiting polar, 

temperate and tropical waters (Fig. 4.4, A and B). This picture seems plausible because fish 

larvae of different species have a very similar (pelagic) lifestyle, which is characterized by 
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high activity, fast growth, extremely high mortality and thus potentially large survival benefits 

from compensatory mechanisms (e.g. regulation of membrane fluidity) that optimize 

performance at ambient water temperatures. Another intriguing observation is that metabolic 

rates of adult Antarctic Notothenoids at 0°C are only 30% lower than those of tropical reef 

fishes at 30°C, but 5 to 10 times higher when compared to the extrapolated value of reef 

fishes at 0°C (Fig. 4.4, C). This pattern corresponds well with the concept of metabolic cold 

adaptation (MCA), which states that cold-adapted organisms have higher basal energy 

demands and thus metabolic rates due to higher mitochondrial densities and enzyme 

concentrations required to operate at low temperatures (Gaston et al., 2009). Notably, the 

degree of MCA may be more pronounced in seasonally cold-adapted (e.g. sub-polar) species 

than in permanently cold-adapted (e.g., high Antarctic) species, because the latter have 

minimized their energy demands in part through modified enzyme kinetics (as discussed 

above). However, the observed pattern implies that these mechanisms are not fully sufficient 

to offset the apparent costs of adaptation to permanently frigid (sub-zero) water temperatures. 

The lack of temperature compensation in embryos may reflect their limited capacity for 

membrane remodeling (Buddington et al., 1993), which is also expected to narrow the 

temperature range of aerobic thermal performance both at the mitochondrial and whole-

organism level (see Section 4.2). 
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Figure 4.4 Examples of evolutionary temperature compensation and metabolic cold adaptation. (A 

and B) Evolutionary temperature compensation in (A) larval metabolism (Publication IV) and (B) 

Michaelis-Menten constant (Km) of pyruvate for A4 lactate dehydrogenase (LDH) (extracted from 

Somero, 1995) is reflected by interspecific temperature-rate response (colored lines) having a 

shallower slope (smaller Ea) than intraspecific responses (black lines). (C) In line with the theory of 

metabolic cold adaptation, mass-corrected metabolic rates of Antarctic icefishes (Nototheniidae n = 4 

species, purple) at their habitat temperature (-2 to 2°C) are on average 5 to 10-fold higher compared to 

the extrapolated value of reef fishes (Pomacentridae, 4 species, dark green and Apogonidae, 2 species, 

light green; data taken from Publication IV). 

Previous meta-analyses provide extensive evidence that the thermal tolerance ranges of 

aquatic and terrestrial ectotherms increase according to local temperature variability, for 

example from polar and tropical to temperate regions (Sunday et al., 2019). However, 

evidence for the climate variability hypothesis almost exclusively comes from studies of adult 

life stages. As an extension, the results of Publication IV show decreasing tolerance ranges of 

spawners and embryos towards high and low latitudes, indicating that the climate variability 

hypothesis applies to the entire lifecycle of teleost fish. This observation is particularly 

worrying as high-latitude (especially Arctic) regions are expected to warm and acidify much 

faster than the global average and many populations in the tropics may already exist close to 

their upper temperature limit (Pinsky et al., 2019, Sunday et al., 2019). An estimate based on 

worst-case global warming projections by 2100 shows that about 50% of the 

species/populations considered in Publication IV may be confronted with water temperatures 

exceeding the upper temperature threshold of spawners and/or embryos. Since the rate of 

warming is expected to be too fast for evolutionary rescue (Comte and Olden, 2017), these 
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species/populations may have to shift their spawning activity to higher latitudes, greater 

depths and/or other seasons to avoid extinction. In other words, the work of this thesis 

identifies the magnitude of global warming by the end of this century due to unabated 

greenhouse gas emissions (RCP8.5) as a major threat to the persistence of many marine and 

freshwater fishes. A positive result is, however, that impact risks are minimized if global 

warming is limited to approximately 1.5°C above preindustrial times (RCP2.6), as agreed by 

185 members of the United Nations Framework Convention on Climate Change (UNFCCC) 

in Paris 2015 (IPCC, 2018). 

Although global risks assessments are important to raise societal and political awareness 

about climate change, these approaches often lack sufficient resolution required for the 

development of effective conservation measures (Pacifici et al., 2015). For instance, the 

implementation of marine protected areas requires information of where and when 

populations might spawn in the future (Pinsky et al., 2018). The niche model presented in 

Publication III is the first of its kind that incorporated the effects of OA on embryonic thermal 

tolerance in order to make spatially explicit scenario projections of spawning habitat 

suitability for key fish species in the northern Northeast Atlantic. These model projections 

suggest that due to unabated warming and OA (RCP8.5) both Atlantic cod and Polar cod will 

very likely lose some of their most important spawning habitats by the end of this century 

(Fig. 4.5, A & B), possibly affecting not only one of the world’s most profitable fisheries 

(Atlantic cod), but also an array of species (e.g., birds, seals and whales) for which Polar cod 

is the most important food resource (Christiansen, 2017). However, the study also identified 

alternative spawning habitats at higher latitudes that may be more suitable in terms of 

temperature (see arrows in Fig. 4.5, A & B) and food availability, as indicated by the 

projected increase in primary productivity (Fig. 4.5, C). These potential refuge areas should 

be taken into account when designating marine protected areas in the Arctic. In line with the 

global risk assessment (Publication IV), the results of Publication III suggest that emission 

cuts following RCP2.6 support largely unchanged habitat suitability for both species. Thus, 

the results presented in this thesis imply large benefits with respect to global biodiversity and 

fisheries from meeting the 1.5°C target.  
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Figure 3.5 Change in spawning habitat suitability of (A) Atlantic cod and (B) Polar cod under RCP8.5 

(unabated ocean warming and acidification). Maps show the shift in potential egg survival between the 

baseline period (1985–2004) and the median of CMIP5 multimodel-based projections for this 

century’s end (2081–2100). Black shading indicates areas (cells, 1° × 1°) with high uncertainty. 

Dotted magenta lines represent the sea-ice edge positions of the respective spawning seasons. Colored 

arrows in A and B point towards potential refuge habitats (adopted from Publication III). (C) Colors 

indicate the projected (CMIP5) change in spring-bloom primary productivity (production of organic 

carbon by all types of phytoplankton) under RCP8.5 by the end of this century (2050-2099, April-

June) compared to the reference period (1956-2005). Primary productivity data were retrieved from 

NOAA’s Climate Change Web Portal (Scott et al., 2016).  

The potential benefits of more ambitious climate change policy also emerge in view of 

ecological changes caused by recent warming. For example, a northeastward expansion of 

Atlantic mackerel (Scomber scombrus) by more than 500 km in response to ~1.0°C warming 

over the past 20 years (Berge et al., 2015) caused a serious political conflict over the size and 

allocation of fishing quotas between the EU, Iceland, Norway and the Faroe Islands (Spijkers 
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and Boonstra, 2017). In the Barents Sea, rising water temperature and sea-ice loss have been 

associated with polar fishes being replaced by incoming boreal species – a phenomenon 

termed “borealization” (Fossheim et al., 2015). Most of these boreal species are predatory 

fishes of commercial relevance (Haug et al., 2017). Their increasing abundance in the Arctic 

modifies local food webs with as yet unknown consequences for native species (Frainer et al., 

2017). The expansion of commercial species into the High-Arctic also entails the risk that 

pristine and highly sensitive ecosystems are disrupted by industrial fishing activities 

(Christiansen et al., 2014). In 2017, several nations, including the EU, USA, Russia and 

China, agreed on excluding industrial fisheries from the Central Arctic Ocean for at least 16 

years (Haug et al., 2017). This temporal ban is intended to provide researchers with enough 

time to collect data and develop management plans before fishing becomes widespread in this 

region. The results of Publication III may contribute in this regard through the identification 

of both risk-minimizing emission pathways and potential refuge habitats (Fig. 4.5) for two 

important members of the northern high-latitude fish community. 

Future studies may provide more detailed projections that consider not only the tolerance 

limits of focal life stages, but also their energy budgets and interactions with prey and 

predators under the influence of multiple climate change drivers (Koenigstein et al., 2016). 

For instance, temperature changes modify the timing of maturation processes, development 

rates, activity levels and energy requirements before critical thresholds are reached (Pörtner 

and Peck, 2010); and OA can aggravate energy constraints imposed by unfavorable 

temperatures (Publication I-III, Flynn et al., 2015). Theses sublethal responses are likely to 

have implications for individual performances (e.g., growth, reproductive output), the timing 

of ecological events and species interactions, including match-mismatch dynamics and 

dispersal trajectories all of which influence habitat suitability and the competitive success of 

populations or species within an ecosystem (Houde, 2008). The relative success of coexisting 

(competing) species with overlapping thermal windows may largely depend on these sublethal 

thresholds (Pörtner and Farrell, 2008), while thermal limits and sensitivity to additional 

factors like OA and hypoxia are expected to determine distributional limits and thus 

extinction risk for species in the face of climate change (Pörtner et al., 2014). Ontogenetic 

changes in thermal physiology and OA resilience described in this work may help building a 

mechanistic framework to integrate hierarchical tolerance thresholds and lifecycle ecology 

into existing modelling approaches (Koenigstein et al., 2016, Teal et al., 2018). Ideally, such 

models would consider potentially interactive effects of temperature, CO2 and hypoxia on 

population productivity (e.g. Appendix Publication II) and distribution. 
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4.4 Concluding remarks and perspectives 

The results of this thesis demonstrate that ontogenetic changes in aerobic and ion-homeostatic 

capacity play a central role in defining tolerance limits and lifecycle bottlenecks with respect 

to temperature, OA and probably other abiotic factors. Early embryos and spawners of 

tropical and polar species are most vulnerable, and it is very likely that unabated warming and 

OA will pose a serious threat to the long-term persistence of many fish populations 

worldwide. Limiting global warming to 1.5°C above preindustrial may avert the most 

detrimental impacts, but current emission trajectories offer a 1% chance of achieving this goal 

(Raftery et al., 2017). I therefore proposed to implement pro-active strategies such as 

identification and protection of essential habitats and refuge areas, while intensifying global 

efforts to substantially reduce greenhouse gas emissions. 

Besides novel insights into the climate change vulnerability of teleost fish, the work of this 

thesis emphasizes the suitability of cod eggs (embryos) as a marine ecophysiological model 

system. Practical properties include a transparent appearance, energetic independence, a lack 

of behavior and the loss of buoyancy after death, which facilitates relatively precise 

measurements of stage-specific mortality (tolerance), whole-animal metabolic performance 

and energy allocation. For example, changes in oxygen consumption of only 5% due to OA 

could be demonstrated with high statistical significance (Publication II-III). Future studies 

entering the field of embryo phenomics (Tills et al., 2018) may be able to adopt automated 

(high-throughput) measurement devices and artificial intelligence (AI) to produce and analyze 

data of previously unattained quality and quantity. In addition, a sequenced genome and the 

distribution of cod populations over vast gradients in temperature and latitude offer promising 

opportunities for combining physiological analyses and comparative developmental 

transcriptomics. Such an approach may not only provide further insights into the ontogeny of 

aerobic and homeostatic capacity, but also into the extent of genetic variation in thermal 

physiology and OA resilience within and among populations. As recently demonstrated by a 

study on bats (Razgour et al., 2019), habitat models that take this genetic variation in to 

account can inform about adaptation potential and therefore provide more comprehensive 

climate risk assessments.  
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Figure S1 Flow-through incubation system. (A) Elevated PCO2 levels were adjusted in seawater (set 

to 6.0° or 9.5°C) by infusion of 100% CO2 gas. Quick equilibration was achieved within the header 

tanks (150 L volume) by intense mixing (bubbling with pressurized air (white dots). (B) Seawater 

temperature and pH was monitored and recorded automatically within replicated incubators that 

contained no eggs to ensure that all incubators with eggs were technically identical and eggs were not 

damaged by the mounted sensors (black sensors: temperature, colored sensors according to treatment 

colors: pH, for temperature and pH values). (C) Aerated upwelling incubators (25 L volume) were 

equipped with an inflow valve to control upwelling flow rate in the incubators and an outlet valve to 

drain dead eggs into a calibrated cylinder. Gentle circulation was achieved by the upwelling seawater 

and very fine air bubbles (white dots) entering from the bottom of the incubator. Note that the 

drawings may not reflect realistic size ratios. 
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Figure S2 (A−E) Antibody specificity for FOF1-ATP-Synthase, Na
+
/K

+
-ATPase (NKA), V-Type H

+
-

ATPase (VHA), NA
+
/HCO3

-
-cotransporter 1(NBC-1) and Na

+
/K

+
2Cl

-
-cotransporter 1(NKCC-1) in 

crude and fractionated samples (developmental stage SIV). Molecular weights expressed as kD are 

indicated by magenta lines and are based on pre-labeled protein standards (S). CE = crude extract, CF 

= cytosolic fraction, MF = membrane fraction. (F) Representative Slot Blot membrane (NKCC-1) with 

the standard dilution series framed in magenta. (G) Whole-mount confocal scans of larvae (stage SIV) 

treated with (left) and without (right: Blank) fluorescent antibodies. Blank images confirm minimal 

auto-fluorescence of different ion transporters. Scale bars are 1 mm.   
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Figure S3 Temperature modified the effect of elevated PCO2 on embryonic growth. (A) In a parallel 

study on Atlantic cod (Dahlke et al., 2018), the effects of elevated PCO2 (1100 µatm) on larval dry 

weight at hatch (proxy for embryonic growth) were assessed across a broad temperature range by 

using a different setup but the same egg batches (n = 6, same male/females crossings) as in the present 

study. The boxplots (following standard specifications) illustrate significant effects of elevated PCO2 

and temperature on larval dry weight at hatch (P <0.0001, (1)). Box plots are based on 36 to 120 

larvae (numbers on x-axis, 10 to 20 larvae per batch, n = 6 batches or 3 at 12°C). (B) The reduction in 

larval dry weight at hatch (± SEM, n = 6) due to elevated PCO2 decreased from ~35% at 0°C to ~15% 

at 9 and 12°C (LME, χ
2
 = 40.5, P < 0.0001). Different letters indicate significant differences between 

temperatures (Tukey’s posttest, P < 0.05). These results suggest that stimulating effects of warming on 

biochemical reaction rates (e.g., ion transport) can reduce additional energetic costs of CO2 

compensation (i.e., pH homeostasis). Outside the thermal optimum (3−6°C), however, these 

thermodynamic benefits are increasingly outweighed by higher energy demands for maintenance and 

repair functions (e.g., protein turnover), as indicated by an overall reduction in larval dry weight 

towards cold and warm extremes. 
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Figure S4 Correlation between in vitro ATPase activity and in vivo oxygen consumption rates of cod 

embryos and larvae reared at 6°C. Symbols indicate the fold-change in mean total ATPase activity 

(this study) and oxygen consumption rates (Finn et al., 1995) between the stages SII-SV relative to the 

blastula stage (SI). The same staging scheme was applied to both data sets (assuming synchronous 

development) given that in both experiments, hatching and yolk sack absorption occurred at 16 and 24 

days post fertilization, respectively. The correlation between the change in ATPase activity and 

oxygen consumption  was explored by means of standardized major axis regression [SMA, R package 

smatr (Warton et al., 2012)], which is preferred to ordinary least-square fitting when both variables 

may contain measurement error (Warton et al., 2006). The fitted slope value (0.93, r
2
 = 0.94, P = 

0.0037) was not significantly different from 1 (P = 0.54, i.e. 1:1 correlation). The stippled magenta 

line indicates a slope = 1.  
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Table S1. Seawater temperature and pH of the different treatments were recorded automatically every 

30 minutes and checked manually once a day. Mean PCO2 values (± standard deviation, SD) were 

determined in n = 3 subsamples. 

Nominal 

treatment 

  Temperature (°C) 

 

pH   
PCO2 (µatm, 

±SD)  Automatic Manual 

 

Automatic (NBS) Manual (free scale) 

 
 Mean  Range Mean  Range 

 

Mean  Range Mean  Range 

 
6.0 °C,  

400 µatm  
6.15 5.8-6.4 6.09 5.95-6.2 

 8.12 7.93-8.25 8.10 8.08-8.13 
 

380(7) 

 
 

 
6.0 °C,  

1100 µatm  
 7.74 7.50-7.89 7.72 7.70-7.74 

 
1132(49) 

 
 

 
9.5 °C,  

400 µatm  

9.63 9.4-9.8 9.54 9.38-9.70 

 
8.13 7.91-8.25 8.12 8.08-8.16 

 
468(18) 

   
9.5 °C,  

1100 µatm   
7.73 7.55-7.91 7.73 7.63-7.78 

 
1149(4) 
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Table S2. Egg batch volume (ml), egg diameter (mm), female and males length/weight (cm/kg) and 

fertilization success (± standard deviation, SD) of each egg batch at ambient temperature (6°C) and 

two different PCO2 conditions. Differences in fertilization success between CO2 treatments were not 

significant (Linear mixed-effect model, P = 0.175). 

Egg 

batch  

Batch 

volume 

(ml) 

Egg 

diameter 

(mm) 

Female  

(cm/kg) 

Male 1  

(cm/kg) 

Male 2  

(cm/kg) 

Fertilization success 

400 µatm CO2 SD 1100 µatm CO2 SD 

1 400 1.43 84/5.8 65/2.8 74/3.2 91.3 3.3 87.9 1.4 

2 220 1.56 94/8.7 61/2.4 78/3.4 65.6 4.5 63.1 2.0 

3 240 1.47 74/4.9 62/2.6 69/2.8 96.4 2.0 96.3 4.1 

4 200 1.44 66/3.8 87/4.9 59/2.3 90.1 2.7 88.1 2.4 

5 280 1.47 81/5.4 77/3.8 91/5.8 94.2 3.4 92.1 2.9 

6 520 1.49 89/7.9 71/3.4 65/2.8 92.9 5.3 94.0 1.2 
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Table S4. Primary antibodies used for immunoblotting (IB) and immunohistochemical localization 

(IHC) of ion transport proteins in embryos and larvae of Atlantic cod. For validation of antibody 

specificity see figure S1. 

Antibody Abbreviation Description Origin Host IB IHC Provider 

Na
+
/K

+
-

ATPase 
NKA 

Raised against the 

avian α subunit (D. M 

Fambrough, John 

Hopkins University, 

Baltimore, MD) 

Chicken Mouse 1:200 1:300 

Developmental 

Studies 

Hybridoma Bank, 

University of 

Iowa, USA 

Mitochondrial 

F1F0-ATPase  
ATP-Synthase 

Raised against complex 

V (Anti-ATP5A) 
Cow Mouse 1:5000 1:300 

Abcam 

Antibodies, 

Cambridge, UK, 

serial number: 

ab14748 

V-type H
+
-

ATPase 
VHA 

Raised against the 

catalytic subunit of the 

peripheral V1 complex 

of vacuolar ATPase 

(Anti-ATP6V1A) 

Zebrafish Rabbit 1:200 1:300 

Abcam 

Antibodies, 

Cambridge, UK, 

serial number: 

ab209832 

Na
+
HCO3

-
 -

cotransporter 

1 

NBC-1 

Designed against 

peptide sequence 

EKEPFLGDKSFDK,  

(3' region, Michael et 

al. 2016) 

Cod Rabbit 1:2000 1:300 

Michael, K., 

Lucassen, M. 

Alfred Wegener 

Institute, 

Helmholtz Centre 

for Polar and 

Marine Research, 

Bremerhaven, 

Germany 

Na
+
/K

+
/Cl

-
 -

cotransporter 

1 

NKCC-1 

Designed against the C-

terminus (MET-902 to 

SER-1212) of human 

colonic crypt, clone T4 

Human Mouse 1:200 1:300 

Developmental 

Studies 

Hybridoma Bank, 

University of 

Iowa, USA 
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Table S4 Statistical analyses derived from generalized linear mixed-effect models (GLMM), linear 

mixed-effect model (LME), analysis of covariance (ANCOVA) and analysis of variance ANOVA. In 

all GLMMs and LMEs (see main text for details on statistical analysis). All analyses are based on n = 

6 biological replicates (egg batches) per treatment. Only significant interactions between fixed factors 

are presented. DF = Degrees of Freedom. Age = days post fertilization, T = temperature, TA = Total 

ATPase, NKA = Na
+
/K

+
-ATPase, VHA = V-Type H

+
-ATPase, NBC-1 = Na

+
/HCO3

-
 cotransporter 1, 

NKCC-1 = Na
+
/K

+
2Cl

-
cotransporter 1. 

Response Treatment DF F-value P-value 

Fig. 2A, B (GLMM) Fig. 2C (LME for total mortality) 

Daily mortality 

Age 24 245.5 < 0.001 

T 1 23.6 < 0.001 

PCO2 1 8.4 < 0.001 

T * PCO2 1 22.9 < 0.001 

Age * T * PCO2 24 7.4 0.0256 

Total mortality 

T 1 32.8 < 0.001 

PCO2 1 11.4 0.0042 

T * PCO2 1 7.7 0.0143 

Fig. 3A, B (GLMM for enzyme activity) 

TA 

Stage 4 481.5 <0.001 

T 1 256.7 <0.001 

PCO2 1 2.2 0.1451 

Stage * T 4 48 <0.001 

NKA 

Stage 4 384.1 <0.001 

T 1 72.1 <0.001 

PCO2 1 5.6 0.0208 

Stage * T 4 17.7 <0.001 

VHA 

Stage 4 355.3 <0.001 

T 1 92.1 <0.001 

PCO2 1 26.9 <0.001 

Stage * T 4 20.7 <0.001 

Stage * PCO2 4 4.8 0.0016 

ATP-Synthase 

Stage 4 479.6 <0.001 

T 1 85.4 <0.001 

PCO2 1 12.7 <0.001 

Stage * T 4 18 <0.001 

Stage * PCO2 4 2.9 0.0264 

Fig. 4A, B (GLMM for protein expression) 

NKA 

Stage 4 102.89 <0.001 

T 1 4.03 0.0471 

PCO2 1 0.02 0.8889 

ATP-Synthase 

Stage 4 131.53 <0.001 

T 1 11.97 <0.001 

PCO2 1 1.17 0.2085 

 

Table S4 Continued 
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Response Treatment df F-value P-value 

Figure 4C, D (GLMM for protein expression) 

NKCC-1 

Stage 4 94.05 <0.001 

T 1 5.61 0.0196 

PCO2 1 0.001 0.9286 

NBC-1 

Stage 4 187.95 <0.001 

T 1 7.84 0.006 

PCO2 1 0.06 0.8139 

Figure 4E (ANCOVA, ATP-Synthase vs NKA, NBC-1 and NKCC-1 expression) 

NKA 
T 1 0.04 0.873 

PCO2 1 0.3 0.735 

NBC-1 
T 1 0.1 0.961 

PCO2 1 0.3 0.678 

NKCC-1 T 1 0.02 0.832 

  PCO2 1 1.3 0.356 

Figure 4F, G, (GLMM for enzyme activity) 

NKA T (Acclimation) 1 0.23 0.896 

ATP-Synthase T (Acclimation) 1 0.18 0.932 

Figure 4H, I (LME for activity-to-expression ratios) 

NKA 
Stage 3 30.6 <0.001 

T 1 47.8 <0.001 

ATP-Synthase 
Stage 4 98.3 <0.001 

T 1 78.3 <0.001 

 

Supplementary references  

DAHLKE, F. T., BUTZIN, M., NAHRGANG, J., PUVANENDRAN, V., MORTENSEN, A., PORTNER, H. O. 

& STORCH, D. 2018. Northern cod species face spawning habitat losses if global warming exceeds 1.5 

degrees C. Science Advances, 4. 

FINN, R. N., FYHN, H. J. & EVJEN, M. S. 1995. Physiological energetics of developing embryos and yolk-sac 

larvae of Atlantic cod (Gadus morhua) .1. Respiration and nitrogen metabolism. Marine Biology, 124, 

355-369. 

WARTON, D. I., DUURSMA, R. A., FALSTER, D. S., TASKINEN, S. & EVOLUTION 2012. smatr 3–an R 

package for estimation and inference about allometric lines. Methods in Ecology, 3, 257-259. 

WARTON, D. I., WRIGHT, I. J., FALSTER, D. S. & WESTOBY, M. 2006. Bivariate line-fitting methods for 

allometry. Biological Reviews, 81, 259-291 
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5.2 Supplement of Publication II 

Effects of ocean acidification increase embryonic sensitivity to thermal 

extremes in Atlantic cod, Gadus morhua. 

Flemming T. Dahlke, Elettra Leo, Felix C. Mark, Hans-Otto Pörtner, Ulf Bickmeyer, Stephan 

Frickenhaus, and Daniela Storch 

Supplementar Figure S1-S4 

Supplementary Table S1-S2 
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Figure S1 Seawater parameters measured during cod egg incubation. (a) Incubation temperature was 

measured automatically every 30 min within different tempered seawater baths (0, 3, 6, 9, and 12 °C). 

(b) Partial pressures of dissolved carbon dioxide (PCO2) were measured in situ in air equilibrated with 

dissolved water gases every third day. (c) Daily measurements of seawater-pHNBS were calibrated 

against tempered Tris-HCl seawater buffers and adjusted according to the total hydrogen ion 

concentration scale (pHF). 
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Figure S2 Representative examples for typical larval deformities. Arrows depict severe (a) 

notochordal curvature (lordosis), (b) yolk sac aberration and (c) cranial deformation. 

 

 

Figure S3 Temperature-dependent development rates of cod embryos exposed to different PCO2 

conditions. Developmental times until stage 17 (ii, end of gastrulation), stage 22 (iii, 50% eye 

pigmentation) and peak-hatch (iv) were described by three parameter exponential decay models: D = y 

+ a * exp
(-b * T)

; where D is the duration (days post fertilisation) until certain developmental landmarks, 

y, a and b are estimated parameters and T the incubation temperature (°C). Lines are predicted 

relationships (black solid line: 400 µatm; red dotted line: 1100 µatm).  
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Figure S4 Larval standard length (a) and yolk sac area (b) of newly hatched cod larvae as a function 

of temperature and different PCO2 conditions. Symbols are slightly offset for visual clarity. Data are 

means (± s.e.m.) derived from ANCOVA analysis. Pictures indicate the type of morphological 

measurement. 
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5.3 Supplement of Publication III 

Northern cod species face spawning habitat losses if global warming 

exceeds 1.5°C 

Flemming T. Dahlke
1
, Martin Butzin, Jasmine Nahrgang, Velmurugu Puvanendran; Atle 

Mortensen, Hans-Otto Pörtner & Daniela Storch
* 

Supplementary Figures S1-S6 

Supplementary Tables S1-S4 
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Figure S1 Thermal niches of adult Atlantic cod and Polar cod. A, Year-round temperature preferences 

of adult Atlantic cod and Polar cod span a wider temperatures range than during the spawning season. 

Data are based on field observations across the species’ geographical range (5, 11, 12, 41). B, 

Normalized egg survival data (round blue symbols) determined in this study (Barents Sea population) 

are shown in relation to temperature preferences of different (adult) cod populations during the 

spawning season (histogram bars, left y-axis, data are based on N = 13 populations (11)). Dotted lines 

indicate year-round temperature preferences of cod populations (N = 8, only Northeast Atlantic) 

inferred from data storage tags (41). The latitudinal positions of the tagged populations are given on 

the right y-axis. 
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Figure S2 Treatment effects on larval morphometrics at hatch. A-F Temperature effects on standard 

length (A, D), yolk-free body area (B, E) and yolk sac area (C, F) of Atlantic cod (A-C) and Polar cod 

(D-F) are displayed as Box plots (boxes overlaid with individual values show the 25th, 50th and 75th 

percentile; whiskers mark 95% confidence intervals, CO2 treatments were pooled). G-L Effects of 

elevated PCO2 on standard length (G, J), yolk-free body area (H, K) and yolk sac area (I, L) of 

Atlantic cod (G-I) and Polar cod (J-L) are displayed as cumulative frequency plots (shadings are 95% 

confidence intervals, temperature treatments were pooled). 
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Figure S3. Water quality measurements. A-B, Continuous temperature recordings in (A) Atlantic cod 

and (B) Polar cod trials at various temperatures. Recordings were stopped after hatching was 

completed. C-F, Daily measurements of seawater pHF and PCO2 during the Atlantic cod (C, E) and 

Polar cod (D, F) trials at various temperatures (see top panel for color code). Numbers in parentheses 

are mean seawater pH and PCO2 values, respectively.  
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Figure S4. Effects of temperature and PCO2 on daily mortality rates of Atlantic cod and Polar cod. A, 

Atlantic cod:  The initial mortality-peak (0-48 hours post fertilization) was dominated by unfertilized 

eggs and was not affected by the treatment. Differences between temperature and PCO2 treatments 

arose primarily between day-2 post fertilization and the end of the gastrulation period (until closure of 

the blastopore, blue arrow and left image) resulting in differences seen in egg survival at hatching 

(Fig. 3). MO2 measurements (Fig. 2A) were conducted at 50% eye pigmentation (green arrow and 

right image). B, Polar cod: Unfertilized eggs died within the first 5 days post fertilization. In Polar 

cod, temperature- and PCO2-related mortality was increased not only between day-2 post fertilization 

and the end of the gastrulation (blue arrows and left image), but also prior to the onset of 

cardiovascular activity (red arrows), resulting in larger decreases of egg survival under CO2 at 

hatching compared to Atlantic cod (Fig. 3A & B). MO2 measurements (Fig. 2B) were conducted at 

50% eye pigmentation (green arrow and image). Note different y-axes between species.  
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Figure S5. Temperature- and PCO2-related proportion of (A) Atlantic cod and (B) Polar cod larvae: 

(1) hatched from fertilized eggs (2) hatched malformed and the corresponding (3) egg survival 

(indicates the percentage of non-malformed larvae that hatched from fertilized eggs. Fig. 3). Statistical 

analyses on “hatching” and “larval malformation” are given in table S1. 
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Figure S6. A, Thermal performance curves (lines, TPCs) based on normalized egg survival data were 

fitted by using GAMs and linked with observed/projected mean water temperatures of the spawning 

seasons to map the maximum potential egg survival for Atlantic cod and Polar cod (shown in Fig. 4 

and 5 of the main text). TPCs were extrapolated (dotted lines) into subzero temperatures by 

augmenting observed data with artificial zero values (blue symbols), which reflect the species-specific 

freezing tolerance limit taken from literature. B-D, Change in North Atlantic sea surface pH by the end 

of this century under different Representative Concentration Pathways (RCPs): B, RCP8.5, C, RCP4.5 

and D, RCP2.6, respectively. E-L, Mean water temperature profiles during the spawning season used 

to estimate the maximum potential egg survival of Atlantic cod (left, E-H) and Polar cod (right, I-L) 

in the Nordic Seas under different climate scenarios. E, I, Baseline scenarios (main text Fig. 4) employ 

World Ocean Atlas 2013 data. F-L, Future scenarios (main text Fig. 5) are based on CMIP5 multi-

model projections under different RPCs. F, J, RCP8.5. G, K, RCP4.5. H, L, RCP2.6. 
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Table S1. Summary table for statistical analyses conducted on data presented in Figure 2 & 3 of the 

main text as well as in figure S1 and S5. Morphometric parameters of Polar cod were tested across 4 

temperatures (0-4.5 °C, yolk-free body area, total body area, standard length and yolk sac area) or 3 

temperatures (0-3 °C, dry weight) due to low sample size at higher temperatures (reduced degrees of 

freedom are given in parentheses). 

Response Factor df 

Atlantic cod 

 

Polar cod 

F P  F P 
  

MO2 

Temperature 4 283,53 <0.0001 

 

110,15 <0.0001 

PCO2 1 2,56 0,1175 

 

7,67 <0.0001 

T X PCO2 4 9,91 <0.0001 

 

3,08 0,0264 

Yolk-free body 

area at hatch 

Temperature 4 20,5 <0.0001 

 

50,4 <0.0001 

PCO2 1 58,15 <0.0001 

 

68,8 <0.0001 

T X PCO2 4 1,18 0,3306 

 

0,54 0,6559 

Total body area at 

hatch 

Temperature 4 4,33 0,006 

 

2,09 0,1427 

PCO2 1 25,38 <0.0001 

 

74,38 <0.0001 

T X PCO2 4 1,936 0,1262 

 

2,73 0,0832 

Larval dry weight 

at hatch 

Temperature 4(2) 3,91 0,0083 

 

3,25 0,0535 

PCO2 1 42,64 <0.0001 

 

92,59 <0.0001 

T X PCO2 4(2) 0,8 0,5294 

 

0,38 0,6846 

Time to peak hatch 

Temperature 4 4.927,62 <0.0001 

 

1.974,93 <0.0001 

PCO2 1 1,07 0,307 

 

0,13 0,7238 

T X PCO2 4 0,11 0,9794 

 

0,35 0,8454 

Egg survival 

Temperature 4 124,15 <0.0001 

 

40,11 <0.0001 

PCO2 1 23,3 <0.0001 

 

16,24 <0.0001 

T X PCO2 4 2,11 0,0954 

 

1,08 0,3783 

Additional results relating to figure S5 

Response Factor df 

Atlantic cod 

 

Polar cod 

F P  F P 
  

Hatching 

Temperature 4 115 <0.0001 

 

38,25 <0.0001 

PCO2 1 10,22 0,0024 

 

14,82 <0.0001 

T X PCO2 4 1,01 0,411 

 

0,63 0,6417 

Larval deformation 

Temperature 4 45,83 <0.0001 

 

43,32 <0.0001 

PCO2 1 12,5 <0.0001 

 

9,24 <0.0001 

T X PCO2 4 1,07 0,3846   1,55 0,2055 
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Table S2. Length and weight of female and male Atlantic cod and Polar cod used for strip spawning 

and artificial fertilization. 

Atlantic cod 

 

Polar cod 

Females Length (cm) Weigth (kg)   Length (cm) Weigth (kg) 

1 84 5.8 

 

20 0.045 

2 94 8.7 

 

20 0.048 

3 74 4.9 

 

23 0.055 

4 66 3.8 

 

21 0.054 

5 81 5.4 

 

20 0.054 

6 89 7.9 

 

21 0.056 

Males Length (cm) Weigth (kg) 

 

Length (cm) Weigth (kg) 

1 65 2.8 

 

18 0.038 

2 74 3.2 

 

16 0.031 

3 61 2.4 

 

20 0.042 

4 78 3.4 

 

17 0.028 

5 62 2.6 

 

16 0.027 

6 69 2.8 

 

13 0.014 

7 87 4.9 

 

12 0.013 

8 59 2.3 

 

18 0.029 

9 77 3.8 

 

16 0.028 

10 91 5.8 

 

16 0.026 

11 71 3.4 

 

18 0.03 

12 65 2.6 

 

19 0.035 

13 60 2.5       
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Table S3. Mean egg diameter and fertilization success of egg batches (± standard deviation, SD, n=3) 

produced by different females (n=6). Fertilization was conducted at ambient temperatures (Atlantic 

cod: 5 °C, Polar cod: 3 °C) under control (400 µatm) and elevated PCO2 (1100 µatm). Mean 

fertilization success between PCO2 treatments was not significantly different for Atlantic cod (two-

sided paired t-test: t = 2.193, P = 0.0798, n = 6) and Polar cod (two-sided paired t-test: t = -0.972, P = 

0.376, n = 6), respectively. 

Female 
Egg diameter Fertilization success (%) 

(mm) 400 µatm SD 1100 µatm SD 

Atlantic cod 

1 1.43 91.33 3.33 87.88 1.39 

2 1.56 65.57 4.52 63.08 1.96 

3 1.47 96.37 1.95 96.31 4.14 

4 1.44 90.1 2.73 88.15 2.43 

5 1.47 94.23 3.42 92.13 2.86 

6 1.49 92.94 5.29 94 1.19 

Polar cod 

1 1.7 49.49 0.87 48.52 1.7 

2 1.7 96.45 2.12 95.96 1.76 

3 1.6 50.57 1 52.6 3.39 

4 1.67 52.14 4.41 55.92 2.77 

5 1.63 96.79 2.78 96.53 2.12 

6 1.69 83.52 2.52 83.76 4.91 
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Table S4. List of CMIP5 models that met the requirements for this study (for details see material and 

methods “spawning habitat maps” in the main text). Model results were downloaded from the World 

Data Center for Climate in Hamburg, Germany (http://cera-

www.dkrz.de/WDCC/CMIP5/CeraData.jsp), always selecting output of ensemble member r1i1p1. 

Model Reference 

CanESM2 1 

GFDL-ESM2G 2, 3 

GFDL-ESM2M 2, 3 

IPSL-CM5A-LR 4 

IPSL-CM5A-MR 4 

MIROC-ESM 5 

MIROC-ESM-CHEM 5 

MPI-ESM-LR 6 

MPI-ESM-MR 6 

NorESM1-ME 7, 8 

 

References for CMIP5 models 

1  Arora VK, et al., Carbon emission limits required to satisfy future representative concentration pathways of 

greenhouse gases. Geophysical Research Letters, 38, L05805 (2011) 

2  Dunne JP et al., GFDL’s ESM2 Global coupled climate–carbon Earth System Models. Part I: Physical 

formulation and baseline simulation characteristics. Journal of Climate, 25, 6646–6665 (2012) 

3  Dunne JP, et al., GFDL’s ESM2 Global Coupled Climate–Carbon Earth System Models. Part II: Carbon 

System Formulation and Baseline Simulation Characteristics. Journal of Climate, 26, 2247–2267 

(2013) 

4  Dufresne JL, et al., Climate change projections using the IPSL-CM5 Earth System Model: from CMIP3 to 

CMIP5. Climate Dynamics, 40, 2123–2165 (2013) 

5  Watanabe S, et al., MIROC-ESM 2010: model description and basic results of CMIP5-20c3m experiments. 

Geoscientific Model Development, 4, 845–872 (2011) 

6  Giorgetta MA, et al., Climate and carbon cycle changes from 1850 to 2100 in MPI-ESM simulations for the 

Coupled Model Intercomparison Project phase 5. Journal of Advances in Modeling Earth Systems, 5, 

572–597 (2013) 

7  Bentsen M, et al., The Norwegian Earth System Model, NorESM1-M – Part 1: Description and basic 

evaluation of the physical climate. Geoscientific Model Development, 6, 687–720 (2013) 

8  Iversen T, et al., The Norwegian Earth System Model, NorESM1-M – Part 2: Open Climate response and 

scenario projections. Geoscientific Model Development, 6, 389–415 (2013) 
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Thermal bottlenecks in the lifecycle define climate vulnerability of fish 

Flemming T. Dahlke
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 and Hans-Otto Pörtner
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References (28-48) 
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Figure S1 Activation energies of larval and adult MO2 determined using different temperature 

acclimation procedures. Boxplots of intraspecific Ea values indicate median (black lines), 25
th
 to 70

th
 

percentile (boxes), 10
th
 and 90

th
 percentile (whiskers) and 5

th
 to 95

th
 percentiles (dots). Experiments 

with less than 5 days of acclimation were considered to represent “acute” responses (dark grey). The 

difference between acute and acclimated responses (> 5 days of acclimation, light grey) was not 

significant (two-sided t-test, t = 0.45, P = 0.610, n = 79).  

 

Figure S2 Arrhenius plot of embryo development (light blue) and embryo MO2 (dark blue) 

determined in different species (different symbols) of marine fish. The data (symbols) were generated 

in four experiments (24, 45, 46) using the same equipment and methodologies (e.g., MO2 was 

determined at the same developmental stage in each experiment). The regression slopes are 

statistically indistinguishable (general linear model: F1,28 = 1.4, P = 0.256), indicating that both 

responses exhibit the same temperature responsiveness. Regression parameters are given with ± 

standard error. 
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Figure S3 (A-D) Arrhenius plots of (A) embryo development (light blue), (B) embryo MO2 (dark 

blue), (C) larval MO2 (orange) and (D) adult MO2 (red). Intraspecific responses (black lines) and 

interspecific responses (colored lines) were fitted by ordinary least-square (OLS) regression, with 

slopes equivalent to activation energy (Ea in eV). Note that the y-axes have a common scale; the 

assumed Ea of 0.65 eV (21) is indicated by stippled lines for comparison. Development rates, larval 

MO2 and adult MO2 are mass-corrected and scaled to a body weight of 20mg, 100mg and 100g, 

respectively. No mass-correction was done for embryo MO2, assuming isometric scaling of weight-

specific MO2 during embryogenesis (40). (E) Boxplots of stage-intraspecific Ea values (corresponding 

to A-D) depict median (black lines), 25
th
 to 70

th
 percentiles (boxes), 10

th
 and 90

th
 percentiles 

(whiskers) and outliers (colored circles). Black dots are interspecific Ea values corresponding to 

colored regressions in A-D. The hypothesis of evolutionary temperature compensation (14) (as 

illustrated in Fig. 1 of the main text) is supported by lower interspecific than intraspecific Ea values 

for larval and adult MO2 (no overlap with 25
th
 to 75

th
 percentiles). Temperature compensation was not 

evident for embryo development/MO2 (overlap with 25
th
 to 75

th
 percentiles), possibly reflecting 

limited metabolic plasticity at this stage (5). 
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Figure S4 (A and B) Colored symbols indicate (A) lower temperature thresholds (TMin) and (B) 

temperature range midpoints (TMid) of spawners (grey, behavioral thresholds), embryos (blue, lethality 

tests), larvae (orange, lethality tests) and adults (red, lethality tests) as a function of absolute latitude 

(distribution range midpoint). Regression fits (black lines) with 95% confidence intervals (colored 

shadings) are based on generalized additive models (all p < 0.05). (A) The hashtag indicates that lower 

thresholds of adult Antarctic notothenoids (n = 3) were set to -3 °C according to their blood freezing 

temperature (26). (C) Colored symbols indicate means (± 95% confidence intervals) of different 

tolerance metrics estimated by linear mixed-effect models. Different letters indicate significant 

differences (least-square contrasts with Tuckey correction, p < 0.05). 
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Figure S5 (A) Upper temperature thresholds (TMax) of spawners estimated based on field observations 

(x-axes, behavioral threshold) and rearing experiments (y-axes). (A) Experimental estimates are 

sublethal temperatures at which negative effects on gonad development and/or subsequent offspring 

viability have been detected (37, 47). Field-based TMax are the maximum temperatures at which 

spawning and/or the presence of males/females at the final gonad maturation stage has been observed 

(during spawning or spawning migration). Open symbols indicate that field and experimental 

estimates of salmonid species are not based on the same population. The standardized major axes 

(SMA) regression (red line) indicates that the difference between field and experimental estimates of 

TMax (intercept of 1.54 °C, field < experimental) is constant across sub-arctic to tropical species (slope 

not different to 1, P = 0.911). The difference between the mean of field-based and experimental TMax 

(Δ1.42 °C) was marginally not significant (Wilcoxon Signed Rank Test, z-statistic = -1.98, P = 0.054, 

n = 11). (B) The standardized major axes (SMA) regression (red line) indicates that the difference 

(intercept of 1.14 °C, embryos > spawners) between species-specific midpoint temperatures (TMid) of 

embryos (y-axis, lethality tests) and spawners (x-axis, behavioral threshold) is constant across polar to 

tropical species (slope not different to 1, P = 0.647, n= 256). 
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Figure S7 Potential ecological consequences associated with different levels of embryonic thermal 

responsiveness in Atlantic cod. Solid lines indicate the change in development time (fertilization to 

hatching) as a function of temperature considering a theoretical Ea of 0.65 eV (21) (green line) and the 

empirical Ea of 0.92 eV (24) (blue line) for Atlantic cod embryos in the Barents Sea. The intercept of 

the theoretical response was adjusted so that both curves have the same intercept (development time, 

21.7 days) at the mean spawning temperature (4°C) of this population. The inlet shows the cumulative 

embryo survival over time according to an observed mortality rate (Z) of 0.17 per day (48). 

Considering the observed Ea (0.92 eV, blue), a tolerable temperature increase of 3 °C (4 to 7 °C) 

causes a decrease in development time of 7.6 days compared to 4.3 days with an Ea of 0.65 eV 

(green), as indicted by stippled lines. Accordingly, all other things being equal, metabolic theory (Ea 

of 0.65 eV) would underestimate the reduction in cod embryo development times due to a temperature 

increase of 3°C by the associated cumulative survival until hatch by ~80%.  
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Figure S7 Warming threshold ranges (RWarming) of marine spawners and embryos are lower compared 

freshwater species. Boxplots indicate mean (stipples lines), median (black lines), 25
th
 to 70

th
 percentile 

(boxes), 10
th
 and 90

th
 percentile (whiskers) and outliers (dots). The number of populations and species 

represented by each box are given by upper and lower numbers, respectively. Different letters indicate 

statistical differences among groups after accounting for phylogenetic independence and latitudinal 

positions of the populations/species (linear mixed-effect model followed by least-square posttest with 

Tuckey correction, p < 0.05).  
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Figure S8 Most populations considered in this study (64%) spawn between March and 

August. Information on spawning seasons was extracted from original publications or 

FishBase (www.fishbase.org). 
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