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Summary 

In order to understand the present, environmental knowledge from the past is 

important. Observational records of environmental data are spatiotemporally 

incomplete and extremely scarce prior to AD 1860. Large scale environmental 

variability can be well represented by integrating data from a limited number of 

geographically scattered indicators or ‘proxies’ of past climate. This is partly achieved 

by the analysis of tree rings and of marine sediments cores. Long term environmental 

reconstruction with high resolution can be achieved by the calcareous skeleton of 

long lived invertebrates.   

 

In the last decade the ocean quahog Arctica islandica has attracted increasing 

interest among marine biologists owing to its extremely long life span approaching 

400 y, and occurrence along the entire North Atlantic Ocean margins. But even more 

important is that its calcareous shell archives information on past environmental 

conditions in the morphological growth patterns and biogeochemical properties. The 

Ocean quahog A. islandica may become an important proxy in environmental change 

research, although until now the full capabilities of this species have not yet been 

fully realised. 

This thesis is an attempt to achieve deeper insight of the environmental proxy A. 

islandica, in terms of its environment, biology as well as population dynamics and 

evolutionary history.  

In order to achieve this goal, a number of approaches targeting six different sites of 

the North East Atlantic Ocean (i.e. Norwegian coast, Kattegat, Kiel Bay (Baltic Sea), 

White Sea, German Bight (North Sea) and off North East Iceland) were developed: (i) 

A general metabolic model which allows calibration of individual metabolic rates of A. 

islandica from five populations to body mass, water temperature, age and site. (ii) 
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Growth and energy budget models of A. islandica at six different sites allowed a 

better understanding of the ecological role of the bivalve in its environment and to 

enable a linkage of the dynamics of A. islandica populations to environmental drivers 

(iii) Morphological and genetic comparison confirm differences between populations 

of A. islandica and revealed whether the morphological differences are driven by the 

environment or underlying genetic differences. 

Between different populations, environmental temperature is found to be the prime 

driving force that exerts distinct site specific effects on respiration rate. Respiration of 

A. islandica is significantly below the average of 59 bivalve species when 

temperature and mass are taken into account. In addition, growth rates of A. 

islandica are very low. A. islandica populations differ distinctly in maximum lifespan 

(40 y Kiel Bay, to 197 y Iceland). Lifespan is the principal determinant of the 

relationship between energy budget parameters, whereas temperature affects net 

growth efficiency only. Genetic results indicate a fairly mixed assemblage over the 

North East Atlantic area. Morphometric and genetic patterns appear to be unrelated 

and confirm morphological differences between populations of A. islandica, 

morphometrics appear to be driven by the environment (e.g. temperature and 

salinity) rather than underlying genetic differences between populations. Therefore 

this study enhances our understanding of the relationship between environmental 

conditions and the population biology such as growth, metabolism as well as 

population dynamics and evolutionary history of A. islandica. In addition, different 

models may enable the coupling of regional oceanographic temperature models as 

an environmental proxy of past environmental variabilities. Further, a geographically 

more extensive data set is necessary to apply A. islandica as a proxy and eliminate 

uncertainties related to its biological and evolutionary history.  
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Zusammenfassung 

Gegenwärtige Umweltveränderungen lassen sich nur erklären, wenn wir die 

Vergangenheit kennen. Beobachtende Datensätze von umweltrelevanten Daten sind 

unvollständig und raum-zeitlich sehr knapp vor der AD 1860. Groß angelegte 

Umwelt-Variabilität kann gut vertreten durch Integration von Daten aus einer 

begrenzten Anzahl von geographisch verteilten Indikatoren oder "Proxies" Klima der 

Vergangenheit. Dies ist zum Teil von 'erreicht Baumringe und marinen Sedimenten 

Kerne. Lang langfristige ökologische Rekonstruktion mit hoher Auflösung kann durch 

den Kalk erreicht werden Skelett von langlebigen Wirbellosen.  

 Aufgrund ihrer hohen Lebenserwartung von bis zu 400 Jahren und ihrer Verbreitung 

im gesamten Randbereich des Atlantischen Ozeans ist die Islandmuschel Arctica 

islandica in den letzten 10 Jahren in den Fokus von Meeresbiologen gerückt. Die 

Kalkschale der Muschel archiviert Informationen vergangener Umweltbedingungen in 

Form von morphologischen Wachstumsmustern und biogeochemischen Parametern. 

Die Islandmuschel hat das Potential der wichtigste Proxy im Bereich der 

Klimawandelforschung zu werden, obwohl bis heute die Einsatzmöglichkeiten der Art 

noch nicht vollständig verstanden sind. 

Mit dieser Arbeit soll ein besseres Verständnis des Umweltproxy A. islandica 

bezüglich seiner Umwelt und Biologie sowie Populationsdynamik und 

Entwicklungsgeschichte erlangt werden.  

Um dieses Ziel zu erreichen, wurden unterschiedliche Ansätze entwickelt, die auf 

sechs verschiedene Standorte der Art im Nordatlantik (Norwegische Küste, Kattegat, 

Kieler Bucht (Ostsee), Weißes Meer, Deutsche Bucht (Nordsee) und Nord-Ost 

Island) angewandt wurden: (i) ein generelles Stoffwechselmodell, dass es erlaubt 

individuelle Raten von Tieren von fünf unterschiedlichen Standorten bezogen auf 
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Körpermasse, Wassertemperatur, Alter und Standort zu bestimmen. (ii) Wachstums- 

und Energiebudgetmodelle sechs verschiedener Population erlauben ein besseres 

Verständnis der ökologischen Rolle von A. islandica und ermöglichen eine 

Verknüpfung von Populationsdynamik mit Umweltfaktoren. (iii) Morphologische und 

genetische Vergleiche bestätigen Unterschiede zwischen den einzelnen 

Populationen und zeigen ob morphologische Unterschiede auf Umweltbedingungen 

oder genetische Unterschiede zurückzuführen sind. 

Unsere Untersuchungen haben gezeigt, dass die Umgebungstemperatur der 

Hauptgrund für standortspezifische Unterschiede der Respiration ist. Ein Vergleich 

mit 59 anderen Muschelarten zeigt, dass die Respirationswerte von A. islandica 

signifikant unter dem Durchschnittswert liegen, wenn man Temperatur und Masse 

berücksichtigt. Des Weiteren finden sich bei der Islandmuschel sehr niedrige 

Wachstumsraten. Die maximale Lebenserwartung von A. islandica unterscheidet sich 

sehr stark zwischen den einzelnen Standorten (40 Jahre Kieler Bucht; 197 Jahre 

Island). Die Lebenserwartung ist die grundsätzliche Determinante der Beziehung 

zwischen Energiebudgetparametern, wohingegen Temperatur ausschließlich die 

netto Wachstumsrate beeinflusst. Ergebnisse der genetischen Untersuchungen 

deuten auf eine gemischte Gruppe A. islandica im Bereich des Nord-Ost – Atlantik 

hin. Morphometrische und genetische Muster scheinen unabhängig voneinander zu 

sein. Die Morphometrie scheint ausschließlich von Umweltparametern (z.B. 

Temperatur und Salinität) und weniger von genetischen Unterschieden geprägt zu 

sein. 

Diese Studie erweitert deutlich unser Verständnis von den Beziehungen zwischen 

Umweltbedingungen und der Populationsbiologie, wie Wachstum und Stoffwechsel, 

genauso wie Populationsdynamik und Evolutionsgeschichte der Islandmuschel A. 

islandica. Die verschiedenen Modelle sind geeignet regionale ozeanographische 
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Temperaturmodelle als Umweltproxies zu verbinden und somit neue Erkenntnisse für 

Umweltveränderungen in der Vergangenheit zu gewinnen. Zusätzlich zu meinen 

Untersuchungen ist es wichtig die geographische Abdeckung der Untersuchungen 

auszuweiten und somit noch vorhandene Unsicherheiten im Zusammenhang mit der 

Biologie und der Evolutionsgeschichte der Islandmuschel A. islandica zu beseitigen. 
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1 Overview 

1.1 Environmental proxy 

Knowledge of past environmental variability is important for understanding the 

present and forecasting future environmental trends (deMenocal 2001). 

Observational records of environmental data are spatiotemporally incomplete 

and extremely scarce prior to AD 1860 (Hurrell & Trenberth 1999, Smith & 

Reynolds 2003). Large scale environmental variability can be well 

represented by integrating data from a limited number of geographically 

scattered indicators or ‘proxies’ of past climate (Bradley 1999). Proxy data 

complement and significantly extend such records in space and time (Jones 

et al. 2001). There are two basic types of proxies: natural (biological, physical) 

and documentary (written) archives. Natural proxies including tree rings (Briffa 

et al. 1990, Schweingruber et al. 1991, Grudd et al. 2002) and stalagmites 

(McDermott et al. 1999, Frisia et al. 2003, Niggemann et al. 2003) are 

reported to reconstruct past environmental temperature and precipitation, but 

do not permit to reconstruct the environmental temperature from the marine 

realm. Ocean sediment core contains foraminifera, which can be used as 

environmental proxy with a limited temporal resolution and short life span 

(Weidman et al. 1994, Williams & Fairbanks 1979, Fairbanks & Wiebe 1980, 

Jiang et al. 2001).  

Periodic accretions of biological hard parts produces distinct growth patterns, 

which form in time intervals of near equal duration and are referred to as 

“growth increments”. These hard parts archive environmental information as 

both physical and chemical properties of the growth increments (Schöne et al. 

2003). They are formed by periodic accretions and preserve the 
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environmental information during growth, thus building the environmental ‘bio-

archive’ (Schöne et al. 2002, 2003).  

Corals and molluscan (bivalves) hard parts have been used to reconstruct 

shorter term temperature patterns on seasonal to decadal scales (Schöne et 

al. 2003). Some corals have been particularly useful in reconstructing high-

resolution climate records of a century or more, owing to their longevity and 

rapid growth (Weidman et al. 1994). However, these stony corals are 

restricted to the warmer low latitude surface oceans and no comparable high 

resolution tool has been developed for the colder, higher latitude oceans, 

despite the vital role these regions play in the regulation of global climate and 

ocean circulation (e.g. Becker et al.1991). Marine bivalves inhabit mid to high 

latitudes and most are relatively short lived, about 20 y, which limits the 

available record length (Heller 1990). In recognition of this problem, the great 

potential of the bivalve Arctica islandica as a marine environmental recorder 

was identified (Thompson et al. 1980a, b, Jones 1980). The ocean quahog A. 

islandica can live as long as 410 y (Richardson 2007) thus providing century-

long, multi-proxy records of inter-annual environmental variability in middle to 

high latitude marine settings (Marchitto et al. 2000, Jones 1983, Schöne et al. 

2003, 2004, 2005). This bivalve regularly accretes carbonate to its shell, and 

demonstrates annual growth breaks (Jones 1983), which allow assigning 

precise calendar dates to each part of the shell. This kind of fast-growing 

biogenic material is particularly suitable for the reconstruction of climate 

variability (Ortlieb et al. 2003). Thus, A islandica has potential to function as 

the ‘Tree of the North Atlantic shelf’ (Thompson & Jones 1977). Shells of A. 

islandica can be used to determine the annual bottom water temperature to fill 
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the existing gaps of instrumental recordings (e.g. Levitus et al. 2000, Schöne 

et al. 2005) and interannual variability during past centuries (Weidman et al. 

1994, Marsh et al. 1999, Schöne et al. 2003). 

Many important aspects of A. islandica’s life history have been investigated 

over the last two decades partly driven by the importance of this species for 

commercial fisheries in the United States and Canada (Murawski et al. 1982, 

Kennish et al. 1994). Despite many papers dealing with the life history traits, 

sclerochronology (the marine equivalent of dendrochronology in organisms 

hard structures), and isotope geochemistry of A islandica (Cargnelli et al. 

1999), the full capabilities of this species for an ideal biorecorder and/or as an 

environmental proxy, have not yet been fully demonstrated (Schöne et al. 

2002, 2003, 2004). The use of A.islandica, as an environmental archive raises 

the necessity of more regional calibration over the entire distribution range. 

Especially, more precise knowledge of A. islandica physiology, growth and 

complete energy budget from different environmental settings including low 

and high salinity and warm and cold habitats is required. 
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1.2 Evolutionary history of A. islandica 

The multidisciplinary field of evolutionary biology includes a wide range of 

science. For example, a particular species, its origin and nature, geographical 

distribution and its interaction with the environment (Mayr 1963, Taylor et al. 

2008). Historical distribution shows A. islandica is the only living species of a 

bivalve genus that originated in the early Cretaceous (circa 140 million years 

BP, Nicol 1951, Abbott 1974). The fossil family shows a great variety of 

species with a maximum in species diversity during the Mesozoic (251-65.5 

million years BP). However fossil and subfossil evidence shows that the range 

of A. islandica has changed throughout the Quaternary (1.8 million years BP). 

During that time, the southern edge of eastern Atlantic populations extended 

into the Mediterranean and Bay of Biscay (Forget et al. 1972, Raffi 1986). The 

Mediterranean population became extinct about 9,800 years BP (Forget et al. 

1972). The known northern limit occurred off Spitsbergen during the Holocene 

warm period (about 8,000 years BP, Salvigsen et al. 1992). So far, no extant 

populations of A. islandica occur off the coast of Greenland (Jensen 1912, 

Ockelmann 1958). Today, it is distributed over the continental shelves of both 

Europe and North America. Its distribution in European water ranges from the 

Bay of Cadiz north to Iceland, the Faroe Islands, and around the coast of 

Scandinavia to the Kola Peninsula and into the White Sea. In the Western 

Atlantic, its occurance ranges from the southern coast of Newfoundland as far 

south as Cape Hatteras (Nicol 1951, Thompson et al. 1980a b, Murawski et 

al. 1982, Jones 1983, Brey et al 1990, Dahlgren et al. 2000). A. islandica 

tolerates temperatures between 0 and 16°C (Mann 1982). The depth range 
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varies considerably, but is most commonly 10 to 280 m. However, it can be 

found at down to 482 m (Nicol 1951). 

Therefoe a biogeographic (genetics) study of A. islandica from the different 

environmental settings are essential to understand its recent evolutionary 

history and whether observed similarities and dissimilarities of genetics 

between regionally adapted populations correspond to the results obtained in 

biologial studies. Genetic studies can also be complementary to A. islandica ‘s 

applicability as an environmental biorecorder whether it represents genetically 

identical or not (Busse 1987, Dahlgren et al. 2000, Holmes et al. 2003). 

 

1.3 Systematics: Taxonomic hierarchy A. islandica  

Source: ITIS Integrated Taxonomic System  

http://www.itis.usda.gov/  

Kingdom   Animalia  

Phylum  Mollusca  

Class  Bivalvia (Linnaeus 1758)  

Subclass  Heterodonta (Neumayr 1884)  

Order   Veneroida (Adams H & Adams A,1856)  

Super family   Arcticoidea (Newton 1891)  

Family  Arcticidae (Newton 1891)  

Genus    Arctica (Schumacher 1817) 

Species   Arctica islandica (Linnaeus 1767)  

Synonyms   Cyprina islandica  

  Ocean quahog  

Black quahog  
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Mahogany quahog  

  Icelandic Cyprine 

 

1.4 Ecological importance of A. islandica and its role in 

ecosystem energy flux 

The ecology of the ocean quahog, A. islandica has become a subject of study 

as a result of the increasing commercial importance of this species along the 

American East Coast and Canada (Beal & Kraus 1989, Kennish et al. 1994) 

and in Icelandic waters (Thorarinsdottir 1997, Thorarinsdottir & Steingrimsson, 

2000). However, commercial fisheries in USA and Canada deal with random 

localities (i.e. swept area biomass) and do not consider the entire stock area. 

Information regarding abundance and biomass data of complete areas from 

this fishery is scarce (NEFSC 2007). Commercial exploitation has never been 

assessed for the European distribution range of A.islandica, as knowledge of 

distribution of stock, abundance and biomass remains limited. However, 

reliable density recordings, distribution maps and insight into the age-

dependent population structure are urgently needed. Biomass data can be 

used to calculate the rates of change and energy flow for an estimation of the 

importance of the population in its ecosystem (Odum 1971). Arctica biomass 

and share in primary production is listed in Table 1. A. islandica biomass data 

presently available were collected by dredging from North West Iceland 

(Ragnarsson & Thorarinsdottir 2002), Kiel Bay (Brey et al. 1990) and 

Mecklenburg Bight (Zettler et al. 2001) and using the corresponding annual 

average primary production in each region taken from the literature (Table 1). 
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A. islandica is a filter feeder and depends on the availability of the suspended 

food at bottom water. However, the bottom water food availability is a result of 

the surface zone primary production and depth (Witbaard & Duineveld 1990, 

Witbaard 1997). For the above mentioned area (Table 1), Arctica consumes 

up to 1/3 of the annual average primary production that reaches the bottom 

(Table 1), suggesting a potential importance in the local energy flow. This is 

supported by the study of Brey et al. (1990), who reported A. islandica to 

dominate the total annual production (40%) of the benthic community below 

the halocline (�15 m water depth) in Kiel Bay.  

The Baltic Sea (Kiel Bay and Mecklenburg Bight) is an enclosed sea, where 

stratification occurs with an area of 10 to 25 m depth, which is not so deep 

and can be weakend and mixed up by the strong wind action in autumn 

(Nielsen et al. 1993, Kröncke & Knust 1995, Witbaard 1997, Witbaard et at. 

1999, Schöne et al. 2005).   

 Kiel Bay, Mecklenburg Bight and Icelandic waters (in particular with depth, 

table1) are productive. However, predators on newly settled quagog include 

various ground fish, such as winter flounder (Steimle et al. 1994), sea star 

(Franz et al. 1981, Kennish et al. 1994), cancer crabs, the gastropods Lunatia 

and Busycon, other crustaceans (Kraus et al. 1991) and teleost predators 

such as haddock (Clarke 1954), and cod (Clarke 1954, Brey et al. 1990). 

Medcof & Caddy (1971) and Arntz & Weber (1974) reported many predators 

feeding on quahog damaged by bottom dredging. These included cod, winter 

flounder, sculpin, skates, moon snails and hermit crabs. It is unclear whether 

larger Arctica are directly being eaten or not. However, the total mortality rate 

is quite low in this extremely long lived bivalve (DFO 2007, Kilada et al. 2007). 
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Presumably the consumed energy is utilised by energy metabolism and 

production (gonad), which are, seems to be increasing with age (Thompson et 

al. 1980a,b). Competition for space between young and old individuals, 

predation and high larval mortality may limit the numbers of A. islandica. 

 

1.5 Sustainable Arctica fishery - limitations and prospects 

Ocean quahog are among the slowest growing and longest living marine 

bivalves (Thompson et al. 1980a,b, Murawski et al.1982). Growth slows down 

after age 25 y (Kilada et al. 2007). Ocean quahog in these areas occur close 

to the coast and in a variety of substrates, but are often associated with fine 

sand. In the NW Iceland region, ocean quahog populations are composed 

primarily of relatively large, old individuals larger than 70 mm shell length 

(Ragnarsson & Thorarinsdottir 2002). In contrast, Kiel Bay and Mecklenburg 

Bight (mean 47mm, maximum 80mm) populations (Brey et al. 1990, Zettler et 

al. 2001) are composed of smaller individuals. Spawning occurs from summer 

through early fall (Thorarinsdottir 2000). Free-floating larvae develop slowly, 

optimum temperature ranges from 10-15°C (Landers 1976, Weinberg 1995, 

Lutz et al. 1982) settlement takes pace after about 30 days. Weigelt (1991) 

and Schulz (1969), stated that the high tolerance of oxygen deficiency of adult 

Arctica enable them to survive in the deeper anoxic conditions, whereas 

juveniles are more susceptible to oxygen deficiency. Therefore, recruitment 

takes place only in favourable years (Zettler et al. 2001) with high enough 

bottom water oxygenation. Total mortality rate is reported between 0.03 and 

0.10 from Canadian populations (DFO 2007, Kilada et al. 2007) and 0.34 in 

Kiel Bay population (Brey et al. 1990). Considering those mortality rates, 
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ocean quahog can be locally maintained as a sustainable stock (Table 1), for 

Kiel Bay, Mecklenburg Bight and NW Iceland respectively. In this long lived 

and slow growing species, maintaining 50% virgin (undisturbed) biomass 

(NEFSC 2007), to avoid overexploitation (Musick 1999), we can speculate 

from table 1 that commercial exploitation rates must be limited to 700 g wet 

mass m
-2

 (NW Iceland), 0.50 g wet mass m
-2

 (Kiel Bay) and 1.2 g wet mass 

m
-2

 (Mecklenburg Bight) for sustainable stock management. It is evident that 

recruitment events appear to be regionally restricted and often occur at 

intervals of 20 y (Steingrimsson & Thorarinsdottir 1995). In view of the ocean 

quahog life history, uncertainties about recruitment and likely low stock 

productivity, precautionary management approaches should be considered 

(Thorarinsdottir & Jacobson 2005).  However, commercial fishing is carried 

out only in the United States (US), Canada and Iceland and targets stocks at 

depths of about 20-90 m. Efficiency Corrected Swept Area Biomass (ESB) 

revealed that the stocks are not over-fished (NEFSC 2007). Therefore stock 

size measurement needs more accurate methods and optimum harvest 

strategy, determination of life span of harvestede species, recruitment and 

growth (Thorarinsdottir & Jacobson 2005).  
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1.6 Methodical problems 

1.6.1 Difficulties with Kiel Bay (Baltic Sea) aging 

Determination of age with the annual growth band counting procedure is 

compatible with radiometric analysis of Arctica shells collected in several 

locations (Turekian et al. 1982, Thompson et al. 1980a,b, Schöne et al. 

2005a). However reliable estimate of age for larger Kiel Bay animals (Brey et 

al. 1990) seem to be quite difficult if based only on growth band counting. 

Similar observations were made with the acetate peel method (Ropes 1984, 

Ropes et al. 1984). Kiel Bay animals can not be accurately aged as the 

internal growth lines are poorly defined compared to other populations (Figure 

1). Furthermore, there may be irregular lines caused by anoxic conditions in 

summer (Brey et al. 1990) or environmental events such as strong storms 

which stress the animals by breaking the thin thermocline and introduce 

unusual high or low temperature and salinity upto the 20 m. Baltic Sea is 

connected to the world’s oceans via the Kattegat and the North Sea. Strom 

and wind driven currents are relevant for the seafloor conditions and sediment 

dynamics in the Baltic Sea. However, phases of storm-induced high water 

levels often lead to severe changes of the coastal geomorphological 

environment (Zeiler 2008). The Western Baltic Sea is strongly influenced by 

the upcoming storms from north eastern part, which also affect its habitat and 

hydroghaphy (Schwarzer et al. 2003, Zeiler et al. 2008). The relatively high 

temperature and low salinity conditions may be stressful to A. islandica, which 

may cause the observed disturbance rings in the Kiel Bay shells. 
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1.6.2 Uncertainty of gonad estimation of A. islandica  

The ocean quahog with developing gonad was reported in spring and early 

summer, and ripe or spent in mid summer, fall and/or winter (Ropes 1979, 

Jones 1981, Mann 1982, Rowell et al. 1990, Thorarinsdottir 2000). Individual 

quahog in a population at a particular site may not be synchronous in their 

gonad development each year, which may obscure peaks and troughs in the 

estimated gonad weight (Jones 1981). However, timing and duration of 

Arctica gamete production might be highly variable between years, which may 

reflect the environmental factors including wind and storm (Jones 1981, Mann 

1982). Gonad mass is estimated to about 30% of shell free wet weight 

(somatic) of ocean quahog, starting at the age they reach maturity 

(Thorarinsdottir unpublished data, Figure 2).  

 

1.6.3 Uncertainty of temperature effects on growth of A. islandica  

Temperature is one of the significant drivers of biological activity and for 

modellers of natural processes its effects are extremely important (Bayne & 

Newell 1983). It is a dominant factor affecting growth of bivalve owing to its 

direct effect on metabolism (Taylor 1976, Broussaeu 1978, Ropes & Pyoas 

1982, Appeldoorn 1983, Brey & Clarke 1983, Present & Conover 1992 

Conover et al.1997, Brey et al. 1990, Roy et al. 2000). Generally, bivalves 

from low latitude grow faster than higher latitudes. Low latitude bivalve 

reaches a short life span and comparatively smaller size than the higher 

latitude species (Newell 1964, MacDonald & Thompson 1988, Abele et al. 

2008). Several studies revealed that temperature has a profound effect on 
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bivalve growth (Appeldoorn 1983, MacDonald & Thompson 1985, 1986, 

Richardson 2001). Whereas the possible reasons for lack of temperature 

effect on growth has caused considerable debate (Thompson et al. 1980a,b, 

see also Vakily 1992).  However the complexity of growth makes it difficult to 

determine which particular factor is he strongest controlling bivalves growth 

rate (Clarke 1998, Wisser1994) Together with temperature, food availability 

constitutes a major determinant of growth in bivalves (Ansell 1968, Thompson 

& Bayne 1974, Urrrutia et al. 1999). However, potential effects of temperature 

cannot be precisely ascertained without a wide range of data and size age 

compatibility. 

 

1.7 Scope and Objective of thesis  

This thesis is comprised of a collection of papers focusing on the current 

status of A.islandica and its relevant involvement with environmental drivers 

and species evolutionary history. These papers attempt to bridge the gap 

between our current state of knowledge of A. islandica as an environmental 

proxy and our limited understanding of its life history, biology and population 

dynamics. The main aim of this thesis is to model the lifetime energy budget 

of the longlived Arctic- boreal bivalve A. islandica from a range of populations 

living under different environmental conditions (Norwegian coast, Kattegat, 

German Bight, White Sea and Kiel Bight and Iceland).  

 The specific tasks are  

- To establish models of respiration vs temperature, body size and age 

- To establish models of individual growth in size and mass 

- To establish models of individual life time energy budget 
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- To establish models of the population energy budget and estimation of 

total mortality rate 

- To analyse the morphological differences between populations 

- To analyse genetic differences between the populations  
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Table 1: Biomass data from different populations and relation to annual average primary production. (1g ash free dry  

      mass AFDM = 20.45 kilo Joule kJ; 1g Carbon=45.7 kJ; Brey 2001)  

 

 

Site Depth 

(m) 

Ave body 

mass  

(kJ/gAFDM) 

 

Individual 

annual 

consumption 

(kJ) 

 

Population 

consumption 

(kJ/m2/y) 

Population 

consumption 

(gC/m2/y) 

Average 

annual 

primary 

production 

(gC m2/y) 

Reference Consumption 

of primary 

production 

(%) 

North West 

Iceland 

15 162.665 

 

407 

 

5698 

 

124.683 

 

200-300 

 

www. fisheries.is 

Guomundsson1998 

42-62 

 

Kiel Bight 15 1.822 15 2610 57.112 127 Man 2000 45 

Mecklenburg 

Bight 

15-30 3.371 

 

22 

 

2002 

 

43.807 

 

127 

 

Man 2000 35 
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A. Norwegian Coast (93 y, 97mm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Kiel Bight (19 y 54mm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Annual growth bands of etched and stained umbo reveal distinct 

bands in (A) Norwegian coast (93 y, 97mm) and uncertainity between two 

successive bands in (B). Kiel Bight (19 y, 54mm ) A. islandica. dog: direction 

of growth 

dog 

dog 
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Figure 2: Meat yield (shell free wet mass) from Dec 1997-Nov 1998, 

unpublished data of Gudrun Thorarinsdottir, Iceland  

Time (m)
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2 Publications 

Publication I  

A metabolic model for the ocean quahog Arctica islandica—effects of 

animal mass and age, temperature, salinity, and geography on 

respiration rate  

(S Begum, L Basova, J Strahl, A Sukhotin, O Heilmayer, E Philipp, T Brey, D 

Abele) 

  

To calibrate A. islandica as an environmental indicator we build a general 

respiration model that links individual metabolic rates of A. islandica from five 

populations: Norwegian coast, Kattegat, Kiel Bay (Baltic Sea), White Sea and 

German Bight (North Sea), to body mass, water temperature and site. 

 

Regarding this publication, I discussed the conceptual frame of this paper with 

the seventh author and I carried out two third of the laboratory work. Data 

analysis and initial manuscript writing was done by myself with the close 

cooperation with the seventh author. The final version was achieved 

considering the suggestion by all coauthors. 
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Publication II 

Growth and energy budget models of the bivalve Arctica islandica at six 

different sites in the NE Atlantic realm  

(S Begum, L Basova, O Heilmayer, E Philipp, D Abele, T Brey) 

 

We model lifetime and population energy budgets of A. islandica from six 

different sites; NORWEGIAN COAST, KATTEGAT, KIEL BAY, WHITE SEA, GERMAN 

BIGHT and off NE ICELAND based on von Bertalanffy growth models and size-

mass relationships. We model growth rate, energy budget as well as mortality 

rate of A. islandica, which enable us to examine the pathways of energy 

investment, driving forces of energy budget parameters and the relation 

between the individual life time and population annual energy budget. 

 

Regarding this publication, I elaborated the concept and initial idea for this 

paper together with sixth author. I did all the practical work. The data analysis 

procedure was done in close cooperation with the sixth author. I wrote the 

initial draft manuscript and all further versions, which resulted from discussion 

with sixth author and finalised from discussion with all coauthors. 
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Publication III 

Morphological and genetic variations in the long-lived ocean quahog A. 

islandica from six different sites of the NE Atlantic Ocean 

(S Begum, L Basova, D Abele, C.Held, T Brey) 

 

To compare morphological growth patterns and biogeographic distribution 

among different localities, we analysed shell and soft body morphometry and 

genetics of six different sites; NORWEGIAN COAST, KATTEGAT, KIEL BAY, WHITE 

SEA, GERMAN BIGHT and off NE ICELAND to see how morphometrics differ 

between populations and whether the morphological differences reflect the 

genetic distances or not. 

 

Regarding this publication, I developed the concept and initial idea for this 

paper together with fifth author. I did all the practical work in close cooperation 

with the fourth author. The data analysis procedure was done in close 

cooperation with the forth and fifth author. I wrote the initial draft manuscript 

and all further versions, which resulted from discussion with all coauthors. 
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A METABOLIC MODEL FOR THE OCEAN QUAHOG ARCTICA 

ISLANDICA—EFFECTS OF ANIMAL MASS AND AGE, TEMPERATURE, 

SALINITY, AND GEOGRAPHY ON RESPIRATION RATE 

 

 

Salma Begum, Larisa Basova, Julia Strahl, Alexey Sukhotin, Olaf Heilmayer, 

Eva Philipp, Thomas Brey, Doris Abele 
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A METABOLIC MODEL FOR THE OCEAN QUAHOG ARCTICA ISLANDICA—EFFECTS

OF ANIMAL MASS AND AGE, TEMPERATURE, SALINITY, AND GEOGRAPHY
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ABSTRACT Owing to its extraordinary lifespan and wide geographical distribution along the continental margins of the North

Atlantic Ocean, the ocean quahogArctica islandicamay become an important indicator species in environmental change research.

To test for applicability and ‘‘calibrate’’ the Arctica-indicator, metabolic properties of A. islandica specimens were compared

across different climatic and oceanographic regions. Fully saline populations from Iceland to the North Sea as well as animals

from polyhaline and low salinity, environments, theWhite Sea and the Baltic were included in the study. This calibration centrally

includes recordings of growth-age relationships in different populations. Shells were used as age recorders by counting annual

growth bands. As a result of this study, we propose a general respirationmodel that links individual metabolic rates ofA. islandica

from five populations: Norwegian coast, Kattegat, Kiel Bay (Baltic Sea),White Sea andGerman Bight (North Sea), to bodymass,

water temperature and site. Temperature exerts distinct site specific effects on respiration rate, which is indicated by Q10 values

ranging from 4.48 for German Bight to 1.15 for Kiel Bay animals. Individual age, occurrence of apneal respiratory gaps, parasite

infestation and salinity do not affect respiration rate. Respiration of Arctica islandica is significantly below the average of 59

bivalve species when compared at the same temperature and animal mass. This respiration model principally enables the coupling

of A. islandica life history and population dynamics to regional oceanographic temperature models.

KEY WORDS: age, Arctica islandica, mass, respiration, site, temperature

INTRODUCTION

The ocean quahog Arctica islandica inhabits the continental
shelves and slopes at depths between 4–482 m on both sides of
the North Atlantic Ocean along a latitudinal range to the north

fromCapeHatteras (;35�N), on the western Atlantic coast and
from the Wadden Sea near Texel (;54�N), to the Barents Sea
(;70�N) in the east (Nicol 1951, Thompson et al. 1980a,

Thompson et al. 1980b, Murawski et al. 1982, Jones 1980,
Dahlgren et al. 2000). A. islandica tolerates temperatures
between 0�C and 16�C and has an optimal range between 6�C
and 10�C (Mann 1982). Maximum recorded age of the ocean

quahog is close to 400 y, and individuals over 100 y are
abundant in the North Atlantic (Schöne et al. 2005c, Strahl
et al. 2007). Its extreme longevity and wide geographical

distribution makes Arctica islandica an attractive model
for studies of recent and past climate change (Jones 1980,
Thompson et al. 1980a, Murawski et al. 1982, Schöne et al.

2005c) as the shells archive information on environmental
conditions that individual animals experience over lifetime
(Schöne 2003, Schöne et al. 2004; Witbaard et al. 2003; Epplé

et al. 2006, Schöne et al. 2005c).
To read and interpret the Arctica shell archive, we need a

sound knowledge of the interacting effects of extrinsic (envi-
ronmental) and intrinsic (physiological and genetic) factors,

which may modify the ageing process in this bivalve species
(Abele et al. 2008). The mass specific standard respiration rate
(MSR) is a measure of the intensity of basal aerobic metabolism

and is primarily controlled by the habitat temperature in
ectotherms. MSR has been related to the rate of physiological
aging, because higher lifetime oxygen consumption per unit

tissue mass accelerates senescent processes in cells and tissues
(Pearl 1928, Harman 1956, Sohal 1986, Philipp et al. 2005a).

This, in turn, means that cold adapted molluscs of any given
species can be expected to have longer lifespan than their
congeners from warmer waters, as documented for the pearl
shell clam Margaritifera margaritifera (Ziuganov et al. 2000).

Arctica islandica are known tomodulate their metabolism by
performing metabolic shut downs at irregular intervals in which
metabolism is rapidly reduced to as low as 10% of the standard

metabolic rates. These metabolically depressed states referred
to as metabolic rate depression (MRD), in which the animals
burrow a couple of centimeters into the sediment, last between 1

and 7 days (Taylor 1976, Thompson 1984) and may represent a
life prolonging mechanism in A. islandica, (Abele 2002, Strahl
et al. 2007). In addition, active non-burrowing animals exhibit

respiratory breaks. Another behavioral characteristic ofArctica
are shorter lasting apneal phases (APs), which do not necessar-
ily involve reduction of metabolic rate (MRD). These transient
respiration breaks (i.e., ventilation stops) which last for nomore

than a couple of minutes, have already been described for other
bivalve species (Morley et al. 2007).

Measurements of oxygen consumption rates (e.g., MSR)

over age allow to model individual lifetime energy expenditure
and serve the approximation of population specific energy
budgets (Brey 2001). MSR correlates with mass and age in

bivalve molluscs and normally decreases in larger specimens
(e.g., Robertson 1979, Ikeda 1985, Hawkins & Bayne 1992,
Heilmayer & Brey 2003, Heilmayer et al. 2004, Clarke & Fraser

2004).
Here, we determined MSR of A. islandica from five pop-

ulations (Kattegat, Baltic Sea, North Sea, Norwegian Coast,
and White Sea) at mean site specific habitat temperature

(HT) and moreover upon acclimation to 5�C above HT.*Corresponding author. E-mail: Doris.Abele@awi.de
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Experimental warming within the natural temperature window
allows to study the effect of temperature on respiration rate in a

population and to compare the response to warming between
populations of distinct climatic background. Further, we
analyzed the frequency and duration of the apneal respiratory
pauses (AP) and their dependence on environmental factors

(temperature, salinity) and on individual age and size. Based on
these measurements, we developed a model of Arctica islandica
respiration from the North Atlantic populations, which allows

to answer the following questions

(i) How do environmental impact factors like salinity, food,

and parasites influence respiration of A. islandica?
(ii) How does temperature influence respiration of A. islandica

with different climatic background ?
(iii) How is respiration related with mass and age in each

population?
(iv) Do AP phases affect lifetime respiration in different

populations?

MATERIAL AND METHODS

Sampling Sites and Maintenance

In 2006 Arctica islandica were collected from five different
geographic locations (Fig. 1) covering a temperature and

salinity gradient of 4–10�C and 25–34, respectively (Table 1).
Animals were transported alive to the Alfred-Wegener Institute
(AWI, Germany) and were kept for 4–6 wk at mean annual

habitat temperature of the respective sampling site (Table 1)
prior experimentation. Animals were maintained in 60 L flow-
through aquaria containing 8 cm of sediment layer and natural
seawater of site-specific salinity. The bivalves were fed once a

week with DT-live marine plankton (DT, USA, 1 mL/animal/
week).

Experimental Setup

Animals of each population were randomly assigned to two

different groups. The first subsample was maintained at site-
specific mean annual habitat temperature (HT), whereas the
second subsample was acclimated stepwise (1�C temperature

increase every 2 days) to 5�C above mean habitat temperature

(ET: elevated temperature) (see Table 1). ET bivalves were kept
for at least four weeks at the elevated temperature prior to

respiration measurements.

Measurement of Respiration

Respiration was measured in a multichannel modified
intermittent flow system as described by Heilmayer and Brey
(2003). Prior to measurements, A. islandica were maintained
without food for three days, to eliminate the impact of specific

dynamic action (SDA) on respiration (Bayne et al. 1976).
Bivalves were allowed to accommodate to the respiration
chambers overnight, and oxygen consumption was recorded

only in actively respiring animals that had their siphons open to
the surrounding water. Respiration chambers were Perspex
cylinders that allowed adjusting chamber volume between 100–

600 mL to animal size (Heilmayer & Brey 2003). Experimental
temperature was maintained stable (±0.5�C) by placing the
chambers in a water bath within a water-jacketed container,
thermostatted using a thermo circulator (Julabo FP 40). Three

respiration chambers, each with one animal and a control
chamber without animal were used for simultaneous measure-
ment in each experiment. After each measurement, the animal

was carefully removed from the chamber and oxygen consump-
tion recorded for another 3 h to determine the microbial oxygen
demand in the respective chamber. Oxygen content in the

chambers was monitored continuously with oxygen microopt-
odes connected to a MICROX TX3 array (PreSens, Neuweiler,
Germany). Optodes were calibrated to 100% oxygen solubility

in air-saturated and to 0% in N2-saturated seawater (technical
gas with 99.996% N) at each experimental temperature. Imme-
diately after the measurements, animals were dissected, and
examined for the presence of the parasitic Nemertean worm,

Malacobdella grossa. Soft tissue was dried at 68�C for at least
48 h to obtain dry mass (DM). Dried tissues were combusted
24 h at 500�C to calculate ash free dry mass (AFDM ¼ DM –
ash). Individual age was inferred from shell growth bands (see
below).

Calculation of Metabolic Rates

Oxygen consumption rates (VO2, mmol O2 h–1 ind–1) were
determined from the slope of the oxygen saturation curve after
subtraction of the microbial oxygen demand. Percent O2

saturation was transformed to O2 volume concentration using
known values of oxygen solubility (Benson & Krause 1984).

VO2 ¼ sat t0
sat t60

� �O2
� VChamber ð1Þ

VO2: volume of oxygen consumed (mmol O2 h
–1 ind–1), �O2

:

oxygen solubility in sea water (mmol dm–3), VChamber: volume of
respiration chamber and tubing (dm3), sat t0: oxygen saturation
(%) at the beginning of the experiment and sat t60: oxygen

saturation (%) after 60 min of respiration in the closed system.
Apneal respiration (AP) events, manifesting as time periods
(intervals) with zero oxygen consumption (Fig. 2), were

recorded (frequency and duration) and are included in the
computation of overall respiration rate.

Individual mass-specific respiration rates (MSR, mmol O2

h–1 gAFDM–1) were calculated according to:

Figure 1. Sampling locations ofA. islandica, NW:Norwegian Coast, KG:

Kattegat, GB: German Bight, WS: White Sea and KB: Kiel Bight. Map

generated by online map creator at www.aquarius.ifm-geomar.de.
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MSR ¼ VO2

AFDM
ð2Þ

The temperature coefficient Q10 was calculated from the
overall multiple linear model for mass specific respiration rates
between two different temperatures (5�C and 10�C), as

Q10 ¼ MSR2

MSR1

� � 10
t2�t1 ð3Þ

whereMSR is the mass specific respiration and t is temperature.

Individual Age Determination

For the age analysis left shell valves were cleaned with warm
NaOCl (5%) solution, rinsed with demineralized water and

dried at 60�C for 12 h. Each valve was embedded in epoxy resin
(Wiko liquid metal FLM-S25), sectioned along the axis of
strongest shell growth and dried overnight. Big valves ($50

mm) were cut with a table diamond saw (FK/E PROXXON-
28070). Smaller valves (<50mm) were mounted on a Plexiglas
block for easier handling during the preparation process and cut
with a Buehler low-speed diamond saw. Cross-sections were

ground on a Buehler low and high speed Grinder and Polisher,
using grits of P400, P1200, P2400, and P4000 grade and

subsequently polished using a polycrystalline diamond suspen-
sion of 1 and 0.1 mm. The polished shell section was immersed in
Mutvei’s solution for 20 min at 37�C, following the protocol of
Schöne et al. (2005b). Immediately afterwards, the etched
section was rinsed with demineralized water and allowed
to dry on air, resulting in a very clear, three-dimensional
growth pattern that reveals distinct annual growth lines.

Growth increments were analyzed under a reflected-light
stereomicroscope (Olympus SZX12) and digitalized with an
Olympus camera (Olympus U-CMD3 Colorview) at 10�–90�
angle. Annual growth increments in the outer shell layer
were counted following Schöne et al. (2005c) using the image
analysis software ‘‘analySIS 5.0’’ (Soft Imaging System

GmbH).

Statistical Analysis

We used analysis of variance (ANOVA) and analysis of
covariance (ANCOVA) to explore the relationships between
mass-specific respiration rate ln(MSR), apneal respiration
behavior (AP), body mass ln(M), age, temperature 1/T

(Kelvin), salinity and site (geographical area of collection).
Owing to the strong correlation between body mass and age,

these two parameters could not be analyzed simultaneously. We

tested for the effects of age on MSR in two different ways: by
correlating the residuals of the final multiple linear model with
age, and by testing for age effects in a data subset that covered a

small body mass range but a wide age range. Effects of
temperature, salinity, body mass and age on frequency and
duration of apneal phases were analyzed by full interaction
ANCOVA. Mahalanobis distances (Barnett & Lewis 1994)

were used to identify multivariate outliers that were excluded
from further analysis. All analyses were carried out using the
statistical package JMP by SAS Inc (1988).

RESULTS

Table 2 summarizes the basic information on the 197

quahogs from the five populations we sampled. The number
of data available for statistical analysis reduced to 193 after
Mahalanobis analysis identified 4 outliers. The German Bight

Figure 2. Typical apneal respiration event pattern (AP) during the course

of the respiration measurement of one animal (Norwegian coast, 9�C).
Grey boxes indicate AP periods characterized by distinctly slower

decrease in oxygen saturation. Dotted line shows oxygen decline in a

similarly sized individual with no AP.

TABLE 1.

Location, experimental temperature (Depth: sampling depth, HT: mean annual habitat temperature; ET: elevated temperature)
and sample size for each population.

Population Location Salinity Depth (m)

Temperature (�C) Sample Size

HT ET HT ET

Norwegian Coast 69�9#N 33 10–30 4 9 35 23

8�57#E
Kattegat 56�0#N 31 33 8 13 29 16

11�8#E
White Sea 66�#N 25 10 4 9 12 12

33�38#E
Kiel Bay 54�32#N 25 25 10 15 28 24

10� 42#E
German Bight 54�09#N 31 40 10 15 8 10

7�47#E
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population was outstanding because of the lack of small/young
animals below 3.7 g and 33 y, no detectable nemertean
infestation (n ¼ 18), and because of the highest (albeit not
significantly different) recorded percentage of apneal phases

(AP) (80%, Table 2).
During an AP event the animals stopped or considerably

slowed respiration for between 3 and 31 min and subsequently

continued respiration at rates similar to preAP respiration (Fig.
2). This apneal respiration behavior was observed in about one
third of all measurements in all five populations. In those

animals that showed APs, average frequency and duration
was 0.50 ± 0.88 AP events/h and 5.0 ± 8.0 AP min/h. Neither
temperature nor salinity, body mass, or age affected AP
frequency or duration in a significant manner (full interaction

ANCOVA).
Neither the salinity regime (euhaline vs. polyhaline) nor

nemertean infestation (yes/no) significantly affected mass spe-

cific respiration. MSR was significantly affected by body mass
(AFDM), temperature, site and the interactions between these
parameters, whereas AP behavior, parasite infestation, and

salinity showed no effect. The relationship is described best by
the full factorial multiple linear model,

lnðMSRÞ ¼ 22:156� 0:224 � lnðMÞ � 5831:651=T + b3;SITE

+ b4;SITE � lnðMÞ + b5;SITE=T

N ¼ 193, R2 ¼ 0.656, P < 0.001; [mmol O2 h–1 g–1 AFDM,
gAFDM, Kelvin] where b3,SITE; b4, SITE; and b5,SITE are SITE

specific parameters (see Table 3 for parameter values). When

SITE effects are not considered, the model reduces to

lnðMSRÞ ¼ 17:592� 0:203 � lnðMÞ � 4452:9171=T

N ¼ 193, R2 ¼ 0.493, P < 0.001; [mmol O2 h–1 g–1 AFDM, g
AFDM, Kelvin]

Negative age effects on MSR (older animals respiring less)
were not detected. The residuals of the multiple linear model

were not correlated with age (P ¼ 0.11). Within the data subset
ranging from 6–12 g AFDMand from 41–94 y of age,MSRwas
independent of body mass (P ¼ 0.825, model: ln(MSR) versus

ln(M), 1/T and SITE), allowing for an independent test of the
effect of age on respiration. The corresponding model that uses
age instead of ln(M) also indicates no significant effect of age on

MSR (P ¼ 0.158).

Figure 3 visualizes the effects of body mass (negative) and
temperature (positive) on MSR. The residuals of the full
factorial model are distributed randomly (Fig. 4); our model
is an accurate descriptor of the relationship between dependent

and independent parameters. Based on the model, Q10 values
(5�C – 15�C) were 4.48 for German Bight, 2.63 for Norwegian
Coast, 2.34 for White Sea, 1.20 for Kattegat and 1.15 for Kiel

Bay.

DISCUSSION

The intention of this study was to build a general predictive

model of respiration in A. islandica, taking into account
significant biotic (body mass, age, parasites, apneal respiration
behavior) and abiotic (temperature, salinity, SITE) parameters.
The model (Table 3, Fig. 3) is of acceptable accuracy and

precision (Fig. 4) and fits external data (as shown later). There
are however two basic constraints that should be kept in mind
when applying this model. Firstly, the body mass range differs

greatly between populations, from small animals (#0.42 g
AFDM) in the White Sea group to mostly large bivalves
($3.71 g AFDM) sampled in German Bight (Table 2). We tried

to minimize these differences through the selection of the most
similarly sized experimental animals, but had to deal with the
material available. This discrepancymay have biased SITE effects
to an unknown extent, particularly for SITE-body mass and the

SITE-temperature interactions. Secondly, besides temperature,

TABLE 3.

Parameter values of the multiple linear prediction model.

ln(MSR)$ 22.156–0.224 * ln(M) - 5831.651 / T + b3,SITE + b4,SITE

* ln(M) + b5,SITE / T; [mmol O2 h
-1 g–1; g AFDM; Kelvin]; n$ 193,

R2$ 0.656, P < 0.001. Reduced model (SITE effects neglected):

ln(MSR)$ 17.592–0.203 * ln(M) – 4452.917 / T; n$ 193,
R2$ 0.493, P < 0.001.

Site b3,SITE b4,SITE b5,SITE

Norwegian Coast 7.091 0.144 –1,923.777

Kattegat –14.984 0.176 4,339.745

White Sea 2.947 –0.483 –967.735

Kiel Bay –16.272 –0.026 4,732.580

German Bight 21.218 0.190 –6,180.815

TABLE 2.

Total number of measured A. islandica in the respiration experiments. M. grossa: frequency of occurrence
of infestation with Nemertean Malacobdella grossa. AP: frequency of occurrence of apneal respiration events

(periods of reduced respiration). nd: not determined.

Site Exp. Temp (�C) n Mass Range (g AFDM) Age Range (yrs) M. grossa (%) AP (%)

Norwegian Coast 4 35 0.35–12.01 6–93 68.57 34.29

9 23 0.04–12.01 4–90 56.52 30.43

Kattegat 8 29 1.11–2.95 8–71 43.75 38.00

13 16 0.91–2.95 11–45 41.38 37.50

White Sea 4 12 0.03–0.38 3–31 41.67 33.33

9 12 0.12–0.42 12–53 50.0 41.67

Kiel Bay 10 28 0.06–1.87 4–29 10.71 28.57

15 24 0.08–1.42 nd 8.33 33.33

German Bight 10 8 5.04–7.34 33–98 0.00 87.50

15 10 3.71–6.96 38–94 0.00 80.00
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salinity, water depth, and geographical location we know little

about the five SITEs. Hence, we are not able to explain the causes
of the observed SITE effects. Possibly, stress (e.g., caused by
hydrodynamics or by water sediment load; Jarmillo et al. 2008)

or food availability (e.g., different levels of primary production;
Sejr et al. 2004) may play a role. Therefore, we recommend to
apply the reduced model (SITE effects neglected) to predict MSR

of A. islandica from other populations and areas. This may
reduce accuracy in the absolute values, but will maintain the
precision of the predicted trends.

For a first testing, we used this reduced model to compare

predicted values of MSR with those measured by Taylor and
Brand (1975) in A. islandica collected from Laxey Bay, Isle of
Man as well as off the Danish coast. The data set consists in 30

measurements carried out by Taylor and Brand (1975) and 11
additional data points taken from Bayne (1971). Respiration
was measured at 10�C, and the study was aimed at investigating

the effect of decreasing PO2 on A. islandica, (i.e., measurements

continued down to 10% [2–3 kPa] of normoxic oxygen satura-
tion [21 kPa ¼ 100% PO2]).

Below 5 mmol O2 h–1 g–1 the MSR-model accuracy was
rather good (<1 mmol), but decreased constantly with increas-
ing MSR (i.e., measured MSR was increasingly underesti-
mated at higher consumption values) (Fig. 5). A matched pair

test confirms this view, measured and predicted MSR do not
differ significantly below 20 mmol O2 h

–1 g–1 of measured MSR
(P ¼ 0.968), but the difference becomes significant (P < 0.001)

when the whole range of data is compared. Hence, the
small animals (n ¼ 11) with high MSR cause a problem (Fig.
5). Interestingly, all of these have been measured by Bayne

(1971) so that we cannot exclude a consistent methodical bias.
These small animals may have been in poor physiological
condition and may have lost their ability to regulate oxygen
consumption under hypoxia, as suggested by Taylor and Brand

(1975).
Some unexpected findings arose from our measurements,

which need to be given some further consideration:

Why is There No Age Effect in A. islandica Metabolism?

The lack of negative age effects on respiration can be

explained in the context of an apparent maintenance of
physiological fitness and only minor accumulation of senes-
cence indicators over age (Fluorescent age pigments and protein

carbonyl accumulation) in the extremely long lived Icelandic A.
islandica. In these long-lived animals, the activity of the
mitochondrial marker enzyme citrate synthase (CS) remained
constant in mature animals from 33 y into old age, with our

oldest experimental specimens approaching 200 y (Strahl et al.
2007, Abele et al. 2008). These findings contrast studies of
shorter lived bivalves, including data obtained for the blue

mussel Mytilus edulis, which reaches maximum age of up to
30 y. Sukhotin and coauthors documented decreasing respira-
tion and filtration rates inM. edulis from a subarctic White Sea

population above 6 y of animal age, indicating that blue
mussels either lose or reduce respiratory capacities (Sukhotin
& Pörtner 2001, Sukhotin et al. 2003) and water pumping
activity (Sukhotin et al. 2003) over lifetime. The present

evidence suggests that in A. islandica MSR is independent of
age for at least the first 100 y of lifetime. Most of the animals we

Figure 5. Comparison of reduced model estimates with measurements of

A. islandica respiration published by Taylor and Brand (1975). Accuracy

is <1 mmol below 20 mmol O2 h–1 g–1. Circles: measured by Taylor &

Brand; squares: measured by Bayne (1971) (fide Taylor & Brand 1975).

Figure 4. Residual plot (residual versus predicted values) of the full

factorial multiple linear model (Table 3). Triangles: Kiel Bay, diamonds:

White Sea, squares: German Bight, stars: Norwegian Coast, circles:

Kattegat.

Figure 3. Visualization of the relationship between MSR (mmol O2 h
–1

g
–1
AFDM), body mass (gAFDM) and temperature (here shown in �C) as

described by the reduced multiple linear model (SITE effects neglected,

Table 3). Lines represent MSR isopleths ranging from 2–14 mmol O2 h
–1

g
–1

AFDM. Superimposed are the body mass / temperature data of all

MSR measurements. Triangles: Kiel Bay, diamonds: White Sea, squares:

German Bight, stars: Norwegian Coast, circles: Kattegat.
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have studied here were younger than 100 y and the senescent
decline of MSR may yet not have been detectable in our

samples. However, as these cohorts seem to represent the most
abundant age ranges in all populations they suffice formodeling
of the overall metabolic capacities and energy demand in a given
population.

Do Different Climatic Adaptations in A. islandica Populations Affect the

Respiratory Response to Elevated Temperature?

Temperature is assumed to be the most important environ-
mental modulator of poikilotherm metabolism (Thompson

1984). Accordingly, the respiration model in Figure 3 shows
mass specific metabolic activity of A. islandica to be signifi-
cantly higher at higher temperature. Thermal adaptations in
bivalves are best described by an Arrhenius model of temper-

ature dependence of metabolic rates (Peck & Conway 2000,
Heilmayer & Brey 2003), and Q10 is a good summary descriptor
of the temperature effect. There is evidence that bivalves

become more temperature sensitive with increasing body mass
(Bayne et al. 1976) (i.e., Q10 may be linked to body mass).
Hence, differences in Q10 between SITEs may be partially caused

by differences in size range between our population samples (see
above). To evaluate this question, we reduced the whole data set
to a common mass range from 0.3–6 g AFDM (n ¼ 123) for all

populations and built a new multiple linear model to predict
MSR. The corresponding Q10 values, 4.88 for German Bight,
2.72 for Norway, 2.70 forWhite Sea, 1.22 for Kattegat and 1.37
for Kiel Bay did not provide a consistent picture: clipping of

either very small animals (from Kiel Bay and White Sea
population) or of very large animals (from German Bight,
Norway population) both increased Q10. Thus, animal body

mass differences can obviously not explain the observed differ-
ences in site-specific Q10 values. Instead, the strong interactions
between SITE and temperature as well as body mass (Table 3)

point towards site-specific adaptations in the physiological
response to temperature. The exceptionally high value for the
German Bight animals should be viewed with caution. A Q10 of
4.88 is quite high, particularly compared with the adjacent

Kattegat.

Does AP Affect Respiration and DoWe See Site or Temperature Specific

Differences in AP Occurrence or Duration?

Respiratory pauses (APs) did not affect long term (over

hours) respiration inA. islandica (Fig. 2). Moreover, neither the
percentage of AP-performing animals, nor the length of the APs
differed between populations. We did not analyze the AP

pattern of each specimen in detail, but the general picture is
that of a nonrhythmic, very variable and individual behavior.
Apparently, AP is not caused by external triggers, but reflects an
internal behavioral pattern in the bivalves. Apneal behavior or

to the contrary short bouts of elevated respiration have already
been observed in other cold adapted bivalves, such as the
Antarctic mud clams Laternula elliptica (Morley et al. 2007)

and the protobranchYoldia eightsi (Abele et al. 2001). There is a
general trend in bivalves to keep mantle water PO2 on low and
protective levels, and water breathers like Arctica islandica

which live in the sediment water interface, must cope with
fluctuant and up to normoxic oxygen levels in the inhaled water.
Short bouts of accelerated or reduced respiration may contrib-

ute to the regulation of shell water PO2. This behavior should
not be confused with real metabolic rate depression (MRD),

which represents a distinct and deliberate shut down of
metabolic activity (Taylor 1976, Thompson 1984, Abele 2002,
Strahl et al. 2007).

According to the rate of living-theory of aging (Pearl 1928),

the MSR of the long-lived Arctica islandica should range at
the lower end of the MSR range of bivalves. We compared
3583 respiration measurements from 58 different bivalve

species compiled by Brey (2001), with 234 measurements of
A. islandica, including the data of Taylor & Brand (1975) and
our own measurements (Fig. 6). Regression of log (MSR,

adjusted to 10�C) over log(M) indicates MSR of A. islandica
to be significantly (P < 0.001) lower than the compiled bivalve
MSR (Fig. 6). Note that the few isolated black dots showing
higher respiration for Arctica islandica are from Bayne (1971),

and do not fit the general Arctica model. The overall low
respiration in A. islandica indicates that the quahog belongs to
the low tissue oxygenation-type, presumably keeping tissue PO2

on extremely low levels during most of its burrowed and
nonburrowing lifetime.
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Figure 6. Temperature adjusted (10�C) mass specific respiration rate

(MSR, J/J/d) versus body mass M (J) in Arctica islandica (black dots,

n$ 234; (Taylor & Brand 1975) and own measurements) compared with

data from 58 bivalve species (n$ 3583). Straight line indicates regression

of log(MSR) on log(M) over all data. MSR of A. islandica is significantly

(P < 0.001) below bivalve average MSR. For data, species and references

see Brey (2001). To unify units of mass and respiration, original body mass

data were converted to Joule and respiration rates to Joule/day (1 mmol

O2$ 46.8 J, Gnaiger 1983, and 1 mg AFDM$ 21.82 J in bivalves, Brey

2001)
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Abstract 

We compare lifetime and population energy budgets of the extraordinary long-

lived ocean quahog A. islandica from six different sites; NORWEGIAN COAST, 

KATTEGAT, KIEL BAY, WHITE SEA, GERMAN BIGHT and off NE ICELAND, covering 

a temperature and salinity gradient of 4 - 10°C (annual mean) and 25 - 34, 

respectively. Based on von Bertalanffy growth models and size-mass 

relationships we compute organic matter production of body PSB and of shell 

PSS, whereas gonad production PG is estimated from the seasonal cycle in 

mass. Respiration R is computed by a model driven by body mass, 

temperature and site. A. islandica populations differ distinctly in maximum 

lifespan (40 y, KIEL BAY, to 197 y, ICELAND) but less in growth performance (�� 

= 2.41, WHITE SEA, to 2.65, KATTEGAT). Individual lifetime energy throughput, 

as approximated by assimilation, is highest in ICELAND (43730 kJ) and lowest 

in WHITE SEA (313 kJ). Net growth efficiency ranges between 0.251 and 

0.348, whereas lifetime energy investment distinctly shifts from somatic to 

gonad production with increasing lifespan; PS/PG decreases from 0.362 (KIEL 

BAY, 40 y) to 0.031 (ICELAND, 197 y). Population annual energy budgets are 

derived from individual budgets and estimates of population mortality rate 

(0.035 y-1, ICELAND, to 0.173, KIEL BAY). Relationships between budget ratios 

are similar on the population level, albeit with more emphasis on somatic 

production; PS/PG ranges from 0.196 (ICELAND) to 2.728 (WHITE SEA) and P/B 

from 0.203 – 0.285 y
-1

. Lifespan is the principal determininant of the 

relationship between budget parameters, whereas temperature affects net 

growth efficiency only. In the WHITE SEA population, both growth performance 

and net growth efficiency of A. islandica are lowest. We presume that low 
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temperature combined with low salinity represent a particularly stressful 

environment for this species. 

 

 

Key words: Growth, energy budget, site, A. islandica 
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Introduction 

The ocean quahog A. islandica is widely distributed on the continental shelves 

on both sides of the North Atlantic Ocean (Nicol, 1951; Thompson et al., 

1980a,b; Brey et al., 1990; Dahlgren et al., 2000). A. islandica is a long-lived 

bivalve species with maximum age ranging from 40 y in the Baltic Sea (Zettler 

et al., 2001; Begum et al., 2009) to ~400 y off Iceland (Schöne et al., 2005; 

see also Thompson et al., 1980b). A. islandica is a suitable archive of past 

environmental conditions which can be reconstructed from morphological and 

biogeochemical properties of the shell  (e.g. Epplé et al., 2006; Schöne et al., 

2005). Its wide geographical range of occurrence combined with its longevity 

make A. islandica a prime candidate for monitoring and modeling of long-term 

environmental and ecological dynamics (Harding et al., 2008). In order to 

better understand the ecological role of A. islandica in its environment and to 

be able to link the dynamics of A. islandica populations to environmental 

drivers, we need reliable models of the energy metabolism at both the 

individual and the population levels. Basic parameters of such models would 

be respiration, somatic growth, reproduction and mortality. An extensive body 

of data on this species has already been published: Growth and/or production 

were investigated by Thompson et al., 1980a,b, Kennish et al., 1994; whereas 

Rowell et al., 1990, Thorarinsdóttir, 2000, provide information on maturation 

and reproduction. Particular aspects of A. islandica ecology (e.g. Appeldorn, 

1983; Brey et al., 1990) and physiology (e.g. Taylor and Brand, 1975) have 

been described, but a systematic approach toward individual and population 

energetics is still lacking. Begum et al. (2009) made a first step by 

establishing a general respiration model for A. islandica.  
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In the present publication, our objectives are 

• to establish energy budget models for A. islandica populations from six 

different sites, and  

• to evaluate the effects of differing environmental conditions (temperature, 

salinity) on the A. islandica energy budget. 

 

Material and Methods 

Sampling sites 

A. islandica were collected in 2005 and 2006 from six sites: NORWEGIAN 

COAST, KATTEGAT, KIEL BAY (Baltic Sea), WHITE SEA, GERMAN BIGHT (North 

Sea) and ICELAND (off northeast Iceland) (Fig. 1 and Table 1). With the 

exception of ICELAND, all animals were transported alive to the Alfred Wegener 

Institute for Polar and Marine Research (Bremerhaven) where they were 

maintained in aquaria with natural sediment at their respective annual mean 

habitat temperatures until further use in physiological experiments (for details 

see Begum et al., 2009). ICELAND animals were sacrificed after 7 days of 

acclimation at the Sandgerdi Marine Station (Iceland). 

Morphometry 

We measured shell height H (greatest distance from umbo to ventral shell 

margin) to the nearest 0.1 mm, and determined shell dry mass (SDM; 48 h 

drying at 60 °C), tissue wet mass WM (WM, soft tissue drained on paper) and 

tissue dry mass (DM; 48 h at 60 °C) with 0.01 g precision. Tissue ash free dry 

mass (AFDM = DM - ash) was calculated from tissue ash content (24 h 

incineration at 500 °C, Brey and Hein, 1992) and shell ash free dry mass 

(SAFDM) was determined accordingly after incineration for 36h at 480 °C 
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(after Shumway and Newell, 1984; Goulletquer and Wolowicz, 1989). Shell 

ash after incineration was assumed to represent shell carbonate. 

Mass was related to shell height by allometric equations of the type 

  
M =  a �  H

b 

       [mg, mm] 

which were established by linear regression of the logarithmised variables. 

We used analysis of covariance (ANCOVA, ln(mass), versus ln(shell height) 

and SITE) to determine whether specific relationships differed between SITES 

and established SITE specific models when necessary.  

Growth 

Left shell valves were used to determine the individual age following the 

protocol of Begum et al. (2009). A von Bertalanffy growth model (VBGF) was 

fitted to the resulting size-at-age data pairs by means of the nonlinear iterative 

Newton algorithm (Brey, 2001). 

  
H

t
=  H� �  (1�e

�k (t� t
o

)

)     [mm, y] 

where H� is asymptotic shell height, k is the Brody growth coefficient, t is age 

and t0 is the theoretical age at which height equals zero. We tested the 

residuals of the common growth model (data from all sites) for between-site 

differences in growth by means of analysis of variance (ANOVA) and 

established SITE-SPECIFIC models where necessary. Size-at-age Ht could be 

converted into mass-at-age Mt by means of the size-mass relationships 

described above. The growth performance index �� was calculated according 

to Pauly and Munro (1984) 

�� = log(k) + 2 * log(H�) 
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Individual Somatic Production 

Ash free dry mass (AFDM and SAFDM) was converted into energy content by 

the factor 20.45 Jmg
-1

 AFDM (Brey, 2001). Individual somatic body production 

(PSB) and somatic shell production (PSS) were calculated from the increment in 

mass with age, 

PSB,t = MSB,t – MSB,t-x    [J time interval
-1

] 

where PSB is somatic body production, MSB,t and MSB,t-x  are body mass at age 

t and t-x, and x is the increment in age (calculations for PSS accordingly). 

Individual Calcium Carbonate Production 

Individual calcium carbonate production (PCC) was calculated the same way, 

PCC,t = MCC,t – MCC,t-x    [g time interval
-1

] 

where PCC is calcium carbonate production, MCC,t and MCC,t-x are calcium 

carbonate mass at age t and t-x, and x is the increment in age 

Individual Gonad Production 

Individual gonad production was inferred from the difference between pre- 

and post-spawning body mass in A. islandica. Own observations (KB) and 

unpublished data of G. Thorarinsdóttir (NW Iceland) indicate a ±30% drop in 

body mass during spawning, i.e. 

PG,t = MSB,t * 0.3     [J y
-1

] 

Ropes et al. (1984) and Rowell et al. (1990) indicate that in A. islandica 

minimum age at maturity is 6 y, whereas at age 22 y all animals are mature. 

In the ICELAND population, the corresponding ages are 9 y and 32 y, 

respectively (Thorarinsdóttir, 2000). We incorporated this pattern into the 

individual gonad production calculation by assuming a linear increase in 
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production from zero at minimum age to 100 % (= 1/3 of body mass) at age at 

full maturity. 

Individual Respiration 

Respiration R was computed by a model driven by body mass (AFDM) 

temperature T and SITE (derived from the respiration model published by 

Begum et al., 2009):  

ln(R) =14.701+ 0.552* ln(bodymass) � 3748.232 /T + D*[ln(bodymass) � 0.418] 

N = 193, R
2
 = 0.894, [�mol O2 h

-1
, g AFDM, Kelvin] 

where D = -0.211 for WS and D = +0.211 for all other sites. Note that 

ln(bodymass) is centered to mean = zero in the interaction term. Respiration 

was converted from �mol O2h
-1

 to J d
-1

 by multiplying by 11.2320 (see Brey, 

2001). 

Population Mortality Rate 

As we had no information on population size or age structure, we inferred 

mortality rate from maximum age, assuming that mortality follows the single 

negative model, as common in most bivalve populations (e.g. Brey, 1999): 

Nt = N0 * e
-Z * t

 

where N0 is the number of animals in an age class at recruitment, Nt is the 

number at age t and Z is the instantaneous rate of mortality. If we set N0 = 1 

and Ntmax = X at tmax = age of oldest animal, than mortality rate amounts to 

Z = - ln(1/X)/ tmax [1/y] 

Kilada et al. (2007) computed mortality rates from age-frequency data of A. 

islandica at two different sites at the Canadian coast, St. Mary’s Bay (Z = 0.10 

y
-1

) and Sable Island (0.03 y
-1

). Using Kilada’s maximum age at both sites, 
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72 y and 210 y, respectively, we find that the reported mortality rates are 

approximated quite accurately with X = 0.001 (Z = 0.033 y
-1

 and 0.096 y
-1

, 

respectively). We applied this approach to our populations using tmax = 

average age of the 3 oldest animal found. 

Individual Lifetime Energy Budget Model 

We computed the individual lifetime energy budget for A. islandica at each 

SITE by combining the corresponding relationships and models for growth, 

production and respiration into a numerical integration scheme. All 

calculations, except for gonad production, were carried out incrementally with 

step size x = maximum age tmax / 1000. Thus, actual as well as cumulative 

values of production (PSB, PSS, PG) and respiration (R) could be computed for 

any age and age interval. 

We computed the corresponding assimilation A by 

A = PT + R     [J ind
-1 

time interval
-1

] 

where PT = PSB + PSS + PG, and estimated consumption C by 

C = A / 0.4    [J ind
-1 

time interval
-1

], 

using an average assimilation efficiency of 0.4 for suspension feeding 

bivalves (Bayne and Newell, 1983; Crisp, 1984; Shumway, 1991). Gross 

production efficiency (Ivlev’s K1, Ivlev, 1961) and net production efficiency 

(Ivlev’s K2) were calculated by 

 K1 = PT/C and K2 = PT/A  

Population Energy Budget Model 

The population annual energy budget is based on the same data as the 

individual lifetime budget, but with mortality rate included, i.e. the “number” of 
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animals in the individual model decreases exponentially with age from 1 to 

0.001 according to mortality rate Z. If we assume the population to be in 

steady state, than individual lifetime production equals population annual 

production (see e.g. Allen 1971). As we do not know the true abundance of A. 

islandica at the different sites, we only computed ratios between budget 

parameters (growth efficiencies) and population biomass. 

Statistical analysis 

Effects of habitat temperature, maximum age and growth performance on 

energy budget parameters and ratios were analyzed by non-parametric 

correlation (Spearman’s �) and by multiple linear regressions. We used 

analysis of variance (ANOVA) and analysis of covariance (ANCOVA) to 

explore the relationships between individual and annual budget ratios. 

 

Results 

Morphometry 

The initial full factorial analysis of covariance (ANCOVA) model of body and 

shell mass ln(AFDM) and ln(SDM) versus ln(shell height) and SITE indicated 

all SITEs to differ significantly with the exceptions NORWEGIAN COAST & 

GERMAN BIGHT and WHITE SEA & KIEL BAY  in AFDM, and NORWEGIAN COAST & 

GERMAN BIGHT and WHITE SEA & KATTEGAT in SDM, respectively. 

Growth and Mortality 

We found growth to differ significantly between all SITEs except between 

NORWEGIAN COAST and GERMAN BIGHT and between ICELAND and KIEL BAY 
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(Fig. 2, Table 3). Growth performance (index ��) ranged between 2.41 in 

WHITE SEA and 2.65 in KATTEGAT, and was found to be independent of annual 

mean habitat temperature and salinity (Spearman rank correlation, P > 0.050). 

Maximum age tmax in our samples ranged from 40 y in KIEL BAY to 197 y in 

ICELAND, and our estimate of mortality rate varied accordingly between 0.035 

y
-1

 (ICELAND) and 0.173 (KIEL BAY, Table 5). 

Energy Budgets 

Individual somatic production PS increases steadily until a maximum is 

reached and decreases again thereafter, whereas gonad production PG, 

respiration R and assimilation A continue to increase over lifetime, albeit at 

diminishing rates (Fig. 3). The cumulative values (Table 4) indicate 

differences in the individual lifetime budget between SITEs. Lifetime energy 

throughput, as approximated by assimilation, is lowest at WHITE SEA (313 kJ) 

and highest at ICELAND (43730 kJ). The fraction of energy allocated to somatic 

production PS is lowest in the long-lived ICELAND animals (0.011) and 

increases with decreasing life span to 0.069 in KIEL BAY. The share of gonad 

production PG in assimilation shows just the opposite trend, but is generally 

higher (0.191 to 0.337). Accordingly, the PS/PG ratio decreases distinctly with 

increasing lifespan. Lifetime net growth efficiency is rather similar at all SITEs, 

it ranges between 0.251 (WHITE SEA) and 0.348 (ICELAND), whereas the 

respiration-to-assimilation ratio shows a corresponding inverse pattern. 

Lifetime shell carbonate deposition is between 5 g (WHITE SEA) and 107 g 

(ICELAND).  

At the population level, i.e. accounting for the effect of mortality, the ranking of 

SITES according to production and net growth efficiency remains about the 
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same, but the balance between somatic production, gonad production and 

respiration shifts (Table 5). In the annual population budget, the share of 

somatic production in assimilation increases to values between 0.054 

(ICELAND) and 0.167 (WHITE SEA). The share of gonad production decreases 

accordingly, to values between 0.061 (WHITE SEA) and 0.277 (ICELAND). 

Matched pair tests indicate that PS/A is significantly higher (average 0.104 

compared to 0.034, P = 0.001) and PG/A is significantly lower (0.184 

compared to 0.263, P = 0.001) in the population budget compared to the 

individual budget. Population production-to-biomass ratio is estimated 

between 0.203 (GERMAN BIGHT) and 0.285 (KIEL BAY).  

Spearman rank correlation indicates significant (� = 0.10) effects of maximum 

age tmax on the budget parameter ratios R/A, PT/A, PS/A, PG/A and PS/PG on 

both the individual and the population level, whereas temperature and growth 

performance had no significant effects. When age effects are accounted for 

(two-way analysis) and the outlier WHITE SEA is excluded, however, net 

growth efficiency PT/A decreases and R/A increases significantly (P < 0.05) 

with temperature in both lifetime and population budget (Fig. 4; Table 4 & 5).  

 

Discussion 

Methodology 

Our energy budget model of A. islandica comprises approaches with different 

levels of reliability. The determination of individual age from shell growth 

bands is a proven standard procedure in A. islandica (Turekian et al., 1982; 

Thompson et al., 1980a; Schöne et al., 2005a). Modeling of individual growth 

and computation of somatic production use established standard routines in 
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population dynamics (Brey, 2001). Individual respiration is estimated from a 

tested multi-factorial model (Begum et al., 2009). Our estimates of gonad 

production and of consumption, however, may be less reliable. Gonad 

production is of particular concern, as there are several sources of potential 

bias. We inferred PG from the annual cycle in total soft body mass which 

indicates a spawning related 30% loss in body mass (own observations, KIEL 

BAY, and G. Thorarinsdóttir unpubl., NW Iceland). It remains unknown 

whether this ratio is valid for all populations and throughout lifetime beyond 

maturity. Estimates of (somatic) body mass are reliable, as they are based on 

animals collected in presumably spent condition (February and October). Our 

definition of size-at-maturity suffers from similar shortcomings: we use an 

average value with uncertain validity for all populations. This is of less 

concern, however, as gonad production is comparatively low in small clams. 

In order to estimate consumption, we use an average assimilation efficiency 

of 0.4. Measured values for filter feeding bivalves range between 0.25 and 

0.70 (Hibbert, 1977; Warwick et al., 1979; Bayne and Newell, 1983), i.e., we 

can expect that the “true” assimilation efficiency of A. islandica is (i) anywhere 

within this range and (ii) not necessarily the same at all six sites, as it might 

be affected by differing food composition (MacDonald and Thompson, 1985 

a,b, 1986; Vakily, 1992). Our approach towards mortality rate requires that the 

single negative model describes the decrease in numbers with time 

appropriately which may not hold true for all populations (see e.g. Brey et al., 

1990).  
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Growth and longevity of A. islandica 

A. islandica is the longest lived mollusk species known to science with a 

reported maximum age close to 400 y (Schöne et al., 2005). Phases of 

metabolic rate depression combined with extraordinarily high antioxidant 

capacities may be one key factor for this extended life span (Abele et al., 

2008, Taylor and Brand 1975). Our study indicates distinct differences in 

lifespan between populations (Table 2). We can confirm the extraordinary 

high ages attained in populations around Iceland, where animals close to 200 

y are regularly encountered (Schöne et. al., 2004, 2005; Strahl et al., 2007). In 

the southern North Sea, maximum age appears to be about 150 y (Witbaard 

1994, 1999; Epplé et al., 2006), and our value of 125 y for GERMAN BIGHT fits 

well in this picture. No information on age of A. islandica form the NORWEGIAN 

COAST or the KATTEGAT has been available so far, but our estimate for the 

KATTEGAT population, 58 y, points already towards a decrease in longevity 

with decreasing salinity. This becomes clearly evident at the low salinity sites 

WHITE SEA and KIEL BAY, where life span is below 50 y (compare also Brey et 

al. 1990, Zettler et al. 2001). Low salinity can act as a stress factor for marine 

bivalves that increases the energetic “costs” for physiological functioning 

under conditions close to the tolerance limits and thus limits maximum 

attainable age and size (Davis and Calabrese, 1964; Shurova, 2001; Sukhotin 

et al., 2007), depending on how well a species is adapted to low and/or 

fluctuating salinity regimes (e.g. Gilbert, 1973).  

When comparing the overall size-growth pattern between SITES, the most 

striking observation is the distinctly different growth pattern in WHITE SEA 

animals (Fig. 2). The early phase of rapid growth takes about 10 y only, and 
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subsequently growth levels out at comparatively small size (H� = 35.6 mm). 

We presume that low temperature combined with low salinity represent a 

particularly stressful environment for A. islandica, as observed in other marine 

bivalve species, too (e.g. Davis and Calabrese, 1964). The growth curves for 

KATTEGAT, GERMAN BIGHT & NORWEGIAN COAST, and ICELAND & KIEL BAY, 

albeit significantly different (Fig. 2), are similarly shaped: During the first 25 

years of live the animals attain more than 2/3 of infinite height, whereas 

growth slows down rapidly during the remaining lifetime (Fig. 2). We are 

uncertain, however, how to interpret the significant differences in growth 

between these three SITE groups, as the unequal distribution of size-at-age 

data may have introduced some undetectable bias (Fig. 2). Nevertheless, 

quite the same growth pattern has been observed in other populations of A. 

islandica, see e.g. Thompson et al. (1980 a,b), Lewis (2001), Thorarinsdóttir 

and Jacobson (2005) and Kilada et al. (2007). Accordingly, our growth model 

parameters (except for WHITE SEA) fall well into the range published so far; k = 

0.022 – 0.060 y
-1 

and H� = 80.00 – 101.23 mm. So far, we cannot identify the 

likely temperature effect on growth rate; a geographically more extensive data 

set might be required here (see below). 

The present growth rate measurements confirmend our previous observation 

(Strahl et al., 2007) that compared to other bivalve species, growth rate of A. 

islandica is very low: the growth constant of k < 0.06 y
-1

 (Fig. 5) is among the 

lowest values observed in bivalves (Vakily, 1992). Growth performance, on 

the other hand, is about average for bivalves. The average �� of 2.5 (N = 12, 

all published growth models) for A. islandica does not differ significantly from 
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the average �� of 157 bivalve populations (Fig. 5, ANOVA, P = 0.060, 

unpublished data collection). 

Characteristics and constraints of the A. islandica energy budget 

Our A. islandica energy budget model combines the standard features of 

bivalve biology, i.e. asymptotic individual growth, gonad production directly 

proportional to body mass, and respiration related to body mass by a power 

function (see e.g. Vakily, 1992; Mathieu and Lubet, 1993; Brey, 1999, Begum 

et al., 2009). Hence, with increasing age the relationships between different 

parts of the individual energy budget change in a predictable way, e.g. PS/A 

will decrease, while PG/A will increase (see Table 4, Fig. 3). 

Consequently, lifespan (measured as maximum age tmax) exerts a distinct 

effect on budget parameters and their relationships (Fig. 3, Table 4, 5). A five-

fold increase in maximum age (44 y WHITE SEA, to 197 y, ICELAND) translates 

into a 100-fold increase in lifetime energy throughput (313 kJ to 43730 kJ 

assimilation). This effect is even more pronounced in those parts of the 

energy budget that increase in relative significance with age, such as gonad 

production PG. The Q10 for A. islandica respiration is about 2.5 (Begum et al. 

2009), and thus temperature should exert a corresponding effect on somatic 

production (i.e. growth). We cannot detect this effect within the 6°C range (4° 

to 10°C) in ambient temperature of the populations studied here, most likely 

owing to methodical shortcomings. Apparently the high variability in individual 

size-at-age data together with other SITE-specific effects (e.g. salinity) obscure 

the temperature effects on growth and thus on somatic production. This 

problem may be overcome either with a more thorough analysis of growth 
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(more samples, analysis of individual growth history) or with the direct 

measurement of somatic production in controlled experiments. 

The mortality rates estimated for A. islandica (Z = 0.035 to 0.175 y
-1

) are at 

the lower end of the range observed in bivalves from cold temperate regions 

(Brey, 1999), but still they cause a distinct shift of energy throughput from 

gonad to somatic production (Tables 4, 5). This is particularly visible in the 

average (over all populations) PS/PG ratio that increases from 0.147 to 0.743 

with increasing Z. 

We can interpret maximum age and mortality as interacting endogenous 

(physiological) and exogenous (ecological) determinants of population age 

and size structure, which, in turn, determines population reproductive output. 

Apparently, A. islandica is capable of maintaining persistent populations 

across a wide range of population age structures. This may be one key to the 

wide distribution of this species throughout the North Atlantic shelf areas. 

Nevertheless, A. islandica might be prone to recent environmental change: 

Apparently, abundances decreased substantially in the southern North Sea; 

where the clam became rare in once densely populated areas such as the 

Oyster Ground (Witbaard and Bergman, 2003) and the German Bight (own 

observations). This might be a consequence of enhanced temperature in the 

southern North Sea (e.g. Wiltshire and Mann, 2004), but also of the 

extraordinary high intensity of bottom trawling in this area (e.g. Rijnsdorp et 

al., 1998). 

Population productivity of A. islandica is low compared to other bivalves. Both 

somatic (PS/B) and total (PT/B) production-to-biomass ratios are significantly 

below the average for bivalve populations when the effect of average body 
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mass on P/B has been taken into account (ANCOVA, Fig. 6), whereas in 

PG/B, A. islandica is just indifferent of other bivalves (P = 0.051). The low PS/B 

comes to no surprise in somatic productivity, as PS/B equals mortality rate Z in 

steady state populations. Judging from the extraordinary lifespan of A. 

islandica we would have expected a more pronounced difference in gonad 

productivity. Owing to our more empirical approach towards gonad 

production, however, this finding should be interpreted with some caution. 

Our estimates of net growth efficiency PT/A (average 0.11) and of gross 

growth efficiency PT/C (average = 0.28) fall well in the range of published 

values for bivalve populations (e.g. Trevallion, 1971, Fuji and Hashizume, 

1974; Thompson and Bayne, 1974; Bayne and Newell, 1983). Thus we are 

confident that our budget models are valid representatives of A. islandica 

individual and population energy flow dynamics and will be of use in further 

studies of A. islandica population dynamics under changing environmental 

conditions. There is, however, always room for improvement, particularly 

regarding measurements of site-specific growth rates, of gonad production 

and of assimilation efficiency. This will help to better understand the observed 

differences in lifespan and populations dynamics of A. islandica, especially 

regarding the White Sea population, which cannot yet be explained by 

environmental differences. Further investigations of intrinsic and extrinsic 

factors influencing the animals physiology and performance have to show to 

what extent the environment and the population genetics control life span.  
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Table 1: Geographical location, water depth and mean annual habitat 

temperature T of sampling sites, and number of animals used to establish 

basic models. BM: body mass, SDM: shell dry mass. 

 

SITE Location Salinity Depth 
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(°C) 
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 KATTEGAT 56°10´N 

11°48´E 

31 33 8 45 44 130 45 

WHITE SEA 66°18´N 

33°38´E 

25 10 4 39 52 54 22 

KIEL BIGHT 54°32´N 

10°42´E 

25 25 10 51 273 170 51 

ICELAND 66° 02.6´ N 

14°48.8´W  

35 14-22 5 96 239 229 96 

NORWEGIAN 

COAST 

69°39´N 

18°57´E 

33 10-30 4 58 68 153 57 

GERMAN 

BIGHT 

54°09´N 

07°47´E 

31 40 10 18 267 139 18 
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Table 2: SITE specific morphometric relationships of the type ln(mass) = a + b 

* ln(height) in A. islandica. Common models were fitted for sites that did not 

differ significantly (ANCOVA of ln(M) versus ln(H) and SITE). BM: body mass 

(mg AFDM), SDM: shell dry mass (mg DM).  

  

 

Model SITE a b N R
2
 

KATTEGAT -5.481 3.217 45 0.864 

NORWEGIAN COAST & GERMAN BIGHT -5.290 3.228 76 0.987 

WHITE SEA & KIEL BIGHT -6.012 3.330 90 0.976 

BM 

vs 

Size 

ICELAND -4.123 3.091 96 0.988 

KATTEGAT & WHITE SEA  -1.464 2.819 96 0.987 

NORWEGIAN COAST & GERMAN BIGHT -2.347 3.144 335 0.949 

KIEL BIGHT 0.157 2.580 273 0.994 

SDM 

vs 

Size 

ICELAND -2.780 3.121 239 0.995 
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Table 3: Von Bertalanffy growth parameters and corresponding growth 

performance index (��) of A. islandica, ANOVA of the residuals of the common 

growth models indicate that all sites differ significantly except NORWEGIAN 

COAST & GERMAN BIGHT and ICELAND & KIEL BIGHT. H�: asymptotic height, K: 

Brody growth coefficient, t0: age at which height would equal zero, N: number 

of data.  

  

SITE Age tmax 

(y) 

H�  

(mm) 

K 

(y
-1

) 

t0 

(y) 

N R
2
 �� 

KATTEGAT 58 89.544 0.055 -0.254 130 0.530 2.65 

NORWEGIAN COAST  

& GERMAN BIGHT 

90 & 

125 

79.837 0.066 -3.858 292 0.870 2.62 

ICELAND  

& KIEL BIGHT 

197 & 

40 

86.150 0.045  -2.556 399 0.900 2.53 

WHITE SEA 44 35.637 0.200  0.234 54 0.410 2.41 
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  Table 4:  A. islandica individual lifetime energy budget parameters. PS: somatic production, PG: gonad production,  

 PT: total production (PT = PS+PG), R: respiration, A: assimilation (A = PS +PG +R), PCC: calcium carbonate production 

 

 

 

 

 

 

 

 

 

 

 

 

 

SITE 

 

Life span 

(y)  

PS 

(kJ) 

PG 

(kJ) 

PT  

(kJ) 

R 

(kJ) 

A 

(kJ) 

PCC  

(g) 

PS /A 

 

PG/A 

 

 

PT /A 

 

R/A 

 

KATTEGAT 58 224 1251 1475 3626 5101 61 0.044 0.245 0.289 0.711 

NORWEGIAN COAST 90 255 2552 2807 5917 8724 85 0.029 0.292 0.322 0.678 

GERMAN BIGHT 125 257 4087 4344 12139 16483 86 0.016 0.248 0.264 0.736 

WHITE SEA 44 14 64 79 234 313 5 0.045 0.206 0.251 0.749 

KIEL BIGHT 40 126 347 472 1341 1814 37 0.069 0.191 0.261 0.739 

ICELAND 197 462 14754 15215 28514 43730 108 0.011 0.337 0.348 0.652 
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   Table 5: A.islandica population annual energy budget ratios from six different geographical sites. 

           PS: somatic production, PG: gonad production, PT: total production (PT = PS+PG), R: respiration,  

           A: assimilation (A = PS+PG+R), C: consumption (C = A/0.4), Z: total mortality, BT: annual average total biomas 

 

Site 

 

Life span 

(y) 

Z 

(y
-1

) 

PS /A 

 

PG /A 

 

PT /A 

 

R/A 

 

PT /C 

 

PT / BT 

 

KATTEGAT 58 0.119 0.132 0.146 0.277 0.723 0.111 0.251 

NORWEGIAN COAST 90 0.077 0.117 0.210 0.327 0.673 0.131 0.214 

GERMAN BIGHT 125 0.055 0.073 0.194 0.267 0.733 0.107 0.203 

WHITE SEA 44 0.157 0.167 0.061 0.229 0.771 0.092 0.213 

KIEL BIGHT 40 0.173 0.146 0.092 0.238 0.762 0.095 0.285 

ICELAND 197 0.035 0.054 0.277 0.331 0.669 0.132 0.214 
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Figure Captions 

Figure 1 

Sample locations of A. islandica, NW: NORWEGIAN COAST, GB: GERMAN BIGHT, 

WS: WHITE SEA, KB: KIEL BAY, KG: KATTEGAT and IL: ICELAND. Map redrawn 

from www.aquarius.geomar.de  

 

Figure 2 

Von Bertalanffy growth curves and corresponding size-at age data in A. 

islandica from the six sites. ANOVA of the residuals of the common growth 

model indicated significant difference between sites except for NORWEGIAN 

COAST and GERMAN BIGHT and for ICELAND and KIEL BAY. H: shell height. 

Triangle: WHITE SEA, diamond: KIEL BAY open circle: KATTEGAT, black circle: 

NORWEGIAN COAST, square: GERMAN BIGHT, cross: ICELAND.  

 

Figure 3 

Actual individual somatic production PS (body + shell), gonad production PG, 

respiration R and assimilation A (A = PS + PG + R), as a function of age in A. 

islandica from six different SITES. Please note that all values are adjusted to a 

time interval of one year. IL: ICELAND, KB: KIEL BAY, GB: GERMAN BIGHT, NW: 

NORWEGIAN COAST, KG: KATTEGAT and WS: WHITE SEA.  

 

Figure 4 

Relationship between population net growth efficiency (PT/A) and mean 

annual habitat temperature in A. islandica. (A) Plot of PT/A versus 
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temperature. (B) Partial leverage plot of the corresponding multiple linear 

model PT/A = 0.3547 + 0.0002 * tmax – 0.0117 * temperature, N = 5 (WHITE 

SEA excluded), P = 0.018. This plot shows the residual of each data point both 

with (distance from solid line) and without (distance from horizontal stippled 

line) the temperature effect in the model. Triangle: WHITE SEA, diamond: KIEL 

BAY open circle: KATTEGAT, black circle: NORWEGIAN COAST, square: GERMAN 

BIGHT, cross: ICELAND.  

 

Figure 5 

Distribution of (A) growth constant k and (B) growth performance index �� of 

the von Bertalanffy growth function (VBGF) of 157 different bivalve 

populations, including 12 populations of A. islandica (black bars; this study, 

Thompson et al. 1980a,b, Anonymous 1995, Lewis el al. 2001, Thorarinsdóttir 

& Jacobson 2005, Kilada et al. 2007). Other data collected by Brey (1999, 

2001). Growth constant k is significantly (P < 0.001) lower in A. islandica. 

 

Figure 6 

Relationship between (A) annual somatic production-to-biomass ratio PS/B 

and (B) annual total production-to-biomass ratio PT/B and average body mass 

in 279 (PS/B) and 55 (PT/B) different bivalve populations, including the six A. 

islandica populations of this study (black dots). Data collected by Brey (1999, 

2001). Both PS/B and PT/B are significantly lower in A. islandica (ANCOVA, P 

< 0.001 and P = 0.006, respectively) 
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Figure 2: 
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Figure 5: 
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Figure 6: 
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Abstract  

 

Owing to its long life span of up to 400 y, the ocean quahog Arctica islandica 

is equally attractive to physiologists and environmental scientists. For physiolo 

gy, A. islandica is an exciting age model whereas environmental sciences 

infer past environmental conditions from morphometric and biogeochemical 

properties of the calcareous shell. In order to evaluate whether and how 

animals from different localities differ, we compared morphometry and 

genetics of six A. islandica populations, from the NORWEGIAN COAST, 

KATTEGAT, KIEL BAY, WHITE SEA GERMAN BIGHT and off NE ICELAND. 

Discriminant analysis indicated significant morphometric differences, e.g. in 

shell shape, between populations, which are independent of geographical 

distance. We found 30 unique haplotypes of the mitochondrial cytochrome b 

(cyt b) gene, of which some are widely distributed, whereas others are quite 

rare. There is neither consistent geographical pattern in haplotype distribution, 

nor a clear genetic separation. Moreover, morphometric and genetic patterns 

appear to be unrelated. 

Thus, our study confirms morphological differences between populations of A. 

islandica which reflect phenotypic plasticity, i.e. a response to local 

environmental conditions rather than genetic differences.  

 

Key words: Arctica islandica, population, morphometry, genetics, 

environment. 
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Introduction 

Evolutionary biology is an interdisciplinary field and is the outcome of the 

complex interaction between (i) extrinsic factors (e.g. isolation of landmasses, 

climatic conditions and availability of niches) and (ii) intrinsic factors (e.g. 

physiological tolerance and dispersal capability) of a species. Extrinsic factors 

act on an ecosystem scale and typically influence the distribution of many 

species in the same way. Considering over time, this leads to a characteristic 

assemblage of species with similar distribution patterns within larger 

geographical areas, which are referred as biogeographic provinces, and 

distinct gaps between them (Mayr 1963, Avise 2000). 

The bivalve A islandica is the only living species of an ancient genus which 

has its root in early Cretaceous and the distribution range was reported further 

south in glacial time than at present (Merrill & Ropes 1969). A. islandica has 

attracted increasing interest among marine biologists owing to its extremely 

long life span (Jones 1980, Thompson el al. 1980, Murawski et al. 1982). The 

clam archives information on past environmental conditions in the 

morphological and biogeochemical properties of its calcareous shell. 

Individuals over 100 years are common (Ropes & Murawski 1983, Kraus et 

al.1992) and a maximum age above 400 years is reported from Iceland 

(Schöne et al. 2005). A. islandica can live at temperatures between 6 and 

16°C (Mann 1982, Cargnelli et al. 1999a) and shows a correspondingly wide 

distribution across the boreo-Arctic continental shelves on either side of the 

North Atlantic Ocean (Nicol 1951, Merrill & Ropes 1969, Abbott 1974, Brey et 

al. 1990, NEFSC 1995, Witbaard et al. 1999). A. islandica occurs at depths 

down to 482 m (Nicol 1951), although it is commonly found between 10 and 
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280 m (Merrill & Ropes 1969, Thompson et al. 1980a,b, Rowell & Chaisson 

1983, Kennish & Lutz 1995).  

We have some knowledge on anatomy (Salleudin 1964, Palmer 1979), 

behaviour (Taylor 1976), ecophysiology (Bayne 1971, Oescher & Story 1993, 

Tschischka et al. 2000) and population dynamics (Thompson et al.1980a,b, 

Murawski et al. 1982, Sager & Sammler 1983, Brey et al. 1990, Begum et al. 

2009). The latter becoming particularly interesting with the development of 

commercial fisheries of A. islandica (Beal & Kraus 1989, Thorarinsdottir 

1997). Recently, longevity of A. islandica is the focus of interest in this 

species: on the one hand, physiologists study the cellular mechanisms of 

ageing (Strahl et al. 2007, Abele et al. 2008), on the other hand climatologists 

and ecologists are interested in the calcareous archive provided by the shell 

that contains morphological and biogeochemical information on past 

environmental conditions (Thompson et al. 1980b, Rees & Dare 1993, 

Aquasense 2001, Witbaard et al. 2003, Schöne et al. 2003a, 2004, Epplé et 

al. 2006). For understanding the role of A.islandica in its ecosystem the 

individual and population energetics are being a concern too (e.g. 

Hughes1970, Hibbert 1977, Begum et al. submitted). In general, the 

calcareous growth in shells successfully records environmental variables such 

as temperature (Davenport 1938, Jones 1981, Goodwin et al. 2001, Schöne 

et al. 2004), food condition (Schöne et al. 2003a) and /or salinity (Navaro 

1988, Marsden & Pilkington 1995). Owing to its extremely long life span and 

wide geographical distribution, A. islandica is a prospective model organism 

for studies of climate change effects on northern boreal marine ecosystems 

(Jones 1980, Thompson el al. 1980a,b, Murawski et al. 1982). To make A. 
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islandica a “standard” biorecorder of northern boreal coastal and shelf 

systems, we have to check whether individuals from different populations are 

comparable in their biology throughout the distributional range. The important 

steps are to check for morphometric as well as genetic differences among 

populations. Morphometric differences were found in many bivalve species 

(see e.g. Hateley et al. 1992, Daniels et al. 1998, Schwaninger 1999, Comes 

& Abbot 2000, Papadopoulou et al. 2002). Recetly, genetics of A. islandica 

from the North West and part of North East Atlantic populations were studied 

by Dahlgren et al. (2000) and Holmes et al. (2003). We can advance our 

understanding of A. islandica evolution by considering how genetic variation 

and covariations of different populations are affected by environmental force 

(temperature, salinity food etc.) acting on morphometrics (eg. Beilharz et 

al.1993). In order to evaluate whether morphometric differences reflect the 

extrinsic (environmental) variations or intrisic (genomic) factors it is necessary 

to analyse the morphology as well as genomic variations. The implications of 

such results are of extreme importance for the management and evolution 

history of A. islandica populations.  

Our synoptic study of morphometric and genetic variability among six North 

East Atlantic populations of A. islandica evaluates 

(i) whether these populations differ morphometrically and/or genetically; and 

(ii) whether morphometric differences reflect solely phenotypic plasticity as an 

response to environmental forcing, or intrisic, genetically determined 

variability. 
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Material and Methods 

Sampling and sampling sites 

Arctica islandica were collected using dredges from six different sites; 

NORWEGIAN COAST, KATTEGAT, KIEL BAY (Baltic), WHITE SEA, GERMAN BIGHT 

(North Sea) and off NE ICELAND (Fig 1). Samples were collected in 2006 

except NE ICELAND, where animals were collected in 2004 and 2005, too (only 

shells were available). Animals from all sites except ICELAND 2004/05 were 

transported alive to the Alfred Wegener Institute for Polar and Marine 

Research, Bremerhaven, to be used in physiological experiments prior to 

genomic and morphological analysis. 

Sample preparation for genetics 

From each site, about 25 samples (a small piece of adductor muscle and foot) 

were instantly freezed in liquid nitrogen and subsequently stored at -80°C until 

further analysis.  

DNA extraction, PCR amplification and sequencing 

Whole genomic DNA was extracted from finely minced adductor muscle using 

the Qiagen DNeasy Mini Kit No. 51306 (QIAGEN Distributor, Germany) in 

accordance with the manufacturers recommendations. We used 100 μl of 

elution buffer in order to increase DNA concentration. The primers were 

designed in conserved regions of an alignment of 12 cytochrome b sequences 

of mollusks: Cyt b F AiS (5´ CAT GCT AAT GGK GCDTC 3´) and the reverse 

primer Cyt b R AiS (5´ AAT AYC ACT CWG GYT GGA TATG 3´). Reactions 

were carried out in 25 μl volumes with 1 � HotMaster reaction buffer, 0.2 mM 

dNTPs, 0.5 μM of each primer, 0.020 U/μl HotMaster Taq (Eppendorf, later 
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production was taken over by 5-Prime). Reaction conditions were: Initial 

denaturation for 2 min at 94°C followed by 38 cycles of 20 s at 94°, 20 s at 

50°C and 50 s at 65°C plus a final elongation step of 8 min at 65°C. PCR 

products were purified using a manual EXO-SAP cleanup: 0.5 μl EXO/(20 

U/μl) and 2 μl SAP (1U/μl; both enzymes provided by Fermentas) were added 

to 5 μl of PCR product and incubated for 15mins at 37°C. Subsequently, the 

enzymes were denatured for 15 mins at 80°C. All reactions were carried out 

in the Eppendorf Master cycler. Cycle sequencing was performed in 10 μl 

reaction volumes using 1 μM of primer (either CytBFais or CytRFais), 1 μl of 

the purified PCR product and the BigDye Terminator Kit 3.1 chemistry 

(Applied Biosystems) according to the recommendations of the manufacturer. 

The sequencing reactions were purified using the 'modified protocol' of the 

Qiagen DyeEx Kit (no.63183). Sequencing was conducted on an automated 

ABI 3130xl capillary sequencer in 96-well format. 

Morphometric measurements 

We determined shell length L (greatest antero-posterior distance), shell height 

H (greatest distance from umbo to ventral shell margin, not perpendicular to 

L), shell width W (greatest distance through both valves to the lower 0.1mm) 

and shell mass M (air dried mass of both valves with 0.001g precision).  

Parameter construction 

Prior to comparative analysis, the effect of animal size on the morphometric 

parameters in question had to be removed from the data. The approach 

applied by Krzanowski 1993 & Holmes et al. 2003, i.e. dividing the shell 

parameter in question by shell width, did not remove all size effects (tested by 
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ANOVA). Therefore, a more elaborate approach was chosen: in a first step, 

we computed standard size (SS) for each animal as 

 SS = (L * H *W)
1/3

  

Then, we established linear regressions of size measures on SS using all 

data from all populations, where a is the intercept and b the slope of the 

respective regression. 

 size measure = a + b * SS 

The residuals YR = (Ymeasured – Yestimated) of these regressions proved to be 

independent of animal size and thus were used as unbiased shell 

morphometric parameters (LR, HR, WR, MR) in the following analysis. 

Morphological analysis  

For each parameter (L, H, W, M) differences between populations were 

analysed by Analysis of Covariance (ANCOVA with covariate SS) with 

subsequent post-hoc test on differences between means. A discriminant 

analysis was used to compare populations based on all parameters (LR, HR, 

WR, MR) simultaneously (Fraley & Raftery 2002). Multivariate outliers in the 

sample space were identified a priori by Mahalanobis Jackknife distances 

(Barnett & Lewis 1994) and excluded from further analysis.  

 

Analysis of cyt b sequences 

Both strands of the cyt b fragment were sequenced and assembled to a single 

contig using Codon Code Aligner version 3.03.  

The relationship between the haplotypes was visualized in a statistical 

parsimony network using the TCS program (Clement et al. 2000).  A statistical 

analysis of molecular variance (AMOVA) as implemented in the program 



 79 

ARLEQUIN version 3.11 (Excoffier et al. 2005) was carried out to estimate the 

degree and statistical significance of genetic subdivision between and within 

populations.  

 

Results 

Morphometric data  

Mahalanobis analysis identified 9 outliers, i.e.the number of data available for 

analysis reduced from 427 to 418, accordingly. 

Shell size distributions differ distinctly between populations (Fig. 2). Smaller 

animals <30mm are completely missing in GERMAN BIGHT and KATTEGAT, 

whereas WHITE SEA is restricted to animals <40mm. The majority of NORWAY 

animals were >60mm.  

ANCOVA identified significant differences between populations in every 

parameter, but there was no consistent overall pattern, i.e. populations did not 

group similarly for each parameter (Table 2). 

Discriminant plot (Fig. 3) and corresponding match-mismatch tables (Tables 

3, 4) indicate distinct differences between populations. In terms of the share of 

animals classified correctly, WHITE SEA is the most distinct population (100%), 

followed by GERMAN BIGHT (82%). ICELAND, KATTEGAT and NORWAY are at a 

similar level (77, 75, 74%), whereas KIEL BAY is distinctly less well defined 

(38%). In terms of animals mis-classified into a certain population, GERMAN 

BIGHT takes the lead (only 0.8% of total except GERMAN BIGHT), followed by 

KIEL BAY (1.4%), ICELAND (5.3%), KATTEGAT (7.4%), NORWAY (8.8%) and 

WHITE SEA (9.5%). Judging from the number of animals mis-classified in either 

direction (Table 4), KATTEGAT and NORWAY are most similar (13.5% of 
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KATTEGAT + NORWAY), followed by KIEL BAY and WHITE SEA (11.6%). GERMAN 

BIGHT and ICELAND (0.7%), GERMAN BIGHT and KATTEGAT (0%), as well as 

KATTEGAT and WHITE SEA (0%) do not mix at all. Shell width WR has the 

strongest discriminative effect, followed by HR and LR, which all point into 

nearly the same direction (Fig. 2). The effect of shell mass MR is distinctly 

weaker and independent of shell size effects (about 90° angle in Fig. 2). 

Molecular data  

A total of 139 specimens from six populations represented 30 unique 

haplotypes, some of which are distributed in all populations included in this 

study (Table 5). The curated cyt b alignment was 450 base pairs (bp) long 

and contained no indels, 401 sites were constant across our dataset and 49 

were polymorphic at nucleotide level. However, the estimated intraspecific 

genetic differentiations were dominated by two specimens with highly aberrant 

haplotypes (Haplotype A, Haplotype B, table 5, 6). Exclusion of these two 

specimens reduced the number of variable sites to 26, of which six occurred 

at the first codon position and only two led to replacement substitutions. All of 

the 20 substitutions at the third codon position sites were silent (Table 6), the 

second codon position was monomorphic in the dataset excluding the 

aberrant haplotypes (nseq=137).  
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Genetic variation between populations 

The AMOVA analysis indicates that the observed intraspecific variance of cyt 

b in Arctica islandica in the eastern half of its distribution range contains little 

geographic signal. Although there are some private alleles (Table 5), they are 

invariably rare, which indicates that their absence in other populations may 

simply be due to stochastic effects if equally rare elsewhere in its distribution 

area. None of the private alleles in any population are abundant (see below 

for a regional comparison), indicating a fairly mixed assemblage over the 

study area. Although the pairwise population comparisons indicate a 

somewhat closer relationship of the ICELAND and WHITE SEA populations, this 

result is confined to the pairwise population comparisons (Table 7), testing a 

combination of (ICELAND+WHITESEA) vs. (Rest) yields an insignificant result 

(FST = 0.18518, p=0.06840). 

The vast majority of observed intraspecific variance is contained within 

populations (80%) as opposed to only 2% between populations. The 

remaining 18% account for the similarity of two of the northern populations 

(ICELAND, WHITE SEA) compared to the other four populations (GERMAN BIGHT, 

KIEL BAY, KATTEGAT, NORWEGIAN COAST).  
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Discussion 

It is beyond the scope of this paper to paint a picture of the genetic structure 

within A. islandica across all of its distribution. Instead, we will focus on issues 

of methodology and interpretation insofar as they are relevant for answering 

the question whether or not the observed morphological differences among 

populations can be explained by underlying genetic differences between 

them. 

 

Are there morphological differences and is there a detectable 

geographical pattern? 

Our linear regression approach removed all detectable size effects from shell 

parameters. Nevertheless, the distinct differences in sample shell size range 

between populations (Fig. 2) may have introduced further, albeit undetectable, 

bias into our analysis, if the relationships between analysed parameters and 

standard size SS change with size and if the mode of this change differs 

between populations. Such bias can be avoided only by comparing identical 

size ranges across populations, which was not possible here. Hence, small 

differences should not be over interpreted. 

The comparison of populations based on single parameters produced a rather 

inconsistent picture (Table 2). However, the “holistic” approach by means of 

discriminant analysis indicated distinct separation between populations (Fig. 

3). 

Discriminant analysis indicates that shell width WR is the most significant 

factor, followed by the other two shell dimensions (Fig. 3), i.e. shells differ 

most distinctly in shape, whereas shell mass MR is less distinctive. Contrary to 
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our expectation and the findings of analysis of covariance ANCOVA (Table 2), 

shell mass has the least discriminanting power (Fig. 3). 

Generally, the six populations appear to be well separated morphologically 

(72% correct matches, Table 3), but a pairwise comparison reveals obvious 

differences in definition. The reciprocal mis-match matrix (Table 4) indicates 

that two pairs of populations are quite similar, KIEL BAY and WHITE SEA 

(11.60% reciprocal mis-match), and KATTEGAT and NORWAY (13.53%). KIEL 

BAY and WHITE SEA populations live in similar distinctly polyhaline 

environments with an average salinity of 25 (Table 1). Salinity is known to 

affect morphology in many organisms (Grive et al. 1999, Cuesta & Anger 

2005). In bivalves, primarily shell thickness and mass have been reported to 

correlate with salinity, but our findings indicate that shell shape may also be 

affected, thus confirming observations of Zettler et al. (2001). Regarding the 

similarity of KATTEGAT and NORWAY, there is no obvious explanation. Our 

information on environmental conditions is insufficient to identify a common 

feature that separates these two sites from the remaining ones. In 

combination with salinity, temperature may be significant (e.g. Loosanoff 

1953, Devis & Calabrese 1964, Dodd 1966, Jones 1980, Shumway 1996, 

Schöne et al. 2003b, Heilmayer et al. 2008), but even more important are 

bottom topology and sediment properties (e.g. Tarifeno 1980, Wheeler 1982, 

Witbaard et al. 1997, 1999, Houmark-Nielsen 1987, 2003, Sejrup et al. 2000). 

Finally, the food regime (amount and variability) may also have an effect, too 

(e.g. Grant 1996, Carmichael et al. 2004). One might speculate that the 

setting of these two sites is rather similar, e.g. semi-protected coastal 

transitional sites (e.g. Berggrena et al. 1999), but the available evidence is 
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insufficient. Eventually the outcome of complex interactions of many factors 

may cause the apparent morphological similarity, as described in several 

studies (e.g. Hall et al. 1974, Brown & Hartwick 1988, Ponce-Palafox et al. 

1997, Bataller et al. 1999, Witbaard et al. 1999). Local environment forcing 

such as by salinity, temperature and sediment properties is assumed to be the 

major reason for the synchrony between above mentioned populations. 

Therefore, and owing to an understanding of the underlying mechanisms, soft 

bottom morphology and chemistry should be taken into account in future 

relevant research. 

The same holds true for the other extreme in our data set, GERMAN BIGHT. 

These animals have a very distinct and unique morphology (e.g. Fig. 2, 3), but 

there is no obvious explanation for this finding. The GERMAN BIGHT is a 

hydrodynamically very active and variable area, strongly affected by tidal 

currents, storms and riverine input (Lassen & Siefert 1991, Epplé et al. 2006). 

The causal links between these features and Arctica morphology, however, 

are as yet unclear.  

Holmes et al. (2003) observation a similar pattern in a different set of A. 

islandica populations (4 North Sea: Oyster Ground, Fladen Ground, Outer 

Gullmarsfjord, Inner Gullmarsfjord and 1 Canadian: Nova Scotia, Canada). He 

found distinct morphological difference between populations, but no clear 

relationship with geographical distance. Hence, these observations point 

towards phenotypic plasticity, i.e. the adaption to local environmental forcing, 

is the major reason for the observed morphological differences. 
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Are there genetic differences and is there a detectable geographical 

pattern? 

Based on sequencing the mitochondrial cytochrome b (cyt b) gene, our study 

reveals that A. islandica contains only little geographic structure in its cyt b 

sequences. Gene sequencing by means of the mitochondrial cyt b gene was 

preferred (Dahlgren et al. 2000). One of the reasons it was elected for studies 

of molecular barcoding (Hebert & Gregory 2005) is because the mutation rate 

of mitochondrial cyt b genes is appropriate for resolving events on a recent 

evolutionary timescale (Hewitt 2000). This is found to be a consistent and 

reliable marker (Atienzar & Jha 2006). 

A genetic assessment study on A. islandica by Dahlgren et al. (2000) who 

have concentrated on populations from 8 North West Atlantic populations 

ranging from Penobscot Bay (Maine USA) to Southern Virginia and 4 North 

East populations (Sweden, Norway, Iceland and Faroe Island), based on cyt b 

gene marker. Our result show the haplotype distribution follows a similar 

pattern as reported by Dahlgren et al. (2000) who has found relatively low 

diversity and apparent genetic similarity on a regional basis. However, our 

genetic analysis did not detect any private allele (Dahlgren et al. 2000, Table 

6) and showed greater diversity within populations suggesting that, A 

islandica’s present day genetic distribution was influenced by the recent 

Holocene climatic optimum and the influence of rising sea levels (Dahlgren et 

al. 2000). 

Based on random amplified polymorphic DNA (RAPD) dataset (from 4 North 

Sea and 1 Canadian population, see above), Holmes et al. (2003) reported 

that there is a high degree of genetic diversity of the different geographical 



 86 

populations. Holmes et al. (2003) refute Dahlgren et al. (2000) interpretation 

and claim that despite its highly mobile larval stage A. islandica does consist 

of genetically well-defined local populations. However we disagree with 

Holmes et al. (2003) criticism, that (1) the lack of population structure in 

cytochrome b sequences of A. islandica is the result of too low mutation rates 

in the cyt b gene and (2) that RAPD is a more suitable technique to resolve 

population structure in this species. 

The mutation rate of RAPDs is unknown but assumed to be much higher than 

that of cyt b genes, hence some of the differences might be explained by the 

different time windows resolved by the molecular marker. Furthermore, RAPD 

marker is known to be susceptible to several factors affecting its 

reproducibility (Atienzar & Jha 2006). Hence, the cyt b gene marker would 

allow us to detect the genetic variation in a reliable and consistent way e.g. 

that is not influenced by cycling condition and temperature as the RAPD 

analysis does (Atienzar & Jha 2006). 

However, our result revealed there is no consistent and clear geographical 

pattern between A. islandica population genetic variations. What little among 

population differentiation there is in the genetic dataset does not support the 

hypothesis of a causal relationship between them. This is exemplified by the 

population of ICELAND and the WHITE SEA (Table 7), which, although more 

similar in their cyt b sequences than on average, have strongly diverging 

morphologies (Table 3, 5). Populations defined on the basis of their 

geography contain almost all haplotypes, hence the explanatory power of 

underlying genetics as a determinant of morphological differences (which do 

tend to be different between populations) is not high. 
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Do our findings point towards phenotypic plasticity or towards 

genetically determined variability? 

Both the morphometric and the genetic analysis strongly support the 

hypothesis of phenotypic plasticity in A. islandica. i.e. environmental 

adaptation and not genetic variability causes the observed morphological 

differences.This finding is somewhat surprising for a species with this wide 

distributional range, and particularly with regard to populations from semi-

isolated places such as KIEL BAY and the WHITE SEA. The reproduction 

process of A. islandica may explain this. Sexes of A. islandica are separate, 

fertilization is external and the period between spawning and settlement 

varies between 32 and 55 days depending upon the water temperature (Lutz 

et al. 1982), which allows the drifting larvae to disperse from one locality to 

another.Therefore, our findings support the morphological plasticity (i.e. the 

ability of a single genotype to produce local adaptation to the environment) in 

Arctica islandica (Holms et al. 2003) where genetic differences between 

populations are very low (Dahlgren et al. 2000). The effect of temperature on 

morphological plasticity of laboratory inbred strain of Drosophila melanogaster 

was reported by Bitner-Mathe´ & Klaczko (1999), which add confidence to our 

findings. Across the North Atlantic, the overall distributions of haplotypes are 

in line with expectations for a panmictic species (Dahlgren et al. 2000) and 

rather not controlled by specific genes. Beaumont & Wei (1991) found 

significant morphological variations between the sub-littoral and littoral 

Antarctic limpet Nacella concinna but they did not find any genetic 

differentiation. Similar findings for Antarctic limpets (Mauro et al. 2003) 
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support the idea that this might be a general feature in benthic molluscs and  

might not caused by genetic variability. 

However, we agree with both, Dahlgren et al. (2001) and Holmes et al. ( 

2003) that additional data might help elucidate the question of what may be 

driving the striking differences of morphology of A islandica in different parts 

of its distribution. Contrary to Holmes et al. (2003) our data suggest that 

phenotypic plasticity is still one of the strongest hypotheses.  
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Table 1: Arctica islandica sample size and site information. HT: annual mean 

habitat temperature.  

 

 

 

 

 

 

 

 

 

Population 

 

Site 

coordinates 

Depth 

(m) 

Salinity 

 

HT 

(°C) 

Shell 

morphometrics 

NORWEGIAN 

COAST 

69°39´N 

18°57´E 

10-30 33 4 100 

KATTEGAT 56°09´N 

11°48´E 

33 31 8 70 

KIEL BAY 54°32N 

10°42´E 

25 25 10 73 

WHITE SEA 66°18´N 

33°38´E 

10 25 4 39 

GERMAN BIGHT 54°09´N 

07°47´E 

40 31 10 39 

ICELAND 66°02´N 

14°48´W 

14-22 35 5 97 
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Table 2: Analysis of Covariance (ANCOVA) of differences in shell and soft 

tissue parameters between populations. Populations not separated by the 

post-hoc test are marked with the same letter. NW: NORWEGIAN COAST, KG: 

KATTEGAT, GB: GERMAN BIGHT, WS: WHITE SEA, IC: ICELAND and KB: KIEL BAY. 

L: Shell length, H: shell height, W: shell width, M: shell mass. 

  

ANCOVA Post-hoc Test Parameter Covariate 

P KB KG GB NW IC WS 

L SS <0.001 - 

- 

C 

- 

B 

- 

- 

B 

C 

- 

B 

C 

A 

- 

- 

- 

B 

C 

H 

 

SS <0.001 - 

B 

- 

- 

A 

- 

- 

- 

- 

- 

C 

D 

- 

B 

- 

- 

- 

- 

- 

D 

- 

B 

C 

- 

W SS <0.001 A - 

B 

A 

 

A A A 

B 

M 

 

 

SV <0.001 - 

- 

C 

- 

- 

C 

A 

- 

- 

- 

B 

- 

A 

- 

- 

A 

B 

C 
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Table 3: Match-mismatch matrix derived from the discriminant analysis based 

on shell morphology. Each row shows how the animals of one population are 

placed into each of the six populations compared. “% CM” is the number of 

animals of this population matched correctly in terms of total number of 

animals in this population. Each column shows how many animals of each of 

the six populations have been grouped into one particular population. “% MM” 

is the number of animals wrongly placed into this population in terms of all 

animals analysed minus the number of animals in this population, “%TF” is 

total match and mismatch fraction. NW: NORWEGIAN COAST, KG: KATTEGAT, 

GB: GERMAN BIGHT, WS: WHITE SEA, IC: ICELAND and KB: KIEL BAY. 

 

Population Total 

 

KB GB IC KG NW WS % CM % TF 

KB 
73 28 0 9 10 13 13 38.4 

GB 
39 0 32 1 0 0 6 82.1 

IC 
97 1 0 75 9 1 11 77.3 

KG 
70 2 0 1 53 14 0 75.7 

NW 100 2 3 6 9 74 6 74.0 

WS 39 0 0 0 0 0 39 100.0 

72.0 

% MM  1.4 0.8 5.3 7.4 8.8 9.5  28.0 
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Table 4: Reciprocal mis-match matrix derived from the discriminant analysis 

based on shell morphology. Each value indicates the rate of mismatch for a 

particular pair of populations in either direction in terms of % of the sum of 

both populations. NW: NORWEGIAN COAST, KG: KATTEGAT, GB: GERMAN BIGHT, 

WS: WHITE SEA, IC: ICELAND and KB: KIEL BAY. 

 

 

Population GB (%) IC 

 (%) 

KG (%) NW 

 (%) 

WS 

 (%) 

KB 
0 5.89 8.39 8.67 11.60 

GB 
- 0.73 0 2.15 7.69 

IC 
- - 5.99 3.56 8.09 

KG 
- - - 13.53 0 

NW - - - - 4.32 
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Table 5: Distribution of haplotypes, total sample sizes and number of 

individuals per haplotype are listed for each population. Sequence length of 

each haplotype is 450 base pairs (bp). 

 

Sampling population Haplotypes 

KIEL 

BAY 

WHITE 

SEA 

KATTEGAT NORWEGIAN 

COAST 

GERMAN 

BIGHT 

ICELAND 

Number of 

sequences 

 

 

A      1 1 

B    1   1 

C    1  1 1 

D   2  1  1 

E 1 2     2 

F 1 1     37 

G      1 1 

H 6  7 9 14  2 

I   1    2 

J      1 2 

K    1   40 

L  1  1   19 

M  1     6 

N 3 4 5 2 1 3 5 

O 5 10 3 6 5 10 1 

AA  2  1 2 1 1 

AB 3     1 1 

AC 1      2 

AD 1      1 

AF  1     1 

AG    1   1 

AH 1      1 

AI      1 1 

AJ      1 1 

AK      2 1 

AL    1   1 

AM   1 1   1 

AN  1     2 

BA  2     2 

BB 1           1 
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Table 6: Number of variable nucleotide sites in the 450 bp cytochrome b 

alignment with and without two highly differentiated sequences. Numbers in 

parentheses indicate the number of aminoacid replacements. 

 

Codon Position Including aberrant 

(n=139) 

Excluding aberrant 

(n=137) 

First  12 (6) 6 (2) 

Second 0 0 

Third 37 (0) 20 (0) 
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Table 7: Pairwise genetic differentiation between populations (FST values at 

5% significant level, asterics indicates significant difference between 

populations). 

 

Population 

 

ICELAND 

 

WHITE 

SEA 

 

GERMAN 

BIGHT 

 

KIEL 

BAY 

 

NORWEGIAN 

COAST 

 

KATTEGAT 

 

 

ICELAND 0.000      

WHITE SEA -0.005 0.000     

GREMAN 

BIGHT 0.349
�
 0.402

�
 0.000    

KIEL BAY 0.087
�
 0.083

�
 0.138

�
 0.000   

NORWEGIAN 

COAST 0.107
�
 0.121

�
 0.042 -0.009 0.000  

KATTEGAT 0.237
�
 0.276

�
 -0.009 0.035 -0.012 0.000 
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Figure captions 

Figure 1 

Sample locations of A. islandica, NW: NORWEGIAN COAST, KG: KATTEGAT, GB: 

GERMAN BIGHT, WS: WHITE SEA, IC: ICELAND and KB: KIEL BIGHT. Map redrawn 

from www.aquarius.geomar.de  

 

Figure 2  

Standard size (L * H *W )
1/3

 frequency distribution of A.islandica, NW: 

NORWEGIAN COAST, KW: KATTEGAT, GB: GERMAN BIGHT, WS: WHITE SEA, IC: 

ICELAND and KB: KIEL BIGHT. 

 

Figure 3 

Fig. 3: Discrimination analysis based on shell parameters LR: length residuals, 

WR: width residuals, HR: height residuals and MR: shell mass residuals. Data 

plotted on the 1
st
 and 2

nd
 canonical axis. Lines indicate strength and direction 

of parameter effects (arrow heads indicate that lines are longer than shown). 

Triangles: KIEL BAY, diamonds: WHITE SEA, squares: GERMAN BIGHT, stars: 

NORWEGIAN COAST, circles: KATTEGAT and crosses: ICELAND. 
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Figure 2: 
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Figure 3: 
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3 Synthesis 

The prime objective in this study was to understand the long-lived bivalve 

Arctica islandica in terms of its environment, biology as well as population 

dynamics and biogeographic history, in order to ascertain its use as proxy for 

past environmental conditions. Six different A. islandica populations living in 

differing geographical regions of its NE Atlantic distribution range were 

studied: White Sea, Norwegian coast, Kattegat, Kiel Bay (Baltic Sea), German 

Bight (North Sea) and NE Iceland covering a temperature and salinity gradient 

of 4 - 10°C (annual mean) and 25 – 34 PSU respectively. We found different 

Arctica populations differ distinctly in morphometrics independent of 

geographical locality, but likely environmentally driven (e.g. temperature, 

salinity). In addition, the morphometric differences are not reflected in the 

genetics. Our genetic results indicate A. islandica to belong to genetically 

compatible throughout its NE Atlantic distribution range. Our result shows a 

clear link between the long lifespan, slow growth, slow metabolic rates and 

high gonad production and the species long lifespan. The environmental 

temperature correlates metabolic rates but its effect on growth is not clear. 

We are not able to explain the effects of temperature on growth because of 

our limited data points (6) and can just speculate that involvement of more 

populations will provide an answer to growth and temperature dependency 

(Appeldoorn 1983, MacDonald & Thompson 1985, 1986, Richardson 2001). 

Therefore a more extensive data point across NE Atlantic range may 

necessary to get the clear picture of the temperature effect on growth of A. 

islandica. 
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In the following I discuss the major findings with respect to specific questions 

regarding ecology, ecophysiological properties and biogeographic history of 

A. islandica. 

 

Are the investigated A. islandica populations genetically different? 

The ocean quahog A. islandica is the only living species of an ancient genus 

whose first reported occurrence dates from the early Cretaceous (about 140 

million years BP, Nicol 1951, Abbott 1974). Our genetic assessment based on 

mitochondrial cytochrome b(cyt b) gene revealed very little genetic differences 

(2%) between populations and a fairly high (80%) genetic variability (or 

variability of haplotypes) within populations. This indicates a widely mixed 

assemblage in the NE Atlantic distribution range of Arctica, which may also 

enable the species to maintain wide distribution (Dahlgren et al. 2000, Begum 

et al. publication III). A study based on the random amplified polymorphic 

DNA (RAPD) analysis revealed a high degree of genetic diversity between the 

populations (4 North Sea and 1 Canadian, Holmes et al 2003). The 

applicability of mitochondrial genes is proven appropriate for several genetic 

assessments including molecular barcoding (Hebert & Gregory 2005), owing 

to its lower mutation rate than RAPD. We presume, for resolving events on a 

recent evolutionary timescale, mitochondrial genes used here are appropriate 

(Hewitt 2000): RAPDs are susceptible to several factors which can cause a 

consistent methodological bias (Atienzar & Jha 2006). 

However, our genetic finding (no differences between population, only 2%) is 

supported by the length of the Arctica larval planktonic life stage where 

settlement takes a fairly long time (30 - 55 days) and presumably reflect local 
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environmental settlement cues for the larvae (Holmes et al. 2003). Thus, 

larval settlement depends on the suitable environmental temperature ranges 

10-12°C (Lutz et al. 1982, Mann 1982). Dispersal of the species can take 

place over considerable distances (Ropes 1979). The present Holocene 

epoch is a period of continuous climatic change beginning with the transition 

from the end of the last glacial period of the Pleistocene to the beginning of 

the Holocene (about 11,000 years BP). It is reported that present-day A. 

islandica distribution has been shaped by the recent Holocene warm period 

(about 8,000 years BP, Salvigsen et al. 1992), and in the Northern distribution 

range conditions for Arctica improved due to warming and sea level rise 

(Funder & Weidick 1991). Therefore, the diverse environmental conditions in 

the Holocene may have rendered Arctica, highly resistant to environmental 

extremes (e.g. hypoxia, anoxia etc), and we can assume the overall 

population throughout the NE Atlantic coast to represent a panmictic dispersal 

pattern of only one A. islandica population genetically. We need more genetic 

investigations of Arctica subpopulations in its Eastern distribution before this 

can be considered a fact. However morphometrics of A. islandica show fairly 

consistent differentiation (Holmes et al. 2003), with some overlap between 

populations, which do not reflect the genetics. This finding strongly suggest 

that environmental factors (temperature, salinity etc.) cause the observed 

morphological patterns (Beaumont & Wei 1991, Mauro et al. 2003, Begum et 

al. publication III)  
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What prolongs life span between A. islandica populations? 

The comparison of maximum life spans in six different populations studied in 

this research confirms the distinct differences e.g. 40 y (Kiel Bay) to 197 y (NE 

Iceland) between population. This indicates that low salinity and higher 

temperatures (Kiel Bay, Brey et al.1990, Zettler et al. 2001, Begum et al. 

publication II) may limit the life span compared to the animals living in areas 

with higher salinity and lower temperature (NE Iceland, Schöne et al. 2004, 

2005, Strahl et al. 2007, Begum et al. publication II). Our result clearly points 

towards a decrease in longevity with decreasing salinity e.g. White Sea where 

life span is below 50 y; the possible reason may be the increasing energy cost 

(Davis & Calabrese 1964, see also Gilbert 1973, Begum et al. publication II). 

Longevity links to total mortality rate of different populations. Kiel Bay 

population shows the highest mortality is the consequence of the presumed 

stress (Brey et al.1990, Begum et al. publication II) whereas the longest lived 

Iceland population has the lowest mortality of all (see Kilada et al. 2007, 

Begum et al. publication II).  

Environmental temperature is assumed to be the most important 

environmental impact on poikilotherm metabolism (Thompson 1984, Vahl 

1978, Bayne et al. 1983, MacDonald & Thompson 1985, Shumway et al. 

1988, Heilmayer & Brey 2003, Begum et al. 2009, publication I). Bivalves 

become more temperature sensitive with increasing body mass (Bayne et al. 

1976). However there is no correlation between longevity and metabolic rate 

between A.islandica populations with different life spans (Begum et al. 2009, 

publication I). Instead, extreme longevity of the genus Arctica as a whole 

seems to be based on physiological fitness, which was studied in more detail 
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in the extraordinarily long lived Icelandic population (Abele et al. 2008). 

Indeed, the authors found very low tissue oxidation (lipofuscin and protein 

carbonyl accumulation, constant in 33-200 y) and well developed antioxidant 

defense over age. They also stated that the species Arctica is among the 

species with extremely low metabolic rates, a statement which at that time 

was based on literature data, but is still true when based on the new MSR 

measurements from this study. But the question is, why the short lived A. 

Islandica populations are so short lived than why the species on the whole is 

so long-lived. We presume the environmental stress is the main cause for the 

short life span (Begum et al. publication II) 

Ratios of annual energy budget parameter (we use ratios because of 

unavailability of abundance data of the investigated populations, for details 

see Begum et al. publication II) might give a clue here. The changing energy 

expenditure patterns during the lifespan of A. islandica clearly illustrate, (i) a 

progressive increase of respiration of assimilated energy for maintenance 

requirements, and (ii) an increasing transition of assimilated energy from 

somatic growth to gonad output with increasing age (MacDonald & Thompson 

1985, 1988, Figure 4, Begum et al. publication II). Maximum lifespan is the 

primary determinant of the relationship between energy budget parameters of 

A. islandica, whereas temperature affects only the net growth efficiency 

(Begum et al. publication II). Except for the White Sea, growth curves 

between A. islandica populations are shaped similarly but also show 

significant differences. Individuals in all other populations grow faster in the 

first 25 y and slow down thereafter (Kilada et al. 2007, Begum et al. 

publication II). In contrast, White Sea animals grow faster in the first 10 y of 
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their life although with a comparatively smaller sized shell. Presumably the 

lower temperature and salinity are stressful for White Sea animals (Davis & 

Calabrese, 1964).  

Whereas temperature apparently does not affect growth of A. islandica, it has 

a significant effect on metabolic rate (Mathieu & Lubet 1993, Brey 1999, 

Begum et al. 2009). The growth rate of A. islandica is very low compared to 

other bivalve species. A growth constant k < 0.06 y
-1

 is among the lowest 

values observed in bivalves (Strahl et al. 2007, Vakily 1992), whereas growth 

performance of A. islandica falls into the average �� of 2.5 (N = 12, all 

published growth models, unpublished data collection, Begum et al. 

publication II).  

 

What are the underlying mechanisms of longevity of A.islandica 

compared to other bivalves? 

One key factor for this extended life span may be the extraordinarily high 

antioxidant capacities found in A. islandica (Abele et al. 2008). This goes 

along with significantly lower (P < 0.001) respiration of A. islandica compared 

to the average of 59 bivalve species (Brey 1999, Begum et al. 2009 

publication I). In addition very low mortality rates estimated for A. islandica (Z 

= 0.035 to 0.175 y
-1

) are observed in populations from cold temperate regions 

(Begum et al. publication II). These may relate to the buried mode of living 

and low growth rate compared to other bivalve (see above) may be another 

important cause for longevity (Thompson et al. 1980 a,b, Begum et al. 

publication II). 
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What will be the change in bivalve biogeography, if environmental 

warming continues? 

The depth at which A. islandica are usually found ranges from 4 to 448 m, 

(Thompson et al. 1980a,b). The Holocene epoch (11,550 years BP), which 

includes the present, is a period of continuous climatic change beginning with 

the transition from the end of the last glacial period of the Pleistocene to the 

beginning of the Holocene. Therefore, understanding the Holocene period has 

attracted the extreme importance in the field of environmental research. 

During the Holocene the sea level of the North Sea has risen continuously 

from about 65 m below the present day position (Jelgersma 1979, Eisma et al. 

1981, Streif 2002). Between 8,600 to 7,100 BP the sea level increased by 46-

25 m below the present day level (Streif 2002, 2004), which accordingly 

influenced the present day Arctica distribution. Therefore, if the warming 

continues and sea level continues to rise above the present level, and 

temperatures in the Arctic Ocean continue to increase, a considerable number 

of bivalve species may shift to the more south in the high Arctic (Berge et al. 

2005). A warming trend during the latter half of the twentieth century (Dyer et 

al. 1984, Galkin 1998) has allowed A. islandica to reinhabit Spitsbergen 

(Dahlgren et al. 2000). Arctica shells have also been found in the Northern 

part of the Western Siberian low-land areas (Zatsepin & Filatova 1961). 

Elevated sea-surface temperature in the North Atlantic already results in a 

northward extension of the distribution range of blue mussels (Berge et al. 

2005). All these points support the idea that bivalve populations in the 

Southern North Sea are prone to change. The paucity of A. islandica in once 

densely populated areas such as the Oyster Ground (Witbaard & Bergman, 
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2003) and the German Bight where smaller animals <30mm are completely 

missing (Begum et al. publication III) strongly supports a substantial decrease 

in recent recruitment. In addition to the consequences of enhanced 

temperature in the southern North Sea (e.g. Wiltshire & Mannly, 2004) the 

extraordinary high intensity of bottom trawling in this area (e.g. Rijnsdorp et al. 

1998) may have caused the considerable decrease of the A. islandica 

population. Therefore the boreal bivalve A. islandica in shallow areas of North 

East Atlantic may suffer from diverse stress effects and may shift to areas 

deeper than 30 m (Merrill et al. 1969, Wittbard & Bergmann 2003, Prof. Heinz-

Dieter Franke personal communication). However in the deeper parts, oxygen 

depletion in the late summer may prevent recruitment and growth of juveniles, 

which may lead to a considerable decline in abundance of A.islandica in this 

area (see Mann & Wolf 1983, von Oertzen 1972, Weigelt 1991).  
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3.1 Future perspectives 

This study was an attempt to check the applicability of the longlived bivalve A. 

islandica as a bioarchive or proxy. With regard to future research of A. 

islandica ecology and population dynamics under changing environmental 

conditions, I wish to put forward some considerations: 

 

• Growth: Influence of temperature on growth is a complex process 

and in the and laboratory base somatic growth data, further life history 

studies of A.islandica, should be more geographically extended. 

• Energy budget: More sophisticated energy budgets including the 

better estimates of gonad production as well as seasonal data will help to 

validate the data from other studies and fill the existing gaps. 

• Intraspecific studies: It must be emphasized that general 

statements of this study rely on between species comparison and do not 

reflect the more subtle differences between subpopulations .In order to 

assess genetic variability adaquate sampling of the different subpopulations 

of one population may be essential in the future genetics studies, to avoid 

the stochastic effects in the genetics result. 

• Sustainable A. islandica fishery: For a sustainable fishery, more 

sophisticated   data of total mortality rate, population density and biomass 

data on a local basis are necessary to predict about the sustainability. 

• Environmental proxy: A. islandica combines virtually all the 

requirements for being perfect environmental proxy althouth there are some 

differences (such as morphological, growth, production) in its biology.To 

improve our knowledge of the bivalve A. islandica further,we need yet more 
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many more data to provide a better coverageof whole distribution range and 

to enable better interpretation. We need to fill in the large geographic gaps 

in coverage. Existing important local records need to be better replicated to 

reduce their uncertainity. 
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