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Summary 

Petroleum exploitation is emerging in the Arctic. In the Norwegian Arctic the southern 

Barents Sea is opened for development of oil and gas fields. This same area holds some of the 

world's largest and well managed commercial fish stocks such as Herring (Clupea harengus), 

Capelin (Mallotus villosus), Haddock (Melanogrammus aeglefinus), Atlantic Cod (Gadus 

morhua). For the interest of the fishing industry, as well as for maintaining a healthy 

ecosystem, petroleum related Environmental Risk Assessments (ERA) for the Barents Sea 

must be based on sound scientific knowledge of the special features of the Arctic ecosystem. 

In colder areas the physical behavior of oil is different compared to warmer areas. The lower 

temperature and lack of sun light during the Arctic winter slows down the natural physical 

weathering process of oil. In ERA in temperate areas the effects of exposure to the most 

volatile fraction of the oil are neglected due to short exposure time. However, in the Arctic the 

exposure to biota of this volatile fraction may be prolonged due to lower evaporation rates and 

the volatile fraction may be an important contributor to the overall adverse effect of an oil 

spill. Likewise, the exposure to the heavier oil fractions may be prolonged and knowledge on 

the long-term effects of exposure is essential. 

As an adaptation to the Arctic environment species found here have longer life spans, larger 

body sizes and higher lipid contents compared to temperate equivalent species. Thus Arctic 

species may accumulate contaminants over longer time and reach higher life time body levels. 

Meanwhile higher lipid content implies a higher affinity of lipophilic contaminants such as 

polycyclic aromatic hydrocarbons (PAHs). So, Arctic species may be exposed to oil 

compounds for a longer time because of the prolonged phycical presence and may, due to 

special adaptive features, be more efficient at accumulating oil contaminants.    

Today the knowledge of effects of oil contaminants on Arctic biota is limited, but growing. 

This thesis addresses a few of the research challenges in the field and provides knowledge on 

some effects of petroleum exposure to two copepod species; the sub-Arctic Calanus 

finmarchicus and the Arctic sibling species C. glacialis. First, Calanus was cultured for a 

generations under sub-Arctic conditions (Paper I). This work establishes that Calanus is 

suitable for ecological relevant long-term experiments. In an oil spill scenario, Arctic 

copepods and algae may be exposed to the more volatile fraction of the oil. Paper II provides 
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data showing that the Arctic diatom species, Fragilariopsis oceanica, was the most sensitive 

species to exposure to the volatile hydrocarbon xylene. Further, the smaller, less lipid rich 

copepod species C. finmarchicus, was more sensitive compared to the true Arctic C. glacialis. 

Extrapolating these results to a spill situation, C. finmarchicus and C. glacialis populations 

would be affected by xylene exposure through both direct exposure (mortality) and indirectly 

through a decline in prey organisms (algae). 

Sub-lethal effects after long-term exposures to low concentrations of oil compounds may also 

be detected in C. finmarchicus and C. glacialis. Feeding was suppressed in C. finmarchicus 

after exposure to 7.0 µg PAHs l-1 for 11 days (Paper III). No significant effect on feeding was 

detected in C. glacialis exposed to 10.4 µg PAHs l-1 for 11 days. However, the hatching 

success of eggs laid by females exposed to 10.4 µg PAHs l-1 for two days was significantly 

reduced (Paper III).  

The long term effects of lipophilic PAHs in biota depend on the bioaccumulation capacity and 

internal concentrations of the various PAHs. Accumulation of lipophilic compounds is 

particularly important for the lipid rich Arctic species. Paper IV examines the uptake kinetics 

of two PAHs in C. finmarchicus and show that the accumulation of the lighter and less 

lipophilic compound, phenanthrene, is faster that the uptake of the heavier and more lipophilic 

benzo[a]pyrene (B[a]P). Equilibrium was reached for phenanthrene within 192 h exposure 

while no equilibrium was detected for B[a]P. The bioconcentration factor (BCF) was higher 

for B[a]P, reflecting the higher affinity for lipids of B[a]P compared to phenanthrene (Paper 

IV). So the heavier, more lipophilic PAH accumulates slower but to a higher concentration in 

C. finmarchicus.  

This thesis shows that not only acute but also long-term exposures may affect Arctic species. 

In addition, exposure duration may determine which compounds are accumulated by biota. 

Both indirect effects, such as decrease of food items, and direct effects, such as mortality, 

reduced feeding and reproduction failure may have implications for population development. 

These findings should be taken into consideration when developing ERA for the Barents Sea 

area. 
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1 Introduction 
The Arctic is estimated to hold up to 25 % of undiscovered oil and gas reserves in the world 

and petroleum exploitation and transport will increase in the Arctic during the next decades 

(AMAP 2007). Management of these natural resources should be based on robust knowledge 

on the possible adverse effects to ecosystems from increasing human activities. 

Environmental risk assessment (ERA) is the regulatory framework used to evaluate the 

likelihood that chemicals and/or other stressors will have adverse impacts on ecological 

systems (Forbes et al. 2008). ERA is often used as a basis for environmental management 

decisions (e.g. as described in the European Committee’s Technical Guidance Document for 

risk assessment (EC 2003)). However, standard ERA methods lack foundation on sufficient 

ecosystem knowledge. An additional problem is that in Norway, ERA procedures are based 

on the North Sea context and in particular on knowledge of temperate species sensitivity to 

petroleum compounds. However the life history traits of Arctic species differ from their 

sibling temperate species. Arctic species have longer life spans, larger body sizes and higher 

lipid contents compared to temperate sibling species (Maclean 1973, Koszteyn et al. 1995, 

Falk-Petersen et al. 2009). These adaptations may alter toxicant responses to chemical 

exposures in the Arctic compared to temperate species. Hence risk and impact assessment 

procedures should be calibrated for use in the Arctic. This dissertation focuses on the 

generation of baseline knowledge of Arctic species responses to petroleum exposures that will 

lead to improvements in the ecological relevance of environmental assessments and the 

development of improved ERA procedures for Arctic areas. 
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Figure 1: The hydrography of the Barents Sea. Warmer Atlantic propagates north into the 

Barents Sea and meets the cold Arctic water flowing south. For further explanation please see 

section 1.1. 

1.1 The Barents Sea ecosystem  
The main area of interest for this dissertation is the Barents Sea (Figure 1). The Barents Sea is 

a relatively shallow shelf area bordered by the Norwegian and Russian mainland to the south, 

Novaya Zemlya to the east, the continental shelf break to the Arctic Ocean to the north and 

the continental shelf break to the Norwegian Sea to the west (Wassmann et al. 2006, Loeng & 

Drinkwater 2007). The surface water masses in the Barents Sea consist of the Norwegian 

Coastal Current (NCC) running northward along the Norwegian coast. Parallel to NCC the 

Norwegian Atlantic Current (NAC) runs northward and splits at the entrance to the Barents 

Sea with one branch continuing northward along the west coast of Spitsbergen and the other 

branch entering the Barents Sea. The Barents Sea branch meets Polar Water (PW) running 

south from Franz Josef Land and the boundary between these two water masses is termed the 

Polar Front (Wassmann et al. 2006, Loeng & Drinkwater 2007).  

The area is subjected to high seasonal fluctuations in light with 24 h of sunlight during the 

summer and continuous darkness for several months in winter. In addition, seasonal ice cover 

occurs in the northern and central Barents Sea with a maximum extent in April and a 
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minimum in August. Both light and ice cover regulate primary production, which starts in late 

March/early April in the southern Barents Sea and moves northwards as stratification and ice-

melt proceeds over the season (Loeng & Drinkwater 2007, Wassmann et al. 2010, Reigstad et 

al. 2011). The phytoplankton biomass is grazed by zooplankton. Recent studies emphasize the 

role of smaller copepod species and proto-zooplankton for energy turn over (Pasternak et al. 

2008, Seuthe et al. 2011). However, in the Barents Sea the main zooplankton genus is 

Calanus, which due to their effective synthesis of lipids are important in the energy transfer 

from lower trophic levels to fish populations (Wassmann et al. 2006, Loeng & Drinkwater 

2007, Falk-Petersen et al. 2009).  

The high harvestable production in the Barents Sea generates the basis for many commercial 

fish and shrimp stocks, such as Herring (Clupea harengus), Capelin (Mallotus villosus), 

Haddock (Melanogrammus aeglefinus), Atlantic Cod (Gadus morhua) and shrimp (Pandalus 

borealis) (Loeng and Drinkwater, 2007). These fish stocks represent a high and long lasting 

renewable income for Norway.  

1.2 Composition of crude oil 

1.2.1 Crude oil  
The origin of the crude oil resources exploited today is marine and terrestrial plant material 

decaying under anoxic conditions in the late Jurassic period. During the degradation process, 

organic matter is converted to hundreds of different hydrocarbon based compounds, hence 

crude oil differs in composition in space and time according to the parent plant material and 

geological conditions. In general, terrestrial biological material produces gas while marine 

biological material produces oil (Nøttvedt & Johannessen 2008, Bjørlykke 2010).  

1.2.2 Volatile aromatics   
Benzene, toluene, ethyl-benzene and xylene (BTEX) are a group of one-ringed, light and 

highly volatile hydrocarbons which may comprise up to 5% of fresh crude oil (National 

Research Council 2003, Di Toro et al. 2007). The concentration of BTEX in produced water 

outlets from oil installations in the Norwegian Sea ranges between 2-11 mg l-1 (Utvik 1999).  

Lighter aromatics in crude oil are often associated with acute mortality (Donkin et al. 1989, 

Neff et al. 2000, National Research Council 2003), but as these hydrocarbons rapidly 

evaporate they are not commonly included in risk assessments. However, as evaporation of 

petroleum compounds will be slower in the Arctic due to lower temperatures, the exposure 

time for Arctic biota may be prolonged. Consequently, the Arctic Monitoring and Assessment 
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Program (AMAP) recommend inclusion of volatile organic compounds in monitoring 

programs (AMAP 2007). 

1.2.3 Polycyclic aromatic hydrocarbons (PAHs) 
Polycyclic aromatic hydrocarbons (PAHs) are considered the most toxic component in crude 

oil. PAHs consist of two and up to ten fused benzene rings (Hylland 2006).  The United States 

 

Figure 2: Structures of the 16 polycyclic aromatic hydrocarbons on the priority list 

of The United States Environmental Protection Agency (EPA). Figure adopted 

from Coelho et al. (2008). 

Environmental Protection Agency (EPA) includes 16 PAHs on their priority list (EPA 1979)  

(see Figure 2). Effects differ considerably among PAH compounds due to the wide range of 

compound sizes and structures (Hylland 2006). Some PAHs are considered to be carcinogenic 

(causing cancer) (Harvey 1991), some mutagenic (may induce mutations in DNA) (Gil et al. 

2000) and some are teratogenic (causing malformations of an embryo) (Billiard et al. 2008). 

1.3 Mode of toxic action and the importance of lipids  
Aromatic and polycyclic aromatic hydrocarbons are classified as type I narcotic chemicals 

(Veith & Broderius 1990, Di Toro & McGrath 2000). For such compounds the mode of toxic 

action is non-polar narcosis, which disturbs normal cell functioning through non-specific 
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binding to cell membranes. The binding of the chemicals are reversible, but under continuous 

exposure the effect on biota is observed as decreased activity, limited reaction to stimuli and 

eventually death. Non-polar narcosis is also termed “baseline toxicity” as it represents the 

minimum toxicity that may be caused by a range of chemicals (Van Wezel & Opperhuizen 

1995). Specific modes of action, e.g. carcinogenic, mutagenic and teratogenic, are not 

examined in this dissertation.  

A common chemical classification approach is to determine chemical affinities for lipids by 

measuring their partitioning in octanol and water, i.e. the Kow partitioning coefficient. The Kow 

value may be used for prediction of the accumulation of organic compounds into biota and a 

linear, near 1:1 relationship is expected between log Kow and lipid based log bioconcentration 

factor (BCF) (Mackay 1982, Hoekstra et al. 2002, National Research Council 2003). All 

petroleum compounds used in this dissertation are considered lipophilic with a Kow value 

exceeding 3. For lipophilic compounds, lipids in an organism act as a reservoir. 

Bioaccumulation in lipid reserves serves as a protective mechanism, reducing the fraction of 

chemicals available to act on cell membranes (Lassiter & Hallam 1990, Geyer et al. 1994, 

Jandacek & Tso 2001).  

1.3.1 The Calanus species complex  
The Barents Sea Calanus assemblage is dominated by three species, C. finmarchicus, C. 

glacialis, and C. hyperboreus. These species are considered to be mainly herbivores (Søreide 

et al. 2008, Falk-Petersen et al. 2009). Although they occupy similar positions in the Arctic 

food web and may be found at similar locations, they have different water temperature and 

depth preferences (Daase et al. 2007). Atlantic water masses contain the smaller and leaner C. 

finmarchicus (prosome length copepodite 5 (CV) ≤ 2.7 mm, (Arnkvaern et al. 2005)). This 

species has a one year life cycle at its northern limit of appearance (Arnkvaern et al. 2005). 

The distribution of C. finmarchicus overlaps with that of the true Arctic shallow water 

species, C. glacialis, and the latter dominates as we move into Arctic waters. C. glacialis is 

larger (prosome length copepodite 5 (CV) > 2.7-4.1 mm, (Arnkvaern et al. 2005)), has a 

higher lipid content and a 1-2 year life cycle (Scott et al. 2000). C. hyperboreus is the largest 

of the three species (prosome length copepodite 5 (CV) > 4.1 mm, (Arnkvaern et al. 2005)) 

and is found in Arctic and/or deep water areas (Hirche 1997). In this dissertation, C. 

finmarchicus and C. glacialis were used in experiments. Calanus spp. were chosen as test 

species in this dissertation due to their ecological relevance in Arctic food webs and the 
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possibility to compare responses between sibling species exhibiting overlapping distributions 

but with distinct ecological adaptations and different lipid contents.     

1.4 Adaptation of risk assessment procedures 

1.4.1  Oil development in the North  
Continuous demand for petroleum related energy has led to increased interest in the 

development of oil and gas resources in the Arctic. Five percent of total global oil reserves are 

located in the Arctic, of which the majority are located in Russia. In addition, estimates of 

undiscovered oil and gas reserves place up to 25 % in the Arctic (AMAP 2007). In the 

Norwegian Arctic a “no physical discharge” policy is in place; thus emissions of produced 

water will in general not be allowed (Macdonald et al. 2008). However, later modifications to 

this policy open for some operational discharges (Miljøverndepartementet 2011). Increasing 

development activities result in an increased risk of accidents, for example due to increasing 

transport of petroleum products through Arctic marine waters (Bambulyak & Frantzen 2009). 

Hence, there is an increase in the exposure risk for Arctic dwelling organisms. 

1.4.2 Environmental Risk Assessment  
European legislation calls for ERA to be carried out when using known or introducing new 

potentially harmful compounds to the environment (EC 2003). In brief, an ERA must include 

hazard identification, dose-response assessment, exposure assessment and risk 

characterization. The main tool used to identify potential adverse effects from a chemical is 

the PEC/PNEC procedure. That is, the ratio of the Predicted Environmental Concentration 

(PEC) to the Predicted No Effect Concentration (PNEC). For a PEC/PNEC > 1, adverse 

effects for biota are likely to occur, while a PEC/PNEC < 1 indicates limited risk of adverse 

effects. The PEC value is either measured or derived from models and the PNEC is calculated 

based on short term toxicity metrics (LC50, lethal chemical concentration that cause death to 

50 % of the population) or longer term toxicity metrics (NOEC, no observed effect 

concentration). These toxicity metrics are derived through routine testing procedures carried 

out for single species exposed to a single compound. Alternatively, PNEC may be derived 

from Species Sensitivity Curves, a method that takes into consideration the sensitivity of 

species aggregates (Posthuma et al. 2002). Compounds with a log Kow > 3.0 are characterized 

as bio-accumulative, and PNEC values for these compounds may be calculated based on 

experimentally derived BCFs. Alternatively, BCFs calculated from log Kow values are used 

(EC 2003).  
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1.4.3 Oil spills in the Arctic 
The Arctic is characterised by low temperatures and seasonal ice cover and light levels. These 

features will influence oil weathering processes after an oil spill event (Payne et al. 1991, 

Prince et al. 2002). In the marine environment, accidently discharged oil is naturally degraded 

by surface spreading, evaporation, emulsification and natural dispersion. These processes are 

influenced by temperature decreases, resulting in generally slower oil weathering (Payne et al. 

1991, Macdonald et al. 2008). An important process during weathering of crude oil is 

evaporation of the lighter aromatic and polycyclic aromatic hydrocarbons. The more wide-

spread and thinner the oil is at the sea surface, the higher the evaporation rate (Brandvik & 

Faksness 2009). Lower temperatures result in a higher density of the oil and denser oil 

spreads more slowly, limiting evaporation. In addition, the volatility of the lighter compounds 

decreases as temperature decreases, which further limits evaporation (Macdonald et al. 2008). 

Solubility also decreases in lower temperatures leading to greater persistence of water soluble 

components of oil in the environment (May et al. 1978). Concurrent with these physical 

processes, microbial degradation plays an important role in controlling oil spills. However, 

microbial degradation is less in colder areas (Atlas 1981, Prince et al. 2002, Macdonald et al. 

2008). Crude oil will thus persist in the environment exposing biota to crude oil compounds 

over longer time periods.  

Ice poses special challenges for oil spill mitigation and presence of sea ice may slow down the  

weathering process (Brandvik & Faksness 2009). Oil may be trapped in ice and released upon 

melting (Fingas & Hollebone 2002). In addition, water soluble fraction (WSF) of the oil may 

migrate within the sea ice brines causing long-term exposures to sympatic species (Fingas & 

Hollebone 2002, Faksness & Brandvik 2008). The presence of ice complicates the spill clean-

up actions (Jensen & Mullin 2003). Even in areas without ice, the Arctic poses challenges for 

spill response and clean-up due to its remoteness, periods of darkness and frequently bad 

weather conditions (Macdonald et al. 2008).   

To conclude, the behaviour of petroleum in cold waters will result in a longer exposure of the 

biota to the volatile fraction of crude oil. This fraction is normally neglected in risk 

assessments it is considered to evaporate before effects on the organisms occur. In addition, 

the exposures to PAHs are prolonged due to slower weathering processes.   
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1.5 Levels of effects in ecotoxicology studies 

1.5.1 Ecotoxicological endpoints  
The biological effects from exposure to xenobiotics are identified for different levels of 

biological organization as illustrated in Figure 3. On the cellular level of organization, 

exposure endpoints are assessed using a variety of biomarkers, e.g. EROD activity, 

glutathione S-transferase (GTS) activity, reactive oxygen species (ROS), PAH metabolites, 

lysosomal stability and DNA adducts (Hylland et al. 2008, Nahrgang et al. 2010). These 

biomarker assays are fast and cost effective, with biological responses often induced rapidly 

and at very low exposure concentrations. Hence, cellular biomarkers have been developed as 

a tool for routine monitoring  programs (Hylland et al. 2008). To apply biomarkers as a part of 

a monitoring program, information is needed on biomarker baseline levels and how these 

levels may vary in response to other factors such as gender, season or through complimentary 

monitoring of individuals from a reference site. One limitation regarding the use of cellular 

biomarkers is the lack of consistency between cellular effects and individual level effects. 

This implies that one may measure effects that have no impact on individual performance. In 

addition, the linkage to ecological effects are poor (Clements 2000).  

At the individual level, relevant endpoints include feeding ability, reproduction capacity, 

respiration, general condition and mortality. These measurements are often time consuming, 

labor intensive and require large numbers of test organisms. Individual level endpoints may 

also be applied in monitoring programs, but require considerable baseline environmental 

knowledge or the inclusion of complimentary monitoring at reference sites in the design of 

the monitoring program. The advantage of applying individual based endpoints is a more 

direct link between exposure and the effects for biota. Also, the ecological relevance is greater 

for exposure studies performed at the individual compared to the cellular level. Whether 

individual level effects propagate further to effects at the population or community level 

depends on the extent of the affected area and the proportion of exposed individuals within a 

population (Clements 2000). 
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Figure 3: Show different biological levels and examples of ecotoxilogical end points 
that may be assessed at the different levels. From left to right, the ecological relevance 
of the end points increase. From top to bottom, the mechanistic understanding and 
specificity of the endpoints increase. Redrawn and modified from Clements (2000). 

Population and community endpoints in environmental risk assessment depend on 

assessments of population size and the number of taxa in a given ecosystem. Documenting 

changes at this level are both labor and time intensive and the resulting linkage between the 

exposure source and population level effect will in most instances be weak (Clements 2000, 

Peterson et al. 2003). In the Arctic, documenting changes on an ecosystem level is further 

constrained by the lack of general knowledge of these ecosystems (Wassmann et al. 2011).  

1.5.2 Endpoints used in our studies  
All endpoints are associated with advantages and constraints in their application. Knowledge 

on all levels is important to develop risk assessment, but it is at all times important to focus on 

the applicability of the data achieved (Clements 2000). Within this project, focus has been 

given to individual level endpoints. This was chosen based on the wish to assess possible sub-

lethal effects of long-term exposures on populations within a reasonable time interval. 

Following a population of Calanus spp. exposed to petroleum is, for natural reasons, not 

possible. Applying cellular biomarkers would possibly show effects of the exposure. 

However, how the cellular effects translate into individual performance is poorly established. 

So, for Calanus spp. we have assessed mortality, feeding ability, egg production as well as the 

accumulation and depuration of various petroleum related compounds.  
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Table 1: Peer-reviewed studies on the accumulation of various PAHs in pelagic copepod species. 
Accumulation is assessed by either 14C labelling or GC/MS detection technic. 

 

 

 

 

 

 

 

 

 

 

 PAH Experiment/ 
In situ 

Method Effect Reference 

Calanus helgolandicus -Naphthalene -Experiment 
-Up to 15 days 

14C labeled -Equilibrium reached after 7-9 days 
-Metabolism and excretion occurs 

(Harris et al. 1977) 

Eurytemora affinis -Naphthalene -Experiment 
-Up to 15 days 

14C labeled -Equilibrium reached after 7-9 days 
-Metabolism and excretion occurs 

(Harris et al. 1977) 

Calanus marshallae -PAC (Polyaromatic 
compounds) 

-Experiment 
-24 h 

-GC/MS detection 
of water and tissue  

-BCF=8000 
-Similar composition as exposure water 

(Duesterloh et al. 2002) 

Metridia okhotensis -PAC (Polyaromatic 
compounds) 

-Experiment 
-24 h 

-GC/MS detection 
of water and tissue 

-BCF=2000 
-Similar composition as exposure water 

(Duesterloh et al. 2002) 

Neocalanus spp. -PAH -In situ -GC/MS detection 
of water and tissue 

-Similar composition as water (Carls et al. 2006) 

Eurytemora affinis -PAH -In situ -GC/MS detection 
of water and tissue 

-ACF=17,000 
-Lower relative accumulation of less 
hydrophobic PAHs 

(Cailleaud et al. 2007) 

Paracartia grani -PAH -Experiment 
-48 h exposure 

-GC/MS detection 
of water and tissue 

-BCF and BAF positively correlated with 
log Kow 
-higher metabolism of less hydrophobic 
PAHs 

(Berrojalbiz et al. 2009) 

Eurytemora affinis -Selected PAHs 
 

-Experiment 
-86 h 

-GC/MS detection 
of water and tissue 

 -A linear relation between individual PAH 
CF and their respective log KOW 
-CF total PAH=1,230 
-metabolism occurs 

(Cailleaud et al. 2009) 
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1.6 Current knowledge of biological effects  

1.6.1 Individual level effect studies on pelagic copepods 
Many studies to assess effects of PAHs on pelagic copepods have been performed during the 

previous four decades. While the available literature is vast, studies are not easily comparable 

as they have been performed on many different copepod species exposed to a variety of 

PAHs. The available information from peer-reviewed publications is summarized in Table 1-4 

which provides an overview of accumulation of PAHs and effects on mortality, feeding and 

reproduction in pelagic copepods exposed to PAHs.    

Accumulation of PAHs has been examined in 6 species in 6 different publications (Table 1). 

Water and tissue concentrations of PAHs were assessed by either gas chromatography-mass 

spectrometry (GC/MS) or by applying 14C labelled compounds. These studies confirm that 

copepods accumulate PAHs (Table 1), and show that different times are needed to achieve 

equilibrium between water and biota (Harris et al. 1977). BCFs of chemical compounds 

should be estimated at equilibrium. BCF values determined from short term exposures (24-48 

h), where equilibrium has not been reached, may therefore be underestimated (Duesterloh et 

al. 2002, Berrojalbiz et al. 2009). This is also evident when comparing accumulation studies 

on Eurytemora affinis performed in situ and in the laboratory. The in situ BCF (accumulation 

factor (ACF) in paper) for PAHs was 17,000 (Cailleaud et al. 2007) while an 86 h laboratory 

experiment gave a BCF value for total PAHs of only 1,230 (Cailleaud et al. 2009). Copepods 

accumulate PAHs according to their respective log Kow values with higher accumulation of 

PAHs for those with higher log Kow values (Berrojalbiz et al. 2009, Cailleaud et al. 2009). 

However, copepods are also able to metabolize and excrete PAHs (Harris et al. 1977, 

Berrojalbiz et al. 2009, Cailleaud et al. 2009). There is also evidence that copepods may 

selectively metabolize high log Kow PAHs (Berrojalbiz et al. 2009). With regard to effect 

studies, the extent of bioaccumulation is important since it determines the internal body 

concentrations of toxic compounds. And it is the internal quantity, and not what is found in 

the surroundings, that cause biological effects (Tamis et al. 2009). 
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Table 2: Peer-reviewed studies on the mortality in pelagic copepod species exposed to various PAHs.  

 
 PAH Experiment/ 

In situ 
Method Effect Reference 

Eurytemora affinis -Naphthalene 
-2-methyl-
naphthalene 
-2,6-dimethyl-
naphthalene 
-2,3,5-trimethyl-
naphthalene 

-Experiment 
-24 h 

-Mortality 
-LC50 

-Naphthalene LC50=3798 µg l-1 

-2-methylnaphthalene  
LC50=1499 µg l-1 

-2,6-dimethylnaphthalene  
LC50=852 µg l-1 
-2,3,5-trimethylnaphthalene LC50=316 µg l-1 

 

(Ott et al. 1978) 

Acartia hudsonica -Venezuelan crude 
oil in sea water 

-Experiment 
-19 days 

-Mortality -Exposure to 5.8*103 µg l-1 for >8 days gave 
increased mortality 

(Hebert & Poulet 
1980) 

Calanus marshallae -PAC (Polyaromatic 
compounds) 
- 2 µg l-1 

-Experiment 
-24 h 

-Mortality -Oil only: no mortality 
-Oil+UV light: 20 % mortality 

(Duesterloh et al. 
2002) 

Metridia okhotensis -PAC (Polyaromatic 
compounds) 
- 2 µg l-1 

-Experiment 
-24 h 

-Mortality -Oil only: 5 % affected  
-Oil+UV light: 100 % mortality 

(Duesterloh et al. 
2002) 

Oithona davisae -10 PAHs 
-Single or  
mixture 

-Experiment 
-48 h 

-Mortality 
-LC50 

-Naphthalene LC50=56.1 µmol l-1 (least toxic of 
10) 
-Pyrene LC50=0.8 µmol l-1  
(most toxic of 10) 
-Additive toxicity of PAHs in mixture 

(Barata et al. 2005) 

Eurytemora affinis 
Nauplii 

-Benzo(a)-pyrene -Experiment 
-96 h 

-Mortality 
-LC50 

-LC50= 58 (C.I. 52-64) µg l-1 (Forget-Leray et al. 
2005) 

Acartia tonsa -Fluoranthene 
-Phenanthrene 
-Pyrene 

-Experiment 
-48 h 

-Mortality 
-LC50 

-Fluoranthene LC50=594 nM 
-Phenanthrene LC50=2,366 nM 
-Pyrene LC50= >640 nM 

(Bellas & Thor 
2007) 

Paracartia grani -Naphthalene 
-1,2-dimethyl-
naphthalene 

-Experiment 
-48 h  

-Mortality 
-LC50 

-Naphthalene  
LC50= 2535 (95 %C.I. 2163-2907) µg l-1 
-1,2-dimethyl-naphthalene  
LC50= 161 (95 %C.I. 153-168) µg l-1 

(Calbet et al. 2007) 
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Table 2 continued 

 

 

 

 

 

 

 

Microsetella spp. -Pyrene -Experiment 
-96 h 

-Mortality -Significantly lower survival at 0.1 nmol l-1 (0.02 
µg l-1) and higher 

(Hjorth & Dahllöf 
2008) 

Oithona davisae 
Nauplii 

-Naphthalene 
-Dimethyl-
naphthalene 
 

-Experiment 
-24 h 

-Mortality 
-LC50 

- Naphthalene LC50= 4422   
(95% C.I. 3942-4961) µg l-1 
 -Dimethylnaphthalene  
LC50= 1346 (95% C.I. 1047-1732)µg l-1 

(Saiz et al. 2009) 

Oithona davisae 
Adults  
 

-Naphthalene 
-Dimethyl-
naphthalene 

-Experiment 
-24 h 

-Mortality 
-LC50 

- Naphthalene – no mortality 
-Dimethylnaphthalene LC50= 771  (95% C.I. 759-
784) µg l-1 

(Saiz et al. 2009) 
 

Calanus finmarchicus -Water 
accommodated 
Fraction of crude oil  

-Experiment 
-96 h 

-Mortality 
-LC50 

-LC50 = 0.817 (95 % C.I.: 0.784-0.853) µg total 
hydroarbons  l-1 

(Hansen et al. 2011) 

Calanus glacialis -Water 
accommodated 
Fraction of crude oil  

-Experiment 
-96 h 

-Mortality 
-LC50 

-LC50 = 1.037 (95 % C.I.: 0.883-1.217) µg total 
hydroarbons  l-1 

(Hansen et al. 2011) 
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Ten studies have examined mortality in pelagic copepod species (see Table 2). PAHs with 

higher log Kow values seem to induce mortality at lower exposure concentrations (Barata et al. 

2005, Bellas & Thor 2007) and methylated compounds are relatively more toxic than their 

associated parent compounds (Ott et al. 1978, Barata et al. 2005, Calbet et al. 2007, Saiz et al. 

2009). The toxicity of PAHs is enhanced during simultaneous exposure to UV radiation, i.e. 

photo induced toxicity. Duesterloh et al. (2002) examined photo induced toxicity of 

weathered crude oil on two copepod species and found increased mortality in the exposed 

specimens relative to specimens exposed to oil or UV radiation alone. Due to the presence of 

UV radiation in the environment, in situ PAH toxicity will be higher than estimates derived in 

laboratory facilities. In the study of Barata et al. (2005) the acute toxicity of single PAH 

compounds was compared to mixtures of several compounds. These authors conclude that the 

toxicity of individual PAHs is additive. In practice, single compound estimates of toxicity 

may thus be converted to toxicity of mixtures, e.g. as found in oil spills. 

Sub-lethal doses of PAHs may induce change in feeding of copepods (Table 3). In these 

studies, feeding is assessed by gut fullness, fecal pellet production, algae cell reduction and 

filtering rates. Most studies indicate suppression of feeding at some exposure concentration 

(see Table 3), but Vandermeulen (1986) report increased feeding in Calanus finmarchicus at 

higher concentrations of naphthalene and WSF of Kuwait crude oil. The flagellate Pavlova 

lutheri, which was the prey species offered C. finmarchicus in the Vandermeulen (1986) 

study, was probably immobilized by the PAHs. C. finmarchicus is a passive filter feeding 

copepod that will have a higher encounter rate of non-motile prey species compare to motile 

prey species. Thus, immobilization of the prey led to higher feeding rates in C. finmarchicus.  

No direct effects were observed for the copepods exposed to 0.5 and 1.0 µg naphthalene l-1 for 

48 h (Vandermeulen 1986). 

Interspecific differences between copepod species are expected to lead to differences in 

species’ vulnerability to PAH exposures. Hjorth and Dahllöf (2008) observed a reduction in 

feeding by the small Microsetella spp. after 4 days exposure to 0.1 nM of pyrene. Jensen et al. 

(2008) and Hjorth and Nielsen (2011) used fecal pellet production as an alternative indicator 

of feeding responses to pyrene exposure. These authors observed a reduction in cumulative 

specific fecal pellet production for C. finmarchicus at pyrene exposure concentrations of 100 

nM. However, exposures to lower concentrations of pyrene (< 10 nM) in some cases caused 

increased cumulative specific fecal pellet production in both C. finmarchicus and C. glacialis 

(Hjorth & Nielsen 2011). Depending on the timing and duration of PAH exposures at sub-
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lethal doses, reduced feeding may influence population dynamics through increased mortality 

as a result of starvation or reduced reproduction. The energy demands of reproduction are 

high. Copepods rely on either lipid stores or contemporary food uptake as their energy source 

for reproduction (Varpe et al. 2009).       

Direct effects on reproductive success have been assessed in six different copepod species and 

reported in eight studies (Table 4). Indicators of success used in these studies are: egg 

production, brood size, hatching success and survival of the nauplii. The reproductive 

capacity of E. affinis was reduced both by chronic exposure to low PAH concentrations and 

short term exposure to high PAH concentrations (Berdugo et al. 1977, Ott et al. 1978, Forget-

Leray et al. 2005). For other species, only high PAH concentrations resulted in reduced egg 

production (Bellas & Thor 2007, Calbet et al. 2007, Jensen et al. 2008, Hjorth & Nielsen 

2011). Concentrations which did not affect egg production may however cause lower egg 

hatching success (Cowles & Remillard 1983). The lower hatching success may have been 

induced by the presence of lower molecular weight compounds in the WSFs of crude oil used 

in this study, as the hatching success of eggs from exposed females and directly exposed eggs 

was not affected by exposure to the higher molecular weight compound pyrene (Jensen et al. 

2008, Hjorth & Nielsen 2011). Thus, the effect of PAH exposure on reproductive success in 

copepods is a function of both the concentration and composition of PAHs.  
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Table 3: Peer-reviewed studies on the feeding in pelagic copepod species exposed to various PAHs. 

 PAH Experiment/ 
In situ 

Method Effect Reference 

Eurytemora 
affinis 

-WSF of heating oil 
-Naphthalene 

-Experiment 
-24 h 

-Ingestion rate -WSF at 520 µg l-1: sig. lower ingestion 
-Naphthalene 1000 µg l-1: sig. lower 
ingestion 

(Berdugo et al. 
1977) 

Calanus 
helgolandicus 

-2 and 10 ppm dispersed Kuwait 
crude oil 

-Experiment 
-20 h 

-Fecal pellets 
production  

-No effect of 2 ppm, but significantly 
lower fecal pellets production at 10 ppm 
+ 2 ppm dispersants 

(Spooner & 
Corkett 1979) 

Acartia clausi 
 

-WAF of No. 2 fuel oil -Experiment -Filtering rate -exposure to 250 ppb WAF caused 
suppression of feeding  and altering of 
feeding mode 

(Berman & Heinle 
1980) 

Acartia tonsa -WAF of No. 2 fuel oil -Experiment -Filtering rate -exposure to 250 ppb WAF caused 
suppression of feeding and altering of 
feeding mode 

(Berman & Heinle 
1980) 

Centropages 
hamatus 

-crude oil/seawater dispersions 
10, 20 and 80 ppb 

- Experiment 
-48-64 h exposure 

-Ingestion rate -Decline in ingestion rates when exposed 
to  
> 10 ppb crude oil/seawater dispersion  

(Cowles & 
Remillard 1983) 

Calanus 
finmarchicus 

-0, 0.1, 0.5 and 1.0 µg l-1 of 
naphthalene 

-Experiment 
-48 h exposure 

-Cell reduction -Exposure for 48 h to 0.5 and 1.0  µg l-1 
enhanced feeding efficiency; probably 
due to immobilization of prey species 

(Vandermeulen 
1986) 

Calanus 
finmarchicus 

-0, 0.1, 0.5 and 1.0 ppm WSF of 
Kuwait crude oil  

-Experiment 
-120 h exposure 

-Cell reduction -Exposure for 24 h to 0.5 and 1.0 ppm 
enhanced feeding efficiency; probably 
due to immobilization of prey species 

(Vandermeulen 
1986) 

Paracartia grani -Naphthalene 
-1,2-dimethyl-naphthalene 

-Experiment 
-48 h exposure 

-Fecal pellets 
production 
-EC50 

-Naphthalene   
EC50: 1264 (95% C.I.:1060-1468) µg l-1 
-1,2-dimethylnaphthalene  
EC50: 146 (95% C.I.:135-157)  µg l-1 

(Calbet et al. 
2007) 

Microsetella spp. -Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 100nM 
(nominal values) 

-Experiment 
-96 h exposure 

-Registration of gut 
contents  

-Significant reduction in proportion of 
specimens with full guts after 96 h in 0.1, 
10 and 100 nM exposures 

(Hjorth & Dahllöf 
2008) 
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Table 3 continued 

Calanus 
finmarchicus 

-Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 100nM 
(nominal values)  

-Experiment 
-9 day exposures 

-Specific fecal 
pellets production 
(SPP) 

-Significantly lower SPP from day 2 in 
100 nM exposure. 

(Jensen et al. 2008) 

Calanus glacialis -Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 100nM 
(nominal values) 

-Experiment 
-9 day exposures 

-Specific fecal 
pellets production 
(SPP) 

-Significantly lower SPP on day 9 in 
10 nM exposure. 

(Jensen et al. 2008) 

Oithona davisae 
Nauplii 

-Naphthalene 
-Dimethyl-naphthalene 
 

-Experiment 
-24 h exposure 

-Clearance rate -Naphthalene; decline observed at 
exposure to 2000 µg l-1 
-Dimethylnaphthalene; decline 
observed at exposure to 200-250 µg l-1 

(Saiz et al. 2009) 

Oithona davisae 
Adults  
 

-Naphthalene 
-Dimethyl-naphthalene 
 

-Experiment 
-24 h exposure 

-Clearance rate -Naphthalene; decline observed 2000 
µg l-1 
-Dimethylnaphthalene; decline 
observed at 200-250 µg l-1 

(Saiz et al. 2009) 

Calanus 
finmarchicus 

-Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 100nM 
(nominal values)  

-Experiment 
-9 day exposures 

-Specific fecal 
pellets production 
(SPP) 

-Decreased SPP at 100 nM pyrene at 
0.5 and 5 °C, but not at 8 °C 
-At 5 °C, 0.1 and 1 nM pyrene 
exposure caused increase in SPP 

(Hjorth & Nielsen 
2011) 

Calanus glacialis -Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 100nM 
(nominal values) 

-Experiment 
-7 day exposures 

-Specific fecal 
pellets production 
(SPP) 

-Exposure to lower the concentrations 
of pyrene gave increased SPP at all 
temperatures 

(Hjorth & Nielsen 
2011) 
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Interspecific differences between copepod species are expected to lead to differences in 

species’ vulnerability to PAH exposures. Hjorth and Dahllöf (2008) observed a reduction in 

feeding by the small Microsetella spp. after 4 days exposure to 0.1 nM of pyrene. Jensen et al. 

(2008) and Hjorth and Nielsen (2011) used fecal pellet production as an alternative indicator 

of feeding responses to pyrene exposure. These authors observed a reduction in cumulative 

specific fecal pellet production for C. finmarchicus at pyrene exposure concentrations of 100 

nM. However, exposures to lower concentrations of pyrene (< 10 nM) in some cases caused 

increased cumulative specific fecal pellet production in both C. finmarchicus and C. glacialis 

(Hjorth & Nielsen 2011). Depending on the timing and duration of PAH exposures at sub-

lethal doses, reduced feeding may influence population dynamics through increased mortality 

as a result of starvation or reduced reproduction. The energy demands of reproduction are 

high. Copepods rely on either lipid stores or contemporary food uptake as their energy source 

for reproduction (Varpe et al. 2009).       

Direct effects on reproductive success have been assessed in six different copepod species and 

reported in eight studies (Table 4). Indicators of success used in these studies are: egg 

production, brood size, hatching success and survival of the nauplii. The reproductive 

capacity of E. affinis was reduced both by chronic exposure to low PAH concentrations and 

short term exposure to high PAH concentrations (Berdugo et al. 1977, Ott et al. 1978, Forget-

Leray et al. 2005). For other species, only high PAH concentrations resulted in reduced egg 

production (Bellas & Thor 2007, Calbet et al. 2007, Jensen et al. 2008, Hjorth & Nielsen 

2011). Concentrations which did not affect egg production may however cause lower egg 

hatching success (Cowles & Remillard 1983). The lower hatching success may have been 

induced by the presence of lower molecular weight compounds in the WSFs of crude oil used 

in this study, as the hatching success of eggs from exposed females and directly exposed eggs 

was not affected by exposure to the higher molecular weight compound pyrene (Jensen et al. 

2008, Hjorth & Nielsen 2011). Thus, the effect of PAH exposure on reproductive success in 

copepods is a function of both the concentration and composition of PAHs.  

Today, it is difficult to assess the overall effect of crude oil exposure to copepods given the 

variety of species and experimental approaches used. However, the available evidence on 

effects of exposure to copepods suggests that a) copepods do accumulate, but also metabolize 
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PAHs, b) mortality of PAHs increases with log Kow, methylation and simultaneous exposure 

to light, c) feeding is often suppressed by PAH exposure and d) reproductive success is 

reduced in exposed specimens.   

1.6.2 Arctic studies  
Only five of the above mentioned effect studies have been conducted on Sub-Arctic and 

Arctic copepod species. Duesterloh et al. (2002) measured PAH body burdens in the Sub-

Arctic copepods Calanus marshallae  and Metridia okhotensis and found similar composition 

as in the exposure water, indicating passive partitioning of PAHs in these two species. The 

same authors report a bioaccumulation coefficient of 8000 in C. marshallae and 2000 in M. 

okhotensis, a difference they attributed to lipid content differences between these two species.  

Three studies compare the effects of oil compounds on the less lipid rich, sub-Arctic C. 

finmarchicus and the more lipid rich, true Arctic C. glacialis (Jensen et al. 2008, Hansen et al. 

2011, Hjorth & Nielsen 2011). Hansen et al. (2011) compare the mortality in these Calanus 

species exposed to water accommodated fraction (WAF) of crude oil and found higher LC50 

value for C. glacialis. Within each species, an earlier death of the specimens with the lowest 

lipid contents was observed (Hansen et al. 2011). Both Jensen et al. (2008) and Hjorth & 

Nielsen (2011) compare the feeding and reproduction in the two Calanus species under 

exposure to pyrene. While only a few sub-lethal responses of C. glacialis were observed, the 

effects were more pronounced in C. finmarchicus (Jensen et al. 2008, Hjorth & Nielsen 2011). 

In addition, C. finmarchicus are more affected by the combination of warmer water and 

pyrene exposure (Hjorth & Nielsen 2011). An effect study on the small harpacticoid copepod 

Microsetella spp. use the same nominal concentrations of pyrene as in the two Calanus 

studies (Hjorth & Dahllöf 2008). Effects of the pyrene exposure are seen at lower 

concentrations in Microsetella spp. compared to effects recorded in the larger calanoid 

species. This implies more severe effects on the pelagic food web in late summer, when 

Calanus are descending and smaller species like Microsetella spp. become the dominating 

copepods found in the pelagic food web (Hjorth & Dahllöf 2008).   
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Table 4: Peer-reviewed studies on the reproduction of pelagic copepod species exposed to various PAHs.  

 PAH Experiment/ 
In situ 

Method Effect Reference 

Eurytemora affinis -WSF of heating oil 
 

-Experiment 
-240 minute 
exposures 

-Egg production -Exposure to 3000 µg l-1 for more than 120 
minutes the life time egg production was 
significantly reduced 

(Berdugo et al. 1977) 

Eurytemora affinis -Naphthalene 
-2-methylnaphthalene 
-2,6-dimethyl-
naphthalene 
-2,3,5-
trimethylnaphthalene 

-Experiment 
-Chronic 
exposure to 10 
µg l-1  

-Egg production 
-Brood size 
-Length of life 

Effect of each exposure: 
-Egg production – significantly reduced 
-Brood size – significantly reduced 
-Length of life – significantly reduced 

(Ott et al. 1978) 

Centropages 
hamatus 

-crude oil/seawater 
dispersions 
10, 20 and 80 ppb 

-Experiment 
-48-64 h 

-Egg production 
-Egg hatching 

-Egg production unaffected by exposures 
-Egg hatching decrease due to exposures  

(Cowles & Remillard 
1983) 

-Eurytemora affinis 
Nauplii 

-Benzo(a)pyrene -Experiment 
-Chronic  
exposure to 
NOEC  

-Life length -Did not moult into copepodites (Forget-Leray et al. 
2005) 

Acartia tonsa -Fluoranthene 
-Phenanthrene 
-Pyrene 

-Experiment 
-48 h 
exposures 

-Egg production -Fluoranthene EC50=433 nM 
-Phenanthrene EC50=1,245 nM 
-Pyrene  EC50=306 nM 

(Bellas & Thor 2007) 

Paracartia grani -Naphthalene 
-1,2-dimethyl--
naphthalene 

-Experiment 
-48 h 
exposures 

-Egg production -Naphthalene   
EC50: 2096 (95% C.I.:1640–2552) µg l-1 
-1,2-dimethylnaphthalene  
EC50: 254 (95% C.I.:195–313)  µg l-1 

(Calbet et al. 2007) 

Calanus glacialis -Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 
100nM (nominal values) 

-Experiment 
-9 day 
exposures 

-Cumulative 
specific egg 
production (SEP) 

-No effect  (Jensen et al. 2008) 

Calanus 
finmarchicus 

-Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 
100nM (nominal values)  

-Experiment 
-9 day 
exposures 

- Cumulative 
specific egg  
production (SEP) 

-Significantly lower SEP on day 8 and 9 in 100 
nM exposure. 

(Jensen et al. 2008) 
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Table 4 continued 

Calanus 
finmarchicus 

-Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 
100nM (nominal values)  

-Experiment 
-9 day 
exposures 

-Cumulative 
specific egg  
production (SEP) 
-Hatching success 

-Reduced SEP at exposures > 1 nM 
-No effect of pyrene exposure on hatching 
success 

(Hjorth & Nielsen 
2011) 

Calanus glacialis -Pyrene; 0 (solvent 
only), 0.01, 0.1, 1, 10 and 
100nM (nominal values) 

-Experiment 
-7 day 
exposures 

-Cumulative 
specific egg  
production (SEP) 
-Hatching success 

-At 0.5 °C SEP reduced by pyrene, except for 
100 nM. 
-At 5 and 8 °C SEP induced by pyrene  
at low concentrations    
-No effect of pyrene exposure on hatching 
success 

(Hjorth & Nielsen 
2011) 
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1.6.3 Biological responses – gaps of knowledge 

Arctic dwelling biota is adapted to variable environmental conditions such as light 

availability, nutrients, presence/absence of sea ice, and food availability throughout the year. 

Arctic species have longer life spans compared to their southern sibling species (Maclean 

1973, Koszteyn et al. 1995), and thus have a longer time to accumulate contaminants in their 

environment. In addition, lipid contents for Arctic species are often high which allows 

organisms to survive long winters without food (Lee 1974, Falk-Petersen et al. 1990). 

However the high lipid contents of Arctic species facilitates storage of lipophilic 

contaminants in the lipid sac of organisms. These characteristics, concerning Arctic species’ 

adaptations to their environment, have led to more emphasis on comparing responses of 

Arctic and non-Arctic dwelling organisms to petroleum hydrocarbons. This is a relatively new 

and important research field given the recent increase in the interest of exploration, extraction, 

and transport of petroleum reserves in this unique region of the world. Hence, many 

knowledge gaps exist with this thesis addressing only a select few of the research challenges 

in this field and adding to the small but growing available scientific information on Arctic 

ecotoxicology.   

Calanus species are of interest as test organisms in ecotoxicology experimental studies 

addressing species’ sensitivities to petroleum pollutants. This is because the Calanus species 

complex consists of sibling species with similar ecological niches but unique adaptations to 

their individual habitats (see also section 1.3.1). To use copepods such as Calanus species as 

test organisms, they must be easily cultured and maintained in laboratory settings. Temperate 

copepod species such as Acartia tonsa, Temora longicornis and Pseudocalanus spp. (Klein 

Breteler 1980, Klein Breteler et al. 1982, Støttrup et al. 1986), have been used in this way 

since the 1980’s but it is only within the last decade that Calanus spp. began to be viable as 

test species (Campbell et al. 2001a, Hansen et al. 2007). This advance required establishing 

appropriate laboratory routines for Calanus.  

For longer lived organisms such as Calanus spp., mortality is a practical end point for 

laboratory experiments performed to assess individual level effects resulting from exposure to 

short lived volatile hydrocarbons. One of the expected dissimilarities between oil spills in 

Arctic vs. temperate areas is the increased and prolonged exposure times by organisms to the 

most volatile fraction of petroleum. This is due to lower evaporation rates in colder areas. 

However, even under Arctic conditions volatile hydrocarbons will only persist in an area for a 
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short time. Today, data on the mortality of pelagic copepods due to the volatile hydrocarbon 

compounds is almost non-existent (Table 2). 

Weathering processes for oil are also slower in the Arctic leading to increased exposure to oil 

over time for Arctic organisms. In the event of an oil spill, the more persistent PAHs remain 

longer in the environment leading to increased exposure to these more lipophilic compounds 

by organisms. To produce realistic exposure conditions in long-term laboratory experiments 

techniques to mimic weathering are needed (Carls et al. 1999, Camus & Olsen 2008). There is 

little information on effects of long-term, sub-lethal exposure to hydrocarbons by Calanus as 

well as most Arctic species. Possible effects are suppressed feeding and lower reproduction 

capability which may alter the population dynamics of Calanus and thereby the competition 

capacity of a given species towards other species. To evaluate to what extent a petroleum spill 

may affect areas where habitats of sibling species overlap, experiments on the different 

Calanus sibling species are therefore needed.  

Biological responses are not a function of hydrocarbon concentrations in the sea water 

surrounding an organism but are the result of the accumulated amount of hydrocarbons in 

biota. In lipid rich organisms a part of the accumulated hydrocarbons will be bound in lipids 

and will not cause adverse effects until their release during lipid mobilisation. This makes the 

prediction of harmful concentrations of PAHs more difficult for the Arctic. The various PAHs 

have specific affinities for lipids and may accumulate to different equilibrium concentrations 

in biota dependent on lipid concentration and ability of the species to metabolize the PAHs. In 

addition, uptake rates of PAHs may differ. The accumulation of PAHs in pelagic copepods 

has been examined before, but the uptake kinetics of PAHs has not previously been examined 

(Table 1). To improve predictions of the effects of petroleum exposure to northern residing 

copepods, better information on the uptake kinetics of different hydrocarbons must become 

available.   
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2 Main objectives of dissertation  
The main goal of this dissertation is to provide data on effects of petroleum discharges on 

Arctic and sub-Arctic Calanus species to support the development of Arctic risk assessment 

by the petroleum industry. Currently there are only limited knowledge on the sensitivity of 

Arctic species towards petroleum discharges but it is hypothesized that Arctic and temperate 

species will differ in sensitivity due to differences in their life cycle. Thus, extensive 

knowledge on Arctic species vulnerability is needed before ERA can be developed and 

applied in the Arctic. C. finmarchicus and C. glacialis are key copepod species in Sub-arctic 

and Arctic water masses, respectively. The experimental studies performed as part of this 

dissertation provide needed knowledge to assess species’ responses and effects of petroleum 

compounds. The following specific objectives are addressed:     

Objective 1: Evaluate if C. finmarchicus is a species suited for culturing and if it is possible 

to manipulate egg production in culture by food quality and quantity (Paper I) 

Objective 2: Provide baseline mortality data on Arctic algae and copepod species based on 

short term exposures to volatile petroleum components (Paper II) 

Objective 3: Assess the impact of long-term exposure to the water soluble fraction of crude 

oil on feeding and egg production of Calanus species (Paper III) 

Objective 4: Examine bioaccumulation in C. finmarchicus for two selected PAHs (Paper IV)  
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3  Methods and main results  
 

 

 

Figure 4: Map showing all sampling areas. A: Vicinity of Tromsø, Calanus finmarchicus 

sampled for paper I, II and IV. B: Syltefjorden, C. finmarchicus sampled for paper III. C: 

Billefjorden, C. glacialis sampled for paper II and III. D: Prins Karls Forland, Fragilariopsis 

oceanica sampled for paper II. 
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3.1 Culturing Calanus – Paper I 

3.1.1 Material and methods 
A culturing system for Calanus finmarchicus was designed and tested for a full generation 

(adults-adults) to demonstrate that healthy specimens of Calanus can be maintained in the 

laboratory. A multi-stage culturing system is needed to perform long-term laboratory 

exposure experiments. As part of this work, feeding experiments were performed to optimize 

Calanus egg production as a function of feeding conditions. Specimens were collected in the 

vicinity of Tromsø, Northern Norway, just before their spring ascent from deep to shallow 

waters (March 2004). The life stage distribution of specimens was 75 % adults and 25 % 

copepodite stage V (CV). The specimens were transferred to 100 l containers; spawned eggs 

were collected and transferred to new containers for hatching. The generation development 

was monitored every third week by aliquot sampling and microscopic determination of 

specimen numbers and stage composition.   

 

Figure 5: Egg production chambers used in experiments in Paper 
I and III. Left panel shows a vertical view of the two beakers 
stacked within each other with a lid on top. Right panel shows 
the inner cup lifted up showing the plankton netting used to 
separate the females from produced eggs and fecal pellets.   

In two separate experiments egg production in C. finmarchicus was assessed as a function of 

food quality and quantity. Both experiments were run in single female egg production beakers 

(on Figure 5). The set-up allowed for daily inspection of egg and fecal pellet production. The 

first experiment contrasted the egg production of females fed Chaetoceros socialis to females 

fed Thalassiosira weisflogii at three different food concentrations. The second experiment 
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tested differences in egg production and feeding in females fed steadily on a medium 

concentration diet against a group that experienced a shift from a low to high concentration 

diet.   

3.1.2 Main results  
The culture was maintained in a cold room under controlled light and temperature conditions. 

The light and temperature regime in the cold room was adjusted continuously to resemble the 

natural yearly cycle for the Tromsø region. Calanus finmarchicus was successfully 

maintained for one generation. The median generation time (time at which 50% reached 

adulthood) was on average 105 days (See Figure 6). This generation time is within the 91-128 

day range derived in a mesocosm study performed near Tromsø (Hansen et al. 2003).  

 

 

Figure 6: As an example of an average development of a generation of 
Calanus finmarchicus the development of eggs collected in week 18 
through nauplius (III-V) and copepodites (I-VI) stages are shown. 

 

An increase in food concentration from 10 to 80 µg C l-1 did not alter the egg production in C. 

finmarchicus. Both algae species, Chaetoceros socialis and Thalassiosira weisflogii, were 

equally suitable as food items in relation to egg production by C. finmarchicus. If food 

concentrations remain low, both hatching success and egg production will be negatively 

impacted. Hatching success may decrease and egg production may cease. With the 

reintroduction of higher food concentrations, egg production may be reinitiated with a 

corresponding increase in hatching success after some days.   
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3.2 Growth inhibition and mortality under xylene exposure – Paper II  

3.2.1 Material and methods 
A series of short term exposure experiments with xylene were conducted on the Arctic diatom 

species Fragilariopsis oceanic and two Calanus species; C. finmarchicus and C. glacialis. 

The algae experiment was run for 96 h in 250 ml Nunc © bottles at 3.2 °C with algae in an 

exponential growth phase. Throughout the experiment, algae cell numbers were determined in 

subsamples taken every 24 h in each of 6 treatments (n=3). The end point was growth 

inhibition.  

The copepod experiments were run in 100 ml polypropylene containers with 10 specimens in 

each container. Each exposure concentration was run in five replicates for a total of 96 h; 

mortality was recorded every 24 h by visual inspection in each container. The experiments 

were conducted at 2 °C for both C. glacialis and C. finmarchicus. The end point in the 

copepod experiments was mortality.  

For all three experiments, water samples were collected at time 0 and 96 h for determination 

of xylene concentrations. These samples were analysed by headspace extraction, with 

detection and quantification performed by GC/MSD by ALS Scandinavia. 

3.2.2 Main results 
The growth of Fragilaria oceanica was inhibited after 24 h in treatments ≥ 2.8 mg l-1, and in 

all treatments > 1.4 mg l-1 after 48 h (1 way ANOVA followed by Tukey post hoc test, p < 

0.05) (Paper II, Figure 7).  

 

Figure 7: Cell count of 
Fragilariopsis oceanica on four 
successive days at 6 different 
concentrations of xylene 
(average ± S.D., n=3). 
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Figure 8: The percentage mortality of 
Calanus finmarchicus at different xylene 
concentrations accessed each day 
(average ± S.D., n=5). 

 

 

 

 

Calanus finmarchicus had a significantly higher mortality after 24 h when exposed to ≥ 18.5 

mg l-1 xylene, and after 48 h exposure to 8.5 mg l-1 xylene also caused significantly higher 

mortality (1 way ANOVA followed by Tukey post hoc test, p < 0.05) (Paper II, Figure 8). C. 

glacialis had a significantly higher mortality at exposures ≥ 20 mg l-1 for all time points (1 

way ANOVA followed by Tukey post hoc test, p < 0.05) (Paper II, Figure 9). 

 

Figure 9: The percentage mortality 
of Calanus glacialis at different 
xylene concentrations accessed 
each day (average ± S.D., n=5). 
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These findings indicate that Arctic algae are more sensitive to xylene exposure compared to 

the tested copepod species. C. finmarchicus was more sensitive than C. glacialis to xylene. 

These results provide insight into the possible effects of xylene during an oil spill.   

3.3 Effect of Water Soluble Fraction of crude oil on Calanus spp. – 
Paper III 

 

In paper III, a flow-through exposure system was employed to separate the Water Soluble 

Fraction (WSF) from crude oil. The system is a modification (downscaling) of a system 

constructed to mimic the Exxon Valdez oil spill in an experimental setting (Carls et al. 1999). 

The system is well established through numerous applications both in Alaska and Norway 

(e.g. Carls et al. 1999, Duesterloh et al. 2002, Camus & Olsen 2008, Olsen et al. 2008, 

Nahrgang et al. 2010). Different concentrations of North Sea crude oil WSF were prepared by 

pumping filtered sea water through columns containing oil covered glass beads. The oil had 

been weathered to reduce the most soluble aromatics and PAHs. However, initially, the 

concentration of the lightest and most soluble PAHs was high in the filtered seawater passed 

through the columns. Over time, the concentration of the most soluble fraction decreased 

leading to a relatively higher concentration of the less soluble PAHs. Thus both the 

concentrations and relative composition of PAHs varied throughout the experiment. For this 

reason, samples for PAH quantification were taken at various times.    

3.3.1 The effect of WSF on feeding and egg production in Calanus glacialis  
Longer term exposure to sub-lethal doses of PAHs may have adverse effects on the feeding 

and egg production of copepods. This was examined in paper III where females of Calanus 

glacialis were exposed to water soluble fraction (WSF) of North Sea crude oil for 11 days. 

Feeding and egg production was monitored on a daily basis. 

Specimens of C. glacialis were caught in Billefjorden, Spitsbergen, and 20 replicates 

consisting of single females were prepared for each of three exposure concentrations (CT: 

control treatment (0 µg PAHs l-1), LT: low treatment (3.6 µg PAHs l-1) and HT: high 

treatment (10.4 µg PAHs l-1)). Exposures were run in individual female egg production 

chambers. These were constructed by two stacked polypropylene beakers where the bottom of 

the inner beaker consists of plankton netting (300 µm) see Fig 5. The plankton netting 

separates females from fecal pellets and eggs which sink through the netting. Each day fresh 

test solution from the flow through system was mixed with the diatom prey species 
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Thalassiosira sp. to achieve a final cell concentration of 4000 cells ml-1. Test solution (100 

ml) was added empty outer beakers of the egg production chambers and copepods were 

moved to the new chambers by moving the inner beaker. Eggs and fecal pellets were collected 

by sieving the spend test solution onto plankton netting (80 µm) and enumerated under the 

microscope. During the first two days, eggs were transferred to uncontaminated water and 

incubated for 5 days to count hatched nauplii and determine hatching success. 

3.3.2 Main results for Calanus glacialis 
The females exposed to the highest concentration of WSF of crude oil had a lower cumulative 

egg production and lower cumulative feeding over the 11 day experiment, but the differences 

were not significant (Paper III). The hatching success of eggs laid by females exposed to the 

highest WSF concentration was significantly lower compared to the other two treatments 

(Paper III, Figure 10). Thus, we found no effects of the WSF exposure on the adult specimens 

of Calanus glacialis, but a lower hatching success may have implications for the population 

development. 
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Figure 10: The hatching success of eggs from Calanus glacialis females 
exposed to WSF of crude oil. CT: control treatment (0 µg PAHs l-1), LT: low 
treatment (3.6 µg PAHs l-1) and HT: high treatment (10.4 µg PAHs l-1). 
*Significant difference from control (p < 0.05). 

 

3.3.3 The effect of WSF exposure on feeding by Calanus finmarchicus  
Calanus finmarchicus accumulate lipids during summer and descend to deeper waters to 

overwinter. To examine if C. finmarchicus may be affected by long term exposure to WSF of 
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crude oil, stages CV copepodites were exposed to WSF for 11 and 18 days in a flow through 

system, and feeding was assessed. The experiment is described in paper III. 

Specimens of C. finmarchicus were caught near Syltefjorden, Finnmark (See Figure 4). The 

described flow-through system was constructed as a continuous flow-through system by 

connection to 1 l blue cap bottles containing copepods. Three different concentrations were 

produced by pumping filtered water through different oil containing cylinders by means of a 

peristaltic pump (flow rate = 1.7 ml min-1). The system was kept in a cold room at 5.5 °C. The 

copepods were kept undisturbed and not fed for 11 and 18 days. After exposures, 6 specimens 

from each treatment were moved to individual 300 ml amber bottles with known algae 

concentrations and incubated for 24 h. Feeding was assessed by algae enumeration of initial, 

control (without copepods) and copepod containing bottles.   

3.3.4 Main results for Calanus finmarchicus  
A decrease in feeding, revealed as differences in algae concentrations after 24 h incubation 

and fecal pellets produced by the incubated C. finmarchicus, was found for specimens 

exposed to the highest concentration of WSF, but the difference between treatments was not 

significant (Paper III, Figure 11).    

 

 

Figure 11: Left panel, grey bars: 11 day exposure study. Right panel, white bars: 18 day exposure 

study. The bars are initial algae counts and algae counts after 24 h (grey) and 72 h (white) (Mean ± 

SE). Black squares: mean number of fecal pellets produced in each treatment. CT: control treatment (0 

µg PAHs l-1), LT: low treatment (3.4 µg PAHs l-1) and HT: high treatment (7.0 µg PAHs l-1). 
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3.4 Bioaccumulation of selected PAHs – Paper IV 

3.4.1 Material and methods  
The accumulation of PAHs differs among species and as a function of the molecular size of 

individual PAH compounds. Paper IV examines how the accumulation of two PAHs, 

phenanthrene and benzo[a]pyrene (B[a]P), differ in Calanus finmarchicus. 

Stage CV C. finmarchicus collected in the vicinity of Tromsø was exposed to 14C labelled 

phenanthrene or B[a]P in a semi static experiment run in glass beakers. The water was 

renewed daily and exposures lasted 8 days (192 h) followed by a depuration period in 

uncontaminated water for 4 days (96 h). Sampling of animals was done at times 0, 6, 12, 24, 

96, 192 h (exposure) and further at 198, 204, 216 and 288 h (depuration). Water samples were 

collected every sixth hour on day 1 and 8, otherwise once every day. In the phenanthrene 

experiment, n=5 and the B[a]P  experiment was replicate 4 times.  

Accumulated 14C and water concentrations were counted on a liquid scintillation counter and 

copepod (µg g-1
lipid) and water (µg l-1) concentration of phenanthrene and B[a]P were 

calculated from the measured disintegration per minute  (DPM) using the specific activity of 

the compounds. 

To compare uptake kinetics of phenanthrene and B[a]P, the lipid based concentrations of 

PAHs were fitted to a first order kinetic model  (Landrum et al. 1992b); 

 

where Ca is the concentration of PAH in the copepods (µg glipid
-1), ku is the conditional uptake 

clearance rate (ml g-1 h-1), ke is the conditional depuration rate (h-1), Cw is the concentration of 

PAH in water (µg ml-1) and t is the time in (h).  

Bioaccumulation Factors (BCF) at 192 h, i.e. when accumulation was terminated, was 

calculated as BCF192h= Ca(192h)/Cw and BCF at steady state were calculated based on the model 

derived ku and ke values, eg. BCFku/ke =  ku /ke,.  
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Figure 12: Lipid normalized 
accumulation of phenanthrene (14C 
equivalents) in Calanus 
finmarchicus. Solid circles are the 
measured accumulation over a 192 h 
experiment (n=5) and solid line 
represents the toxicokinetics model 
run. Dashed line show the 
toxicokinetics model run based on 
the measured depuration rate. Open 
circles refer to right y-axis and are 
concentration of phenanthrene in C. 
finmarchicus during depuration 
(ln(µg phenanthrene kg lipid-1)). 
Dashed & dot line is the linear 
regression (r2=0.1) of the depuration 
data. Please note that the y-axis 
differ between Figure 12 and 13.   

 

       

 

                                                                                                                                                                        
Figure 13: Lipid normalized 
accumulation of benzo[a]pyrene 
(14C equivalents) in Calanus 
finmarchicus. Solid circles are the 
measured accumulation over a 192 h 
experiment (n=4) and solid line 
represents the toxicokinetics model 
run. Dashed line show the 
toxicokinetics model run based on 
the measured depuration rate. Open 
circles refer to right y-axis and are 
concentration of B[a]P in C. 
finmarchicus during depuration 
(ln(µg B[a]P kg lipid-1)). Dashed & 
dot line is the linear regression 
(r2=0.68) of the depuration data. 
Please note that the y-axis differ 
between Figure 12 and 13.   
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3.4.2 Main results 
Accumulation of phenanthrene was fast and equilibrium was reached at 10 µg glipid

-1 within 

the 192 h of exposure (Figure 12). Accumulation of B[a]P was slower, and equilibrium was 

not reached within the 192 h of exposure. Equilibrium was calculated to be 32 µg glipid
-1 

(Figure 13). Bioconcentration factor (BCF) was approximately 5,300 for phenanthrene, while 

the achieved BCF for B[a]P was approximately 43,000 (Table 2 in Paper IV). Log BCF 

values for both PAHs were lower than their respective log Kow values (Paper IV).   
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4 Discussion  

4.1 Culturing Calanus  
When assessing the effects of long-term exposure to sub-lethal concentrations of crude oil it is 

necessary to maintain healthy test specimens over time. Often, tests on sub-lethal 

concentrations of contaminants are done at room temperature on copepod species with a short 

generation time, i.e. less than 20 days (Bengtsson 1978, Lotufo 1997). However, as 

mentioned earlier, results from tests at higher water temperatures performed on shorter lived 

copepod species may not be applicable to longer lived cold water species. Therefore the 

ability to perform long-term ecotoxicological testing on cold water species with alternative 

life history traits is a necessary research development (Breitholtz et al. 2006). 

A literature review of culturing systems for pelagic copepods revealed the success of using 

static systems in large (100-200 l) containers (Klein Breteler 1980, Støttrup et al. 1986, 

Campbell et al. 2001a, Campbell et al. 2001b, Rey-Rassat et al. 2002). In Paper I, we showed 

that also for the sub-Arctic species Calanus finmarchicus, this system allowed for healthy 

specimens over a long time period. Concurrently with the development of our culturing 

system, a similarly designed continuous C. finmarchicus culture was initiated by a laboratory 

in Trondheim (Hansen et al. 2007). This culture is still running (Hansen et al. 2010).  

 The natural generation time of C. finmarchicus in waters around Tromsø is one year. These 

copepods exploit the seasonal phytoplankton production cycle for their development to stages 

IV and V and their accumulation of lipids. This period in their life cycle prepares them for the 

descent to deeper waters in June-August and survival during the winter period without food 

(Halvorsen & Tande 1999, Falk-Petersen et al. 2009). In the cultures, generation 1 developed 

further to adults and reproduced (Paper I). This indicates a flexible life strategy in C. 

finmarchicus and that overwintering may be avoided even at low food concentrations (9 µg C 

l-1). The cultures of C. finmarchicus were successfully maintained on a mixed diet of 

Chaetoceros socialis and Thalassiosira weisflogii and additional experiments showed that 

these algae species were equally well suited as food items for C. finmarchicus. Manipulation 

of algae concentrations altered egg production and hatching success. It is therefore possible to 

postpone or increase egg production as needed to achieve larger quantities of test specimens 

for experiments.   
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The knowledge gained from Paper I has been applied in the execution of the ecotoxicology 

tests on Calanus spp. and we have been able to maintain healthy specimens with low natural 

mortality and sufficient egg production during exposure experiments. 

4.2 Growth inhibition and mortality from xylene  
At low concentrations of xylene Calanus spp. may not suffer from acute mortality but they 

will experience a decline in food availability (Paper II). The adverse effect of starvation will 

be more severe for younger compared to older stages (Campbell et al. 2001b) and the overall 

effect will depend on the timing of a decrease in food supply. When food limitation occurs 

during the egg production period, egg production will cease (Paper I, Hirche et al. 1997, 

Campbell et al. 2001b, Niehoff 2004). However, as xylene evaporates fast, the algae 

production and subsequent egg production will be resumed. Due to their larger lipid reserves, 

the later stages of Calanus are better suited to survive shorter time periods of low food 

availability; nauplii stages may thus be the most vulnerable to short term decreases in food 

availability. Examining the impact of starvation on C. pacificus nauplii stages, Lopez (1996) 

observed increased mortality and prolonged developmental time when these copepods were 

starved for short periods (< 24 h). The effects of sudden mortality events in the reproduction 

period on population development in C. finmarchicus and C. glacialis have been examined by 

using a population model (Skarðhamar et al. 2011). The model predicted an almost complete 

recovery of biomass in C. finmarchicus population during the next reproduction event. In 

contrast, C. glacialis were not able to fully compensate for lower overwintering population by 

increased reproduction (Skarðhamar et al. 2011). In conclusion, the long-term indirect effects 

of petroleum exposure may be more severe for the Arctic C. glacialis.       

The direct effect of short term exposure to xylene was more severe for C. finmarchicus 

compared to C. glacialis (Paper II), a difference that may be due to the different lipid contents 

in the two species. The lipid content of C. finmarchicus in the xylene experiment was 30 % 

while C. glacialis contained 49 % lipids of dry weight (Paper II). As mentioned, the mode of 

action of xylene is by non-specific binding to the cell membranes, but a part of the 

hydrophobic chemicals may bind to storage lipids (Jandacek & Tso 2001). This means that a 

greater part of the xylene will accumulate in the storage lipids in C. glacialis with lower 

concentrations free to bind to cell membranes. Thus for C. glacialis larger concentrations of 

xylene will be needed to induce acute mortality. This is in accordance with the results of 

Hansen et al. (2011) who found mortality of C. finmarchicus and C. glacialis exposed to 

dispersed crude oil to vary with individual lipid contents. 
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Based on the mortality determined for Calanus spp. exposed to xylene in Paper II, LC50 

values may be calculated. However, because the concentration of xylene decreased during the 

experiment (Paper II) LC50 values are upper limit estimates. For this reason, comparison with 

other LC50 values should be carried out with care. The 24 h LC50 values were 19.1 (95 % C.I. 

15.5-23.6) mg l-1 for C. glacialis and 13.7 (95 % C.I. 11.8-15.8) mg l-1 for C. finmarchicus. 

These values correspond well with 24 h LC50 values (14.0 ppm) determined for Daggerblade 

Grass Shrimps (Palaemonetes pugio) (Tatem et al. 1978). However, compared to all LC50 

values reported for other PAHs on copepods (see Table 2), the xylene LC50 values are high. 

This indicates that higher concentrations of xylene are needed to induce mortality in 

copepods, which is in line with the observation that PAHs with higher log Kow values induce 

mortality at lower concentrations (Table 2, Barata et al. 2005, Bellas & Thor 2007).    

4.3 The use of WSF vs model compounds in experiments  
Choosing between exposure systems is not trivial, and all have their advantages and 

disadvantages. The advantages of using WSF as applied here is that it produces 

concentrations and compositions that are close to what may be expected following an oil spill. 

In long-term exposures, WSF will include additive effects of the various PAHs and specific 

toxic actions of the individual PAHs.  The disadvantage is the lack of control of composition 

and concentration, which is to some extent controlled for by collecting samples for later 

analysis throughout the experiment. However, it is extremely difficult to reproduce exposure 

measurements when repeating WSF experiments and comparison of data between 

experiments must be carried out with caution.  

Model compounds are either single compound or mixtures of PAHs prepared in the laboratory 

and used in exposure experiments. This is an alternative to WSF as it allows for better control 

of the composition and concentration of compounds used in exposure experiments. It provides 

valuable complimentary information on effects from mixtures of compounds compared to 

single compound effect studies and allows for easy comparison with similar experiments. 

However, caution should be taken when extrapolating from “effects of one or mixtures of 

PAHs” to “effects of crude oil.” Barata et al. (2005) have demonstrated additive acute toxic 

effects of different PAHs, indicating that extrapolation from one PAH to combined toxic 

effects may be possible. However, possible carcinogenic, mutagenic or teratogenic effects 

will not be accounted for by this approach. In addition, control measurements of 

concentrations should always be included as nominal concentrations are seldom equivalent to 

actual concentrations.  

http://en.wikipedia.org/wiki/Carcinogen
http://en.wikipedia.org/wiki/Mutagen
http://en.wikipedia.org/wiki/Teratogen
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4.4 Effect of WSF on Calanus finmarchicus and Calanus glacialis 
Differences in lipid contents for copepods is the most likely explanation for observed 

differences in the effect of long-term exposure to petroleum compounds between Calanus 

finmarchicus and C. glacialis (Paper III, Jensen et al. 2008, Hjorth & Nielsen 2011). In Paper 

III which examined feeding and egg production of C. glacialis and feeding of C. finmarchicus 

under exposure to WSF, no direct comparison between the two species is made as two 

separate experiments were conducted. However, we can conclude that C. finmarchicus was 

more readily affected by WSF than C. glacialis (Paper III). These results are in line with the 

results of Jensen et al. (2008) and Hjorth & Nielsen (2011) who, in similar experiments with 

pyrene, examined changes in egg production and feeding in the two Calanus species. These 

studies also concluded that the more lipid rich C. glacialis was more resistant to pyrene 

exposure.    

Many studies have examined copepods feeding efficiency after exposure to PAHs, generally 

concluding that feeding is reduced after exposure to PAHs (Table 3). C. finmarchicus had a 

significant reduction of cumulative specific fecal pellet production when exposed to 100 nM 

(20.23 µg l-1) of pyrene (Jensen et al. 2008). Algae counts after 24 h incubations of C. 

finmarchicus previously exposed to 7.0 µg l-1 of WSF for 11 days gave indications of 

suppressed feeding (Paper III). However specimens exposed over a longer time period (18 

days), did not show the same significant difference in algae number grazed between the 

control and exposure treatments (Paper III). For C. glacialis, Jensen et al. (2008) reported 

reduced feeding after nine days exposure to 10 nM (2.02 µg l-1) pyrene, but not in specimens 

exposed to 100 nM. In Paper III, feeding by C. glacialis was not reduced by exposures to 3.6 

and 10.4 µg l-1 WSF of crude oil. The inconsistency of effect concentrations among these 

studies, i.e. for C. finmarchicus in Paper III and C. glacialis in Jensen et al. (2008), may 

indicate that the concentrations applied here are at the threshold level of effects for these 

species. The concentrations applied in Paper III and Jensen et al. (2008) are low compared to 

most of the other studies reported in Table 3 where effects on feeding are induced by 

concentrations of WSF and naphthalenes at least 10 times higher. In addition most of the 

other studies are also restricted in time with exposures run for 2-5 days (Table 3).      

The large scale distribution of C. glacialis and C. finmarchicus is to a large extent governed 

by temperature (Daase et al. 2007). The projected warming of the Arctic (ACIA 2004) may 

alter the distribution and relative abundance of Calanus species as has been recorded in the 

North Sea where the more southern species C. helgolandicus spread northward into areas 
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previously dominated by C. finmarchicus  (Helaouet & Beaugrand 2007). In the Barents Sea 

an exchange of the more lipid rich C. glacialis to the leaner C. finmarchicus is expected  

(Karnovsky et al. 2010, Slagstad et al. 2011). Such changes in copepod composition will have 

implications for plankton predators such as cod larvae (Gadus morhua) and little Auk (Alle 

alle) (Beaugrand et al. 2003, Karnovsky et al. 2010). In addition, it has implications for the 

response of the plankton community to petroleum discharges, as exposure to PAHs may have 

a more severe direct effect on a community based on C. finmarchicus (Paper II, III and Jensen 

et al. 2008).   

4.5 Sub-lethal end point detection 
Today, ERAs are based on measured LC50 values and calculated PEC/PNEC ratios i.e. short 

term exposures to lethal doses of contaminants. Paper III indicates that we may detect sub-

lethal effects in Calanus spp. caused by long-term exposure to PAHs. Due to low 

temperatures and ice, weathering of oil in the Arctic is slow compared to temperate areas 

(Siron et al. 1993, Brandvik & Faksness 2009). Prolonged exposures to sub-lethal 

concentrations of PAHs have the potential to impact biota and ecosystems (Peterson et al. 

2003). To fully evaluate the impact of crude oil on ecosystems one must expand on todays 

ERA approach to include longer term exposures and sub-lethal endpoints (National Research 

Council 2003, Peterson et al. 2003). Evaluation of sub-lethal endpoints is needed to provide 

insight into concentrations that may cause changes in population dynamics.  

Paper III shows that feeding of C. finmarchicus may be affected by sub-lethal exposure to 

WSF of crude oil. Depending on the seasonal timing and length of exposure this may lead to 

measurable effects at the population level (Skarðhamar et al. 2011). Egg production and 

hatching success in C. finmarchicus rely partly on successful feeding of gravid females (Paper 

I, Niehoff 2004). Reduced feeding in the egg production period may thus lead to lower 

recruitment. However, population modelling indicates that C. finmarchicus fully compensates 

for population losses through the next reproduction season (Skarðhamar et al. 2011) and 

recruitment is further enhanced by advection from adjacent areas (Willis et al. 2006, 

Kosobokova & Hirche 2009). Thus, while the C. finmarchicus population within a particular 

area may be reduced due to sub-lethal exposure to petroleum compounds, recovery, facilitated 

by recruitment, is to be expected. Reduced hatching success as evident in C. glacialis (Paper 

III) may also cause a reduction in overall population size and the ability of C. glacialis to 

compensate for population loss within a year (i.e. by the next reproduction period) is more 
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limited (Skarðhamar et al. 2011). Thus, the long lasting effects of sub-lethal exposures may 

be more severe on the true Arctic Calanus species.   

4.6 Bioaccumulation of selected PAHs  
The long-term effects of lipophilic PAHs in biota depend on the bioaccumulation capacity 

and internal concentrations of the various PAHs. Accumulation of lipophilic compounds is 

particularly important for the lipid rich Arctic species. Future ERAs for Arctic areas should 

include measurements of bioaccumulation (Tamis et al. 2009).  

In Paper IV the difference in the uptake and depuration kinetics, bioaccumulation and 

equilibrium concentrations of phenanthrene and B[a]P are described. The two PAHs differ in 

molecular weight (178.2 and 252.3 for phenanthrene and B[a]P, respectively) and log Kow 

values (4.5 and 6.0 for phenanthrene and B[a]P, respectively).  

The lipid based tissue levels of phenanthrene and B[a]P were plotted against time and the 

kinetic model of Landrum et al. (1992b) was used to fit to the data. Comparison of the uptake 

curves for phenanthrene and B[a]P reveal that the uptake of phenanthrene was fast and 

equilibrium concentration (10 µg glipid
-1) was reached within the 192 h exposure. The uptake 

of B[a]P was slower and equilibrium was not reached within the exposure time. The 

equilibrium concentration, calculated by means of the kinetic model, was 32 µg glipid
-1 (Paper 

IV). Slower accumulation and longer time to reach equilibrium of compounds with higher log 

Kow is also found in oligochaetes (Leppanen & Kukkonen 2000, Van Hoof et al. 2001, 

Ingersoll et al. 2003). This finding highlights the importance of knowledge on crude oil 

composition and exposure times if in situ measurements of PAH tissue levels are used in 

exposure assessments. Shortly after a spill event the tissue levels of higher log Kow PAHs may 

be low and considered insignificant, while after prolonged exposures threshold levels may be 

reached with associated biological effects. 

If copepods were merely a lipid pool where uptake and elimination of chemical compounds 

was governed by passive partitioning alone we would expect a positive linear 1:1 relationship 

between lipid based log BCF and log Kow (Mackay 1982, Hoekstra et al. 2002). In our 

experiment we do find a positive relationship between log BCF and log Kow as the log BCF of 

Calanus finmarchicus for B[a]P is higher than log BCF for phenanthrene (Table 2 in Paper 

IV). However, the log BCF values determined in Paper IV are lower than the corresponding 

log Kow values. This deviation from the 1:1 relationship may be due to insufficient time to 

achieve equilibrium (Leppanen & Kukkonen 2000, Van Hoof et al. 2001, Ingersoll et al. 
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2003), active uptake via food items, (Magnusson et al. 2007, Magnusson & Tiselius 2010) or 

metabolism and excretion of compounds (Barron 1990).  

For B[a]P, the experiment duration was not long enough for C. finmarchicus to reach 

equilibrium. However, the log BCFs calculated for B[a]P after 192 and at the model estimated 

equilibrium was equal (log BCF192 = log BCFku/kd = 4.6) and thus does not reflect that a higher 

accumulation may be achieved after longer exposure time. Still, the model predicted 

equilibrium log BCF value for this compound (log BCFku/ke,) is lower than the corresponding 

log Kow value for B[a]P and other factors besides duration of experiment must account for this 

discrepancy. 

In a natural environment there are a number of pathways of contaminant accumulation in 

marine organisms. For some PCB congeners, food uptake has been identified as one of these 

with higher accumulations detected in fed compared to unfed specimens (Magnusson et al. 

2007, Magnusson & Tiselius 2010). However, Landrum et al. (1992a) showed that feeding 

reduced the accumulation of the readily metabolized B[a]P but increased accumulation of 

hexachlorobiphenyl (HCB) which Mysis relicta are not able to metabolize. In addition, no 

difference in BCF values between fed and unfed copepods exposed to various PAHs was 

found (Berrojalbiz et al. 2009). Whether feeding would affect the accumulation of PAHs is 

uncertain but our accumulation estimates based on unfed specimens should be considered as 

baseline concentrations. Thus, the derived BCF values are realistic for overwintering C. 

finmarchicus in a non-feeding diapausing state. Repeated experiments on actively fed 

specimens would probably produce alternative BCF values.   

Metabolism and excretion are important mechanisms governing the levels of PAHs in 

copepods (Harris et al. 1977, Berrojalbiz et al. 2009, Cailleaud et al. 2009). These specific 

processes were not examined in Paper IV, but it cannot be excluded that concurrent PAH 

metabolism and excretion provides an alternate explanation for the reported lower than 

expected BCF values for phenanthrene and B[a]P .    

 

 

    



 

43 

 

5 Main conclusions  
• Healthy Calanus finmarchicus may be maintained in culture for multiple generations 

and egg production may be manipulated by food quantity (Paper I) 

• Arctic algae was most sensitive to exposure to the volatile petroleum compound 

xylene while the smaller and leaner copepod species C. finmarchicus was more 

sensitive than the larger and more lipid rich C. glacialis (Paper II)  

• Long-term exposure to sub-lethal doses of WSF of crude oil have an impact on egg 

hatching success of eggs from C. glacialis and suppresses feeding in C. finmarchicus 

(Paper III) 

• Uptake kinetics and accumulation of phenanthrene and B[a]P differs in C. 

finmarchicus. The duration of exposure and composition of the oil will affect 

bioconcentration in copepods (Paper IV).       

6 Further development of good environmental practices for 
the petroleum industry 

Findings in this dissertation reveal the importance of indirect effects compared to direct 

effects from petroleum exposures. Thus, effects of petroleum discharges on natural 

populations are not fully assessed using classical dose-response measurements (LC50) and 

individual based end points like feeding and egg production. Today population models may 

be applied to examine population development under various scenarios taking into 

consideration both direct and indirect effects of petroleum exposures (Skarðhamar et al. 2011, 

Stige et al. 2011) and models may provide useful knowledge for future ERA development 

(Forbes et al. 2010, Carroll & Smit 2011, De Laender et al. 2011). 

Direct short-term effects of petroleum discharges will be more pronounced in Calanus 

finmarchicus compared to C. glacialis (Paper II). This contradicts the suggestion of Arctic 

species being more sensitive to petroleum discharges and thus, implies that ERA developed 

for temperate areas can be applied for Arctic areas. However, to control for differences in 

species sensitivity more research, including additional species, should be conducted. In 

addition, the direct effect of temperature on species sensitivity should be examined to reveal if 

e.g. the sub-Arctic species C. finmarchicus shows the same response for ambient temperatures 

characteristic for its southern limit of distribution.  
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The bioaccumulation experiment in Paper IV showed a difference in the uptake kinetics of 

two PAHs with a higher accumulation of the more lipophilic PAH. This difference in 

accumulation is in line with what is generally found in invertebrates. Compared to lighter 

PAH compounds, higher molecular weight PAHs accumulate at a slower rate, but to higher 

concentrations. In the Arctic environment, longer term exposures are expected due to slower 

natural degradation of oil. Thus, Arctic dwelling organisms may accumulate a larger 

proportion of the PAHs with carcinogenic, mutagenic and teratogenic properties. This should 

be taken into consideration when assessing the long-term risk of petroleum exposures.   

 The Barents Sea is considered unique due to the large standing stocks of commercial fish 

species. Moving the petroleum industry into a new area provides an opportunity to strengthen 

and further develop environmental risk assessment tools. Improved risk assessment tools 

combined with regulations of petroleum related operations in the Artic may allow for healthy 

management of the Arctic ecosystems. This will secure the benefit of future generations from 

the recreational and economical value of the Arctic. 

http://en.wikipedia.org/wiki/Carcinogen
http://en.wikipedia.org/wiki/Mutagen
http://en.wikipedia.org/wiki/Teratogen
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