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ABSTRACT    

 

Abstract 

 
Anthropogenic CO2 emissions have already altered ocean chemistry, leading to lower 

carbonate saturation states, elevated seawater pCO2 and decreased pH. This scenario will 

even be enhanced in the future due to rising atmospheric CO2 levels. Recent studies 

suggested drastic impacts of increased seawater pCO2 values especially on the 

ecophysiological performance of calcifying organisms.  

In this study, whole-animal performance of the blue mussel, Mytilus edulis, from the 

Baltic Sea was related to rising pCO2 levels in order to predict physiological changes on the 

organism level in a future high CO2 world. Thus, cardiac performance and activity patterns 

were observed in adult specimens exposed to different pCO2 values (380 ppm [39 Pa; 

pH 8.0], 560 ppm [57 Pa; pH 7.9], 840 ppm [85 Pa; pH 7.8], 1120 ppm [114 Pa; pH 7.7], 

1400 ppm [142 Pa; pH 7.6] and 4000 ppm [405 Pa; pH 7.1]) for two weeks. 

The results revealed that heart rates and heart rate variability, as well as activity patterns 

were not significantly affected by CO2 levels applied in this study. The mean instantaneous 

heart rate (IHR) was determined using infrared light sensors (plethysmographs). 

Throughout the experiment, IHR fluctuated around a mean value of 12 beats per minute 

(BPM). There was also no change in the distribution of beat-to-beat intervals (heart rate 

variability, HRV). This study examined changes in the HRV by comparing different 

parameters, including parameters so far only used in humans, composed of mean, median, 

mode, range, skewness, kurtosis, coefficient of variation (CV), standard deviation of beat-

to-beat intervals (SDNN), standard deviation of differences between adjacent beat-to-beat 

intervals (SDdeltaNN) and root mean square successive differences (RMSSD). Valve and 

siphon activity was investigated using time lapse images recorded with a set of webcams. 

The valve and siphon diameter in percentage of their maximum opening per mussel varied 

around 57 % (Valve) and 46 % (Siphon). On average valve and siphon were open about 

50 % of the time even when exposed to CO2. Since the food was supplied at a continuous 

rate, cleared algal cells could be measured using a coulter counter. While mussels from all 

treatment groups <1400 ppm were able to clear a similar percentage of algae cells in their 

experimental aquaria (49 %), there was a drastic decline in filtration rate in the 4000 ppm 

treatment, where the mussels were able to remove only 3 % of the supplied algae cells.  

Field measurements carried out at the sampling site during the trial period revealed high 

pCO2 levels of up to 2345 ppm (238 Pa) and low pH values of even 7.4 at some days 

probably due to upwelling of undersaturated bottom water. Thus, animals are already 

confronted with extraordinarily high CO2 levels in their natural habitat. As they are 
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probably well adapted to a fluctuating carbonate system, this might partly explain why CO2 

levels in this study were not sufficient to trigger a response in cardiac performance and 

activity patterns. But on the longer term, inhibition of feeding at very high CO2 levels will 

probably lead to a concomitant decrease in heart rates and valve/siphon activity. Due to its 

low buffering capacity and observed corrosive upwelling events, critical pCO2 may be 

reached in the Baltic Sea in the future, if atmospheric carbon dioxide concentrations 

continue to rise as anticipated. 
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Zusammenfassung  

 
Anthropogene CO2 Emissionen haben bereits die chemischen Eigenschaften des Ozeans 

im Vergleich zu präindustriellen Werten verändert, so dass schon heute verringerte 

Sättigungsgrade, erhöhte CO2 Partialdrücke und erniedrigte pH Werte im Meerwasser 

festgestellt wurden. Ein fortschreitender Anstieg der atmosphärischen CO2 Konzentration 

wird dies in Zukunft sogar noch verstärken. Aktuelle Studien weisen darauf hin, dass 

steigende CO2 Partialdrücke im Meerwasser drastische Auswirkungen auf marine 

Lebewesen haben, insbesondere auf die Ökophysiologie von kalzifizierenden Organismen.  

Das Ziel dieser Arbeit war es physiologische Veränderungen auf der Organismus Ebene 

in einer zukünftigen CO2 reichen Umwelt zu simulieren. Dafür wurde an der Miesmuschel, 

Mytilus edulis, aus der Ostsee die Funktionalität des Organismus in Beziehung zu steigenden 

pCO2 Werten gesetzt. Aktivitätsmuster und die kardiologische Leistung adulter Tiere 

wurden über zwei Wochen bei verschiedenen pCO2 Werten (380 ppm [39 Pa; pH 8,0], 560 

ppm [57 Pa; pH 7,9], 840 ppm [85 Pa; pH 7,8], 1120 ppm [114 Pa; pH 7,7], 1400 ppm [142 

Pa; pH 7,6] und 4000 ppm [405 Pa; pH 7,1]) untersucht. 

Die Ergebnisse ließen erkennen, dass weder Herzraten und Herzratenvariabilität (HRV) 

noch Aktivitätsmuster signifikant beeinträchtigt wurden durch die hier verwendeten CO2 

Partialdrücke. Hierfür wurde mit Hilfe von Infrarotlicht-Sensoren die mittlere instantane 

Herzrate (IHR) bestimmt. Diese fluktuierte während des gesamten Versuchszeitraumes um 

einen mittleren Wert von 12 Schlägen pro Minute (BPM). Desweiteren konnte keine 

Beeinflussung der Verteilung der Herzschlagsintervalle (Herzratenvariabilität, HRV) 

nachgewiesen werden. In dieser Studie wurde zudem das Augenmerk auf den Vergleich 

mehrerer Parameter gelegt, wobei humanmedizinischer mit eingeschlossen wurden. Diese 

Parameter bestanden aus Mittel, Median, Modal, Intervallspanne, Skewness, Kurtosis, 

Variationskoeffizienten (CV), Standardabweichung der Intervalle (SDNN), 

Standardabweichung der Unterschiede angrenzender Intervalle (SDdeltaNN) und Root 

Mean Square Successive Differences (RMSSD). Weiterhin wurden Schalen- und 

Siphonöffnungsmuster durch Zeitrafferaufnahmen bestimmt. Der vertikale Durchmesser 

der Schalen- und Siphonöffnung schwankte über den ganzen Versuch um einen Mittelwert 

von 57 % der maximalen Schalenöffnung und 46% der maximalen Siphonöffnung. Im 

Mittel waren Schale und Siphon ca. 50 % der Zeit geöffnet. Futter wurde kontinuierlich 

zugeführt und Algenkonzentration im Versuchsaufbau wurde mit Hilfe eines Coulter 

Counters bestimmt. Während Muscheln in allen Behandlungen bis 1400 ppm die gleiche 

Zellkonzentration aus ihrem Aquarium filtern konnten (49%), wurde eine drastische 
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Abnahme der Filtrationsrate (3 % filtrierte Algenzellen) in der 4000 ppm Behandlung 

beobachtet. 

Feldmessungen am Probenort während des Versuchszeitraumes ergaben, dass an 

bestimmten Tagen sehr hohe pCO2 Werte bis zu 2345 ppm (238 Pa) und sehr niedrige pH 

Werte bis 7.4, wahrscheinlich als Resultat von lokalen Auftriebsphänomenen auftraten. Die 

Tiere scheinen demnach schon mit außergewöhnlich hohen CO2 Konzentrationen in ihrem 

natürlichen Habitat konfrontiert zu werden und sind somit möglicherweise auch schon gut 

an große Fluktuationen im Karbonatsystem adaptiert. Dies könnte erklären, warum die in 

dieser Studie benutzen pCO2 Werte nicht ausreichten, um eine Reaktion hinsichtlich des 

Aktivitätsmusters und der kardiologischen Leistung zu erzeugen. Auf längere Sicht, könnte 

sich die beobachtete Limitierung der Filtrationsrate bei hohen CO2 Konzentrationen 

jedoch negativ auf die Herzraten und die Schalen-/Siphon-Aktivität auswirken. Falls die 

CO2 Konzentrationen in der Atmosphäre jedoch weiter ansteigen, wie erwartet, könnten 

solche kritische pCO2 Werte möglicherweise in der Ostsee auftreten, da die Ostsee 

zusätzlich zu den genannten Auftriebsphänomenen eine geringe Pufferkapazität aufweist. 

Dies ändert womöglich die Verteilung der Miesmuscheln in der Ostsee und könnte somit 

Verschiebungen der dominanten Arten des Ökosystems zur Folge haben. 
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1 Introduction 

 
Atmospheric pCO2 have already increased dramatically during the last 200 years from a 

preindustrial value of 280 ppm to a current value of 380 ppm mostly due to deforestation 

and burning of fossil fuels (Siegenthaler and Sarmiento 1993, Fabry et al. 2008). As 

indicated by data taken from ice-cores, this increase is greater than any other observed 

during the last 420000 years (Petit et al. 1999).  

Further increases in the surface ocean ranging from 490 to 1250 ppm by the year 2100 

(Houghton et al. 2001) and up to 1900 ppm by the year 2300 (Caldeira und Wickett 2003, 

figure 1.1) are expected. Although atmospheric CO2 concentrations had already exceeded 

more than 7500 ppm during the past 300 Myr, those changes developed slowly and over 

millions of years (Crowley and Berner 2001). The expected rapid changes may, therefore 

have devastating effects on the marine biota. 

 

 

 

Figure 1.1 Past and future emissions [GtC/yr] (a), atmospheric pCO2 levels [ppm] (b) as 
well as changes in ocean pH (c). Future values are predicted from modelled emission scenarios. 
Changes in pH are horizontally averaged. Adopted from Caldeira and Wickett (2003). 
 
 
 

About one third of the anthropogenic CO2 emissions so far has been stored in the ocean 

(Sabine et al. 2004), leading to a decrease in seawater pH of 0.1 units from 8.2 to 8.1 pH 

since preindustrial levels (Haugan and Drange 1996, Orr et al. 2005). If a “business-as-usual 

scenario” is assumed, a further decrease of about 0.77 units to a pH of even 7.3 is expected 

until the year 2300 (Caldeira and Wickett 2003, figure 1.1).  

 

a 

b 

c 
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1.1 The Marine Carbonate System 

Total dissolved inorganic carbon 

The ocean is in equilibrium with the atmosphere following Henry‟s law (equ. 1.1), where 

the concentration of a gas in the ocean ([G]ocean) is dependent on the partial pressure of the 

gas in the atmosphere (pGatm) and the solubility coefficient (α). The solubility coefficient 

itself is a function of temperature and salinity, where a decrease in either of these 

parameters leads to an increase in the solubility of the gas (Weiss 1974). 

 
 
Equ. 1.1 Henry’s law  

 

 
 

  

  [G]ocean =  concentration of gas 
in the ocean 
[mol/m³] 

  HG =  solubility coefficient 
[mol/(m3 Pa)] 

  pGatm = partial pressure of 
gas in atmosphere 
[Pa] 

 

In contrast to most other gases, carbon dioxide not only dissolves physically but also reacts 

chemically with the water molecules (equ.1.2, Dickson 2007) forming carbonic acid 

(H2CO3). Since it is a diprotic acid, it first releases a proton, thereby dissociating to 

bicarbonate (HCO3
-), which again releases a proton dissociating to carbonate (CO3

2-). 

These three different inorganic carbon species (dissolved carbonate, bicarbonate and 

carbon dioxide) are overall referred to as CT (total dissolved inorganic carbon; synonyms in 

the literature are DIC, TCO2 or ∑CO2).Their equilibrium concentration in sea water is 

dependent on pH, pressure, temperature and salinity determined by their thermodynamic 

equilibrium constants K*1 and K*2. 

 
Equ. 1.2 Dissolution of CO2 in water 

 
 
 

  

 
 

     

  K*1, K*2 = dissociation 
constants 

 
Temperature, pH and the CT components are all strongly correlated. This relationship is 

usually shown in a Bjerrum plot (Figure 1.2). At today‟s ocean pH of about 8.0, 9% of the 

CT is made up of carbonate, whereas bicarbonate accounts for 90% (Zeebe and Gladrow 

2001). Rising atmospheric pCO2 values, leading to an increased oceanic uptake, change the 

carbonic acid               bicarbonate              carbonate 
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pH and the equilibrium concentration of the components of the carbonate system, because 

a change in pH is buffered by conversion of the carbon species into each other. As 

described above uptake of CO2 leads to the formation of carbonic acid and release of a 

proton, this acidic reaction is buffered by the reaction of carbonate with H+ and formation 

of bicarbonate. Therefore, if pCO2 continues to rise the carbonate surface-water 

concentration will decline by about 60% in 2100, even though the CT will rise by 12%, 

visible in an increase in carbon dioxide and bicarbonate concentration (Feely et al. 2004).  
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Figure 1.2 Bjerrum plot: Speciation of [CO2]aq, [HCO3
-] and [CO3

2-] as a function of pH for 
different temperatures and salinities. Dissociation constants were taken from Roy et al. (1993) 
pK1* and pK2* are the negative common logarithms of K1* and K2*, respectively. This 
transformation makes the constants directly comparable with the pH where [CO2] and [HCO3

-] for 
pK1* and [HCO3

-] and [CO3
2-] for pK2* occur in equal proportions. The range of pK1* and pK2* 

are indicated by thick black lines. Straight line: T=0 °C, S=10; Dashed line: T=25 °C, S=10; Dotted 
line: T=0 °C, S=35; Dashed-dotted line: T=25 °C, S=35. Graphic was kindly provided by Lennart 
Bach. 

 
 
 
Saturation state 

This decline affects calcifying organisms relying on the formation of calcium carbonate. In 

today‟s ocean the carbonate concentration is higher than expected, thus the ocean is 

supersaturated with CaCO3. This is expressed as a saturation state (Ω) higher than one. Ω is 

calculated after Mucci (1983) using the ion product of the in-situ concentration of calcium 

and carbonate divided by the stoichiometric solubility product (K*sp) (equ. 1.3): K*sp, on 

the other hand, is defined as the ion product at that concentration, at which precipitation 

of calcium carbonate takes place. 
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Equ. 1.3 Saturation state  

 
 

 

   

  Ω = saturation state 

  Ksp =  stoichiometric 
solubility product 

     

At Ω values below 1 the water is undersaturated in respect to carbonate. Hence, physical 

dissolution of calcium carbonate structures takes place. There are two main polymorphs of 

calcium carbonate: (1) Calcite is characterized by a hexagonal structure being found for 

example in coccolithophores, foraminifera and the prismatic shell layer of M. edulis, 

whereas (2) aragonite possesses a more rhombic structure and occurs for example in 

pteropoda, corals and the nacre shell layer of M. edulis. Furthermore, Ω is dependent on 

temperature, salinity and pressure, calcite being the more stable form. Since calcium is a 

conservative element changing only in proportion to salinity, the more important factor 

influencing Ω in seawater is carbonate, which changes with temperature, salinity, pressure 

and pH (see Bjerrum plot figure 1.2). Decreasing carbonate concentrations at higher pCO2 

values will, therefore, lead to the lowering of Ω. As a result, high latitude surface-waters are 

expected to become corrosive for aragonite by the end of this century potentially leading to 

dissolution of polar pteropod shells (Orr et al. 2005). 

 

Alkalinity 

The natural buffer of the ocean is described as the total alkalinity (AT). AT is the excess 

amount of weak bases in water, which are capable of accepting a proton. A weak base is 

characterized as being a proton acceptor with a dissociation constant (K) ≤ 10-4.5 at 25 °C 

(Dickson 1981) and, therefore, AT can be defined as follows (equ.1.4): 

 
 
Equ. 1.4 Total alkalinity (AT)  

 

 
 

 
 
 

 

 
 
Carbonate and bicarbonate concentration have a strong effect on AT, since they are the 

main components being described as the carbon alkalinity (AC, equ.1.5), where the 

carbonate concentration counts twice due to its double negative charge. 

 



INTRODUCTION   

5 

Equ. 1.5 Carbon alkalinity (AC)   
 

 

 

AT is measured by titration with a strong acid, since it dissociates completely in aqueous 

solutions.  

In nature, the charge of ions in the ocean displays an excess of cations over anions 

(2140 µmol/kg SW at a salinity of 35), which is exactly compensated by AT. This is also the 

reason why less saline waters like the Baltic Sea possess a lower AT as a result of overall 

reduced ion concentrations, which lessen the charge difference (Zeebe and Gladrow 2001). 

 

Parameters 

The carbonate system is characterized by altogether six variables including [CT], [AT], 

[HCO3
-], [CO3

2-], pH and pCO2 and four equations (including equations for K*1, K*2 equ. 

1.3 and 1.5).  Changing one of these parameters influences at least some of the other 

variables. Only two of the parameters [CT], [AT], pH and pCO2 have to be known, to 

calculate the whole carbonate system at a particular temperature, salinity and pressure, 

provided, that the solubility and equilibrium constants are known.  

 

1.2 Specific Features of the Baltic Sea 

The Baltic Sea is a landlocked sea characterized by brackish water. Due to its high river 

runoff in the east and its connection to the North Sea, a decrease in salinity from 17 in the 

western parts to 5-3 in the north-eastern parts is observed. The mean salinity of 15 at the 

sampling site in the western Baltic Sea is, therefore, strongly dependent on saline deep 

water transport from the North Sea and river runoff at the surface. Hence, a halocline 

separates bottom and surface water in summer and autumn, as already reported for the 

Eckernförde Bay (Hansen et al. 1999). 

As indicated above alkalinity is highly dependent on salinity and, thus, the same trend 

from west to east is expected. However, rivers transport carbonates into the Baltic Sea and 

alter the alkalinity independent of salinity (Hjalmarsson et al. 2008). At the sampling site in 

Kiel Bight, the mean surface alkalinity varies from 1800 to 2000 µmol/kg SW (Rodhe 

1998).  During summer time heating leads to the formation of a thermohaline, which 

combines with the halocline to a pycnocline at 15 m water depth. This has already been 

observed in the Eckernförde Bay (Hansen et al. 1999). In the bottom water oxygen is 

consumed due to decomposition of organic material leading to oxygen saturation values as 

low as 5% until the water column is mixed again in autumn due to stronger winds and 

cooling of surface waters. 
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The Baltic Sea is a relatively young sea (12,000 yr) and, thus, there are only a few endemic 

brackish water species. Furthermore, due to its low alkalinity it also possesses a low 

buffering capacity exhibiting only small protection against pH changes than full strength 

saline oceans. As a result, effects due to CO2 increases may have an even stronger impact 

on marine biota in the Baltic Sea.  

 

1.3 Effects on Marine Biota 

Thus, decreasing ocean pH and carbonate concentration along with increasing 

undersaturation and global warming, happening faster than ever before, will probably have 

a great impact on marine fauna particularly in the Baltic Sea. A change in ecosystem 

community structure due to elevated seawater pCO2 (=hypercapnia) has already been 

observed in ocean areas with naturally increased pCO2 levels. Around Ischia Island, CO2 is 

released from volcanic activity (Hall-Spencer et al. 2008). In this area a decline in 

calcification was observed leading to shell dissolution in gastropods at pH 7.4. Reduced 

calcification in response to elevated pCO2 levels has been described for many organisms 

e.g. phytoplankton (Riebesell et al. 2000) and mollusks (Orr et al. 2005). Furthermore, Hall-

Spencer et al. (2008) revealed a change in community structure, since there was a decline in 

the abundance of two sea urchin species at pH 7.5. On the other hand, it was also observed 

that elevated CO2 had beneficial effects on plants, which are often CO2 limited. As a result, 

sea-grass production was highest in an area with a pH of 7.6. 

Furthermore, the long-term survival of organisms in an acidified future ocean is mostly 

dependent on the response of larvae, fecundity and fertilization at low pH. For the sea 

urchin, Hemicentrotus pulcherrimus, a retardation of pluteus larval growth as a result of 

hypercapnia has already been revealed (Kurihara et al. 2004). And in veliger larvae of the 

oyster, Crassostrea gigas, a higher amount of larval malformations was observed at elevated 

pCO2 levels (Kurihara et al. 2007). 

Sensitivity towards ocean acidification largely depends on the way animals cope with 

extra- and intracellular acid-base disturbances (see review by Pörtner et al. 2004). 

Organisms like fish (e.g. Michaelidis et al. 2007) and most crustaceans (e.g. Spicer et al. 

2007) are able to compensate their extracellular pH (pHe) after an initial drop. This is 

achieved by active transport mechanisms. This behavior is an adaptation to pCO2 values, 

which naturally occur during respiratory acidosis. On the other hand, organisms with lower 

metabolic rates deal with decreasing pH by increasing the bicarbonate concentration, 

probably resulting from dissolution of the shell or testes, as a buffer substance. This has 

been observed in many marine invertebrates like sipunculids (Pörtner et al. 1998), 
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echinoderms (Miles et al. 2007) and bivalves (Booth et al. 1984, Walsh et al. 1984, 

Lindinger et al. 1984). But the accumulation of bicarbonate not fully recovers pHe. On the 

other hand, the intracellular pH (pHi) is regulated independently. An initial drop in pHi is 

completely compensated within a few days in mussels and sipunculids (Lindinger 1984, 

Pörtner et al. 1998, Michaelidis 2005). But due to different non-bicarbonate buffer values, 

resulting from different concentrations of proteins and phosphates, the response of pHi 

can even vary in different tissues. 

Abiotic stresses like those induced by increasing CO2 levels lead to the downregulation 

of energy demanding processes on a cellular level, thereby reducing the demand of ATP. 

This process is called metabolic depression (Guppy et al. 1994, Boutillier 2001). The key 

signal involved could be pHe (Reipschläger and Pörtner 1996). Measurements of oxygen 

consumption and Na+/K+-ATPase activity already revealed that hypercapnia is able to 

initiate metabolic depression in Sipunculus nudus (Pörtner et al. 2000, Langenbuch et al. 

2002). And even in Mytilus galloprovincialis a reduction in oxygen consumption was observed 

during hypercapnia, which also indicates metabolic depression (Michaelidis et al. 2005). 

Therefore, it is crucial to investigate whole-animal physiological parameters such as 

heart rates and activity patterns, since they most probably will be influenced by a 

suppression of metabolic rates, maybe even before metabolic depression occurs. 

 

1.4 Physiology and Ecology of Mytilus edulis 

The common blue mussel, Mytilus edulis (Linné 1758),  (figure 1.3) is the dominant benthic 

organism covering the hard-bottom benthos in the Baltic Proper, making up 95% of the 

total animal biomass  (Kautsky 1982a, Kautsky 

and van der Maarel 1990). Baltic Sea blue mussels 

possess thinner shells and smaller shell lengths 

than North Sea mussels probably due to the 

reduced salinity (Bøhle 1972, Seed 1968).  Its shell 

is composed of three layers: The first layer is the 

thin and organic periostracum, which covers the 

calcific prismatic layer. The inner nacre layer is 

composed of aragonite. (Wilbur 1972). The 

aragonite to calcite ratio is very variable ranging from 32 to 83% aragonite, as measured in 

the Tay estuary, Scotland (Hubbard et al. 1981). Furthermore, M. edulis is an important 

ecosystem engineer. It provides a habitat for other animals due to its hard shell and also by 

forming dense mussel beds (Gutiérrez et al. 2003). This is important especially in areas, 

Figure 1.3 Habitus of the blue mussel, 
Mytilus edulis. Adopted from Meyer 
and Möbius (1872).  
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which most other animals cannot assess, such as the Wadden Sea. Furthermore, they are 

filter feeders ingesting phytoplankton and suspended particles. Thereby they change the 

inorganic nutrient pool available for phytoplankton through regeneration and storage of 

nutrients in mussel biomass (Prins et al. 1998). Hence, mussels were found to be a natural 

eutrophication control as has been shown for the San Francisco bay (Officer et al. 1982) 

and the Bay of Brest (Hily 1991). As a result, they produce faeces and pseudofaeces, which 

settle to the seafloor. This process, known as biodeposition, accounts for 1.8 g shell free 

dry mass, (SFDM), 0.33 g ash free dry mass (AFDM), 0.13 g carbon, 1.7*10-3 g nitrogen 

and 2.6*10-4 g phosphorus per g mussel and year in the Baltic Proper (Kautsky and Evans 

1987). The increased sedimentation has a significant impact on benthic fauna (Ragnarsson 

and Raffaelli 1999) and can reduce erosion by 10-fold (Widdows and Brinsley 2002). In 

addition, mussels also play a major role in the global aquaculture production accounting for 

391,210 t in 2005 (Food and Agriculture Organization of the United Nations 2006) 

Thus, physiological changes in M.edulis due to ocean acidification might not only affect 

the mussel community, but the whole ecosystem. In this study, cardiac performance and 

activity patterns as whole animal stress indicators were investigated.  

 

1.4.1 Physiology of the Heart 

The bivalve heart is composed of a median ventricle and two lateral auricles being enclosed 

in the pericardial cavity (figure 1.4a). It is situated on the mid-dorsal line behind the 

posterior termination of the hinge. The colourless plasma, called haemolymph, serves as 

„blood‟ and contains different cells (referred to as haemocytes or phagocytes). Blue mussels 

do not possess a respiratory pigment. Therefore, the oxygen-carrying capacity of the 

haemolymph is equal to that of seawater. The haemolymph leaves the ventricle via a single 

anterior aorta and is further carried to the rest of the body through different arteries. The 

blood system of Mytilus edulis is open meaning that the haemolymph is collected in three 

different sinuses, from which it is distributed to the kidneys, then the gills and back to the 

heart by a major vein. Even though, the haemolymph does not necessarily have to pass the 

gills. To maintain a constant heart rhythm, the rigidity of the pericardium, which is 

supported by the shell, is a prerequisite. As the „constant-volume‟ hypothesis (Krijgsman 

and Divaris 1955) implies, the pericardium is considered to be a closed chamber. During 

contraction of the heart, called systole, pressure in the pericard is reduced leading to the 

following filling of the heart, called diastole (for further reading see Bayne 1976, pp. 207-

223). Therefore, there are two ways of regulating blood circulation: (1) by regulating the 

beat frequency or (2) by regulating the stroke volume.   
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Figure 1.4 Cardiac morphology (a) and heart rate tracing (b) of Mytilus edulis. a) Dorsal 
view on the pericardium. Graphic was kindly provided by Baldo Marinovic, University of 
California, Santa Cruz. b) Heart rate recording [mV] as a function of time [s]. IP = interpulse 
duration. 

 

 

1.4.2 Basics of Heart Rate Variability 

Changes in heart beat pattern (figure 1.4b) can be observed by directly investigating the 

heart rate or by analyzing alterations in the beat-to-beat (= interpulse or interval) duration 

or heart rate variability (HRV). In this study, heart rate is calculated directly from the 

interpulse durations as a function of time.  This way the beat-by-beat heart rate, called 

instantaneous heart rate (IHR), in beats per minute (BPM) is yielded. But changes in the 

interpulse duration can be observed even before changes in the mean heart rate become 

visible (Depledge et al. 1996). As a result, HRV is used as a more sensitive and reliable 

indicator. In human and mammals, HRV is strongly influenced by the autonomous 

nervous system and ventilation (Task Force 1996, Berntson et al. 1997, Kleiger 1995). 

Therefore, many studies have been conducted lately using HRV in different branches of 

medicine, e.g. cardiovascular disease, neurology, Diabetes mellitus and others (see review 

by Ravenswaaij-Arts et al. 1993). Since HRV cannot be quantified using only one 

parameter, many HRV parameters have been developed during recent years. Therefore, the 

Task Force of the European Society of Cardiology and the North American Society of 

Pacing and Electrophysiology (1996) published a document including appropriate 

standards for use in humans. Two major methods of measuring HRV are known: (1) time 

domain measurements, where the intervals between successive heart beats are determined, 

and (2) frequency domain measurements, which are not included in this study.  

 

 

 

a b 
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1.4.3 Physiology of Valve and Siphon Gape 

The paired bivalve shells are connected by a dorsal connation, the ligament or hinge, which 

is responsible for passive gaping of the valves. To regulate the valve gape and to close the 

shells, two adductor muscles are involved: (1) the posterior adductor muscle (PAM) and (2) 

the anterior adductor muscle (AAM), named after their insertion with the shells. The 

muscles are capable of sealing bivalve hermetically over weeks, applying a force of 12 

kg/cm² in oysters (Gruner et al. 1993).  

The inner organs are covered by ventrally drooping epidermic structures, the mantle 

lobes, descending from the dorsal side. These are connected at the posterior side forming 

an opening, the exhalant siphon (figure 1.5.a and b), whereas the ventral and loose part of 

the mantle lobes are called the inhalant siphon. Water and particles enter the gills through 

the inhalant siphon, which also contains light sensitive and other sense organs. Following 

passage through the gills, the exhausted water and faeces are ejected again through the 

exhalant siphon. 

Biological monitoring of the valve and siphon opening has already been successfully 

used as an indicator for water quality (e.g. Kramer et al. 1989) or in response to stressors, 

such as copper (Curtis et al. 2000). 

 

 

 

 

              

Figure 1.5 Morphology (a) and time lapse images (b) of the exhalant mantle region of 
Mytilus edulis. a) Lateral view on the exhalant mantle region. M=mantle, ES=exhalant siphon, 
P=posterior adductor muscle, IS=inhalant siphon (also called inhalant opening). Graphic was 
kindly provided by Baldo Marinovic, University of California, Santa Cruz. B) Time lapse images of 
valve and siphon opening. The exhalant siphon is displayed on the left and the inhalant siphon on 
the right side. 
 

 

 

b 

a 
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1.5 Hypotheses 

The proposed work was aimed at investigating whole-animal performance of the blue 

mussel, Mytilus edulis, in the Baltic Sea in response to ocean acidification. Therefore, cardiac 

performance and activity patterns were monitored at in mussels exposed to different future 

ocean pCO2 levels of up to 1400 ppm lying in the range of  predicted values for the year 

2300 (Caldeira and Wickett 2003). In order to gain a more mechanistic understanding of 

increased pCO2 values on the organismic level, a higher value of 4000 ppm CO2 was also 

employed. In addition this treatment served to trigger well-defined physiological responses, 

which might otherwise remain hidden in low pCO2 treatments under the high variability 

typical for any physiological measurement. The objective of this study was to gain more 

insight into how mussels might be affected by further increasing carbon dioxide levels in 

the future. But it needs to be noted, that pCO2 values in nature will change relatively slowly, 

possibly leaving sufficient time for species with a low generation time to adapt. Thus, this 

work can only give insight into short-term (two weeks) responses of one generation of 

adult mussels to elevated seawater pCO2. With a lifespan of 20 years (Bayne 1976) present 

day mussel population will only experience maximum average surface pCO2 values of 408 

ppm changing on average about 1.4 ppm/yr (calculated from data of monthly mean CO2 

rise at Mauna Loa provided by U.S. Department of Commerce). Due to a low generation 

time of 2 years (Newell 1989), there will be possibly sufficient genetic variation in future 

mussels population to allow for adaptation.  

 

The hypotheses for this investigation are outlined as follows: 

 
1. Heart rates are reduced at high pCO2 levels. 

Abiotic stresses are able to initiate metabolic depression (Guppy et al. 1994) and the elicitor 

is considered to be low pHe (Reipschläger and Pörtner 1996). Low pHe as a result of 

environmental hypercapnia has already been investigated in M. edulis (Lindinger et al. 1984). 

Hence, high levels of hypercapnia should be able to trigger metabolic depression in blue 

mussels. Depression of metabolic rate is combined with a marked slowing of the heart rate 

(Storey and Storey 2004) as has also been observed for Mytilids (Bayne 1976). Therefore, 

heart rate should be reduced at high carbon dioxide levels. 

 
2. The distribution of interpulse durations is increasingly altered with rising pCO2 levels. 

Distribution of beat-to-beat interval durations is normally very uniform in blue mussels 

(Curtis et al. 2000) indicating favourable HRV. The interaction of inhibitory and excitatory 

nerves under stress results, therefore, in a wider distribution. This study aims at comparing 
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a whole range of HRV indicators in mussels, as have already successfully been used in 

humans and mammals.  Since the HRV has been shown to react before a change in the 

mean heart rate is visible in blue mussels (Depledge et al. 1996), a greater variety in HRV is 

expected even in the lower CO2 treatments. 

 
3. Valve closure is more often initiated with rising pCO2. 

Metabolic depression, as described under part 1, is accompanied not only by slowing of the 

heart beat, but also by valve closure in marine bivalves such as Mytilus galloprovincialis 

(Anestis et al. 2007). Even in the absence of metabolic depression, blue mussels often close 

their shells in response to unfavourable environmental conditions such as low food supply 

(Riisgård et al. 2003). In addition to the rate of valve opening, mussels also regulate the 

valve position (gape diameter) (Wilson et al. 2005). Hence, with higher pCO2 lower rates of 

valve opening as well as a lower gape diameters expected. 

 
4. The siphon opening decreases with rising pCO2. 

When the valve is open, the inhalant/exhalant siphons can also be controlled 

independently. Closing the exhalant siphon while the shell is open allows the mussel to 

maintain its salinity in brackish water, while providing a higher exposed mantle cavity 

volume for oxygen supply (Shumway 1977, Newell et al. 2001). Furthermore, regulation of 

the siphon opening is used to adjust pumping and associated feeding rates in blue mussels 

(Newell et al. 2001). Under stress, energy consuming processes like filtration are probably 

the first processes to be compromised. Therefore, decreasing siphon opening rates and 

diameters with increasing pCO2 values are expected to occur under hypercapnic conditions. 
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2 Materials and Methods 

 
2.1 General concept 

Three laboratory experiments were performed during the course of this study in order to 

assess the effects of different seawater pCO2 values on heart rates as well as valve and 

siphon opening status of a model bivalve organism. Furthermore, a flow-through aquarium 

system for long-term carbonate system manipulation experiments was designed and tested.  

After an initial acclimation period in this system, animals were exposed to an altered 

carbonate system for two weeks. During this time period, heart rates were measured 

continuously and valve/siphon opening status was monitored during daytime. At the end 

of the incubation period, extracellular pH and pCO2, haemolymph ion composition and 

mantle tissue Na+/K+ ATPase activity were measured (overview of methods see table 2.1). 

 
Table 2.1 Overview of methods. The frequency of sampling and the method used for each 
parameter are listed. Text in brackets indicates author or company. Parameters marked with an 
asterisk (*) were measured by Jörn Thomsen (University of Kiel) in his Diplomarbeit.  
 

Parameter Sampling Method 

Heart Rates continuously 
Photoplethysmograph 
(Depledge 1984) 

Valve/Siphon opening 
status 

every hour during the light 
hours 

Webcams (Logitech) 

Algae concentration once in every experiment Coulter Counter (Beckmann) 

Temperature 
Salinity 
pH 

daily 
daily 
daily 

Salinometer (WTW) 
Salinometer (WTW)  
PH meter (WTW) 

DIC 
beginning, middle and end of 

each experiment 
Photometrical (Stoll et al. 2001) 
Coulometrical (Dickson et al. 2007) 

Alkalinity 
beginning, middle and end of 

each experiment 
Potentiometric titration 
(Gran 1952, Dickson et al. 2007) 

* Extracellular pH end of the experiment Micro-optodes (Presens) 

* Haemolymph pCO2 end of the experiment CO2 analyzer (Corning 965) 

* Haemolymph ion 
composition 

end of the experiment Ion chromatography (Dionex) 

* Na+/K+ ATPase end of the experiment 
Photometric enzyme assay 
(Allen and Schwarz 1969) 

Length and wet mass 
beginning and end of each 

experiment 
Calliper and scale 
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2.2 Sampling 

Mussels of the species Mytilus edulis (Linné 1758) were collected at the West Shore of Kiel 

Fjord (54°19.8`N; 10°9.0`E), Germany, near the Leibniz Institute of Marine Sciences 

(IFM-GEOMAR, Figure 2.1).  

 

Figure 2.1 Location of the sampling site. The red spot marks the position of sampling near the 
IFM-GEOMAR campus. © Google Earth 
 

Animals were scraped off the wooden pier from sub tidal depth (approximately 2 m) with 

aid of a rake on March 19th, April 16th, and June 16th, 2008. Only individuals belonging to 

the size group of 70 to 85 mm shell length were kept. 

 

2.3 Cultivation and Acclimation 

After cleaning the shells to avoid contributions of epibionts, specimens were immediately 

transferred to a 150 l maintenance tank, in which they were kept for 2 – 4 weeks. The tank 

was continuously flushed with coarse filtered Baltic seawater originating from 4 – 6 m 

depth nearby the sampling site at about 5-10 l/min. Temperature, salinity and pH were 

checked every day. To exclude the effect of fluctuating air temperature, cultivation took 
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place in a 10 °C cooling chamber at the IFM-GEOMAR. During cultivation, animals were 

fed 50 ml phytoplankton diet each day (DT’s Live Marine Plankton Premium Blend). The 

tank was aerated with air stones. Two weeks prior to experimentation, mussels were slowly 

acclimated to 12 °C. For warm acclimation of the animals, the water temperature was 

increased by the addition of heaters which had a total power of up to 650 watt. With 

increasing water temperature of the Fjord above 12 °C these heaters were successively 

removed and afterwards a cooler (TITAN 1500, Aqua Medic) was installed. Findings by 

Widdows and Bayne (1971) indicate that this period was sufficient for thermal acclimation. 

To minimize the movement of mussels during experimentation, they were fixated onto 

a podium as described in chapter 2.4.3. Mussels were allowed to recover from stress caused 

by connection and to acclimate to the podium for one week prior to experimentation. 

Afterwards, animals were connected to the heart rate sensors (section 2.4.3) and transferred 

to the experimental setup, where they were kept under control conditions for a few days in 

order to recover from handling stress and to assure that animals form different aquaria 

displayed comparable activity and heart rate patterns. This phase also served as a reference 

period before exposure to higher carbon dioxide levels. 

 

2.4 Experimental Setup 

Experiments were performed in a specifically designed open flow-through system 

(Figure 2.2) in a 10 °C cooling chamber at the IFM-GEOMAR, where an artificial day (14 

hours) and night (10 hours) rhythm was simulated. In general, the experimental setup 

consisted of six aquaria filled with Fjord water from a storage tank and enriched with 

different carbon dioxide levels. To minimize disturbances caused by moving around in the 

chamber, the system was separated from the rest of the room using a black curtain.  The 

experimental temperature of 12 °C was chosen as an intermediate according to 

environmental temperatures during the trial periods, which ranged normally from 

approximately 5 to 15 °C (Federal Maritime and Hydrographic Agency, BSH). Following 

the initial aeration period (below referred to as phase I) with pressurized air for 4 to 7 days 

(about 380 ppm CO2), aquaria were acidified by aerating the seawater with different gas 

mixtures (see table 2.2) for two weeks (phase II), while a control aquarium continued to be 

aerated with pressurized air. Filtered seawater from Kiel Fjord (from 6-8 m depth at the 

sampling site) was continuously pumped into a storage tank of 300 l volume. Filtration 

consisted of a coarse sand filter to remove big particles and subsequent 50, 20 and 5 µm 

polyester filter cartridges to remove most of the smaller particles. 
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Table 2.2 Desired pCO2 values in [ppm] and [Pa] used in the aquaria. An x marks the 

treatment employed in the respective experiment (n=6) and a check mark () indicates the 
measurement of activity patterns and cardiac performance (n=4). CO2 exposure periods are stated. 

Experiment I Experiment II Experiment III

29.04 - 16.05.08 28.05 -12.06.08 02.07.- 18.07.08

1 380 38.5 x  x  x

2 560 56.7 x x

3 840 85.1 x x x

4 1120 113.5 x x x

5 1400 141.9 x  x  x

6a 4000 405.3 x x 

6b 4000 405.3 x 

Aquarium # pCO 2 [ppm] pCO 2 [Pa]

 

Temperature in the tank was kept constant with the aid of a flow-through cooler 

(TITAN 1500, Aqua Medic) connected to a pump (universal pump 1260, Eheim). An 

overflow kept the water level constant. The water was aerated with pressurized air using air 

stones and mixed by a circulatory pump (universal pump 1260, Eheim), which also fed a 

header tank. Fully aerated water from the header tank was then supplied to the six different 

experimental aquaria via plastic tubing (4 mm inner diameter, Eheim) by means of gravity. 

To ensure a continuous supply of food, an algae suspension was constantly pumped 

(1 ml/min) into the header tank using a peristaltic pump (chapter 2.4.1). The header tank 

and each aquarium also possessed an overflow. The water outflow was directly opposite to 

an air stone hanging in front of the inflow ensuring sufficient mixing of fresh water and 

food. Flow rate to each experimental aquarium was set at 100 ml/min using two way 

valves. It was established in preliminary experiments that this flow rate was sufficient to 

prevent accumulation of mussel waste products (ammonia, CO2), while at the same time 

not compromising the carbonate system parameters. Each CO2 treatment was carried out 

in a separate aquarium with a volume of 16 l each. The aquaria were continuously 

equilibrated with CO2-enriched air at a rate of 0.8 l/min according to the pCO2 values 

mentioned using a central automatic five channel CO2 mixing system (Linde Gas, HTK 

Hamburg). Consisting of computer controlled valve systems, addition of pure CO2 gas to 

pressurized air is regulated by measuring the pCO2 in air and opening the valve of a CO2 

gas bottle according to this value until the desired concentration is reached. In the first 

experiment the first channel of the CO2-mixing equipment was used as a control (380 ppm 

CO2) instead of the 4000 ppm treatment, thus only five aquaria were used instead of six. 

During the other experiments pressurized air served as a control. In the third experiment 

the 560 ppm channel was not used and instead a second aquarium was treated with 

4000 ppm CO2 as to fully exploit the capacity of the PowerLab for this pCO2. 
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Figure 2.2 Schematic drawing of the experimental setup. For further detail see picture 2.1. 

 

 

 
 
Picture 2.1 Experimental Setup. Filtered Baltic Sea water flowed from the storage tank (ST) to a 
header tank (HT), where it was mixed with phytoplankton suspension and from where it was 
distributed to the different aquaria (A). Temperature is kept constant with a cooler (C). Each 
aquarium is aerated with a different pCO2 value ranging from 380 to 4000 ppm. Arrows indicate 
direction of water flow. AS: air stone, AT: algae tank, CMS: carbon dioxide mixing system, PP: 
peristaltic pump, TE: box containing the technical equipment including the computer and the 
PowerLab, UP: universal pump, W: webcam.  
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2.4.1 Feeding 

Mussels were fed DT’s Live Marine Phytoplankton Premium Blend consisting of 40% 

Nannochloropsis oculata, 40% Phaeodactylum tricornutum and 20% Chlorella sp. In the past good 

results have been obtained with this kind of food. Espinosa and Allam (2006) 

demonstrated that juvenile hard clams, Mercenaria sp., displayed the best growth rates and 

lowest mortality when fed DT’s Phytoplankton in contrast to other phytoplankton diets.  

To avoid low food supply as seen in a study by Berge et al. (2006), the phytoplankton 

diet was continuously added using a peristaltic pump (Meredos, Norten Hardenberg) 

transferring the algae suspension from a small storage aquarium to the header tank. The 

suspension was aerated and renewed every week to avoid sedimentation. 

As was described by Riisgård et al. (2003), mussels were maximal open at a constant 

phytoplankton concentration of 1000 to 4000 Rhodomonas cells/ml (equivalent to 1000-

30,000 Phaeodactylum tricornutum cells/ml, Riisgård and Randløv 1981). Below this 

concentration, valve closure was triggered due to lack of food and above this concentration 

the gut was shown to become saturated. The aim was to relate any possible change in the 

valve opening to CO2 exposure and not to lack or surplus of food. Furthermore, at this 

level Riisgård (1991) observed maximal growth rates. Therefore, a concentration of 

3750 cells/ml was chosen to keep all algae species present in the mixture close to optimum 

concentrations. The final mixture in the experimental aquaria was adjusted to 1500 

Phaeodactylum, 1500 Nannochloropsis cells/ml and 750 Chlorella cells/ml. 

In order to achieve a constant algal concentration in the flow-through aquaria the water 

inflow rate and the mussel filtration rate had to be known. The inflow of water was kept 

constant at 100 ml/min. The mussel filtration rate was also assumed to be constant and 

was estimated with the following equation (Møhlenberg and Riisgård 1979, equ. 2.1): 

 
Equ. 2.1 Estimation of filtration rate  

 

   

   
F  

 
=  

 
filtration rate [l/h] 

  W  =  dry flesh mass [g] 
range 0.11 – 1.36  

  a  = 7.45 

 
 

 b  =  0.66 

The dry flesh mass was calculated using a biometric conversion factor for Baltic Sea blue 

mussels determined by Rumohr et al. (1987), which states that the shell free dry mass 

(SFDM) is approximately 5 % of the wet mass (WM). Thus, the amount of algae, which 

had to be constantly added to achieve an equilibrium concentration of approximately 

3750 cells/ml, was calculated using equation 2.2. 
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Equ. 2.2 

 

   

  A   =  aquarium concentration [cells/ml] 

  c  = algae tank concentration [cells/ml]  

  in  = inflow [ml/min] 

  n  =  number of mussels 

  F = filtration rate [ml/min] 

  P = peristaltic pump flow rate [ml/min] 

 

Algae concentration was checked during each experiment using a coulter counter 

(Z2 Coulter® Particle count and size analyzer, Beckman Coulter ™). This device consists 

of two electrodes, one inside (cathode) and one outside (anode) a tube being connected by 

an opening of a defined size, the aperture. After positioning the electrodes in the cell 

suspension and applying an electric current (I), particles are sucked into the tube by 

applying a vacuum. While passing the aperture, the impedance (R) at the aperture rises. 

Since the current intensity is kept constant, the measurable voltage pulse (Δ U) is 

proportional to the particle volume according to Ohm’s law (Equation 2.3).  

 
Equ. 2.3 Ohms’ law 

 
   

  Δ U =  voltage pulse 

  I =  intensity of current 

  R = impedance 

 

A count of the number of pulses yields the concentration of particles in the sample. 

According to the phytoplankton size in the feeding suspension and the sensitivity of the 

counter, particles from 3-20 µm were counted. Therefore, 50 ml samples were taken from 

all aquaria, the header tank and the storage tank. Each measurement was performed in 

triplicate, from which the mean was calculated. 

 

2.4.2 Podium 

In order to obtain interference-free recordings of activity and heart rates mussels were held 

in place by a podium. The podium was built by softening a piece of PVC with aid of a hot 

air gun and then bending it twice at the same length (figure 2.3 and picture 2.2). A hole was 

then drilled into the middle of the top side, into which a small plastic screw was inserted. 

By means of underwater glue (Orca, Aquarium Münster, Pahlsmeier GmbH), the mussel 

was glued to the plastic screw and after the glue had dried, it was fixed on the podium by 

tightening the connection with a screw nut. To enhance the construction double-sided self 

adhesive butyl tape (Tecoband 140, Technoplast GmbH) was wrapped between mussel and 

podium. Where needed, dental wax (HEKO GmbH) was added for support.  
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2.4.3 Monitoring of Heart Rates 

Heart rates (HR) were measured continuously via a photoplethysmograph according to 

Depledge (1984). We used the same sensors Frederich (1999) developed in cooperation 

with isiTEC GmbH (Bremerhaven, Germany) to measure the heart rate of the spider crab, 

Maja squinado. The sensors function in seawater and can be glued directly to the shell.  

 

 

Figure 2.3 Podium Connection Scheme. To keep 
mussels from moving around, they were glued to a plastic 
screw and fixed to a podium by a screw nut. 
Plethysmographs, shown in the left corner, are connected 
later on. 
 
 
 
 
 
 
 
 
 
 
 
Picture 2.2 Mussel 
attached to podium 
and plethysmograph 
 

 

 

 

Since these devices are weightless in water and there is no need to make direct contact with 

the heart, this technique is non-invasive and handling of the animals is minimal. 

As the Greek word “plethysmos” (=increase) indicates, this device detects the change in 

haemolymph volume caused by heart contractions. The plastic housing contains a low 

intensity light bulb and an extremely sensitive photo sensor.  The ventricle and the paired 

auricles reflect differing amounts of light depending on the stage in the heart cycle (for 

example diastole and systole). The photo sensor detects the reflected light and converts it 

into a proportional voltage signal.   

Before mussels could be connected to their photoplethysmographs, the shell above the 

cardiac region/pericardial chamber was smoothed using a multifunction rotary tool 

(Dremel®). This has two advantages: First, the plethysmograph could be attached more 

easily, since asperities due to growth rings have been removed, and second, the signal 

amplitude is higher since the light can more easily penetrate the thinned down shell. 
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To connect shell and sensor, a square piece of double-sided adhesive tape, with a 5 x 5 mm 

square hole in the centre, was pasted to the shell above the cardiac region. The sensor was 

then adhered to the tape with additional aid of instant adhesive glue, while it was ensured 

that the photo sensor and the light bulb were placed over the cut-out in order to maximize 

the signal. To really tighten the connection between shell and sensor, double-sided self 

adhesive butyl tape (Tecoband 140 made by Technoplast GmbH, Germany) was wrapped 

around the sensor after the glue had dried. Furthermore, stripes of duct tape (Tesa®) gave 

additional stability. This careful procedure was necessary to prevent sensor displacement at 

low water temperatures for long (two weeks) trial durations, although sensor detachment 

occurred in only a few cases. Detached sensors were quickly reattached within five minutes. 

Each sensor was connected to a signal amplifier (HSA100, isiTEC GmbH) creating a 

larger output voltage. Each amplifier had its own power supply and communicated with a 

data acquisition and analysis system by using a BNC connection (PowerLab 8/30, ML870, 

AD Instruments). Since the PowerLab possesses 8 BNC signal input sockets on the front 

panel, 8 mussels were measured simultaneously. A USB cable linked the PowerLab to a 

laptop (HP Compaq, Win XP, SP 2, AMD Turion 64 X2 Mobile), which recorded the data 

(100 data points/s, Range 50 mV) using Chart™ 5 Pro software (v5.5.5, AD Instruments). 

 

2.4.4 Recording of Valve and Siphon Opening Status 

Valve and Siphon opening status were recorded simultaneously with the heart rate 

measurements using eight webcams (Logitech, Quick Chat). Recording took place during 

14 hours each day given by the light hours of the artificial circadian rhythm (6 am to 8 pm). 

Webcams were placed 10-15 cm away from the mussels outside of the aquarium. Cam 1 

and 2 were connected directly to the laptop, which also contained the PowerLab. Cam 3-5 

were linked to the same laptop via a USB hub (equip®). Cam 6-8 were attached to an 

additional PC to ensure all webcams and the PowerLab had enough memory left to 

operate. Pictures were taken every five minutes using the Vision GS PE (v 2.00 beta) time 

lapse program. 

 

2.5 Test procedure 

Six mussels were randomly distributed in each aquarium on April 25th (Experiment I), 

May 21st (Experiment II) and June 16th (Experiment III) after shell length in mm and wet 

mass in g had been determined. The amount of total biomass was approximately the same 

in all aquaria within each experiment. At the end of the experiments the specimens’ wet 

masses and lengths were determined again. 
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Heart rates and valve/siphon opening of four mussels in the control and in the 1400 ppm 

treatment during experiments I and II and of eight mussels in the 4000 ppm treatment 

during experiment III were measured (table 2.2). All other organisms were used by Jörn 

Thomsen to determine extracellular pH, CO2 partial pressure and ion composition in the 

haemolymph, as well as to carry out Na+/K+ ATPase activity measurements.  

During the trial period daily measurements of pH, salinity and temperature were 

conducted. PH was determined with a pH meter (WTW 340i pH-analyzer, WTW SenTix 

81-measuring chain) which was calibrated daily with Radiometer precision buffers (IUPAC 

pH buffer 7 and 10, S11M44, S11 M007). Salinity and temperature were measured with a 

salinometer (WTW cond 315i, WTW TETRACON 325-measuring chain). Water samples 

for determination of AT and CT of the aquaria and the storage tank were taken at the 

beginning, the middle and the end of every experiment. During the first experiment, CT 

was measured photometrically, while in the subsequent experiments it was determined 

coulometrically.  

After each two-week incubation, haemolymph samples were taken by carefully forcing 

the shells open and withdrawing samples anaerobically with a syringe from the posterior 

adductor muscle, while the shell was blocked open (using a 1000 µl pipette tip). Tissue 

samples were collected by cutting the posterior adductor muscle and opening the shell. 

Samples of gills, mantle, posterior adductor muscle (PAM), foot, and midgut gland were 

taken within 15 min after removal from the aquaria. The dissection was performed on ice; 

samples of 100 mg were rinsed in filtered seawater, blotted dry and immediately frozen in 

liquid nitrogen. 

 

2.5.1 Photometric determination of CT 

The CT values of the first experiment were determined according to the method of Stoll et 

al. (2001) using a Bran & Lübbe QUAATRO System Autoanalyzer. Samples were taken 

from each aquarium and the storage tank using a 10 ml single-use syringe. They were 

transferred bubble-free into 4 ml sample vials (Rotilabo®) through a 0.2 µm syringe filter 

(Sarstedt) to remove any particles, which might influence the CT value by respiration or 

photosynthesis. More than one vial volume was discarded to rinse the flask. The vial was 

sealed airtight using a Teflon®-coated septum and a screw cap with hole (both Carl Roth 

GmbH + Co. KG). To prevent air exchange vials were additionally covered with Parafilm® 

and stored at 4 °C. During measurement, samples were calibrated versus a certified 

reference material with the same salinity of known CT. First, samples were acidified to a pH 

less than one, forcing all carbonate components included in the carrier stream into the gas 
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phase. When the carrier stream passes the semipermeable silicone membrane, the gas is 

absorbed by the detector stream containing an indicator (phenolphthalein), which is 

discoloured according to the pCO2. The extinction measured at a wavelength of 550 nm is 

then proportional to the CT content in the sample. The advantage of this method is that 

even small sample volumes of 5 ml can be used, but only with an accuracy of ±2-3 µM.  

 

2.5.2 Coulometric determination of CT  

During the following experiments DIC was determined coulometrically by the method 

described by Dickson et al. (2007) using a SOMMA Autoanalyzer. For this method, a much 

higher sample volume of 500 ml was necessary. However, this method is characterized by a 

higher accuracy (±1.5-2.5 µM) than the previous method. Ground flasks were flooded 

through a hose from the corresponding aquarium with at least 2 times the bottle volume 

before they were filled up and poisoned with 100 µl saturated mercury chloride. Afterwards 

they were closed and tightened with a rubber band. The same sample was used for 

alkalinity measurements during experiments II and III. A known amount of the sample is 

acidified and inert gas is added. This way CO2 is absorbed from the resulting gas stream 

using ethanolamine. The so formed hydroxyethylcarbamic acid causes the colour of the 

indicator thymolphthalein to fade and is titrated coulometrically.  

 

2.5.3 Determination of AT 

During the first experiment the samples (500 ml) were filtered (Whatman® GFF 0.2 µm), 

filled into gas tight Nalgene® bottles and measured on the same day without poisoning. In 

the subsequent runs using the VINDTA Autoanalyzer the samples (800 ml) were poisoned 

with HgCl2 on collection to avoid biological alterations. The method used in both cases 

was described by Dickson et al. (2003) and is accomplished by a potentiometric open-cell 

titration with hydrochloric acid. The titration takes place in two steps: First, the sample is 

acidified to a pH between 3.5 and 4.0 with a single addition of titrant and then stirred for 

some time until the evolving CO2 had escaped. It is assumed that at this point the CT is 

approximately zero, but the media still contains some buffer capacity mainly resulting from 

the HSO4
- concentration. The titration is resumed until the pH linearly falls with the acid 

addition. At this stage all bases have been converted into their conjugate acids and pH is no 

longer buffered. This way, AT is calculated from the titration volume. Two replicates of 

each sample were measured against a known standard (Dickson seawater, Scripps Institute 

of Oceanography) determined at the beginning and end of each measurement session. 

Samples were then corrected for the deviation of the standard from its nominal value. 
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During titration the pH was determined with a pH-meter (Metrohm pH-Meter 713 

series 01) using a glass electrode (depending on H+ ion concentration) and a reference 

electrode (possessing a constant potential). Placing both electrodes into the sample led to 

an electromotive force (EMF) according to the principle of a galvanic cell. Thus, pH was 

determined by comparing the measured EMF with the EMF of calibration buffers with 

known pH. The dissociation constants of seawater depend on temperature and, therefore, 

temperature was additionally measured and all involved chemicals and samples were kept at 

20 °C using a cooler.  

 

2.6 Analysis 

2.6.1 Analysis of Heart Rates and HRV 

Mussels often lowered their heart rate until it was not detectable anymore, going along with 

total valve closure; a process known as metabolic depression (DeZwaan and Wijsman1976, 

Guppy 2004). Other discontinuities during recording occurred due to technical problems, 

e.g. computer break down and loosening of sensors. This is why only two hours each day 

of the highest quality recordings were analyzed in detail. If in only a few cases no 

continuous recording over two hours was available, the data was cut together to two hours. 

After smoothing the data with aid of low and high pass filters, instantaneous heart rate 

and HRV were determined using the HRV module for Chart (AD Instruments). Since the 

module was initially designed for human or vertebrate use, it divides peaks in normals 

(regular beats), ectopics (abnormal beats) and artifacts (disturbances in measurement) by 

peak-to-peak duration with the longest possible interval being 60,000 ms.  These values 

have not been defined for Mytilus edulis yet. Thus, intervals between approximately 2600 ms 

(lower limit) and 8200 ms (higher limit) were used. However, in some cases they had to be 

adjusted, since heart beat could be very variable, especially when phases of low HR were 

encountered during beginning metabolic depression. Therefore no differentiation into 

normals and ectopics was made in this study and artifacts have been left out. The module 

directly calculated the instantaneous heart rate and duration of intervals as well as basic 

HRV parameters. These comprised the SDNN (standard deviation of normalized 

intervals), SDdeltaNN (standard deviation of the differences between adjacent intervals), 

and RMSSD (root mean square successive differences), where each difference is squared, 

then summed, the result averaged and then the square root obtained.  

Interval durations were then exported into a statistic program (SPSS 16.0 EV), where 

Gauss curves were created for each mussel and day. Parameters obtained from the curve 
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progression include the mean, median, mode, range, skewness (measure of the symmetry) 

and kurtosis (measure of peakedness).  

Furthermore, the CV (coefficient of variation) was calculated from the standard 

deviation of interpulse duration to the mean (SDNN divided by mean NN interval). The 

relevance of each measure is explained at the appropriate place later on (see chapter 3.1.2). 

 

2.6.2 Analysis of Valve and Siphon Opening Status 

Pictures were analyzed using ImageJ (v 1.40g) software with the Time Series Analyzer plug-

in (courtesy of Balaji J, Weil Medical College of Cornell University). Since the contrast was 

not high enough to write a macro for automatic image analysis, only one picture every hour 

was utilized. Before choosing this procedure, it had been tested by comparing the curve 

progression obtained from one picture/hour with the curve for one picture every five 

minutes, whether omission of the remaining pictures would have a significant effect on the 

results of the analysis. However, the resulting data showed only minor deviations from one 

another.  

In each experiment a ruler was held next to each mussel and a picture was taken in 

order to calibrate the image. The most conspicuous characteristics (e.g. barnacle residues) 

of each mussel were measured to be able to recalibrate the image scale if the mussel had 

moved.  Recalibration was carried out only if the deviation to the original value was higher 

than 0.5 mm, since values below were classified as measurement errors.  

The distance between the valves was determined by drawing a straight line at a right 

angle (being equal to the shortest possible distance) between upper and lower valve. This 

was done at the position between inhalant and exhalant siphon (picture 2.2). Siphon 

diameter was measured vertically and horizontally by drawing a straight line through the 

maximum opening.  

 

Picture 2.2 Position of transects. Locations 
are shown, where valve opening (VO), vertical 
siphon opening (vSO) and horizontal siphon 
opening (hSO) are measured. 
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The valve and siphon opening status was obtained by indexing raw data applying the 

value 1 to open and 0 to closed mussels. Valve opening position was determined as 

percentage of the maximum opening per mussel and experiment excluding intra-species 

variations due to e.g. size. For the siphon position, in addition to percentage data, metric 

data was also included in the analysis since it was also used for the calculation of the siphon 

area. The area was calculated using the equation of an ellipse (πab) involving the horizontal 

(a) and the vertical siphon diameter (b).  

 

2.6.3 Analysis of Carbonate System Parameters 

After measuring pH, DIC and Alkalinity other carbonate system parameters, consisting of 

pCO2 and Ω, were calculated using the program CO2Sys Excel Macro (E. Lewis and D. 

Wallace 1998). Measured DIC and alkalinity were used as input parameters. The constants 

K1 and K2 were chosen according to Mehrbach et al. (1973, refit by Dickson and Millero 

1987) and the KSO4
- dissociation constant according to Dickson et al (1990). The NBS 

scale [mol/kg H20] was used. Total silicate and phosphate were obtained from a time series 

of annual variation at the sampling site (Stuhr et al. unpublished data).  

 

2.7 Statistical methods 

Data were tested for normality (Kolmogorov-Smirnov), which provides the basis for 

following statistical analysis. Student t-test (significance levels 95% and 99%) was used to 

test phase I and II for significant differences. One-Way-ANOVA (significance levels 95% 

and 99%) was employed to test the different treatments for significance.  

If the normality test failed, the Mann-Whitney test (U-test) and the Kruskal-Wallis test 

(H-test) were carried out accordingly. An arcus-sinus transformation of square root 

percentage data of the valve/siphon opening was used, as percentages are not normally 

distributed due to values between 0 and 100. This transformation leads to a normal 

distribution of the data, which is the requirement for further statistics. 

The software SigmaStat version 3.5 (Statistica 8 in corporation) was used for normality 

tests, student’s t-tests, One-Way-ANOVA, U-tests and H-tests. General calculations 

(means, standard error and CV) were conducted in Excel (Microsoft Office 2007). 
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3 Results  
 

To indicate whole-animal performance under hypercapnic conditions, cardiac performance 

(chapter 3.1) and activity patterns (chapter 3.2) of eight mussels in three different carbon 

dioxide treatments were determined. Experimental results were pooled, since no significant 

differences were detected between the trials in heart rates as well as in valve siphon 

opening state and position (p>0.05; ANOVA). Furthermore, in all six treatments carbonate 

system parameters (chapter 3.4), phytoplankton concentration (chapter 3.3) and other 

abiotic parameters (chapter 3.5) were measured to monitor the stability of external 

influencing factors. No animal losses occurred during the experiments.  

 
3.1 Cardiac Performance 

Two indicators for cardiac performance under CO2 stress were obtained from heart rate 

recordings: Instantaneous heart rate (IHR) in beats per minute [BPM] was derived directly 

from the recorded peak patterns (chapter 3.1.1) and the heart rate variability (HRV) was 

calculated in several ways from the interpulse duration (chapter 3.1.2). For both indicators 

only two hours of high cardiac activity per day were analysed. One animal (mussel 

M4A6aE3, 4000 ppm) had to be excluded from calculations due to an instrumental error. 

 
3.1.1 Instantaneous Heart Rate  

The mean IHR did neither differ between phases (p>0.05; t-test) nor between treatments 

(p>0.05; ANOVA; figure 3.1). The overall mean IHR derived from all treatments and 

phases was 12.03 BPM (±0.48 SE).  
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Figure 3.1 Instantaneous heart rates (IHR [BPM]) at three different pCO2 levels [ppm]. 

IHR were averaged over the tested animals (n=7-8) under normocapnia (Phase I) and hypercapnia 
(Phase II) for each treatment. Mussels in the control group were kept under normocapnia during 
Phase I. No significant differences between the treatments (ANOVA, p>0.05) and between the 
different phases were observed (t-test, p>0.05). Error bars indicate standard error. 
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3.1.2 Heart Rate Variability  

When characterising HRV, many factors have to be taken into consideration to adequately 

depict the variations between heart beats. In this work the beat-to-beat interval duration 

was used to calculate mean [ms], median [ms], mode [ms], SDNN (standard deviation of 

normalized intervals [ms]), SDdeltaNN (standard deviation of the differences between 

adjacent intervals [ms]), RMSSD (square root of the mean of the squared differences 

between adjacent intervals), CV (coefficient of correlation), range [ms], skewness and 

kurtosis. 

Box plots with mean values over the tested animals in each phase for the mean, the 

median, the range and the SDNN were employed (figure 3.2) to demonstrate that there 

were no significant differences between the phases (p>0.05; t-test) and between different 

treatments (p>0.05; ANOVA). The mean (on average 5061.05 ms ±106.52 SE) and the 

median interval durations (on average 5018.41 ±121.45 SE) were nearly equal indicating a 

symmetric distribution and consequently no distinct skewness (with exception of phase I in 

the 4000 ppm treatment). This was additionally supported by mean skewness values close 

to zero (on average 0.46 ±0.26 SE) and, hence, no significant trend (p>0.05; ANOVA; t-

test) in skewness was observed.  

 

     

 

Figure 3.2 Box plots displaying average values for mean, median, range and standard 
deviation (SDNN) of normalized heart beat intervals [ms] during phase I (a) and 
phase II (b) in three different carbon dioxide treatments [ppm]. Averages were calculated 
from all animals per phase and treatment (n=7-8). Solid lines display the mean whereas dashed lines 
display median values. Boxes indicate SDNN and whiskers mark the range. No significant 
differences between treatments (ANOVA, p>0.05) and between phases were observed (t-test, 
p>0.05). Note that the y-axis scale only covers the range from 2000 to 8000 ms.  

a b 



RESULTS    

29 

Furthermore, kurtosis was used to display how the interval distribution differs from a 

normal distribution and during the course of the experiment. In every case, mean values 

for kurtosis, ranging between 5 and 24, were greater than zero (figure 3.3) indicating that 

the intervals cluster more and have longer tails than expected according to a typical normal 

distribution. Moreover, a trend towards lower kurtosis was observed from phase I to phase 

II in all treatments, even though the difference was not large enough and variance to great 

to detect any significant differences (p>0.05; U-test). There were also no differences 

between the treatments (p>0.05; H-test), although the 1400 ppm treatment was 

characterized by higher fluctuations of kurtosis than the other treatments. 
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Figure 3.3 Mean kurtosis of beat-to-beat interval distribution in the three treatments [ppm]. 
For calculation of mean kurtosis animals were averaged accordingly (n=7-8). No significant 
differences between the treatments (p>0.05; H-test) and between the different phases were 
observed (p>0.05; U-test). Error bars indicate standard error. 

 
The mode of the interval distribution was calculated to further reveal deviations from a 

normal distribution, in which the mode equals the mean and the median. But as well as 

observed in the mean and median values, the mode values were not found to be 

significantly different form one another (p>0.05; ANOVA; t-test; figure 3.4). The mean 

mode value in all treatments varied around 4876 ms (±162 SE).  

Another factor, the coefficient of variation (CV), was employed as a measure of the 

ratio of the standard deviation of interpulse duration to the mean. Since the CV is a 

dimensionless number it was used to compare the results with data from other studies. 

While the CV increased slightly from phase I to phase II and with rising treatment level in 

phase II (figure 3.5), no significant results were yielded by comparing both phases (p>0.05; 

U-test) and the three treatments (p>0.05; H-test). Overall, CV varied around 0.080 (± 

0.004 SE).  
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Figure 3.4 Mode of interpulse duration [ms] at three carbon dioxide levels [ppm]. No 
significant deviations were observed between the treatments (p>0.05; ANOVA) and between both 
phases (p>0.05; t-test). Mode values were averaged over the experimental animals per treatment 
and phase (n=7-8). Error bars indicate standard error. 
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Figure 3.5 Coefficient of variation (CV) of interpulse durations at three carbon dioxide 
levels [ppm]. For calculation of the CVs the mean values and the standard deviation of NN 
intervals of the tested animals in each phase were averaged (n=7-8). No significant differences 
between the treatments (p>0.05; H-test) and between the different phases were observed 
(p>0.05; U-test). Error bars indicate standard error. 
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Further standardized measures of short term changes in HRV include the examination of 

differences between adjacent intervals. For this reason SDdeltaNN and RMSSD were 

employed in this study. Both parameters differed only slightly from each other (less than 

0.5%) and therefore the same increasing trend from phase I to phase II (figure 3.6) from 

on average 353 (±31 SE) to 1146 (± 216 SE) was observed. But despite this increase, no 

statistical significance was obtained between phases (p>0.05; U-test), as well as between 

treatments (p>0.05; H-test). 
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Figure 3.6 Standard measures of HRV versus three pCO2 levels [ppm]. a) The mean of the 
standard deviation [ms] of the differences between adjacent intervals (SDdeltaNN) and b) 
the square root of the mean of the squared differences between adjacent intervals 
(RMSSD). No significance was detected (p>0.05; U-test). The treatments as well did not differ 
distinctly from each other (p>0.05; H-test). Mean values of the experimental animals in each phase 
were averaged (n=7-8). Error bars indicate standard error. 

 

To summarise the findings described above it has to be noted that no significant results 

were yielded and therefore only trends can be discussed. The mean IHR remained constant 

during the experiment throughout the treatments. This was also the case with the mean, 

the median and the mode of interpulse duration, which all varied around a similar mean 

value. In the same way, no significant changes were revealed in the SDNN and the range of 

interpulse duration. Observed skewness values close to zero indicated no deviations from a 

normal distribution, whereas observed kurtosis values greater than zero did. Furthermore, 

kurtosis decreased from phase I to phase II. On the contrary, SDdeltaNN and the likewise 

RMSSD as well as the CV increased from phase I to phase II. The CV even rose with 

higher pCO2 values during phase II. The next chapter analyses whether these trends could 

also be found in the activity pattern of the tested animals.  

a b 
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3.2 Activity Pattern 

As measures for activity at different seawater pCO2 values, valve and siphon opening 

patterns were investigated. For this purpose, the valve and siphon opening 

status [open/closed] as well as their vertical opening in % of the maximal opening were 

determined (chapter 3.2.1). Furthermore, the horizontal diameter [mm] of each siphon was 

obtained from a random sample during phase II and used with the vertical siphon 

diameter [mm] for calculation of the siphon area [mm2] (chapter 3.2.2). Note that activity 

was obtained from time lapse pictures taken only every hour during light hours (14 hours) 

and positions were determined only from open mussels. 

 

3.2.1 Valve and Siphon Opening  

The opening status of valve and siphon was estimated using indexed values; 1 was assigned 

to open mussels and 0 to closed mussels. No significant differences were revealed between 

phases (p>0.05), except when comparing siphon opening status of the 1400 ppm treatment 

(p<0.05; t-test), where mussels were closed (index 0.42 ±0.02 SE) more often in phase II 

than in phase I (index 0.058 ±0.06 SE). Interestingly, a trend towards lower valve/siphon 

opening state from phase I to phase II was also observed in all other treatments. On 

average, the valve opening state decreased from 0.67 ±0.04 SE to 0.52 ±0.03 SE and the 

siphon opening state from 0.58 ±0.04 SE to 0.44 ±0.03 SE. Comparing all pCO2 levels no 

significant difference was found between the different treatments (p>0.05; ANOVA). 

Despite non existing significances, a trend towards increased valve and siphon opening 

states (figure 3.7a and b) was visible in phase II for all treatments, from the control 

(Valve: 0.47 ±0.04 SE; Siphon: 0.40 ±0.05 SE) to the 4000 ppm group (Valve: 0.56 

±0.05 SE; Siphon: 0.50 ±0.06 SE). But this could also be the case in phase I of the siphon 

opening state increasing from 0.54 (±0.08 SE) to 0.61 (±0.05 SE). Although the siphon 

was closed more often than the valve (Siphon: 0.51 ±0.02 SE; Valve: 0.59 ±0.03 SE) a high 

correlation was obvious (r = 0.8). Thus, similar trends were observed in both parameters. 

This correlation was not as obvious (r = 0.4) in the valve and vertical siphon positions 

of open mussels (figure 3.7 c and d) as in the opening status. Whereas no significant 

difference (p>0.05; ANOVA; t-test) was revealed in the valve position with values closely 

ranging around a mean value of 57 % (±1 SE), the siphon position was fluctuating around 

a mean value of 46 % (±1 SE). Even though in the 1400 ppm treatment the mean siphon 

position of 39 % (± 4 SE) in phase I indicated a significant deviation from the other 

treatments (p<0.05; ANOVA; Holm-Sidak), there was no significant difference to phase II 

in the same treatment (p>0.05; t-test).  
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Figure 3.7 Valve and Siphon opening patterns in relation to pCO2 [ppm]. a) Valve opening 
status and b) siphon opening status were determined by assigning the number 1 to open 
mussels and 0 to closed mussels. c) Valve position and d) vertical siphon position of open 
mussels expressed as percentage of the maximum opening. Note that positions were only 
included when the valve was open. An asterisk in brackets (*) indicates that there is a statistical 
significant difference between the two phases of one treatment (p<0.05; t-test), but not between 
the same phase of the other treatments (p>0.05; ANOVA), e.g. phase I at 1400 ppm in figure 3.7b 
differs from phase II but not from phase I at 380 and 4000 ppm. A cross in brackets (+) indicates a 
significant difference between the treatments in one phase (p<0.05; ANOVA; Holm-Sidak) but not 
between the two phases of the same treatment (p>0.05; t-test). In this case data at 1400 ppm (figure 
3.7d) differs from data at 380 and 4000 ppm in phase I but not from data in phase II at 1400 ppm. 
Values are means over all mussels in the corresponding phase (n=8). Error bars indicate standard 
error. 

a b 

c d 
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On the other hand, only the 4000 ppm treatment differed between phase I (53 % ±2 SE )  

and phase II (p<0.05; t-test), but not from phase I of the control group (52  % ±4 SE; 

p>0.05; ANOVA). Furthermore, no differences were observed between treatments in 

phase II (p>0.05, ANOVA) varying around a mean value of 44 % (±3 SE). 

Looking at opening status and position patterns in figure 3.7, there was no obvious 

correlation between these two measures (Valve: r = 0.1; Siphon: r = 0.3). As mentioned 

above, the opening status decreased during the course of the experiment in each treatment, 

whereas the position remained constant. 

 

3.2.2 Siphon Area and Metric Data  

The horizontal siphon diameter of 20 random pictures of each mussel during phase II was 

employed to estimate the siphon area using the area equation of an ellipse. A clear but 

insignificant decrease (p>0.05; ANOVA) from 120 mm² (±26 SE) to 71 mm² (±12 SE) 

was observed with rising pCO2 (figure 3.8).  
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Figure 3.8 Mean siphon area [mm2] versus three carbon dioxide levels [ppm] in phase II. 
Area was calculated by assuming an elliptic area (πab). No significant differences (p>0.05; 
ANOVA) between treatment levels were detected. Error bars indicate standard error (n=8).  
 
 

To investigate this decrease more closely, the metric data of the horizontal (figure 3.9a) and 

the vertical siphon position (figure 3.9b) were examined. The horizontal diameter remained 

relatively constant (on average 11.1 mm ±0.3 SE) and revealed no significant differences 

between phases (p>0.05; t-test) and treatments (p>0.05; ANOVA). The vertical position 

on the other hand was characterized by a significant decline in diameter from 3.3 mm 

(±0.4 SE) in the control CO2 level to 2.0 mm (±0.1 SE) in the 4000 ppm treatment 

(p<0.05; ANOVA; Holm-Sidak). But an insignificant decline was also observed in phase I 

explaining why no significant deviation between phases were found (p>0.05; t-test).  
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Figure 3.9 Absolute siphon measures [mm] in three pCO2 treatments [ppm]. In the figures 
of the horizontal diameter (a) and vertical diameter (b) different letters indicate a significant 
difference between the treatments in phase II (p<0.05; ANOVA; Holm-Sidak) but no significant 
differences were observed between the two phases of same treatments (p>0.05; t-test). Error bars 
indicate standard error. Closed mussels were excluded from analysis 

 

To sum it up, a significant trend was never observed in the valve opening patterns, whereas 

siphon opening patterns possessed significant differences between phases or treatments 

but never in both. While the valve and siphon opening status decreased from phase I to 

phase II in each treatment, the positions varied around a mean value. Furthermore, the 

opening status increased with rising treatment level in phase II. The siphon area as well as 

the vertical siphon diameter, however, decreased with rising pCO2 values during phase II, 

while the horizontal diameter remained constant.  

 

 

3.3 Phytoplankton Concentration 

The algae cell concentration was determined in each aquarium, the header tank and the 

storage tank. Thus, sufficient food supply at a steady state concentration could be 

maintained in order to ensure maximal valve and siphon opening as well as growth.  

During experimentation there was a constant sigmoidal increase in algae cells [cells/ml] 

from 941 cells/ml (±78 SE) to 6609 cells/ml (±871 SE) in the storage tank (figure 3.10), 

which was responsible for an increasing food supply leading to a rising steady state 

concentration from 1696 (±178 SE) in the first part of experiment I to 4811 cells/ml 

(±905 SE) in experiment III. Hence, steady-state algae concentration in experiment I was 

still in the optimum range but lower than expected, rising above the calculated level of 

3500 cells/ml during the study period.  

a b 

c 
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Figure 3.10 Algae concentration [cells/ml] in the storage tank during experimentation. 
Error bars indicate standard error (n=3). 
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Figure 3.11 Percentage of removed algae in six different CO2 treatments [ppm] during 
phase II. The concentration in the header tank was set to a 100 % and the percentaged 
concentration in the aquaria was subtracted. Significant different groups are indicated by asterisks 
(** p<0.01; ANOVA; Holm-Sidak; n=3-4). Error bars indicate standard error. 
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In order to compare experiments with one another, the removed algae concentration in the 

aquaria was expressed as percentage of the header tank algae cell concentration. However, 

during the course of the three experiments a markedly lower amount was removed at 4000 

ppm CO2 (p<0.01; ANOVA; Holm-Sidak). In this treatment level on average only 3 % 

(±3 SE) of the algae cells were cleared by the experimental animals, whereas in all other 

treatments on average 49 % (±2 SE) were removed. This was consistently observable 

among both experiments and in both aquaria used in the last experiments.  

Since sufficient food for growth was supplied, wet mass and length of the animals were 

compared before and after the experiment observing no distinct growth (p>0.05; t-test). 

On average experimental mussels used were 76.1 mm in total length. But some important 

variations were observed between the experiments (figure 3.12). Differences in the length 

of the tested animals were encountered by comparing experiment I to experiment III 

(p<0.05; ANOVA; Holm-Sidak), where a slight increase was detected. On the other hand 

wet mass differed highly significant in all experiment (p<0.01; H-test; Dunn’s) with a linear 

increase of about 7.3 g from experiment to experiment.  
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Figure 3.12 Length [mm] and wet mass [g] of tested animals before placement into the 
experimental setup. Length differed highly significant in the first experiment from the third 
(p<0.05; ANOVA; Holm-Sidak; n=30-36), whereas wet mass differed significantly in all 
experiments (p<0.01; H-test; Dunn’s). Length and wet mass were analyzed separately. Note that the 
scale for mass values is displayed on the right axis. Error bars indicate standard error. 
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In short, removed algae cells/ml were equal in all treatments except the 4000 ppm 

treatment, where significantly fewer cells were removed. Algae concentration in the storage 

tank rose throughout the experiments increasing the food supply. Even though food 

supply was sufficient no growth was observed. But already at the beginning of the 

experiments length and weight differed significantly between the trails. To further elucidate 

the stability of the experimental setup, the next chapter deals with the investigation of 

carbonate system parameters. 

 

3.4 Carbonate System Parameters 

To characterize the carbonate system in the experimental incubations, measurements of 

total dissolved inorganic carbon (CT [µmol/kg SW]) and total alkalinity (AT [µmol/kg SW]) 

were carried out. Using these measures, further components of the system, i.e. pCO2 [ppm], 

ΩCalcite and ΩAragonite were calculated.  

The photometric CT analysis (experiment I) was not included in the investigation of the 

carbonate system, since at higher pCO2 values of >1400 ppm out gassing seemed to have 

occurred, leading to lower CT concentrations than in the control treatments. Instead, in 

addition to determination of AT, pH measurements were used for carbonate system 

calculations in the first experiment. In the following experiments, the more reliable 

coulometric CT analysis was used (figure 3.13). 
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Figure 3.13 Total dissolved inorganic carbon (CT [µmol/kg SW]) at six different CO2 levels 

[ppm]. CT is consistently rising with increasing pCO2. Values are shown for the second ( ) and the 
third experiment ( ). Note the break in the x-axis. The y-axis only covers the range from 1700 to 
2200 µmol/kg seawater. Error bars indicate standard error (n=3 determinations per experiment and 
treatment). 
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CT concentration showed a clear positive relationship with pCO2 (r = 0.99) Exactly the 

same trend was observed in the second and third experiment, but on a much higher level in 

experiment III, as CT values were about 80 µmol/kg SW higher than in experiment III. 

Overall, measured values ranged from 1815 (±7 SE) to 2157 µmol/kg SW (±4 SE).  

AT also differed among experiments with lowest values of on average 1874 µmol/kg SW 

(±8 SE) in experiment II and highest values of on average 1960 µmol/kg SW (±11 SE) in 

experiment III (figure 3.14). But also during the course of each experiment fluctuations 

took place. AT varied between 1860 (±2 SE) and 1980 µmol/kg SW (± 6 SE) in this study. 

On the other hand AT in the different aquaria as well as the storage tank was found to be 

very constant (± 2.76 SE).  
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Figure 3.14 Time course [d] of total alkalinity (AT [µmol/kg SW]). Alkalinity is displayed for 

the first ( ), the second ( ) and the third experiment ( ).Note that the y-axis only covers the range 
from 1800 to 2100 µmol/kg seawater. Error bars indicate standard error (n=3). 

 

In the incoming water pCO2 values were consistently rising from 402 ppm (± 22 SE) to 

789 ppm (± 99 SE) as calculated from values for AT and CT/pH in the storage tank 

(table 3.1). Thus, values close to the third treatment level (840 ppm) were reached in 

storage tank water coming directly from the fjord. Not surprisingly, even higher pCO2 

values were found during field measurements at the sampling site in Kiel Fjord over the 

experimental periods (see chapter 3.5.4). The increasing trend in CO2 level was observed in 

all treatments during the course of this study (except 1400 ppm in experiment I). Hence, 

the ‘real’ experimental pCO2 values (as calculated from pH, AT and CT) were mostly higher 

than planned. 
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Table 3.1 Nominal and calculated pCO2 [ppm] values as calculated from AT and pH (I) or 

CT (II and III). Roman numerals indicate the experiment number. Calculated pCO2 values differed 

from desired values (left column, ‘treatment’). Standard error (SE) is shown (n=2-3).  

Treatment 

[ppm]

Mean SE Mean SE Mean SE Mean SE

380 421.5 ±10.6 486.8 ±12.3 519.1 ±57.5 475.8 ±28.7

560 576.0 ±20.2 710.3 ±15.0 643.1 ±54.8

840 716.6 ±13.1 823.0 ±11.4 852.7 ±29.0 797.4 ±41.3

1120 958.2 ±36.4 1066.5 ±22.6 1100.2 ±24.2 1041.6 ±42.8

1400 1633.2 ±39.5 1218.7 ±11.3 1248.0 ±51.6 1366.6 ±133.6

4000 4309.7 ±201.2 4455.3 ±83.9 4382.5 ±72.8

Storage Tank 402.4 ±22.4 624.8 ±34.4 789.4 ±98.8 605.5 ±137.3

calculated CO2 level

I IIIII

 [ppm]

Average

 
 

Furthermore, consistent with rising CO2 levels from experiment I to III, calcite (table 3.2) 

and aragonite (table 3.3) saturation state of seawater (Ω) decreased with the study duration 

in the incoming water from 1.69 (±0.13 SE) to 1.32 (±0.12 SE) with respect to calcite and 

from 0.97 (±0.07 SE) to 0.78 (±0.07) with respect to aragonite. Rising CO2 with increasing 

treatment level also reduced Ω leading to calcite undersaturation (ΩCalcite<1) in treatments 

above 840 ppm. Interestingly, the water was always undersaturated with respect to 

aragonite (ΩAragonite<1), except in the 380 ppm treatment in experiment III. 

 

 

Table 3.2 Calcite saturation state (ΩCalcite) in the different CO2 treatments [ppm] during the 
three experiments. Roman numerals indicate the experiment number. Values above 1 indicate 
supersaturation, whereas values lower than 1 depict undersaturation. Standard error (SE) is shown 
(n=2-3).  

Mean SE Mean SE Mean SE Mean SE

380 1.51 ±0.03 1.65 ±0.04 1.76 ±0.16 1.64 ±0.07

560 1.14 ±0.07 1.18 ±0.03 1.16 ±0.02

840 0.92 ±0.03 1.02 ±0.01 1.11 ±0.03 1.02 ±0.05

1120 0.71 ±0.04 0.82 ±0.02 0.89 ±0.02 0.81 ±0.05

1400 0.44 ±0.02 0.72 ±0.01 0.79 ±0.04 0.65 ±0.11

4000 0.22 ±0.01 0.24 ±0.01 0.23 ±0.01

Storage Tank 1.69 ±0.13 1.42 ±0.06 1.32 ±0.12 1.48 ±0.11

III

Ω CalciteTreatment 

[ppm] I II Average
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Table 3.3 Aragonite saturation state (ΩAragonite) in the different CO2 treatments [ppm] during 
the three experiments. Roman numerals indicate the experiment number. Values above 1 indicate 
supersaturation, whereas values lower than 1 depict undersaturation. Standard error (SE) is shown 
(n=2-3). 

Mean SE Mean SE Mean SE Mean SE

380 0.86 ±0.02 0.94 ±0.02 1.04 ±0.08 0.95 ±0.05

560 0.66 ±0.04 0.67 ±0.02 0.66 ±0.01

840 0.53 ±0.02 0.58 ±0.01 0.65 ±0.02 0.59 ±0.04

1120 0.41 ±0.02 0.47 ±0.01 0.53 ±0.01 0.47 ±0.03

1400 0.25 ±0.01 0.41 ±0.01 0.47 ±0.02 0.38 ±0.07

4000 0.12 ±0.01 0.14 ±0.00 0.13 ±0.01

Storage Tank 0.97 ±0.07 0.81 ±0.04 0.78 ±0.07 0.85 ±0.06

Average

Ω AragoniteTreatment 

[ppm] I II III

 
 

In summary, CT increased with rising treatment level and over the experimental duration, 

while AT remained fluctuated around a mean value. Calculated pCO2 values increased over 

time, especially in the storage tank. Furthermore, the seawater was undersaturated with 

respect to calcite at ppm values of 840 and higher and always undersaturated with respect 

to aragonite. But besides the measured carbonate system parameters, other abiotic factors 

were examined (see next chapter) to control the stability and the influence of external 

variables. 

 

 

3.5 Further Abiotic Factors 

To assess their possible impact on the experimental animals and the experimental design, 

abiotic parameters, including pH (chapter 3.5.1), temperature [°C] (chapter 3.5.2) and 

salinity (chapter 3.5.3) were determined. 

 

3.5.1 pH 

Only minor fluctuations in pH were observed within each treatment during the 

experimental periods, as indicated by the relatively low standard errors (see table 3.4). The 

pH values decreased with increasing pCO2, from 8.02 (±0.03 SE) in the control treatment 

(380 ppm) up to 7.07 (±0.01 SE) in the highest CO2 treatment (4000 ppm). As CT and 

pCO2 increased in Kiel Bay waters during the experimental period, average pH values 

decreased from experiment to experiment. 
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Table 3.4 Mean pH in each CO2 treatment [ppm] and experiment. Roman numerals indicate 
the experiment number. Calculated pH is obtained using AT and CT measurements from 
experiment II and III. Standard error (SE) is shown (n=2-3).  

Mean SE Mean SE Mean SE Mean SE

380 8.065 ±0.006 8.029 ±0.006 7.959 ±0.019 8.018 ±0.031

560 7.916 ±0.008 7.854 ±0.004 7.885 ±0.031

840 7.840 ±0.004 7.781 ±0.004 7.736 ±0.007 7.786 ±0.030

1120 7.711 ±0.008 7.683 ±0.005 7.639 ±0.005 7.678 ±0.021

1400 7.504 ±0.005 7.614 ±0.004 7.584 ±0.005 7.567 ±0.033

4000 7.080 ±0.005 7.051 ±0.007 7.066 ±0.014

Storage Tank 8.065 ±0.012 7.930 ±0.014 7.751 ±0.014 7.915 ±0.091

7.752

7.210

7.995

pH

8.124

7.991

7.913

7.807

calculated

pHTreatment 

[ppm] I II III Average

 

 

3.5.2 Temperature 

In experiment I water temperature was almost constant (12 °C ±1 SE) in all aquaria. The 

temperature during the first experimental period slightly fluctuated around 13 °C with a 

maximum of 14 °C and a minimum of 11 °C (mean values of all aquaria; table 3.5). A slight 

variation with a maximum of 1 °C/day was visible. The mean temperature of 12 °C 

(±1 SE) during the second experimental period also fluctuated slightly with a maximum of 

1 °C/day. Even in experiment III only small deviations from the mean temperature of 

12 °C (±0 SE) were observed (maximal 0.8 °C/day). 

In general, the mean temperature was 12 °C in all treatments changing on average only 

0.03 °C/day. Maximum and minimum temperatures were less than 2 °C apart from the 

mean. 

 

Table 3.5 Temperature [°C] in the experiments. Displayed are means, standard error, maximum 
and minimum values, the mean change per day in each experiment as well as the maximum change 
per day. Standard errors (SE) are displayed (n=16-17).  

Mean SE Maximum Minimum Mean change Maximum change 

[°C/ day] [°C/ day]

Experiment I 12.5 ±0.05 13.5 10.9 0.011 -1.140

Experiment II 12.3 ±0.05 13.7 11.0 0.042 -1.440

Experiment III 11.8 ±0.03 12.6 10.6 0.024 -0.880

All Experiments 12.2 ±0.10 13.7 10.6 0.026 -1.440

Temperature [°C]
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3.5.3 Salinity 

During the first experimental period salinity varied slightly around 12 (±1 SE) (mean values 

of all aquaria; table 3.6), whereas in experiment II the salinity was a little lower, fluctuating 

around a value of 11 (±0 SE). In both treatments maximal changes of only 0.8 to 

0.3 units/day were detected. On the other hand, during the third experiment a 

continuously increasing trend from 12 to 18 salinity was observed. This way, the mean 

value of 16 was more variable in the third experiment than in the other experiments 

(±0 SE) including a maximum change of 1.3 units. 

In the first two experiments salinity was rather constant in contrast to the third 

experiment, where salinity constantly increased leading to a higher mean value. Therefore, 

great variations in the overall mean salinity of 13 from a minimum of 11 up to a maximum 

of 18 occurred.  

 
 
Table 3.6 Salinity in the experiments. Displayed are means, standard error, maximum and 
minimum values, the mean change per day in each experiment as well as the maximum change per 
day. Standard errors (SE) are displayed (n=16-17). 

Mean SE Maximum Minimum Mean change Maximum change 

[units/ day] [units/ day]

Experiment I 12.4 ±0.05 13.7 11.7 -0.063 0.800

Experiment II 11.4 ±0.02 11.8 11.0 0.017 0.300

Experiment III 15.9 ±0.14 17.8 11.9 0.208 1.280

All Experiments 13.2 ±1.35 17.8 11 0.054 1.280

Salinity

 

 

In summary, even though pH was relatively stable within experimental treatments, a 

decrease in pH was observed from experiment to experiment, especially in the storage tank, 

which was fed with water drawn from the fjord. Temperature, on the other hand, remained 

constant throughout the experimental periods leading to similar mean values in the three 

trials and showing only minor fluctuations. Even less fluctuation in salinity was observed in 

the first two experiments. This was not the case in the third experiment, where salinity 

values were rapidly increasing, resulting in a higher mean value in the third experiment than 

in the previous experiments. To investigate the rise in pCO2 and the decrease in pH during 

the study period more closely, environmental parameters at the sampling site in Kiel Fjord 

were investigated in more detail.  
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3.5.4 Environmental Parameters 

Field measurements at the sampling site were carried out from April to September, 2008, 

consisting of pH, temperature [°C] and salinity measurements, as well as AT [µmol/kg SW] 

and CT [µmol/kg SW] determinations to gain a better understanding of the carbonate 

system parameters and other abiotic factors observed in the experiments.  

During the experimental periods from April 24th to July 18th 2008, pH decreased, 

especially between June and July from 8.2 to about 7.7, whereas salinity increased from 11 

to 18 (figure 3.15). Temperature, on the other hand, increased strongest from 10 to 15 °C 

between April and May and varied afterwards rather consistently between 15 and 18 °C, 

resulting in a mean temperature of 15 °C.  

 

Figure 3.15 Temperature, pH and salinity in the surface water of Kiel Fjord from April to 
September, 2008. Whereas pH declined temperature and salinity increased during summertime. 
The time span marked in grey indicates the experiments period.  
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It is also noteworthy that pH values as low as 7.6 (9th of July ; 1435 ppm),  and 7.4 (8th of 

September; 2345 ppm),  were observed at the sampling site, which is comparable to the pH 

values of the 1400 ppm treatment and even below. For the trend in salinity revealed an 

inverse relationship to pH values (r = 0.8) whereas temperature behaved independently 

(r = 0.2) (table 3.7). To further investigate conditions at the sampling site, field samples of 

AT and CT were taken at the mentioned dates and at another day with a higher pH of 7.8. 

AT and CT increased with decreasing pH and, therefore, the calculated parameters exhibited 

the same trend. Calculated pCO2 values confirmed the observations made above, that 

conditions in the Fjord at those two days were above 1400 ppm. Except for calcite on 

August the 13th (1046 ppm and pH 7.8) the sampling site was undersaturated in respect to 

calcite and aragonite. Since water pH was measured with an electrode, pH was more 

precisely calculated using CT and AT values, but even after correction values remained 

markedly low. 

 
Table 3.7 Field measurements at the sampling site at selected dates 2008. Salinity, pH and 

temperature [°C] were analyzed as well as AT [µmol/kg SW] and CT [µmol/kg SW], which both 

were used to calculate pH and pCO2, ΩCalcite and ΩAragonite. Values for pH on July 9th and September 
8th were markedly lower than on August the 13th, 2008.  

Date July 9th, 2008 August 13th, 2008 September 8th, 2008

measured pH 7.585 7.780 7.424

calculated pH 7.683 7.832 7.487

Salinity 17.4 16.1 19.3

Temperature [°C] 14.6 18.7 15.5

AT [µmol/kg SW] 1955.2 1913.7 2044.9

CT [µmol/kg SW] 1973.1 1891.5 2106.3

CO2 concentration [ppm] 1435.0 1046.1 2345.3

ΩCalcite 0.79 1.21 0.58

ΩAragonite 0.47 0.72 0.35

D ate July  9
th

, 2008 A ugust 13
th

, 2008 Septem ber 8
th

, 2008

m easured pH 7.585 7.780 7.424

calcu lated pH 7.683 7.832 7.487

Salin ity 17.4 16.1 19.3

Tem perature  [°C] 14.6 18.7 15.5

TA  [µ equ/kg SW ] 1955.2 1913.7 2044.9

C T  [µ m o l/kg SW ] 1973.1 1891.5 2106.3

CO 2  co ncentratio n [ppm ] 1435.0 1046.1 2345.3

Ω C alcite 0.79 1.21 0.58

Ω A ragonite 0.47 0.72 0.35

 

In summary, salinity was inversely related to decreasing pH values during the experimental 

period while temperature was not correlated to pH. The most drastic change in salinity and 

pH was observed between June and July. Temperature, however, increased only at the 

beginning and in the end of the experimental period remaining constant in between. It 

stood out, that pCO2 values greater than those of the 1400 ppm treatment were found at 

the sampling site on separate days, suggesting that the local mussel population is exposed 

to elevated pCO2 in the natural habitat on a regular basis. AT and CT increased with lower 

pH. Since both variables were involved in calculation of Ω, calculated Ω indicated 

increasing degrees of undersaturation with respect to calcite and aragonite.  
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4 Discussion 

 
In this thesis, whole-animal performance indicators, such as heart rates and valve/siphon 

opening patterns of the blue mussel, Mytilus edulis from the Baltic Sea were investigated in 

response to elevated pCO2 values. The goal was to estimate physiological consequences of 

future ocean acidification, which is considered to be 1900 ppm in the year 2300 

corresponding to a pH of 7.3 (Caldeira and Wickett 2003). 

 

4.1 Whole-animal physiology 

Some effects of acidic seawater on systemic physiology of blue mussels are already known. 

Gazeau et al. (2007) detected that calcification rates declined linearly with increasing pCO2. 

These authors observed a cessation of calcification at pCO2 values of about 1800 ppm in a 

North Sea population during short-term incubation (<1 week) to elevated seawater pCO2. 

Heinemann et al. (unpublished, fig 4.1) detected a similar trend in Baltic M edulis, although 

cessation of calcification was observed at higher pCO2 values (2500-2700 ppm).  
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Figure 4.1 Calcification rates per unit fresh mass and hour [µmol CaCO3 g FM-1 h-1] in 
relation to pCO2 [ppm] in Baltic Sea mussels. Calcification rates were determined using the 
alkalinity anomality technique after 1, 2, 7 and 14 days (e.g. Gazeau et al. 2007). The intersection of 
the regression lines with the x-axis at zero marks the onset of shell dissolution. The dotted 
regression line was calculated without the 4000 ppm treatment data. The table below depicts mean 
calcium carbonate saturation states at each of the tested pCO2 treatments. Heinemann et al. 
unpublished. 
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Higher pCO2 values lead to negative rates of calcification, i.e. shell dissolution. The 

dissolving calcium carbonate shell may therefore contribute to the harmful effects of acidic 

seawater. This was also suggested by Bibby et al. (2008), who stated that cellular 

metabolism, function and signalling pathways relying on constant calcium concentrations 

were disrupted with rising pCO2 and, hence, had a significant effect on the immune 

response of Mytilus edulis. Furthermore, Berge et al. (2006) observed decreasing growth at 

pH ≤ 7.4 to 7.1 and virtually no growth at pH 6.7. A pH of less than 6.6 even led to higher 

mortality. 

Experiments conducted by Schlieper (1955b) are the only known experiments 

investigating the effect of seawater pH and pCO2 on activity and cardiac performance. He 

concluded that reduced heart rates (bradycardia), sometimes observed during prolonged 

valve closure (Woortmann 1926, Helm and Truemann 1966, Coleman and Trueman 1971), 

are the result of accumulation of CO2, oxygen depletion (also suggested by Bayne 1971) 

and resultant proton accumulation, rather than due to the accumulation of metabolic end 

products or reduced levels of external disturbances (light regime, mechanical disturbances), 

as predicted by Woortmann (1926). But most of the time before valve closure was 

triggered, indicating that valve closure and heart rates are not causally related to one 

another. In addition, Curtis et al. (2000) stated that heart rate variability (HRV) and valve 

opening status were weakly correlated. 

 

4.1.1 Cardiac performance  

Heart rate is a measure of the level of metabolic performance (Schlieper 1955a).  Widdows 

(1973) investigated active and standard metabolic rates by correlating heart rate with 

ventilation rate and oxygen uptake. Even though he did not find a close relationship 

between heart rates and metabolic rate, as Lowe and Trueman (1972) did, he observed that 

heart rate was strongly correlated to disturbances in homeostasis (e.g. due to critical 

temperatures, starvation). Consequently, the cardiac performance of Mytilus edulis has 

already been successfully used as a whole animal stress indicator in studies dealing with 

toxins, such as copper (Scott and Major 1976, Curtis at al. 2000) or dimethoate (Lundebye 

et al. 1997), as well as temperature and salinity effects (Stickle and Sabourin 1979, Bahmet 

et al. 2005, Braby and Somero 2006).  

Methods used for heart rate determinations in the past were direct visual observation, 

implants or ultrasound stethoskops (see review by Koester et al. 1979). The infrared light 

sensing method (Depledge 1984) used in this study had the advantage of enabling long-

term, non-invasive recordings and, therefore, plethysmographs have been employed in 
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many recent studies (Frederich et al. 2000, Wedderburn et al. 2000, Bakhmet et al. 2005). 

Furthermore, the handling stress due to sensor attachment is considered minimal causing 

only brief disturbances in HRV (≤1 hour; Depledge et al. 1996). Opposed to the 

CAPMON system (Computer-Aided Physiological Monitoring), an analogue-digital 

converter that can be used with the plethysmographs invented by Depledge and Andersen 

(1990), the PowerLab data acquisition system used in this study provided the opportunity 

to record and analyze data in much more detail. Whereas the CAPMON system displays 

only means of rate functions (e.g. mean heart and ventilation rate), the PowerLab with its 

software can even be used to analyze the intervals between heart beats. Therefore, the 

AIDA system (Automated Interpulse Duration Assessment) was invented by Depledge et 

al. (1996), which could be used to detect irregularities in cardiac rhythm as well. But in 

contrast to the AIDA system being specifically designed for measurement using 

plethysmographs, the PowerLab system provides the ability to measure a whole range of 

other physiological parameters, e.g. blood pressure, if desired. 

Plethysmographic heart rate recordings are non-reliable indicators of heart stroke 

volume (i.e. the volume of blood that is pumped with each heart beat), because the signal 

amplitude is affected by surrounding tissues (Koester et al. 1979) and, thus, mainly depends 

on the placement of the sensor. Furthermore, even the variability within individuals was 

very high. Sensors were sometimes removed by movements of the mussel and computer 

break down sporadically occurred. Therefore, only two hours each day were analyzed (as 

noted in chapter 2). In a previous study by Marshall et al. (2004), investigating HRV in 

limpets, such a time period has already been proven to be sufficient for a meaningful 

physiological analysis.  

 

IHR 

In this study the mean heart rate of 12 BPM was in good accordance with the predicted 

heart rate for mussels of this size in the measured salinity and temperature range 

(Widdows 1973, Bayne 1976, Braby and Somero 2006). Heart rate was not affected by 

increased carbon dioxide concentrations up to 4000 ppm (=405 Pa). This is in contrast to 

previous studies on molluscs, where a clear relationship between seawater pCO2 and heart 

rates was encountered. Michaelidis et al (1999) found that elevated pCO2 

(100000 ppm/10133 Pa) caused a decrease in heart rate and force of contraction in isolated 

ventricles of the land snail, Helix lucorum, within 60 minutes. Since calcium ions are the 

essential ions for muscle contraction, these authors suggested that Ca2+ competes with 

protons for binding sites on the sarcolemma. An increasing amount of proton occupied 
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binding sites, would lead to a decrease in the force of contraction. This was additionally 

supported by the observation that low calcium levels enhanced the effect of hypercapnia. 

But on the other hand, elevated calcium levels did not restore the contractility of the heart. 

Schlieper (1955b) examined the effect of different pCO2 values on the heart rate and valve 

opening of blue mussels from Kiel Fjord by direct observation. He found out that 

concentrations higher than 49998 ppm (5066 Pa) led to cardiac arrest and death within 10 

minutes. Mussels exposed to 24999 ppm (=2533 Pa) survived during the 30 minutes 

exposure period. However, distinct decreases in heart beat amplitude and frequency were 

observed. The exposure levels used by Schlieper (1955b) and Michaelidis et al. (1999) were 

extremely high compared to the values used in the present study and the exposure period 

only lasted 30-60 minutes, but since the mussels used were much smaller (10-13mm), being 

probably even more sensitive (Sukhotin et al. 2002), these findings might suggest the high 

stress tolerance level of this species. Furthermore, Schlieper (1955b) also investigated the 

influence of a more realistic pH of 7.0 by manipulating seawater through addition of HCl. 

He observed a marked slowing of heart rate immediately after transferring the animal into 

the acidified seawater. This result stands in contrast to the results yielded in this study, 

since the measured pH in the highest treatment was also 7.0, but heart rate remained 

unchanged. However, the pH calculated via CO2SYS using AT and CT indicated a higher 

‘true’ pH value of 7.2, which may be not be sufficient to trigger a response in heart rate. 

But above all, it has to be noted that mussel in the study by Schlieper (1955b) encountered 

an additional stress, since they were exposed to modified seawater simply by transferring 

them rapidly from normocapnic water into acidified water. In this study, however, mussels 

were slowly exposed to CO2 (desired values were reached in about one day). On the other 

hand it is more likely that results gained by Schlieper (1955b) and Michaelidis et al. (1999) 

do not reflect physiological responses normally occurring in nature. Extremely short 

exposure periods to exceptionally high pCO2 levels do not pose an opportunity for species 

to acclimate. 

 

HRV 

To determine the sensitivity of blue mussels to ocean acidification more closely, it has to be 

pointed out that HRV is considered a more sensitive indicator of physiological stress. 

Depledge et al. (1996) demonstrated that HRV in blue mussels changed during handling 

stress, while the heart rate remained unchanged. Furthermore, it has been shown that a 

50% decrease in HRV was caused by copper concentrations an order of magnitude lower 

than the concentration that caused a 50% decrease in heart rate (Curtis et al. 2000). Thus, it 
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was concluded that the beating pattern reacts to stress before a deviation in the heart rate 

becomes visible. The variability of interpulse duration in blue mussels is a result of the 

characteristic of the heart itself. Probably most molluscan hearts are myogenic (Jones 

1983); meaning that contraction is initiated by the diffuse pacemaker cells itself. The 

unstable membrane potential of pacemaker cells leads to a spontaneously opening or 

closing of ion channels (Irisawa 1967). In addition, inotropic (amplitude of heart beat) and 

chronotropic (heart rate) control is exerted through nerves coming from the visceral 

ganglion. Excitatory nerves lead to acceleration and inhibitory nerves lead to depression of 

heart beat. In addition, some neurotransmitters like serotonin (Koester et al. 1979) are 

assumed to play a role. The interpulse duration of Mytilus edulis in well-aerated seawater is 

more regular than in mammals because no other function such as ventilation is assumed to 

influence the IHR of this species (Curtis et al. 2000). This was also shown by Widdows 

(1973), who stated that there is no nervous coupling between heart and ventilation rate. 

Thus, stress is indicated by a wider distribution of interpulse duration in histograms 

(Depledge et al. 1996) other than in mammals, where a high temporal fluctuation in the 

beating pattern resembles a relaxed and powerful organism (Task Force 1996).  

This study is the first to precisely determine HRV in relationship to (environmentally 

relevant) elevated seawater pCO2 and corresponding pH values. Since there are no 

standardized indicators of HRV for mussels in the literature, many different parameters 

have been tested in this study. The mean, median and mode values did not respond to 

changes in pCO2. Furthermore they were nearly equal to one another indicating a close to 

normal distribution of interpulse durations, which is also supported by zero skewness. In 

addition to this, elevated pCO2 did also not affect SDNN or the range beat-to-beat interval 

distribution. Kurtosis, otherwise, insignificantly decreased from phase I to II, indicating 

that the first peaky distribution of interpulse durations was approaching a normal 

distribution closer to zero. But this trend is rather due to the adaptation of the animals to 

the experimental setup than due to rising CO2 values, since the effect was also visible in the 

control group. On the other hand, in the CV, SDdeltaNN and RMSSD an insignificant 

increase from phase I to phase II was observed, suggesting a trend towards higher degrees 

of stress in experimental animals with incubation time. These contradictory results might 

suggest that kurtosis is a less suitable indicator of HRV than the latter indicators (i.e. CV, 

SDdeltaNN and RMSSD). Furthermore, in the 1400 ppm treatment much higher variations 

in kurtosis were observed than in the other treatments. These fluctuations, as well as the 

great standard errors are due to the heavy tails of the distribution, which distort the 

kurtosis value, if extreme values are included. The CV of the beat-to-beat interval has 
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already been used in a study by Curtis et al. (2000) using the AIDA System dealing with 

Mytilus edulis exposed to copper. They found rising CVs with increasing copper 

concentrations. Therefore, CV has already been defined as a suitable HRV indicator. The 

CV of control mussels in the study of Curtis et al. (2000) was 0.08, being in good 

accordance with the overall CV value measured in this study of also 0.08 (± 0.004 SE). The 

CV was the only HRV indicator increasing (but insignificant) with rising CO2 values in 

phase II, independent of phase I, indicating a slight trend towards more stress due to 

increasing carbon dioxide concentrations. Whereas the CV detects changes in the overall 

variability independent of changes in the mean interval duration, the RMSSD and the 

SDdeltaNN both reflect short term HRV being independent of any diurnal or other long 

term trends (Kleiger 1995, Kobayashi et al. 1999). Both parameters were highly correlated 

(differing not more than 0.5%), which has also been shown by Kleiger et al. (1995). Kim et 

al. (2007) demonstrated a high degree of correlation between RMSSD and SDdeltaNN 

even in their sensitivity towards missing interval data.  

In summary, no significant changes in HRV were observed with rising pCO2 in any of 

the measured parameters. The ordinary distribution of beat-to-beat intervals in Mytilus edulis 

seems to be a close to normal distribution with a more pronounced peak and longer tails 

than a Gaussian curve, as indicated by the mean, median, mode, skewness and kurtosis 

values. No trends were observed in the mentioned parameters, except in the latter (i.e. 

kurtosis), as well as in the SDNN and the range, which are, potentially, more robust 

measures of HRV than kurtosis. CV showed the only response, which could definitely be 

related to pCO2. Hence, it seemed to be a more sensitive parameter. The RMSSD and 

SDdeltaNN also seem to be more sensible indicators, but should be regarded as surrogates 

for each other. Even though no significant changes occurred, some parameters displayed 

minor trends, thus it might be useful to measure more than one variable for HRV at the 

same time. For future analysis, the following parameters should be determined 

simultaneously to generate a more complete picture of heart rate variability in mussels: 

1. Mean and SDNN: easy to obtain and robust 

2. Median: more robust against outliers than the mean 

3. CV: sensitive indicator and independent of changes in the mean 

4. SDdeltaNN: indicates short term HRV and more easily obtained than RMSSD 

In contrast to findings in this study, Schlieper (1955b) found an erratic beating pattern 

at 24999 ppm (=2533 Pa), but, apart from using extremely high pCO2 values in his study, 

he did not give a measure of HRV and results have been obtained only by means of visual 

observation. Ellington (1993), on the other hand, studied ventricular myocytes in the 
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southern quahog, Mercenaria campechiensis, a species that exhibits a mostly sedentary lifestyle 

(Stanley 1985) similar to that of Mytilus edulis. He found intracellular pH (pHi) in cardiac 

myocytes not to be affected by extracellular (haemolymph) pH (pHe) at values ranging 

from 8.0 to 7.1, similar to pHe values obtained for the experimental animals from the 

present study (Thomsen et al. unpublished, figure 4.2). Thus, the decrease in pHe in this 

study is considered to be not sufficient to yield a significant response in HRV and heart 

rates. 
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Figure 4.2 Extracellular (haemolymph) pH (pHe) of Baltic Sea blue mussels at different 
pCO2 levels [ppm]. Measurements of pHe were conducted using fiber-optical sensors (optodes). 
Values are for the same mussels that were used in the present Diplom thesis. An asterisk (*) marks 
a highly significant difference (p<0.01; ANOVA; Tukey). Thomsen et al. unpublished. 
 
 

4.1.2 Activity patterns  

Valve and siphon opening patterns were examined as indicators for activity. These factors 

have already been approved of as stress indicators in response to toxins, such as copper 

(Curtis et al. 2000), or food depletion (e.g. Riisgård and Randløv 1981, Riisgård 1991). Both 

indicators are necessary because, although there is a weak correlation between siphon and 

valve, they are not always closely connected (Riisgard et al. 2003). The reason for this is 

that M. edulis is able to alter its pumping rate without altering shell gape by regulating the 

exhalent siphon area (Davenport and Woolmington 1982, Newell et al. 2001, Maire et al. 

2007). Therefore, the siphon area was additionally assessed from the data. Overall, the 

opening state is considered to be an indicator of periods of active feeding (see chapter 

4.1.3) and ventilation (Jørgensen et al. 1986b, Newell et al. 2001).  
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Results in this study have been obtained by time lapse imaging and computer aided 

analysis. This had the advantage of obtaining continuous recordings in contrast to direct 

observations as carried out in older studies (e.g. Davenport and Woolmington 1982). 

Disadvantages of the method used in this study were that the opening degree was not 

exactly definable since no visual markers were applied to the shell. Calibration using a ruler 

also involved additional minor uncertainties due to the right positioning and every time the 

mussel moved, pixels had to be recalibrated. Even though pictures were obtained every five 

minutes, only 1 picture/hour was analyzed due to the great expenditure of time while 

analyzing every picture manually. This problem was overcome by a more recent study by 

Maire et al. (2007), who invented a new imaging technique using higher contrast and, 

therefore, were able to obtain results automatically from a computer program. Wilson et al. 

(2005) used a Hall sensor system to measure valve opening gaining continuous and directly 

utilisable data, even in the field. A similar method was used in the Musselmonitor-system, 

which consists of electromagnetic coils (de Zwart 1995). A magnet or electromagnetic coil 

respectively is glued to one shell half, whereas the Hall sensor or the other coil, acting as 

receiver, is glued to the other. After calibration, the induced current is proportional to the 

distance between the shell halves. However, these methods only monitor valve opening 

status and not the siphon opening, which is the more relevant physiological parameter) and 

also involved great noise as well as additional stress for the animals due to sensor 

attachment. Recordings in the present study were obtained only during light hours, 

avoiding changes in valve opening due to diurnal rhythms as seen by Ameyaw-Akumfi and 

Naylor (1987) and Wilson et al. (2005). It was observed in these studies that mussels close 

their shells more often during daylight to avoid predation.  

Mussels did not vary their opening degree (valve and siphon position) in response to 

pCO2 values applied in this study. The mean valve opening varied around 57 % (±1.33 SE). 

In contrast, control mussels in the study by Curtis et al. (2000) were 75 % open. However, 

abiotic factors (15-16 °C, 33 salinity) were different from this study and there was no 

information about algae cell concentration given. The valve and siphon opening state 

decreased mostly insignificantly from phase I to phase II, even in the control group, 

indicating stress due to persisting experimentation as already observed in some HRV 

parameters. Furthermore, mussels exposed to higher pCO2 levels opened their shells 

slightly more often. But this relationship was insignificant and was also found in the siphon 

opening state before mussels were introduced to higher pCO2. Therefore, no conclusions 

should be drawn, besides that valve and siphon positions behaved differently than valve 

and siphon opening state. The latter parameters are more sensitive indicators in response to 
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elevated seawater pCO2. Lower values were observed in the siphon opening state and 

position than the valve gape, since it was regulated independently as expected and 

discussed above.  

Metric data was not further included in the analysis. Percentage data better reflected the 

relative mean siphon opening, since metric siphon diameter is strongly dependent on 

siphon size, shape and orientation to the webcam. Conversion of raw data into percentage 

or degree of maximum opening is also an approved method in the literature (Curtis et al. 

2000, Wilson et al. 2005, Maire et al. 2007).  

Significant statistical differences found in siphon opening in this study were disregarded, 

as either: (1), a treatment differed from the other treatments in phase II but not from its 

initial control phase indicating that differences were due to individual variability and not a 

response to CO2 or (2), mussels behaved differently in phase II than in phase I but no 

significant difference was found between other treatment groups in the same phase 

indicating that mussels adjusted to the experimental setup and not to CO2. In other 

treatment groups no significances were observed due to higher individual variability. 

Results obtained are consistent with Schlieper (1955b), who observed that valves did not 

react strikingly different at a pCO2 of even 24999 ppm Pa). Bamber (1990) observed 

increased gaping of the shells only at a pH ≤ 6.6. Below this threshold, mussels appeared to 

be sedated, as indicated by an abnormal gaping of the valves. This behaviour is probably 

analogous to narcosis, since high CO2 concentrations act by paralysing the respiratory 

centre. In the past CO2 was often used as an anaesthetic in humans and is still in use for 

small laboratory animals (Kohler et al. 1999). Hence, the moderate (but environmentally 

realistic) pCO2 treatments applied in this study were not sufficient to trigger a response in 

valve and siphon opening patterns.  

 

4.1.3 Food uptake and growth 

The food supply was kept constant during this study as several physiological parameters 

depend on this crucial factor: valve (Jørgensen et al. 1986a, 1988, Riisgård 1991, Riisgård et 

al. 2003) and siphon opening state (Newell et al. 2001, Maire et al. 2007), heart rates 

(Widdows 1973) and even ventilation rates (Thompson and Bayne 1972). Using algae 

concentrations of 1696 (±178 SE) to 4811 cells/ml (±905 SE), starvation effects as 

probably occurred in the study by Berge et al. (2006) were avoided. Valve gape, on the 

other hand, was closely correlated with filtration rate (Jørgensen et al. 1988), which, in turn, 

is also more adjusted to prevailing food concentrations than to temperature (Kittner and 

Riisgård 2005) or to nutritional needs (Clausen and Riisgård 1996). The energetic growth 
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model (Riisgård 2001) suggests maximum valve opening and filtration activity at algae 

concentrations applied in this study (i.e. 1696 to 4811 cells/ml). This is even irrespective of 

high levels of silt (Riisgård et al. 2003), as was found to enhance clearance rates in other 

studies (Navarro et al. 1996). Algae concentrations lower than 1000-1500 Phaeodactylum 

tricornutum cells/ml trigger valve closure due to lack of food (Riisgård and Randløv 1981, 

Riisgård et al. 2003) and higher concentrations than 30,000 trigger valve closure due to 

satiation of the digestive system (Riisgård and Randløv 1981, Davenport and Woolmington 

1982, Riisgård 1991). 

To achieve a constant algae supply, a peristaltic pump was used to drip a suspension of 

DT’s Live Marine Phytoplankton to the header tank. Even though this diet had already 

been approved of in another study by Espinosa and Allam (2006), it should be applied with 

care since other studies already questioned its nutritious value (Teßmann 2008). Only 

Phaeodactylum tricornutum is a natural food source of blue mussels in the Baltic Sea and has 

been proven to be completely (100%) retained (Møhlenberg and Riisgård 1978), whereas 

Nannochloropsis oculata is probably of less value due its size, since particle selection depends 

on the size of the labial palps (Kiørboe and Møhlenberg 1981). Exudates of Chlorella sp. 

have even been shown to cause feeding inhibition (Wilson 1981). The algae cell calculation 

(equ 2.2) introduced in chapter 2.4.1 including the filtration rate equation (equ. 2.1) by 

Møhlenberg and Riisgård (1979) should also only be used as an estimate, since the filtration 

rate equation is only reliable in a dry mass range between 0.11 – 1.36 g and was defined at 

10-13 °C and a salinity of 30.  

A continuous supply rate of one drop about every 5-10 sec (1 ml/min) was ensured, 

since Riisgård et al. (2003) found that constant algae concentrations within an optimum 

concentration ensure maximum filtration rates. Air stones were added in all tanks, 

including the header and algae tank ensuring water mixing to avoid sedimentation. A 

disadvantage of introducing the algae cells via the peristaltic pump was that algae cells were 

trapped in the small diameter tubing at very low flow rates, which led to clogged tubing 

causing a varying supply rate. Therefore, algae cell concentrations were checked using a 

coulter counter in the middle of every experiment to adjust food supply. Interestingly, the 

algae cell concentration in the storage tank was increasing during the experimental period, 

compensating for the increased clogging of the tubing. Therefore, algae cell concentrations 

in the aquaria excluding the 4000 ppm treatment were well in the optimum concentration 

in every experiment, even though great variations occurred. Riisgård and Randløv (1981) 

showed that filtration rate was independent from algae concentration in between the 

optimum range. Algae from Kiel Fjord were able to reach the storage tank as a result of 
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inefficient mechanical filtration systems. The regression line of algae cell concentration in 

the storage tank even indicated a typical growth curve including the end of the lag phase 

(end of April to beginning of May), where algae acclimated to the new environment, the 

exponential growth phase (May to June) and the stationary phase (July), where the number 

of new algae equal the number of dying algae. For further studies, especially when 

examining the food consumption more closely, it is recommended to change the filter 

cartridges of the mechanical filtration units more often (every few days instead of every 

two weeks). 

Interestingly, mussels in the 4000 ppm treatment (corresponding to a calculated pH of 

7.2) removed significantly less algae cells than all other mussels. It is concluded that this 

behaviour is the result of an inhibition of filtration activity.  This is in good agreement with 

literature data, as suppression of feeding activity was found at a pH ≤ 7.2 in Mytilus edulis as 

well as in Ostrea edulis and Crassostrea gigas independent of size, water temperature or 

experimental duration (Bamber 1990). Even in Venerupis decussate, an inhibited feeding rate 

was observed at a pH of approximately 7.0 (Bamber 1987). Since Booth et al. (1984) found 

a haemolymph pH of 7.2 in mussels exposed to air, this pH value might be a stimulus to 

stop filtering resulting from limited functioning of the involved ATPases. A low pHe leads 

to a low pHi and, hence, to low cell energy charge (Gibb’s free energy charge, ΔG). As a 

consequence, proper functioning of ATPases is restricted (Kammermeier et al. 1982).  

But the question arises, if pumping rates and filtration activity are correlated to valve 

and siphon gape as well as heart rates, why was there no significant decrease in those 

parameter evident in the 4000 ppm treatment? Even though the high pCO2 did not affect 

valve and siphon opening, it probably did affect Na+/K+ ATPase activity of the gills, since 

an insignificant decrease at the highest pCO2 level was observed (Thomsen et al. 

unpublished, fig. 4.3). Na+/K+-ATPase is a membrane protein that couples the exchange of 

two extracellular K+ ions for three intracellular Na+ ions to the hydrolysis of one molecule 

of ATP. Its main action is to maintain ion electrochemical gradients across the plasma 

membrane accounting for 25% of the standard metabolic rate (see review by Lingwood et 

al. 2005). Since the dynein ATPase in the gill cilia such as any other ATPase is dependent 

cellular homeostasis for proper functioning, this may indicate that the gills are less active 

suggesting slower ciliary movement. Further studies on gill ATPases including a higher 

resolution need to prove this hypothesis.  

Heart rates were only affected by feeding if the animals were starved for over 28 days in 

another study by Widdows (1973) and when fed again, they increased their filtration rate 

steadily to a control level within 10 days. Fed animals, on the other hand, showed no 
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response to food additions (Thompson and Bayne 1972). Hence, the period of suppressed 

food uptake was not sufficient to trigger a response in heart rate during the course of this 

study.  
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Figure 4.3 Na+/K+-ATPase activity [µmol h-1 g-1] of Baltic Sea blue mussels at three 
different pCO2 levels [ppm]. The same mussels were used as in this study. An asterisk (*) marks a 
highly significant difference (p<0.01; t-test) between mantle and gill ATPases. Thomsen et al. 
unpublished. 

 

 

 

4.1.4 Length and wet mass 

Even though sufficient food was supplied, no growth was observed. This was no surprise, 

since mussels were too old (>5 yr) to significantly grow during the experimental period. In 

the Kiel Bight M. Edulis achieves a maximum length of up to 90 mm after 5 yr (Kautsky 

1982a). Mussels were significantly longer (3.5 mm) in the last experiment than in the first. 

Differences in wet mass were highly significant leading to an increase of up to 14.6 g or 

39% between experiment I and III (measurement error accounted for about only about 1.1 

mm). This rise in mass up to June/July is characteristic for mussels in Kiel Bight and is 

related to reproductive system proliferation beginning in early spring (Boje 1965, 

Kautsky 1982a). Mass loss at spawning accounts for up to 50 to 60% of shell free dry mass 

(Kautsky 1982b).  Hence, formation of gonads already started shortly before the beginning 

of the first experimental period. Taking the already heavier wet mass into account, the 

increase of 39% during the study duration fits well the calculated gain in gonad mass. Wet 

body mass has been shown to strongly influence filtration (Winter 1973) and heart rates 

(Bayne 1976), but no effects have been observed between the experiments in this study.  
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4.2 Influencing factors 

4.2.1 Carbonate system and pH 

To evaluate the findings made above, other influencing factors will be discussed in this 

section. The coulorimetric method of CT determination should be preferred over the 

photometric analysis, since high CO2 concentrations above 1400 ppm led to equilibration 

of sample pCO2 with the atmosphere. CT in the experimental aquaria increased according to 

the composition of the introduced gas mixture, while AT remained constant with increasing 

gas mixture pCO2. Therefore, even though overall total dissolved inorganic carbon (CT) 

increased, the carbonate alkalinity (CA) was not greatly affected (see equ.4.1). For every 

mol CO2 added one mole of carbonate (counting twice for the CA, see chapter 1.1) is 

converted with water to two moles of bicarbonate and, hence, the CA stayed constant. 

 

Equ. 4.1 Effect of increasing CO2 concentration on the carbonate system speciation 

 

 
 

 

Expected AT values of 1800 and 2000 µmol kg-1 in Kiel Bight (Rodhe 1988) were 

confirmed in this study. Variation in AT over time are due to the correlation of AT to 

changes in salinity, even though the correlation is weaker in the Baltic Sea than in other 

ocean caused by influences of the river runoff (Gripenberg 1960), e.g. the river Schwentine 

near the sampling site may have an influence. Higher AT values, on the other hand, caused 

higher CT values because the sum of [HCO3
-], [CO3

2-] and [CO2] makes up CT (chapter 1.1). 

The pCO2 values in the experimental aquaria were very variable due to fluctuations of 

the gas mixing facility. No sensor had been applied at that time measuring the output 

concentration of the facility. But furthermore, a rising trend towards higher pCO2 became 

visible especially in the incoming water (the storage tank) corresponding to a concomitant 

decline in pH and Ω. This is consistent with field measurements, where a decline in pH and 

an increase in salinity were measured. The reason for this is thought to be wind driven 

upwelling. Hansen et al. (1999) reported aerobic decomposition of organic matter and a 

concomitant decline in pO2 in the bottom waters during stratification in the Eckernförde 

Bay, close to Kiel Bight. Although pCO2 values were not determined in this study, they 

must have been high, as respiratory use of [O2] results in an almost equimolar increase in 

[CO2]. Surface water is blown away if southern and western winds occur and bottom water, 

characterized by higher pCO2 values, lower pH and higher salinity values are being 

upwelled. Measured pH in this study was strongly correlated (r=0.8) to salinity, further 
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supporting the upwelling theory. On several days, extremely low pH values were observed 

being as low as 7.4. All calculated  pCO2 values were above 1000 ppm, peaking at 

2345 ppm (238 Pa), which is far above the pCO2 value of 1900 ppm predicted  the year 

2300 by Caldeira and Wicket (2003). As the fjord mussel population is being frequently 

confronted with high pCO2 levels in their natural habitat, this could explain why CO2 

treatments <2000 ppm in this study were not sufficient to trigger a measurable response in 

cardiac performance and activity patterns.  

The thermocline in the Kiel Bight is stable from April/May to November 

(Kändler 1959). The decrease in pH should be stopped when the water is mixed again. 

Therefore, further measurements need to be carried out to confirm the upwelling 

hypothesis. The carbonate system parameters in Kiel Bight had a strong effect on the 

experimental setup. The rising pCO2 between the experiments indicated that the effect was 

not totally compensated for by vigorously aerating the incoming water with pressurized air 

in the storage tank. 

The characteristic low alkalinity of the Baltic Sea caused low Ω with respect to aragonite 

in all treatments and with respect to calcite above a pCO2 of 840 ppm. Increasing pCO2 in 

rising treatment level led to lowering of the carbonate concentration and, and hence, a 

decrease in saturation state (see equ.4.1). But saturation state and shell dissolution are not 

tightly coupled as zero calcification was not reached before pCO2 values of 2500-2750 ppm 

were reached (Heinemann et al. unpublished data). In some species, the rate of calcification 

and metabolism even increased with increasing pCO2, but at the cost of reducing muscle 

tissue, as shown for the brittle star, Amphiura filiformis (Wood et al. 2008). Whereas 

organisms like corals strictly depend on the saturation state (Hoegh-Guldberg 2007), 

Gazeau et al. (2007) even found bivalve (M. edulis) shell dissolution to occur before the 

water was undersaturated with respect to calcite. 

 

4.2.2 Temperature 

The effect of temperature was kept to a minimum using a cooler, since changes heart rates 

(Bayne 1976, Braby and Somero 2006) and valve opening including filtration rates 

(Jørgensen et al. 1990) correlated with changes in temperature. Furthermore, temperature 

influences the dissociation constants of carbonic acid and thus the pH (Howell et al. 1973). 

But, in the range and at the speed of observed temperature changes, these changes were 

negligible, since the natural variation measured in the Kiel Bight was greatly more 

fluctuating.  
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4.2.3 Salinity 

Salinity has been shown to have an effect on heart rates (Stickle and Sabourin 1979, Braby 

and Somero 2006) as well as filtration rate (Theede 1963) and valve gape (Seed and 

Suchanek 1991). During the course of the first two experiments, salinity did not vary much 

if compared to the natural fluctuation, but during experiment III a continuous increase up 

to 1.3 units/day was observed. Braby and Somero (2006) investigated the effects of salinity 

on mussel heart rate by reducing the salinity from 28 to Scrit (critical salinity at which the 

heart rate is zero) in 2-3 units/hour steps. They found Scrit to be 11 in M.edulis acclimated to 

22 salinity and 14 °C, whereas Scrit decreased with decreasing salinity acclimation. But the 

salinity change per hour was greater and faster than the change mussels experienced in one 

day in this study. Therefore, no significant changes in heart rates or heart rate variability 

were found in correlation with salinity. But the possibility exists that a decrease in cardiac 

performance due to higher pCO2 was maybe masked by an increase due to rising salinity.  
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5 Conclusion and Outlook 

 
Decreasing carbonate saturation states, elevated seawater pCO2 values and decreased pH as 

a result of anthropogenic CO2 emissions have already been observed. Furthermore, recent 

studies predict an even further rise in atmospheric carbon. Drastic impacts especially on 

the ecophysiological performance of calcifying organisms are expected. 

In this work, physiological parameters, i.e. cardiac performance and activity patterns 

were monitored in adult specimens of the blue mussel, Mytilus edulis, exposed to different 

seawater pCO2 values for two weeks. It was shown, that heart rates and valve/siphon 

opening status were not significantly altered by elevated pCO2. However, a strong decline 

in filtration activity was evident in the highest pCO2 treatment (4000 ppm). 

This study demonstrated that adult specimens of the blue mussel, Mytilus edulis, are well 

adapted to cope with elevated seawater pCO2 values (<1400 ppm) during short-term 

exposure. Cardiac performance and activity patterns were maintained even at 4000 ppm 

(405 Pa), a carbon dioxide level higher than predicted by current models of ocean 

acidification (Caldeira and Wickett 2003). This was reflected by unimpaired cardiac activity 

and activity patterns in response to carbon dioxide, even though calcification continuously 

decreased with rising pCO2 (Heinemann et al. unpublished) and extracellular acid-base 

balance was constrained at 4000 ppm (Thomsen et al. unpublished). Therefore, short-term 

exposure to pCO2 values applied in this work was not sufficient to pose a great enough 

abiotic stress on the animal to elicit metabolic depression. On the other hand, in the 

highest treatment (4000 ppm) filtration rate was reduced to a minimum, which suggests 

that the functional capacity of the organism was significantly restricted. Since Widdows 

(1973) observed a reduction in heart rates in animals starved for 28 days, a longer CO2 

exposure period is probably necessary to trigger a response due to feeding inhibition. 

Modelled future scenarios do not include a value as high as 4000 ppm, but due to the 

special characteristics of the Baltic Sea, i.e. low buffering capacity, ocean chemistry might 

be even more altered by carbon dioxide emission than in the high-saline oceans. 

Furthermore, blue mussels are already frequently being exposed to extraordinarily high 

pCO2 values resulting from upwelling in Kiel Fjord. On several days, pCO2 values higher 

than the predicted values for the year 2300 have been observed reaching up to 2345 ppm 

(238 Pa; 7.4 pH). Due to its low buffering capacity, future increases in atmospheric CO2 are 

most likely to result in pCO2 values around 3000 ppm in Kiel Fjord. Since M. edulis is an 

important ecosystem engineer, detrimental physiological changes of elevated pCO2, e.g. 
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shell dissolution /reduced calcification will have devastating consequences not only for the 

species, but also for the whole benthic ecosystem in Kiel Fjord.  

Hence, long-term studies need to be carried out to titrate those pCO2 levels, at which 

filtration rate starts to be impaired. It is expected that cardiac activity and activity patterns 

will then be reduced concomitantly in response to starvation. In addition to heart rate, 

stroke volume and oxygen consumption should be included in future studies in order to 

calculate the cardiac output at different pCO2 levels, leading to a complete understanding of 

cardiac performance. Further, more detailed work on the carbon chemistry in the Baltic Sea 

and on the effects and causes of upwelling in the Kiel Fjord should be carried out in order 

to give a better estimation of the impact of future ocean acidification.  
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