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Summary 

In a world where climate is changing faster than ever previously recorded, the Arctic is in the 
front line experiencing substantial environmental changes at accelerating speed. One of these 
changes, the declining sea ice cover, encourages exploration of the regions abundant offshore 
fossil fuel reserves. This has raised international concerns about emergency preparedness and 
oil spill prevention, because the time scale of ecosystem impact and recovery could be 
extensive in Arctic regions. The vulnerability of Arctic marine ecosystems to oil spills is 
influenced by a strong seasonal biological production and a number of unique species 
adaptations that result in variations in sensitivity over the annual cycle. A particular challenge 
for risk assessment of oil activities is that biological background data from the winter period 
often is insufficient.  
 
This thesis outlines my work on effects of oil spills on Arctic pelagic ecosystems, where I 
have focused on winter exposure and variations in sensitivity of the lower trophic levels – the 
microbial and copepod communities. These communities are fundamental to the function of 
the marine ecosystem because their interactions generate the high-energy lipids that upper 
trophic levels rely on for coping with strong seasonal variations in food availability. The 
thesis is based on four papers addressing two main questions; Firstly, how does a surface oil 
spill impact ice-associated plankton communities during the ice-covered period, and how is 
vulnerability affected by available oil spill response methods (paper I and II)? And secondly, 
how does an oil spill on deep water impact overwintering zooplankton communities, and how 
is species vulnerability affected by differences in reproduction strategy (paper III and IV)? 
 
Based on mesocosm studies, we first show that a surface oil spill in sea ice in winter can lead 
to alterations in the structure and function of ice-associated plankton communities in spring, 
and potentially cause indirect cascading ecosystem effects through trophic interactions in the 
Arctic marine food web. During the ice-covered period, these plankton communities are less 
vulnerable to an oil spill treated with in situ burning, and more vulnerable when chemical 
dispersant is used. Then, based on laboratory studies, we further show that an oil spill on deep 
water in winter can severely impact the two most important zooplankton species in Arctic 
ecosystems, which are important ecosystem components responsible for energy transfer to 
upper trophic levels of the marine food web. Both lipid content and reproduction strategy play 
an important role for determining the vulnerability to oil exposure during their overwintering.  
 
The findings of this thesis provides novel insights to the seasonal vulnerability of Arctic 
pelagic ecosystems to oil spills, which is important for improving risk assessment of oil 
activities in the Arctic. 
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Resumé 

I en tid hvor jordens klima ændrer sig hurtigere end nogensinde, sker der hastigt væsentlige 
ændringer i Arktis. En af disse ændringer, havisens tilbagetrækning, har medført en øget 
interesse for at udforske de mange olie- og gas ressourcer, som findes på havbunden i Arktis. 
De arktiske marine økosystemers sårbarhed overfor oliespild er præget af en stærk 
sæsonbetonet biologisk produktion samt en række unikke artstilpasninger, der tilsammen 
medfører variationer i følsomheden henover sæsonen. En særlig udfordring for 
risikovurdering af olieaktiviteter i Arktis er, at biologisk baggrundsdata fra vinterperioden 
ofte er utilstrækkeligt.   
 
Denne afhandling beskriver mit arbejde med at undersøge effekter af oliespild på pelagiske 
økosystemer i Arktis, hvor jeg har fokuseret på vintereksponering samt variationer i 
følsomhed blandt de lavere trofiske niveauer – de mikrobielle samfund og vandlopperne. 
Begge disse planktonsamfund er grundlæggende for funktionen af det marine økosystem, 
fordi de tilsammen skaber de vigtige energirige fedtstoffer, som højere trofiske niveauer er 
afhængige af for at overleve fødebegrænsning om vinteren. Afhandlingen er baseret på fire 
artikler, som behandler to overordnede spørgsmål: For det første, hvordan påvirker et 
oliespild i havoverfladen om vinteren de planktonsamfund, som lever lige under havisen, og 
ændres deres følsomhed ved brug af forskellige metoder til at fjerne oliespild (artikel I og II)? 
For det andet, hvordan påvirker et oliespild på dybden overvintrende vandlopper, og hvilken 
rolle spilder reproduktionsstrategi for deres følsomhed (artikel III og IV)? 
 
På baggrund af mesokosmos eksperimenter viser vi først, hvordan et oliespild i havis om 
vinteren kan medføre ændringer om foråret i strukturen og funktionen af 
planktonsamfundene, og dermed potentielt forårsage indirekte effekter på det marine 
økosystemer gennem trofiske interaktioner i fødekæden. I løbet af den isdækkede periode er 
planktonsamfundene mindre sårbare overfor oliespild behandlet med in situ afbrænding og 
mere sårbare ved brug af kemiske dispergeringsmidler. På baggrund af 
laboratorieeksperimenter viser vi derefter, hvordan et oliespild i dybden om vinteren har en 
kraftig påvirkning på de to vigtigste vandloppearter i de arktiske økosystemer, som er centrale 
for overførslen af energi til højere trofiske niveauer i fødekæden. Både fedtindhold og 
reproduktionsstrategi spiller en vigtig rolle for deres følsomhed under overvintring.  
 
Gennem arbejdet i denne afhandling har vi skabt ny viden omkring sæsonafhængige 
variationer i de pelagiske økosystemers følsomhed overfor oliespild, hvilket er nødvendigt for 
at forbedre risikovurdering af olieaktiviteter i Arktis.   
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1. Introduction 
1.1. Setting the stage 

In a world where climate is changing faster than ever previously recorded (1), the Arctic is in 
the front line experiencing considerably faster warming than any other region on the planet 
(2). Once considered remote and disconnected from the rest of the world, we now understand 
that the Arctic plays a special role in the global climate, and that changes here will impact 
environment and societies worldwide. Such changes range from reduced release of incoming 
solar radiation, across changes to ocean circulation patterns and sea level rise, to the structure 
of marine ecosystems. The Arctic has become a symbol of human impact on global scale.  
 
While ongoing decline in polar sea ice (3–5) threatens unique Arctic ecosystems, it 
simultaneously improves the prospect of exploiting the abundant fossil fuel resources in the 
seafloor (6). With great uncertainty on how to secure the world’s future energy supply, the 
attractiveness of Arctic petroleum exploration highlights the dilemma of sustainable 
development, because fossil fuel combustion was the very factor triggering climate change.  
 
The Arctic oceans have not been studied as much as other oceans because of the difficulty in 
accessing the area and collecting samples in cold temperatures and thick ice cover. As a 
result, scientists have only begun to understand the ecology and function of many species, and 
huge knowledge gaps still prevail with respect to physiological and life cycle adaptations, 
especially under winter conditions.   
 
In this thesis, I focus on the potential stress induced on Arctic pelagic ecosystems by oil 
spills. The objective of my studies has been to fill in some of the existing knowledge gaps 
needed to improve environmental risk assessment of oil activities. The thesis is based on four 
papers addressing different winter oil spill scenarios. Starting at the sea surface, paper I and II 
address the potential effects of a surface spill in sea ice on ice-associated Arctic microbial and 
copepod communities. These two studies are based on mesocosm experiments conducted in 
the sea ice during winter with the goal of capturing environmental conditions and complexity. 
Then, moving on to deep waters, paper III and IV addresses potential effects of a spill at 
depth by focusing on two ecological important zooplankton species with different life and 
reproduction strategies. These two studies were performed under controlled laboratory 
conditions to evaluate species tolerance to different exposure concentrations.  
 
In this section, I start by introducing the Arctic marine environment and the role of sea ice, 
phytoplankton and planktonic food web. Then, I highlight the key role of the Arctic Calanus 
copepods in the ecosystem, and their unique adaptations to the Arctic environment. Next, I 
present the drivers and concerns related to future oil activities in the Arctic, and finally I give 
a brief introduction to the polycyclic aromatic hydrocarbons that are the main contaminant 
class of concern in crude oil.  
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1.2. The Arctic marine environment  

With much of its surface area covered by sea ice throughout the year, the Arctic oceans are 
some of the most remarkable and yet least studied oceans in the world. They are characterized 
by strong seasonal variation in solar radiation, temperature, salinity and sea ice cover that 
shape the marine ecosystems and cause strong seasonality in biological production and animal 
migrations. Arctic species are exposed to months of winter darkness, low temperatures and 
food scarcity, followed by intense solar radiation during summer; still the Arctic is home to a 
rich diversity of species that have adapted to the environmental conditions in unique ways.   
 
Towards higher latitudes, the primary production cycle becomes shorter due to the seasonality 
of light and ice conditions (7). Sea ice formation begins in autumn or early winter, depending 
on the latitude. The sea ice can grow several meters thick and may have an additional dense 
snow cover on top. When the sun returns in spring, it warms and melts the snow and ice until 
the ice finally breaks up. Snow and ice cover attenuate light penetration into the water column 
and limit primary production. When the sea freezes, gasses and salt leaves the ice and become 
dissolved in the brine, which leaks through brine channels into the water column. Brine 
channels sustain a rich diversity of bacteria, phytoplankton and protozooplankton. When the 
salt concentrates in the brine, the brine becomes heavy, and as the sea ice forms, heavy brine 
sinks down towards the seafloor.  
 
As light intensity increases in spring, the sea ice gradually melts and stratification of nutrient 
rich water masses enable a short and intense bloom of ice algae and pelagic phytoplankton. 
The carbon fixed during their photosynthesis is the basis for all life in the ocean, from 
bacteria to whales. Ice algae inhabit the inside and bottom of the sea ice and the first to bloom 
in early spring, because they are adapted grow at the very low light intensities, using the 
nutrient rich water below the ice. These specialised communities are often dominated by 
diatom colonies (8), that sediment to the sea floor when the ice breaks up. After a long winter 
period without primary production, surface waters are rich with nutrients (9), and the 
penetration of light deep into the water column triggers the pelagic spring bloom, which is the 
key event in Arctic marine ecosystems. Diatoms and phytoplagellates mainly dominate the 
short and intense bloom. Later in summer, primary production maxima occur at deeper waters 
where nutrient concentrations are higher.  
 
Planktonic food webs form the base of the marine ecosystem (Box 1). Here, phytoplankton is 
grazed by zooplankton, ranging from small unicellular nanoflagellates to mesozooplankton 
such as the copepods, which themselves are an important food source for larger animals such 
as fish, birds and whales. The large perennial copepods spend most of their life below the 
productive zone at deep sea, but migrate to surface waters in spring to feed on the spring 
bloom and restore lipid reserves. Before the end of the summer, they descend to 
overwintering depths again. Smaller copepod species inhabit the surface waters throughout 
the year, feeding on detritus during winter and algae in summer. The single cell zooplankton 
(protozooplankton) inhabits the water column throughout the year, but increase in numbers 
during summer when the large copepods descend from the surface waters. Sedimentation of  
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Box 1:  The planktonic food web 
 

 
 
In the planktonic food web autotrophic planktonic organism (to the right) fix CO2 via 
photosynthesis, which is then transferred to higher trophic levels via heterotrophic or 
mixotrophic organisms (to the left) feeding on organic material. All functional groups 
generate dissolved organic matter (DOM), which is taken up by bacteria and 
reintroduced to the food web through the protozooplankton (flagellates and ciliates). This 
reintroduction of nutrients is called the microbial loop. The work presented in this thesis 
focus on the planktonic food web, the base of the marine ecosystem, where a small 
number of species occupy important functional groups that play a critical role in 
determining overall ecosystem function. Figure modified from Nielsen and Hansen (10). 
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organic material from phytoplankton and pellets from grazing zooplankton is the main mode 
of transport of carbon to the benthic communities. Some of this organic material becomes 
dissolved during its transit to the seafloor. This dissolved organic material (DOM) is 
inaccessible to most organisms, but it can be taken up by bacteria and reintroduced to the food 
web via bacteria-consuming protozooplankton, which are particular important prey for 
copepods after the phytoplankton bloom (11). This reintroduction of carbon and nutrients via 
microbial communities is also called the microbial loop (12, 13). The microbial loop is 
particular important for the reintroduction of nutrients into the water column (14).  
 
The spring bloom is the main characteristic of Arctic marine ecosystems, and within a short 
period it generates enough energy to sustain large commercial fish stocks, seabirds, seals, 
whaleross, polar bears, and local communities, as well as migratory species that journey long 
distances to reach the productive Arctic waters. In this thesis, I focus on the microbial and 
copepod plankton communities, which consist of relatively few species that provide important 
ecosystem functions, such as fixation of CO2 by phytoplankton, reintroduction of nutrients by 
bacteria through protozooplankton, and production of high-energy lipids by copepods. If the 
ability of these communities to respond to favourable light and food conditions during late 
winter and early spring is affected by an oil spill, it could very well lead to cascading effects 
throughout the food web.   

1.3. The Calanus copepods – a key ecosystem component 

Phytoplankton fix CO2 into glucose, which combined with nutrients is used to produce 
proteins, lipids and carbohydrates. They are exclusive suppliers of polysaturated fatty acids 
fundamental to reproduction, growth, fitness and survival of higher trophic levels in the 
marine food web (15). The Calanus species C. hyperboreus, C. glacialis, and C. finmarchicus 
dominate zooplankton biomass in the Arctic (16–18) and are the main consumers of 
phytoplankton. They convert low energy lipids from phytoplankton into high-energy wax 
ester lipids, which are accumulated in large lipid reserves that can comprise up to 70% of dry 
weight (19, 20). For this reason, Calanus copepods make up a unique source of energy for 
higher trophic levels such as fish (21), birds (22) and whales (23), and are considered critical 
to the function of the lipid based Arctic marine ecosystem.  
 
The three Calanus species are widely distributed in the Arctic Oceans and the northern seas 
(24). Although they co-occur, C. hyperboreus is most abundant in the deep Arctic basins (17), 
C. glacialis is important in the Arctic shelf areas (Figure 1) (18, 25, 26), and the boreal C. 
finmarchicus dominates the warmer waters of the North Atlantic (27, 28). Calanus develop 
from eggs through six nauplii (NI–NVI) and six copepodite stages (CI−CVI) before reaching 
adulthood. While the small C. finmarchicus inhabiting warmer waters can complete this life 
cycle in 1 year, it takes C. glacialis 1 – 3 years depending on the environmental conditions, 
and > 5 years for the large C. hyperboreus (29, 30). 
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Lipid accumulation is important to the life strategy of Calanus, and enables it to cope with 
food shortage during the winter period. Calanus fill lipid reserves by feeding on the 
phytoplankton bloom, and triggered by lipid load (31) it performs annual vertical migrations 
from the sea surface to overwintering depths. Here, it resides in a state of dormancy (Box 2) 
with reduced metabolism, using the stored lipids to regulate buoyancy control (32) and 
sustain basic metabolism (24, 33). In spring, Calanus ascend to surface waters again to spawn 
and restore lipid reserves within the limited open water season. All three species occupy the 
surface waters in spring, with different preferences for vertical distribution (34). However, 
since C. hyperboreus build up lipid reserves faster and than the smaller relatives (35), it is 
also the first to leave the surface waters (36). Data on wintering biology of Arctic Calanus 
remain limited due to the difficulties in sampling during winter, and the fact that they 
overwinter on great depths of 200 – 2000 m (24). As they spend the majority of their life 
cycle in the deep, the winter period represents a major knowledge gap in the understanding of 
their biology.  
 
Lipid accumulation is also important for the reproduction strategy, and the Arctic Calanus 
display different reproduction strategies, ranging from income breeding to capital breeding or 
a combination of both. An income breeder is one that relies on food availability to fuel 
spawning, while capital breeders spawn based solely on stored energy reserves. C. 
finmarchicus is fully an income breeder, but it is able to use lipids to fuel gonad development 
(35). C. glacialis can spawn based lipid reserves (37), although egg production rates increase 
when food is available (38). C. hyperboreus is entirely a capital breeder and complete 
spawning prior to the spring ascend to surface waters (39). The open water season is shorter at 
higher latitudes, and the window of opportunity for feeding and reproduction is therefore also 
shorter. Under such conditions, it is an advantage to start reproduction early, so the offspring 
is ready to feed as soon as food becomes available. Capital breeding increases fitness in an 
environment with a short feeding period, where the offspring have limited time for 
development before the winter returns. Feeding on early ice the algae is also a way of 
prolonging the limited feeding season in the Arctic, and particularly C. glacialis relies on the 

 
 

Figure 1: Distribution of Calanus hyperboreus, C. glacialis and C. finmarchicus in the North Atlantic and 
Arctic Oceans. Dark shading represent core area where reproduction is known to occur, light shading represent 
total described distribution area. Modified from (27).  
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ice algae bloom to fuel early egg production (15, 24). Although the lipid stores of Calanus 
enables it to cope with highly seasonal food availability, it simultaneously renders it 
particularly vulnerable to accumulation of lipophilic oil contaminants. Since the lipid content 
varies greatly throughout the season, seasonal changes in lipid content, e.g. during 
overwintering and reproduction, could strongly influence the sensitivity to oil contamination. 
In this thesis, I therefore put special focus on effects of oil exposure during overwintering.  
 

  

Box 2:  Overwintering  
 
Overwintering is the process by which some organisms pass the winter season. In the 
Arctic environment, many animals have adapted to cope with seasonal unfavourable 
environmental conditions by overwintering in a state of dormancy, where metabolism is 
reduced to conserve energy. Hibernation and diapause are two types of dormancy. 
Hibernation is characterised by a reduced body temperature and often used to describe 
winter inactivity in endotherm animals such as polar bears. Diapause is characterised by 
arrested development, and is often triggered by specific initiation or termination cues. 
Activity levels during diapause can vary substantially among species.  
 
The large Arctic Calanus copepods have 
adapted to perform annual vertical migrations to 
deep waters, where they pass the winter season 
sustained by the lipid reserves accumulated 
during the spring bloom. Migration to 
overwintering depths is triggered lipid load (31), 
and occurs in pre-adult copepodites stages that 
enter diapause, as well as in adult stages of the 
perennial C. glacialis  and C. hyperboreus (24). 
At some time during winter, catabolic activity is 
up-regulated to initiate moulting of copepodites 
into adult males and females, and start gonad 
development (15). As it has been disputed 
whether Calanus copepods enter true dormancy 
with reduced metabolism (40, 41), the term 
overwintering is instead used in this thesis to 
describe the period spend on deep waters. 
 

 

 
Figure 2: Calanus hyperboreus (top), C. 
glacialis, and C. finmarchicus with large lipid 
sacs. These three Arctic Calanus species are 
the most important marine herbivores in the 
Arctic. The large size, longer life and larger 
lipid sac are adaptations to the strong 
seasonality in the Arctic. Photo by Dag Altin 

(42). 
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1.4. Why study effects of oil spills on high Arctic marine ecosystems? 

The Arctic is rich in fossil fuels (43), and there has been an interest for exploiting these 
resources for decades. In 2008, the US Geological Survey concluded, that the Arctic region 
holds the majority of remaining unexplored oil and gas resources worldwide (43). Until 
recently, high global oil prices and declining sea ice cover encouraged explorations activities, 
and multiple licences for exploration were issued in the West and Northeast coast of 
Greenland in anticipation of a high hydrocarbon potential (44). Today, current low oil prices 
have caused a decline in Arctic oil and gas activities, by rendering the expensive and technical 
challenging offshore exploration and drilling activities unattractive to the industry. However, 
offshore drilling activities have also previously been subjected to fluctuating cycles related to 
oil price, and increasing prices could spark a renewed interest (45). Indeed, although activities 
have ceased, companies struggle to preserve drilling rights in national waters, and the nations 
with access to the Arctic Ocean continuously work towards establishing scientifically proven 
claims to the extended continental shelf, which can provide exclusive rights to fossil fuel 
resources in the seabed (46) (Box 3).  
 
The increased accessibility of the Arctic has raised international concerns about international 
emergency preparedness and oil spill prevention (47). Concerns were highlighted by the 
Deepwater Horizon disaster in the Gulf of Mexico in 2010, where a drilling unit initiated an 
uncontrolled release of oil and gas from the seafloor that lasted for 87 days, releasing more 
than 750 million litres of crude oil into the deep sea (48). Although the Arctic Council, an 
intergovernmental forum composed of nine member states, has developed guidelines for 
offshore oil spill preparedness (49), both the logistic and regulatory infrastructure in the 
Arctic remain inadequate to respond to major spills, and there are still no effective 
technologies to contain and remove spilled oil in ice covered waters (50). 
 
Fossil fuel exploration in the Arctic is extremely technically challenging (45). Increased 
traffic and oil exploration activity are accompanied by a risk of oil spill (51) and will 
inevitably increase pollution load to Arctic marine ecosystems (50). The Arctic is particularly 
vulnerable to pollution from offshore activities, and major concerns are related to the risk of 
oil spills. Firstly, containing and removing oil from ice covered waters is difficult at best, and 
the window of opportunity is limited by the short open water period (50). Oil weathering and 
degradation processes are also reduced at low temperature (52, 53). Together, this could result 
in oil spreading over large distances inside or underneath the moving sea ice during prolonged 
periods, which highly complicates spill detection and monitoring (54). Secondly, the high 
seasonal abundance of species in the open water period during summer overlaps with offshore 
drilling areas, which increase exposure risk. Finally, the slow growth and generation times 
and longer life span characterizing many Arctic species imply that the time scale of impact 
and recovery could be extensive in Arctic regions (50). 
 
To minimize future impact of oil pollution in the Arctic, several projects in recent years have 
aimed to fill in knowledge gaps regarding the fate of oil in Arctic waters, effectiveness of spill 
response technologies, and effects on Arctic ecosystems. One particular problem to 
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environmental risk and impact assessments is the lack of ecological background data, as 
relative few field studies have been conducted in the Arctic compared more accessible 
regions. As a result, limited data is available regarding e.g. distribution, abundance, life cycle, 
food web interactions, or reproduction strategies of many Arctic marine species, and data on 
winter biology is often completely absent. Another challenge is that field data on ecosystem 
response and recovery to oil spills is limited to few spill incidents. The long-term monitoring 
of areas affected by the Exxon Valdez oil spill in 1989, where a tanker ran aground in Alaska 
releasing more than 40 million litres of crude oil, has documented an unexpected persistence 
of toxic oil compounds, which has led to delayed population reductions and cascades of 
indirect effects, postponing ecosystem recovery (55). To compensate for the inadequate 
ecological and ecotoxicological background data, environmental risk and impact assessments 
are often based on lethal or effect threshold concentrations derived from standardized short-
term studies non-Arctic species. To improve the accuracy of future impacts assessments data 
from Arctic studies are required.  
 

Box 3:  Arctic oil spill response options 
 
Mechanical recovery is to remove oil from the surface using specially designed skimming 
devices and to store the recovered fluids until they can be disposed off. Recovery is most 
effective on thick oil slicks in open water, and booms are used in open water or light ice 
cover to contain and concentrate an oil slick. 
 
In situ burning is a method for conducting controlled combustion of oil at a spill site. It 
can rapidly reduce the volume of oil from land, snow, ice or water surface, and has high 
efficiency (50 – 90%) in ice-infested Arctic waters (56) where containment and recovery 
options are limited. One of the challenges is to keep a sufficient slick thickness to sustain a 
burn (57). Oil can be ignited if  < 25% has evaporated, if the slick is >2 mm thick, and if 
emulsification is < 20% water (58). The method is therefore most efficient with a fresh oil 
spill. In situ burning produce combustion products such as soot and burn residue, which 
remain in the environment after flameout and may sink into the water column. There are 
few studies on the toxic effects of these waste products on Arctic biota (59). 
 
Chemical dispersion is used to remove oil from the surface and enhance microbial 
biodegradation. Dispersants are sprayed onto the oil spill, converting a large proportion of 
the oil into droplets that dilute in the water column. Dispersants can also be injected 
directly into an oil plume rising from a well blowout at the sea floor. Sea ice and low 
temperatures decrease the effectiveness of dispersants. When dispersant is applied, toxicity 
increases for organisms in the water column, because oil concentration increase, until the 
oil in the water column is diluted. Although dispersant is added with the intention dissolve 
oil into the water column and enhance bacterial oil degradation, concerns have been raised 
to whether chemical dispersant stimulates oil degradation, or stimulate growth of 
dispersant-degrading bacteria that inhibit growth of natural oil-degrading bacteria (60). 
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1.5. Polycyclic aromatic hydrocarbons 

Human activity is progressively introducing petroleum hydrocarbons into the marine 
environment, yet long-term ecosystem effects of these widely distributed pollutants are 
unknown (61). In case of a marine oil spill there is an initial acute risk that organisms become 
covered in (or for algae shaded by) oil as well as acute and chronic risks from exposure of 
toxic compounds through air, water, and food (55). However, it is the dissolved or dispersed 
fraction of oil in the water column that has the highest bioavailability to pelagic marine 
organisms. 
 
Polycyclic aromatic hydrocarbons (PAHs) are one of the main contaminant classes of concern 
in oil spills because many are toxic or carcinogenic to humans and wildlife, and because their 
chemical stability renders them persistent in the marine environment. As a result, selected 
PAHs are listed as priority pollutants by the US Environmental Protection Agency and as 
high priority substances in the European Water Framework Directive (62). PAHs tend to bind 
to particles in the water column (63), allowing them to accumulate in coastal and deep marine 
sediments (61, 64). Dissolved PAHs may passively diffuse across biological membranes, or 
become ingested by marine organisms such as copepods during feeding. Because PAHs are 
lipophilic they readily accumulate in body lipids (65, 66), which makes them susceptible to 
bioaccumulation, potentially disturbing food web interactions (67) and causing human risk 
through consumption of fish and shell fish (68, 69). PAHs can become metabolised, 
especially in vertebrates, and metabolites often are more harmful than parent compounds (70). 
Over the past 25 years, the concentration of fossil fuel derived PAHs has increased in lower 
trophic levels (invertebrates and fish) of the Arctic fauna and now dominates the contaminant 
burden (71). A considerable amount of studies have been done to assess the effects of PAHs 
on marine organisms, covering most trophic levels such as plankton, mussels, shrimp, fish 
and whale (72), and documenting a wide range of effects such as carcinogenicity, 
genotoxicity and mutagenicity. However, predicting consequences of PAHs in the marine 
environment is complicated because the toxicity of individual PAHs is highly variable, and 
because PAHs always appear in mixtures in the environment. In addition, environmental 
factors such as low temperature and photo-oxidation further affect breakdown and toxicity 
(73). 
 
In this thesis, we focused on the presence of PAHs as an indicator for oil toxicity. In the field 
studies (paper I and II) we quantified the presence of 21 targets PAHs in crude oil, while in 
the subsequent laboratory studies (Paper III and IV) we used the common PAHs pyrene as a 
proxy for oil.   



Aim of PhD thesis 
 
 

 - 14 - 

2. Aim of PhD thesis 

The aim of the studies reported in this thesis is to improve understanding on how oil spills 
could impact Arctic marine ecosystems. This is fundamental for predicting the consequences 
of marine oil spills in the Arctic, and for improving oil spill response planning and mitigation. 
Thus, it is relevant to both industry and researchers. The thesis framework is a knowledge gap 
on 1) environmental effects of oil spill response methods applied in Arctic sea ice, 2) how 
toxic stress from oil contamination influence energy conservation and development of 
overwintering zooplankton. The following questions were addressed to fill in these 
knowledge gaps: 
 
1) How does a surface oil spill in sea ice impact ice-associated plankton communities during 

the ice-covered period, and how is vulnerability affected by oil spill response methods 
(paper I and II)?   

2) How does an oil spill on deep water impact overwintering zooplankton communities, and 
how is vulnerability affected by differences in reproduction strategy (paper III and IV)? 

 
We used an experimental approach to address these questions: First, we used large-scale 
mesocosm experiments conducted in sea ice during winter to test the vulnerability of ice-
associated microbial (paper I) and copepod (paper II) communities on two occasions during 
the ice-covered period, with the goal of capturing environmental conditions and complexity. 
Then, we used controlled long-term laboratory experiments to study the vulnerability of two 
ecological important copepod species, with different reproduction strategy but similar 
ecosystem function, to oil exposure during overwintering.  
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3. Methodological considerations 

Marine planktonic species  
This thesis focuses on effects of marine oil spills on planktonic communities in the Arctic. 
The planktonic food web consists of relatively few species that provide important ecosystem 
functions, such as fixation of CO2 into organic matter by phytoplankton, reintroduction of 
nutrients by bacteria through protozooplankton, and production of high-energy lipids by 
copepods. These processes play a critical ecological role to the function of the marine 
ecosystem, and reduced fitness from toxic stress may very well lead to cascading effects 
through trophic interactions. All experiments were performed with Arctic organisms collected 
in situ, both to capture biological prehistory (74), but also because species adaptations to the 
highly seasonal environment - longer life span, extended development time, slower metabolic 
rates, energy conservation and higher lipid content - influence uptake rates, accumulation 
susceptibility, excretion rates, and detoxification rates (75, 76). 
 
Experimental approach  
Two different experimental approaches were used to derive ecotoxicological data. Starting at 
the sea surface, in paper I and II we conducted crude oil exposure in large mesocosms 
embedded in the sea ice in order to capture the fate of oil in ice over the course of the winter 
period, in addition to the development of planktonic microbial community structure under the 
sea ice. This approach enabled us to derive response data with a high degree of ecological 
relevance, reflecting actual environmental conditions and complexity. However, such results 
are highly dependent on local conditions, and similar studies could yield different results in 
areas with other sea ice conditions or surface currents, for example. For our application, this 
approach was an advantage for studying effects of oil exposure in relation to the timing of 
biological events in the microbial and copepod communities, i.e. how exposure influenced 
their natural response to increased light and food availability in spring. Moving on to the deep 
waters, in paper III and IV exposure was conducted in incubation bottles under controlled test 
conditions, using a dilution series of pyrene as a proxy for oil and C. hyperboreus and C. 
glacialis as representative organisms for most important zooplankton communities. Using 
single PAH compounds and single species conditions enabled us to derive reliable causality 
from exposure concentrations, on behalf of reduced ecological relevance, which we had 
obtained in the mesocosm studies. For our application, this approach was an advantage for 
comparing differences in sensitivity between two species of the copepod group in relation to 
their reproduction strategy. To better represent local Arctic conditions, we incorporated some 
modifications to the standard toxicity test set-up (77) in the pyrene exposure experiments: 1) 
as already mentioned, we used a test species representative for the Arctic pelagic food web, 2) 
we used a single initial injection of pyrene into the incubation bottle, instead of re-dosing, to 
simulate changes in exposure concentration and composition that occur under natural 
conditions and avoid overestimation of exposure concentrations, 3) we used an extended 
exposure duration beyond the standard test duration of 96 h (75, 78), combined with a 
recovery period to allow for quantification of prolonged and delayed toxic responses.   
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Response parameters  
To characterize effects on the planktonic communities, we studied effects on the endpoints 
presented in Figure 3. In the microbial experiment (paper I), we studied toxic responses of 
main functional groups in the microbial food web – bacteria, nanoflagellates, and 
microplankton by measuring their biomass. We applied an exposure duration of 14 days to 
enable observations of community succession during optimal light conditions for 
photosynthesis. The copepod experiments were conducted with adult C. glacialis (paper II 
and IV) and C. hyperboreus (paper III) females. Because adult copepods do not spend energy 
on somatic growth, all energy beyond metabolic needs is directed towards egg production or 
build up of lipid reserves (79). If eggs are healthy, they hatch into viable offspring and 
survive to the first feeding stage. If feeding is inhibited by toxicity, it reflects in the 
production of faecal pellets as well as in energy allocation for metabolism, egg production 
and lipid accumulation. To study the toxic response of C. glacialis and C. hyperboreus, we 
therefore quantified responses in survival, faecal pellet production, egg production, egg 
hatching and lipid content. We applied an exposure duration of minimum 14 days to allow for 
7 days of egg measurements, as it takes ~7 days before egg production in responds to 
changing food conditions (80). 
 
Exposure medium  
In the mesocosm experiment (Figure 4), we used crude oil from the Norwegian Arctic 
(Barents Sea) for exposure to capture the complexity of degradation of Arctic crude oil in sea 
ice. Thus, we obtained a realistic chemical concentration and composition of oil in the ice-
water interface of which we quantified the 21 dissolved target PAHs. The mesocosm water 
used for exposure also contained chemical by-products such as alkylated PAHs or chemical 
dispersant, which potentially could influence toxicity, and these were also included in our 
study. In the pyrene exposure experiments, using a single PAH compound enabled us to 
derive reliable causality from exposure concentrations, on behalf of reduced ecological 
relevance. Pyrene is also less volatile compared to many PAHs and therefore easier to handle 

 
 
Figure 3: Response parameters and endpoints used to characterize effects of oil on the microbial and copepod 
plankton communities in this thesis.  
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in the laboratory. Pyrene was selected because of its toxic properties and widespread 
occurrence in the marine environment. It can bioaccumulate in marine organisms (73) and is 
widely used to test toxic stress from oil contamination (81–83). It is found in deep sea 
sediments world wide (84), in open sea at concentrations at 0.03 ng L-1 or lower (85, 86), and 
in coastal waters at concentrations up to 200 ng L-1 (87, 88). To derive effect thresholds for 
pyrene, we used a dilution series of 1, 10, 100, and 100+ nM, equal to 0.2, 2, 20, and 60+ µg 
L-1,  ranging from below known impact concentrations to saturation level: 1 nM is within the 
limits of the ecotoxicological assessment criteria of ~2.5 nM set by the Oslo and Paris 
Commission, OSPAR (89), and 100+ nM is the saturation level of pyrene in seawater, 
corresponding to ~300 nM (90). 

 
 

Figure 4: Field experiments with crude oil were conducted using specially designed semi-open mesocosms that 
were deployed in the sea ice of Van Mijen Fjord, Svalbard. The mesocosms were mounted in the sea ice in 
February and oil, burnt oil residue and chemically dispersed oil was added. The hypothesis was that different 
response methods would alter oil migration trough the sea ice to the water column below, thereby leading to 
different exposure regimes of the ice-associated plankton communities. Photos by Rune Svendsen and Line Reeh. 
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4. Findings 
4.1. Effects of spill response methods on ice-associated plankton communities 

To improve oil spill responses in Arctic regions, basic knowledge is needed about the fate and 
effects of oil spills in ice-covered waters and how this is influenced by different oil spill 
response methods. The mesocosm experiments (paper I and II) were conducted study effects 
of oil compounds from a surface spill migrating through the sea ice on ice-associated 
plankton communities under in situ conditions, and compare effects between untreated, 
incinerated, and chemically dispersed oil spills. The hypothesis was that different response 
methods would alter oil migration trough the sea ice to the water column below, thereby 
leading to different exposure regimes of the plankton communities. The project was part of a 
large research programme also assessing the influence on biodegradation (92). 
 
Method. Exposure studies were conducted using specially designed semi-open mesocosms 
that were deployed in the sea ice of Van Mijen Fjord, Svalbard. Mesocosm studies are 
commonly used to study effects of contaminants in the marine environment but have never 
previously been used in sea ice. Eight large mesocosms (1.6 m diameter, 3 m high) were 
deployed in February 2015 until the ice melted in July. Oil spill treatments were added to the 
mesocosms, and ice was then allowed to form naturally. During the exposure period, water 
from the mesocosms were sampled twice, in March and May, and used in laboratory 
incubations of 2 weeks duration to study growth and composition of planktonic microbial 
communities (paper I), and sub-lethal effects on Arctic copepods collected from a nearby 
fjord (paper II).  
 
Results. For all oil spill response treatments, we observed that oil was efficiently 
encapsulated in the sea ice. Oil compounds migrated down through the ice, resulting in the 
presence of dissolved PAHs in the water column under the sea ice in increasing 
concentrations towards sea ice melt. This process was enhanced when crude oil was mixed 
with chemical dispersant.  
 
In paper I, we showed a pronounced seasonal difference in the effects on ice-associated 
planktonic microbial communities correlated with PAH concentration. Due to the limited 
migration of PAHs into the water column in March, the microbial communities were not 
considerably affected by the oil spill. In May, the higher PAH concentrations in the untreated 
and chemically dispersed oil treatments resulted in a 50% lower biomass of the microbial 
communities compared to the control. Bacterial growth was stimulated by the presence of 
PAHs, especially in the chemically dispersed oil treatment. At the same time, we observed a 
reduced abundance of small phytoplankton (pico- and nanophytplankton) and large 
protozooplankton (dinoflagellates and ciliates). Diatoms were not impacted by low 
concentrations obtained in the experiment.  
 
In paper II, we showed that the faecal pellet production, egg production, and egg hatching 
success of C. glacialis was unaffected by the low PAH concentrations present under the sea 
ice in both March and May. We showed that PAHs were bioaccumulated in a concentration-



Findings 
 

 - 19 -  

dependent manner, but not depleted from the exposure medium during the two weeks of 
incubation. The use of chemical dispersant enhanced migration of PAHs into the water 
column resulting in a higher bioaccumulation, which caused second-generation effects on 
offspring expressed as deform nauplii with reduced survival.  
 
Discussion 
The panktonic microbial and copepod communities consist of relatively few species that 
provide important ecosystem functions. If the ability of these communities to respond to 
favourable light and food conditions in spring is affected by an oil spill, it could very well 
lead to cascading effects throughout the food web. Our mesocosm studies show, that the 
sensitivity of the ice-associated pelagic communities is highly influenced by variations in 
environmental conditions, which allow more PAHs to penetrate into the water in spring. With 
increasing PAH concentrations in spring, the structure of the planktonic microbial 
communities change towards more bacteria and less protozooplankton and phytoplankton 
while diatom abundance remains unaffected. This change occurs at the time when C. glacialis 
aggregates below the sea ice to feed, and our results therefore suggest that the observed 
alterations in the structure and function of the microbial community could potentially impact 
the carbon flux to higher trophic levels. Our results further show that chemical dispersion 
enhance bioaccumulation of PAHs in C. glacialis, and that this could lead to reduced 
recruitment of Arctic copepods. Although maternal transfer of PAH from mothers to offspring 
has previously been shown (93), it has never before been shown to affect non-feeding life 
stages of nauplii. These secondary effects on nauplii deformity provide new insights to the 
effects of oil contamination on Arctic copepods, and deserve more attention since it may 
impact energy flux in the lipid driven Arctic food web. In conclusion, a surface oil spill in sea 
ice in winter can lead to alterations in the structure and function of ice-associated planktonic 
communities in spring, and potentially cause indirect cascading ecosystems effects through 
interactions between trophic levels in the Arctic marine food web. During the ice-covered 
period, ice-associated plankton communities are less vulnerable to an oil spill treated with in 
situ burning, and more vulnerable when chemical dispersant is used. 
 
We expect that the impacts of oil increase in the period following ice break up, as the 
remaining bulk of encapsulated oil is released into the water column. Future studies 
comparing the environmental effects of oil spill responses in ice should include this period to 
evaluate whether the toxicity of encapsulated oil is affected by the applied oil spill responses. 
For example does the use of dispersant reduce the content of light PAHs in encapsulated oil, 
and lead to an entirely different exposure regime during the open water period. In addition, 
although we observed an increased bacterial abundance, it may not be certain that bacterial 
biodegradation of oil was stimulated. Although dispersant is added with the intention dissolve 
oil into the water column and enhance bacterial oil degradation, and although hydrocarbon-
degrading bacteria are naturally present in the Arctic marine environment (44), it is debated 
whether the use of chemical dispersant inhibits growth of these bacteria on behalf of 
dispersant-degrading Colwellia (60).  
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4.2. Effects of a deep sea oil spill on overwintering Arctic Calanus copepods  

Arctic Calanus copepods spend a more than half their life (24, 36, 41) overwintering below 
the productive zone at deep sea, but their sensitivity to oil contamination during this period 
remains unknown. As the distribution of Calanus populations (16, 27) overlap with potential 
oil extraction sites (6), the overwintering period represents a risk of long-term exposure to oil 
contamination. We compared the impacts of oil contamination during overwintering on two 
co-occurring Arctic copepods with different reproduction strategies (94); C. hyperboreus 
(paper III) that spawns during winter based only on the lipid reserved accumulated the 
previous season (capital breeding), and C. glacialis (paper IV) that require food to fuel egg 
production (income breeding). We tested the hypothesis that toxic stress from exposure to the 
PAH pyrene during overwintering impact conservation of lipid reserves (95), thereby 
reducing survival, reproduction success and feeding. We further hypothesised that internal 
concentrations in the lipid sac would remain high (96), thus delaying toxic effects long after 
direct exposure had ceased.  
 
Method  
In these two studies we used C. hyperboreus (paper III) and C. glacialis (paper IV) females 
collected in September at 300 – 150 m during their descend to overwintering depths (Figure 
5). Females were kept at in situ bottom conditions until exposure start in December. Exposure 
studies were conducted as bottle incubations with a dilution series of dissolved pyrene in 
concentrations of 0, 1, 10, 100, and 100+ nM to enable determination of effect threshold 
concentrations. Exposure was initiated with a single pulse of pyrene naturally degrading over 
time to simulate changes in exposure concentration that occur after an oil spill. For C. 
hyperboreus, exposure lasted for 88 days comprising the entire spawning period from the 
onset to the end of egg production. For C. glacialis, exposure lasted 103 days comprising the 
entire period spend in on overwintering depths until the time of ascend to surface waters. In 
both cases, the exposure period was more than 5 timers longer than any other PAH exposure 
study ever conducted with Arctic Calanus (90, 97–102). To determine potential delayed 
effects from internal exposure, copepods were subsequently transferred to clean water and fed 
for 17 and 31 days respectively.  
 
Results  
In paper III, we showed that pyrene exposure during overwintering did not affect survival, 
egg production, or lipid mobilisation of C. hyperboreus. The majority of stored lipids were 
spent on egg production, which peaked by end January, and lipid content was 98% lower by 
the end of the exposure period. Egg hatching success was not impacted by pyrene exposure 
until after the peak in egg production, where hatching success was reduced. In the post-
exposure period, when females were moved to clean water and supplied with food, we 
observed a strong delayed impact on faecal pellet production and lipid accumulation, which 
was equally severe at all pyrene concentrations. Only the control group was able to increase 
lipid content from feeding.  
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In paper III, we showed that pyrene exposure during overwintering affected survival and 
slowed mobilisation of lipid reserves in C. glacialis in a concentration-dependent manner, and 
at concentrations previously considered sub-lethal. When transferred to clean water, we 
observed a similar effect on faecal pellet production, egg production and lipid accumulation, 
which all were entirely supressed in the highest exposure concentration. Egg hatching success 
was unaffected by pyrene. We then showed, that the 50% lethal threshold concentration was 
~300 times lower than previously documented, and that 50% effects thresholds for pellet and 
egg production were ~10 times lower.    
 
Discussion 
Our comparative studies show, that these two species with similar ecosystem function but 
different reproduction strategy both are highly sensitive to pyrene exposure during 
overwintering, but that their sensitivity is influenced by differences in reproduction strategy. 
During winter, C. hyperboreus had a lower uptake of pyrene than the smaller C. glacialis, 
which indicates that it was also less active. Activity levels during dormancy can vary 
substantially between species, and C. glacialis could have developed a higher plasticity cope 
with variations in environmental conditions in the Arctic shelf areas. Indeed, previous studies 
suggest that C. glacialis does not enter true diapause (41).  
 
During overwintering, C. hyperboreus spends the majority of lipids on egg production, while 
C. glacialis spends lipids on metabolic processes including gonad development. The higher 
tolerance of C. hyperboreus to pyrene during this period was likely caused by a combination 
of factors; A lower uptake of pyrene, a larger initial lipid volume (97) and most importantly 
excretion of accumulated pyrene with eggs (90, 93), which prevented internal concentrations 
from reaching a lethal threshold. After the peak in egg production, females were exposed to 
pyrene for another 2 months in a lipid-deprived state, where increasing pyrene concentrations 
in the lipid sac caused a reduction in egg hatching success. Opposite to C. hyperboreus, C. 
glacialis depleted pyrene from the exposure medium without excretion through egg or pellet 
production, and internal concentrations could therefore increase during overwintering. In 
contrast to our expectations, pyrene did not elevate metabolic energy demand (95, 103), but 
instead slowed mobilisation of lipid reserves and reduced survival in a concentration-
dependent manner. Reduced metabolism may potentially impact development that normally 
occur during overwintering, such as moulting or gonad development (15), and negative 
effects of pyrene on development has previously been documented in other life cycle stages 
(99).  
 
Strong delayed effects occurred in both species after exposure when females were moved to 
clean water and food was available, but the impacts differed. For C. hyperboreus, all females 
contained the same amount of lipid after spawning. Since pyrene was not depleted from the 
exposure medium, they should also contain approximately the same amount of pyrene by the 
end of the exposure period. This would explain why all treatments showed the same strong 
delayed effect on pellet production and lipid recovery, while C. glacialis exhibited a dose-
related response on pellet production, egg production and lipid recovery. A reduced ability to 
take advantage of the short and intense Arctic spring bloom to fuel lipid reserves could result 
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in reduced survival and reproductive output in both species, thus lowering energy transfer to 
higher trophic levels of the Arctic food web (24). For C. hyperboreus, impacts on feeding 
could be particular severe, because it spends less time in surface waters than the smaller 
Calanus relatives (35), and therefore has less time to compensate for lost lipid accumulation. 
Since C. hyperboreus has the longest life span of all Calanus in the Arctic, this could have 
particular strong effect on high latitude ecosystems that rely on C. hyperboreus as main 
energy source.  
 
These two studies provide novel insights the effects of oil contamination during winter, which 
is essential to evaluate ecological impacts of oil pollution in the Arctic. Until now, toxicity 
studies on Calanus have not taken into account the prominent differences reproduction 
strategy that occur during overwintering. We showed that Arctic Calanus are highly sensitive 
to PAHs present in their natural habitat during overwintering and that toxic effects occur at 
unexpected low concentrations. Our study clearly highlights the importance of including 
species life history adaptations to overwintering when assessing the vulnerability of Arctic 
species to oil contamination. Experiments from spring and summer periods are not 
representative for the entire life cycle of this species, and winter studies are required to 
provide biological input data for environmental risk assessment.  
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Figure 5: The two key 
Arctic Calanus species 
are both extremely 
vulnerable to pyrene 
exposure during 
overwintering, but 
responses differ as a 
consequence of their 
distinctive reproduction 
strategies. Top left: 
Calanus hyperboreus 
female with empty gut 
and full lipid sac after 
descend to overwintering 
depths. Bottom left: C. 
glacialis female with 
developing gonads by the 
end of the overwintering 
period in March. Top 
right: Eggs from C. 
hyperboreus. Middle: 
right: Nauplii (NI) after 
hatching. Bottom right:  
Egg and faecal pellet 
from C. glacialis. Photo 
by K. Toxværd 
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5. Conclusions and future perspectives 

This thesis has documented a number of potential effects of oil spills on Arctic pelagic 
ecosystems – with focus on winter exposure and variations in sensitivity. Conclusions to the 
aim of the studies, as presented in the introduction, are as follows: 
 
1) How does a surface oil spill in sea ice impact ice-associated plankton communities during 
the ice-covered period, and how is vulnerability affected by oil spill response methods?   
 
Sea ice can efficiently encapsulate a surface oil spill in winter, thereby limiting the migration 
of oil contaminants to the water column. Concentrations of dissolved contaminants increase in 
spring when the ice starts to melt. The result is a pronounced seasonal difference in the effects 
on ice-associated planktonic microbial communities correlated with contaminant 
concentration, causing an increased abundance of bacteria and reduced abundance of small 
phytoplankton (pico- and nanophytplankton) and large protozooplankton (dinoflagellates and 
ciliates) in spring. Adult C. glacialis is unaffected by the low concentrations of oil 
contaminants present under the sea ice. The use of in situ burning reduces impacts on the ice-
associated planktonic microbial and copepod communities compared to an untreated oil spill. 
In contrast, the use of chemical dispersant enhances migration of oil to the water column, 
resulting in more bacteria and a higher bioaccumulation in copepods. The increased 
bioaccumulation can cause second-generation effects on offspring expressed as deform 
nauplii with reduced survival. In conclusion, a surface oil spill in sea ice in winter can lead to 
alterations in the structure and function of ice-associated plankton communities in spring, and 
potentially cause indirect cascading ecosystems effects through interactions between trophic 
levels in the Arctic marine food web. During the ice-covered period, the ice-associated 
communities are less vulnerable to an oil spill treated with in situ burning, and more 
vulnerable when chemical dispersant is used.  
  
2) How does an oil spill on deep water impact overwintering zooplankton communities, and 
how is vulnerability affected by differences in reproduction strategy? 
 
The two key Arctic Calanus species, C. hyperboreus and C. glacialis are both extremely 
vulnerable to pyrene exposure during overwintering, but responses differ as a consequence of 
their distinctive reproduction strategies. During winter, C. hyperboreus excrete accumulated 
pyrene with its eggs, which prevents internal concentrations from reaching a lethal threshold. 
In contrast, C. glacialis does not spawn during winter and internal concentrations therefore 
increase, which results in slowed mobilisation of lipid reserves and reduced survival in 
parallel with exposure concentration. Strong delayed effects occur in both species when 
exposure ends and food becomes available, but the impact differs between the two species. 
Because C. hyperboreus become lipid deprived after completing spawning, its ability to take 
advantage of the available food is severely reduced independent of exposure concentration. In 
contrast, C. glacialis responds to food availability in a concentration-dependent manner, 
where the ability to take gain from feeding is almost entirely supressed by the highest 
exposure concentrations. Because C. glacialis relies on food to fuel spawning, egg production 
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is reduced in the same manner. A reduced ability to take advantage of the short and intense 
Arctic spring bloom to rebuild lipid reserves could result in reduced survival and reproduction 
success in both species. In conclusion, an oil spill on deep water in winter can severely impact 
the two most important zooplankton species in Arctic ecosystems, which are important 
ecosystem components responsible for energy transfer to upper trophic levels of the marine 
food web. Both lipid content and reproduction strategy play an important role for determining 
the vulnerability of overwintering Calanus spp. to oil exposure. 
 
This thesis has contributed with novel experimental data on Arctic species, which is required 
to assess the sensitivity of Arctic marine ecosystems to oil spills, and thus important for 
improving risk assessment of oil activities in the Arctic. While my work has touched upon a 
few of the unknown aspects relating to winter exposure and variations in sensitivity, there are 
many other interesting facets to explore. One of these is how the application of chemical 
dispersant in winter influences bacterial biodegradation and aquatic toxicity once the 
remaining bulk of oil is released into the water column – can the oil still disperse after 
retention in the ice, and how has the chemical dispersant influenced the volume and toxicity 
of the remaining oil?  Another important aspect is how the resulting changes in food quality 
and accumulation of oil compounds influence lipid composition in Calanus, which is 
important for egg quality and regulation of buoyancy control during overwintering. Finally, 
one particular critical point to address is how climate change related stressors, such as 
temperature fluctuations or ocean acidification, might influence stress from marine pollutants 
such as oil. This is particularly relevant for those highly adapted Arctic species that rely on 
reduced metabolism to cope with winter conditions.  
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Abbreviations 

EP Egg production 
ERP Egg production rate 
DISP Chemical dispersion of oil 
DOM Dissolved organic matter 
HNF Heterotrophic nanoflagellates 
ISB In situ burning of oil 
FSW Filtered seawater 
OSR Oil spill response 
NATT Natural attenuation of oil 
PAH Polycyclic aromatic hydrocarbon 
PP Faecal pellet production 
PPR Faecal pellet production rate 
SEP Carbon specific egg production 
SIMA Spill mitigation assessment 
SPP Carbon specific faecal pellet production 
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1. Introduction 

 The area north of the Arctic Circle may contain around 
30% of the world’s undiscovered gas and 13% of the world’s 
unexplored oil reserves (U.S. Geological Survey 2009). 
Recent retreat of the Arctic sea ice due to global warming 
coupled with rapid technological developments for petroleum 
exploration have accelerated access to the offshore Arctic 
regions and, thus, have improved prospects for exploration 
and production of oil and gas in these areas (Gautier et al. 
2009).  
 Increasing activities in Arctic petroleum development 
and associated risks of oil spill accidents have led to 
development of several oil spill remediation technologies that 
could be applied in sub-zero environments (Wilkinson et al. 
2017). The response tools considered within the contingency 
plans for the worst-case scenario in the Arctic include 
employment of chemical dispersants, in situ burning of crude 
oil, and natural oil weathering. In the event of an oil spill 
accident, however, urgent decisions must be made on how to 
minimize the impacts on the environment. First and foremost, 
the decision process includes assessment of potential impacts 
on various ecosystem components, for which acute (i.e. 
immediate) toxicity data or chronic (i.e. long-term) exposure 
thresholds are used (Olsen et al. 2013). The assessments 
based on acute toxicity tests, however, may inaccurately 
estimate the effects of long-term low-dose releases of oil 

from the sea ice and, consequently, lead to inaccurate 
predictions of the oil spill effects on the Arctic marine 
ecosystems. Therefore, chronic exposure studies in 
combination with acute toxicity data would enable more 
realistic forecasting of the consequences that oil spills and oil 
spill response technologies would have on the Arctic marine 
environments.  
 Given that more than 90% of all biological processes in 
the ocean are driven by microorganisms (Hays et al. 2005), a 
comprehensive understanding of how oil spills and the 
response technologies would affect these communities is 
crucial. To date, most of the few studies that have examined 
the effects of oil spills and oil spill response technologies on 
microbial communities have been conducted in temperate 
and subtropical environments. Those studies reported an 
increased abundance of heterotrophic bacteria exposed to 
different oil types and remediation treatments, indicating that 
the oil treatments increased the carbon pool that stimulated 
the growth of some bacteria (Parsons et al. 1984; Linden et 
al. 1987; Harayama et al. 2004; Koshikawa et al. 2007; Jung 
et al. 2010; Ortmann et al. 2012). Secondarily, the elevated 
bacterial growth resulted in increased abundances of 
bacterivorous heterotrophic nanoflagellates (HNF) (Parsons 
et al. 1984). The effects of oil spills and oil spill remediation 
technologies on marine phytoplankton are more equivocal. 
Some studies reported negative effects on phytoplankton 
assemblages (Parsons et al. 1984; Harrison et al. 1986; 

ARTICLE INFO  ABSTRACT 

Keywords: 
Arctic microbial community 
Oil spill 
Chemical dispersant 
In situ burning 
Natural attenuation 
 
Abbreviations: 
DISP, chemical dispersion 
ISB, in situ burning 
NATT, natural attenuation 
PAH, polycyclic aromatic hydrocarbon 
HNF, heterotrophic nanoflagellates 
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Linden et al. 1987; Sargian et al. 2005; González et al. 2009), 
whereas other reported stimulatory or no effects (Oviatt et al. 
1982; Vargo et al. 1982; Scott & Glooschenko 1984; Parsons 
et al. 1984). Although oil pollution may lead to higher 
mortality rates of some phytoplankton groups, their overall 
biomass may increase due to decreased predation pressure 
(Abbriano et al. 2011 and references therein), because even 
low concentrations of PAHs can have highly toxic effects on 
microzooplankton (Almeda et al. 2014). Because 
microzooplankton, such as ciliates and heterotrophic 
dinoflagellates, are pivotal in marine food webs (Landry & 
Calbet 2004), the detrimental effects of oil pollution could 
disrupt the structure and function of the entire microbial 
community and, consequently, in the transfer of carbon to 
higher trophic levels (Ortmann et al. 2012; Almeda et al. 
2014). 
 The toxicity of petroleum products on Arctic microbial 
communities remains poorly investigated, partly due to 
operational constraints in the Arctic environment. As yet, few 
studies on effects of oil spills and the response technologies 
have been conducted in high-latitudes (e.g., Siron et al. 1993, 
1996), with some progress in understanding the bacterial 

responses to oil pollution there (Delille & Siron 1993). 
Because of the low biomass of bacteria and their highly 
selective biodegradation of oil compounds, in combination 
with the low evaporation losses at low temperatures, the 
residence time of the toxic oil compounds may be extended 
in sub-zero environments (Siron et al. 1993, 1996). 
Nevertheless, it remains unknown how phytoplankton and 
microzooplankton respond to oil pollution in the Arctic 
environment.  
 The current study was part of a mesocosm campaign 
conducted in Svalbard in 2015 (Dickins 2017). The aim of 
our study was to compare the effects of exposure to oil spill 
response technologies on the Arctic planktonic microbial 
communities. We present results from two post-exposure 
microcosm studies of the natural communities obtained from 
the mesocosms, specifically, planktonic microbial 
communities removed from the mesocosms in March (winter; 
one month after the treatments) and May (spring; three 
months after the treatments), whose structure and biomass 
were then assessed over a 14-day period in the controlled 
laboratory environment.  

 

Fig. 1. Top panels show the location maps of the study area; the bottom-right panel shows the mesocosm sampling site in Van Mijenfjorden, 
Svalbard (black star); bottom-left panel shows a schematic diagram of the mesocosm set-up. 
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2. Materials and methods 
2.1 Field site location and mesocosm setup 

 The mesocosms were deployed in Van Mijenfjorden, 
Svea on the west coast of Spitsbergen, Svalbard (77°52’13”N 
16°44’44”E) (Figure 1). This fjord was chosen due to its 
geographical position that allows the sea ice to persist until 
late spring, as well as its accessibility by various modes of 
transportation from Longyearbyen to the site. Eight 
mesocosms were mounted and anchored in sea ice in 
February 2015 (Figure 1). For detailed information regarding 
the mesocosms see Toxværd et al. 2018. Briefly, large holes 
were carved into the ice and the mesocosms (3-m long by 1.6 
m diameter; 6000 L) were lowered into the water column. 
Two control mesocosms were deployed first about 40 m 
distance from the other mesocosms to avoid contamination 
during application of chemicals (Figure 1). Subsequently, 
chemical treatments were added to the oil mesocosms: 2 L of 
burnt oil residuals (abbreviated ISB) obtained by burning of 
20 L of crude oil Kobbe under in situ conditions (INERIS, 
France); a surface slick of 20 L of crude oil Kobbe mixed 
with 1 L of dispersant Finasol® OSR 52 (abbreviated DISP) 
without any additional mixing energy (Total Fluides, Paris-
La Defense, France); and 20 L of crude oil Kobbe 
(abbreviated NATT) (~10 L m-2 and oil slick thickness of 
0.25 mm) (Arctic Response Technology 2017). After 
treatment, ice was allowed to form naturally in all 
mesocosms until sampling for post-exposure laboratory 
microcosm studies in March 2015 (winter) and May 2015 
(spring).  
 Water sampling from the mesocosms for post-exposure 
microcosm studies was conducted on 26 March and on 14 
May 2015. Holes (10 cm diameter) were drilled through the 
ice in each mesocosm and pipes were inserted into the ice-
core holes. The pipes served as a scaffold for the pumps, to 
prevent contamination from oil in the ice structures, and to 
avoid disturbing the water column during pumping. The ice-
core holes were cleaned of slush and hand-operated pumps 
with a rigid intake and a flexible outtake were inserted into 
the pipes. In order to remove any large zooplankton from the 
pumped water, the outtake of the pumps was covered with a 
200-µm mesh filter. From each mesocosm, 20 L of seawater 
was pumped (approximately 4.6 L min-1) from approximately 
10 cm beneath the ice edge into 23-L insulated glass bottles 
to prevent freezing. The water samples were stored at 1 °C in 
darkness until being transported to the University Centre in 
Svalbard, Longyearbyen on 27 March and 15 May 2015.  

2.2 Set-up of post-exposure microcosms 

 The mesocosm water samples from each treatment (i.e. 
control, ISB, DISP, and NATT) were pooled (2 × 20 L) and 
then incubated in triplicate 5-L glass bottles (i.e. control, ISB, 
DISP, and NATT) for 14 days in post-exposure laboratory 

microcosms. The microcosms were kept at 1 °C, stirred 
manually at least twice a day, and exposed to 40-50 µmol 
photons m-2 s-1 (to simulate ambient solar irradiance of 600 
µmol photons m-2 s-1, of which <10% penetrates through 
~100 cm thick sea ice; Little et al. 1972) with a light:dark 
cycle of 16:8 h. The same procedure was applied in March 
and May. Salinity of the water samples was 33.8 in March 
and 31.9 in May, as measured with a VWR SympHony 
SP90M5 salinometer (VWR International, Inc.). The air and 
water temperatures were measured continuously using 
HOBO Data Loggers, whereas the light intensity and pH 
were measured every second day at approximately the same 
time using LI-COR Biosciences, model LI-1400 Data Logger 
(Biosciences, Lincoln, NE, USA) and Thermo Electron 
Corporation, Orion Star Series with a ROSS Ultra 
combination pH electrode (Thermo Electron Corporation, 
Beverly, MA, USA), respectively. The pH electrode was 
calibrated weekly (2-point calibration) using Thermo 
Electron Corporation, Orion Application Solution buffers of 
pH 7.0 and 10.0 dilutions.  
 Samples (60 mL) for measurements of inorganic nutrients 
were removed from each culture bottle and filtered through 
0.2-µm pore Q-Max syringe filters into acid-washed 
collection bottles on days 0, 4, 8, and 14. The samples were 
stored at -80 °C until analysis. Nitrite and nitrate (NO2

-+NO3
-

), phosphate (PO4
3-), and silicic acid (H4SiO4) were measured 

on a SmartChem200 wet chemistry analyzer (Unity 
Scientific, MA, USA), following procedures outlined for 
NO3

-+NO2
- (Wood et al. 1967), for PO4

3- (Murphy & Riley 
1962), and for H4SiO4 (Strickland & Parsons (1972). To 
determine dissolved PAH concentrations (including alkylated 
PAHs), 100-mL samples were collected from each culture 
bottle on days 0, 8, and 14, and stored at -20 °C. The total 
concentration of PAHs was determined according to the 
method described in Toxværd et al. (2018). 

2.3 Chlorophyll-a concentration 

 Samples (100 mL) for measurements of chlorophyll-a 
concentration were taken from each experimental bottle on 
days 0, 4, 8, 12, and 14, and filtered through a 50-µm pore 
size filter. The pigments were extracted in 5 mL of methanol 
(99.5%) for 24 hours in darkness at room temperature. The 
fluorescence of the extracts was measured before and after 
addition of 100 µL 0.1 M HCl (37%) with a Turner Designs 
model 10-AU Fluorometer (Turner Designs, Sunnyvale, CA, 
USA). The fluorometer was calibrated prior to use with pure 
chlorophyll-a standard (Sigma-Aldrich). 

2.4 Biomass measurements 

 Samples were taken to determine the abundances of 
bacteria, small phytoplankton, and heterotrophic 
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nanoflagellates (HNF) every second day, and diatoms and 
microzooplankton every fourth day, as described below.  
 The abundances of bacteria, small phytoplankton, and 
HNF were obtained using an Attune Acoustic Focusing 
Cytometer (Applied Biosystems by Life Technologies, CA, 
USA). The data were analyzed using Attune® Cytometric 
Software (version 2.1; Life Technologies Corporation, CA, 
USA). The samples were fixed with glutaraldehyde (1% final 
concentration) for 3 hours in the dark at 4 °C, stored at -80 
°C until the analysis within 5 months, and thawed 
immediately before analysis.  
 The thawed bacterial subsamples (100 µL) were diluted 
10-fold in 0.2-µm filtered TE buffer (Tris 10 mM, EDTA 1 
mM, pH 8) and stained with SYBR Green I (Molecular 
Probes Inc., Eugene, OR, USA) for 10 min at 80 °C in a 
water bath to provide optimal staining of bacteria (Marie et 
al. 1999). Afterwards, the samples were analyzed at a 100 µL 
min-1 flow rate in an Attune Acoustic Focusing Cytometer 
(Applied Biosystems by Life Technologies, CA, USA), with 
the discriminator set depending on their side scatter 
(proportional to cell size) and pigment (green and red 
fluorescence). Fluorescent yellow-green microspheres with 
diameters of 2-µm (FluoSpheres® Carboxylate-Modified 
Microspheres, UK) were added to the samples as an internal 
standard. The abundance of bacteria was used for the biomass 
estimates based on the carbon conversion factor for bacteria 
(Appendices A and B). 
 The small phytoplankton subsamples (400 µL) were 
analyzed directly after thawing at a flow rate of 200 µL min-1 
in the cytometer with the discriminator set depending on their 
side scatter (proportional to cell size) and pigment (red and 
orange fluorescence) (Paulsen et al. 2015). 
 The thawed HNF subsamples (1.4 mL) were stained with 
SYBR Green I (Molecular Probes Inc., Eugene, OR, USA) 
for 4-6 hours at 4 °C in the dark. The samples were 
enumerated at a flow rate of 500 µL min-1 in the cytometer 
with the discriminator set depending on the basis of their 
pigment (green and red fluorescence). Fluorescent yellow-
green microspheres with diameters of 0.5-µm (FluoSpheres® 

Carboxylate-Modified Microspheres, UK) were added to the 
samples as an internal standard (Zubkov et al. 2007). 
 To obtain the size estimates of small phytoplankton and 
HNF, 15-mL samples were additionally filtered through 8-, 
5-, 3-, 2-, and 1-µm pore size filters. The size fractionation 
and the subsequent cell enumeration were implemented in 
order to assess the percentages of the various phytoplankton 
and HNF groups within the given size intervals (Zubkov et 
al. 1998; Paulsen et al. 2015). The flow rates and 
discriminators for small phytoplankton and HNF were set as 
described above. The abundances of small phytoplankton and 
HNF within the different size intervals were converted to the 
weighted arithmetic mean sizes, and used for the biomass 
estimates based on the carbon conversion factors 
(Appendices A and B). 
 Microzooplankton (ciliates and dinoflagellates) and 
diatom samples (110 mL) were fixed with acidified Lugol 
solution (3% final concentration) and stored in the dark until 
analysis. The samples were settled in Utermöhl sedimentation 
chambers and examined under 200-times magnification of an 
inverted microscope (Leica DM IL LED, Leica Microsystems 
GmbH, Wetzlar, Germany). Ciliates and dinoflagellates were 
identified morphologically, enumerated, and divided into 10-
µm size classes of equivalent spherical diameter (ESD). The 
ESD of every specimen was measured and the cellular 
volume determined using the appropriate geometric shape. 
The cellular volume was converted to biomass using specific 
carbon conversion factors given in Appendices A and B. 
Loricate and aloricate ciliates, and thecate and athecate 
dinoflagellates were differentiated.  
 To summarize the sampling schedule during the two 14-d 
post-exposure experiments (March and May): pH, 
temperature, light, bacteria, HNF, and phytoplankton were 
examined every other day; nutrients, chlorophyll-a, and 
microzooplankton were examined every fourth day; PAHs 
were examined in the beginning, middle, and end of the 
experiments.  

Table 1 
The average concentrations ± SD of pH, nutrients (nitrate, phosphate, silicate; µmol L-1), and PAH (ng L-1) on Days 0 and 14 in the control, burnt 
oil (ISB), dispersed oil (DISP), and crude oil (NATT) treatments in winter (March).  

Treatment Day 
Concentrations in winter 

pH Nitrate Phosphate Silicate PAH 

Control 
Day 0 7.56 ± 0.00 7.59 ± 0.69 0.55 ± 0.07 4.74 ± 0.24 100 ± 123 

Day 14 7.68 ± 0.03 6.21 ± 0.37 0.32 ± 0.07 4.24 ± 0.59 55 ± 62 

ISB 
Day 0 7.56 ± 0.00 7.34 ± 0.58 0.40 ± 0.08 3.87 ± 0.19 65 ± 19 

Day 14 7.65 ± 0.02 6.36 ± 0.54 0.36 ± 0.06 4.83 ± 0.67 35 ± 18 

DISP 
Day 0 7.61 ± 0.00 7.00 ± 0.39 0.45 ± 0.21 4.36 ± 0.56 624 ± 39 

Day 14 7.63 ± 0.02 5.45 ±0.21 0.29 ± 0.15 4.68 ± 0.98 311 ± 85 

NATT 
Day 0 7.61 ± 0.00 6.70 ± 0.96 0.48 ± 0.04 4.08 ± 0.22 615 ± 275 

Day 14 7.65 ± 0.01 5.68 ± 0.80 0.35 ± 0.17 4.42 ± 0.31 249 ± 33 
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2.5 Statistical analysis 

 Repeated measures analysis of variance (rANOVA) was 
conducted to compare chlorophyll-a, pH, nutrients, PAHs, 
and biomass of organisms among the treatments. If ANOVAs 
were significant, pairwise comparisons of pooled standard 
deviations using Benjamini and Hochberg’s test of variability 
were performed. All data were normally distributed (Shapiro-
Wilk test) and did not require transformations. The 
homogeneity of variances was tested using Levene’s test. 
These analyses were performed in RStudio, and the level of 
significance used was 0.05. 

3. Results 
3.1 Abiotic factors in winter 

 In order to compare the effects of exposure to oil spill 
response technologies on the microbial communities in 
winter, the first microcosm post-exposure experiment was 
performed in the laboratory with samples collected from the 
mesocosms one month after the addition of chemical 
treatments. During this microcosm experiment, temperature, 
salinity, light intensity, and pH differed little between the 
treatments. Although pH increased in all treatments during 
the experiment (Table 1), no significant differences in pH 
were found among the treatments (Appendix E). The water 
temperature remained stable over time, averaging 1.05 ± 0.26 
°C. Salinity measured 33.8 and the light intensity at the water 
surface in the experimental bottles was 55 ± 12 µmol photons 
m-1 s-1. 
 The concentration of inorganic nutrients (nitrate and 
phosphate, but not silicate) generally decreased in all 
treatments during the experiments (Table 1); however, no 
significant differences were found among the treatments for 
any of the nutrients (Appendix E). Concentrations of 
polycyclic aromatic hydrocarbons (PAHs) also decreased 
over time in all treatments (Table 1) and differed 
significantly among the treatments (p < 0.05). The 
concentrations of PAHs were significantly higher in DISP 

and NATT than in the control and ISB (p < 0.05), but DISP 
and NATT did not differ significantly from each other, nor 
did the control and ISB (Appendix E). Detailed information 
on the compositions and concentrations of PAHs and 
alkylated PAHs can be found in Appendix C.  

3.2 Abiotic factors in spring 

 The second laboratory microcosm post-exposure 
experiment was performed with samples collected from the 
mesocosms in May three months after the addition of 
chemical treatments. During the microcosm experiment, 
temperature, salinity, and light intensity differed little among 
the treatments, averaging 1.04 ± 0.26 °C, 31.9, and 57 ± 8 
µmol photons m-1 s-1, respectively. The pH levels decreased 
in all treatments over time (Table 2). Significant differences 
in pH were found among the treatments (p < 0.05) and 
between all treatments (lower) than in the control. Significant 
differences were also found among the oil treatments (p < 
0.05), except for the pair ISB–NATT (Appendix F) 
 Overall, the concentration of nutrients and PAHs 
decreased in all treatments during the experiments (Table 2). 
Nutrient concentrations differed significantly among the 
treatments (p < 0.05). The nitrate concentration was 
significantly lower in the control group than in DISP and 
NATT (p < 0.05). Significant differences also were found 
between all other treatment pairs (p < 0.05), except between 
the control and ISB (Appendix F), with the highest 
concentration of nitrate measured in NATT, followed by 
DISP, and finally by ISB and the control. Similarly, the 
phosphate concentration was significantly lower in the 
control group than in the other groups (p < 0.05). Differences 
were significant between all the other treatment pairs (p < 
0.05), except between ISB and DISP (Appendix F). The 
highest concentration of phosphate was measured in NATT, 
followed by DISP and ISB and, lastly, by the control group. 
Finally, the concentration of silicate was also significantly 
higher in NATT than the other three groups (p < 0.05). No 

Table 2 
The average concentrations ± SD of pH, nutrients (nitrate, phosphate, silicate; µmol L-1), and PAH (ng L-1) on Day 0 and Day 14 in the control, 
burnt oil (ISB), dispersed oil (DISP), and crude oil (NATT) treatments in spring.  

Treatment Day 
Concentrations in spring 

pH Nitrate Phosphate Silicate PAH 

Control 
Day 0 7.65 ± 0.00 5.32 ± 0.96 0.24 ± 0.04 3.40 ± 0.67 90 ± 70 

Day 14 7.58 ± 0.03 4.33 ± 0.36 0.26 ± 0.03 3.18 ± 0.15 27 ± 15 

ISB 
Day 0 7.63 ± 0.00 5.94 ± 0.66 0.45 ± 0.07 3.88 ± 0.54 261 ± 62 

Day 14 7.49 ± 0.03 4.51 ± 0.11 0.31 ± 0.08 2.88 ± 0.17 59 ± 51 

DISP 
Day 0 7.60 ± 0.00 6.47 ± 0.13 0.45 ± 0.03 3.76 ± 0.17 20,269 ± 4,219 

Day 14 7.47 ± 0.02 5.19 ± 0.07 0.34 ± 0.01 2.86 ± 0.00 9,519 ± 3,620 

NATT 
Day 0 7.62 ± 0.00 8.05 ± 0.13 0.66 ± 0.11 5.15 ± 1.08 2,190 ± 1,152 

Day 14 7.50 ± 0.02 7.79 ± 0.28 0.61 ± 0.05 4.02 ± 0.04 1,421 ± 651 
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significant differences were found between any other 
treatment combinations (Appendix F).  
 PAH concentrations differed significantly among the 
treatments (p < 0.05). The concentrations of PAHs in the 
treatments were much higher in spring than in winter (Table 
1). The PAH concentrations were lowest in the control and 
ISB, which did not differ significantly, but were significantly 
lower than the PAH concentrations in DISP and NATT (p < 
0.05). Additionally, the concentrations of PAHs in DISP and 
NATT also were significantly different (p < 0.05) (Table 2; 
Appendix F). Detailed information on the composition and 
concentration of PAHs and alkylated PAHs can be found in 
Appendix D. 

3.3 Community succession in winter 

 Bacteria and heterotrophic nanoflagellates (HNF) 
exhibited logistic increase in number in all four treatments, 
with a lag period of 4 days observed in the bacterial 
community (Figure 2A, C). Biomasses of bacteria and HNF 
differed significantly among treatments (p < 0.05; Table 3). 
The biomasses of bacteria in the control and DISP were 
significantly higher than the biomasses in ISB and NATT (p 
< 0.05). The differences in the bacterial biomasses between 
the control and DISP and between ISB and NATT were not 
significant. Significantly higher biomass of HNF occurred in 
the controls than in the other three treatments (p < 0.05). The 
differences in biomass of HNF among ISB, DISP, and NATT 
were not significant (Appendix E).  
 Dinoflagellates increased slowly in all treatments (Figure 
2E), with no significant differences in the biomass among 
groups (Table 3). Ciliate populations did not increase in any 
treatments (Figure 2G), with comparable biomasses in all 
treatments (Table 3; Appendix E).  
Photosynthetic picoplankton, nanoplankton, and diatoms 
exponentially increased in number, with a long (6–8 days) lag 
period (Figure 3A, C, E, G); however, biomass differences 
were not significant among the treatments (Table 3; 

Appendix E). The observed accumulation of phytoplankton 
biomass in all treatments was also supported by the increases 
of chlorophyll-a (Figure 3G). 

3.4 Community succession in spring 

 Bacteria populations increased exponentially at first in all 
treatments, but after 6–10 days the biomass continually 
decreased until the end of the experiment (Figure 2B). 
Bacterial biomasses differed significantly among the 
treatments (p < 0.05; Table 4). The bacterial biomass in the 
control group was significantly lower than in the oil 
treatments (p < 0.05). Differences in bacterial biomass were 
also significant between all the treatment pairs (p < 0.05; 
Appendix F), with the highest biomass found in ISB, 
followed by NATT and DISP, and finally by the control.  
 Heterotrophic nanoflagellates logistically increased in 
number in all four treatments (Figure 2D) and differences in 
the HNF biomass were significant among the groups (p < 
0.05; Table 4). The biomasses of HNF in the control and I 
SB were significantly lower than in DISP (p < 0.05), but 
significantly higher than the biomass in NATT (p < 0.05). 
The biomasses in the control and ISB did not differ 
significantly (Appendix F). The biomass of HNF was highest 
in DISP, followed by the control and ISB, and finally by 
NATT.  
 The biomasses of dinoflagellates differed significantly 
among the treatments (p < 0.05; Figure 2F; Table 4). The 
biomasses in the control and ISB were significantly higher 
than the biomasses in DISP and NATT (p < 0.05); however, 
the biomass differences were not significant in either pair 
(Appendix F).  
 Ciliate biomasses decreased during the first four days in 
all four treatments and then stabilized in the control and ISB, 
but continued to decrease in DISP and NATT (Figure 2H). 
The ciliate biomasses in the control and ISB were 
significantly higher than those in DISP and NATT (p < 0.05). 
No significant differences in biomass were found between the 
control and ISB or between DISP and NATT.  
 The biomasses of picophytoplankton in the control and 
ISB increased exponentially during the first week, but then 
decreased until the end of the experimental period (Figure 
3B); however, the biomasses did not differ significantly 
between the two groups (Table 4). On the other hand, the 
picophytoplankton populations in DISP and NATT did not 
increase and differences between the biomass in the two 
groups were not significant (Table 4). The picophytoplankton 
biomasses in the control and ISB were significantly higher 
than those in DISP and NATT (p < 0.05; Appendix F).  
 The biomasses of nanophytoplankton differed 
significantly among the treatment groups (p < 0.05; Figure 
3D; Table 4). The biomass in the control group was 
significantly higher than those in the oil treatments (p < 
0.05). Significant differences in the nanophytoplankton 

Table 3 
The overall effects of burnt oil, dispersed oil, and crude oil treatments 
on organisms in winter, based on the differences between the 
computed means of the total biomass of organisms in the treatments 
versus the control. NS – the biomass of organisms in the particular oil 
treatment was not significantly different from the control. Negative – 
the biomass of organisms was lower than the control (p < 0.05). 
 

Organisms 
WINTER 

ISB DISP NATT 
Bacteria Negative NS Negative 
HNF Negative Negative Negative 
Dinoflagellates NS NS NS 
Ciliates NS NS NS 
Picophytoplankton NS NS NS 
Nanophytoplankton NS NS NS 
Diatoms NS NS NS 
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biomasses were also observed between all the other treatment 
pairs (p < 0.05), except for DISP–NATT (Appendix F). The 
highest biomass was found in the control, followed by ISB 
and, finally, by DISP and NATT.  
 Diatom biomasses differed significantly between the 
treatments (p < 0.05; Figure 3F; Table 4). The highest 
biomass was observed in ISB, which was significantly higher 
than those in the other three treatments (p < 0.05). No 
significant differences were observed between any other 
treatment pair (Appendix F). The observed differences in the 
phytoplankton biomass between the treatments were 
supported by the chlorophyll-a measurements (Figure 3H).  

4. Discussion 

 Our study investigated the effects of exposure history to 
oil and oil residues on the Arctic planktonic microbial 
communities. The treatments were chosen to simulate an 
actual oil spill and subsequent application of different 
response technologies, specifically, application of chemical 
dispersant, in situ burning of crude oil, and natural 
attenuation of crude oil. We demonstrated pronounced 
seasonal differences in the effects of investigated oil spill 
response technologies on the Arctic planktonic microbial 
community. Although the impacts of PAHs in winter were 
low (Table 3), the actual effects of oil treatments on the 
planktonic community were merely delayed. When sea ice is 
present, the oil gets encapsulated in the ice shortly after 
spillage (Fingas & Hollebone 2003) and the actual impacts 
are observed as soon as the pollutants are released from the 
melting ice (Table 4). Importantly, during the mesocosm 
campaign, Van Mijenfjorden was an industrial fjord with a 
coal mine that for years (1917-1921 and 1925-2016) was  
exposed to coal dust contamination and several small oil 
spills in relation to the coal industry (Statsarkivet 1998). 
Thus, the air- and sea-borne pollution from the coal mine 
activities may explain the relatively high concentrations of 

PAHs measured in our control mesocosms (Tables 1 and 2). 
Consequently, organisms in the fjord may be adapted to this 
chronic contaminant exposure; therefore, the results of our 
study may underestimate the impacts of these oil spill 
remediation technologies on otherwise pristine Arctic 
environments.   
 Overall, low concentrations of PAHs were measured in 
the water column in winter (Table 1). Although the 
concentrations of PAHs in DISP and NATT treatments were 
low, the amounts were six-times higher than the control and 
ISB treatments. The low amounts of PAHs in ISB probably 
resulted from substantial removal of crude oil during the 
incineration (Appendix C and D) (Potter & Buist 2010) and 
rapid encapsulation of the remaining compounds in the ice 
(Petrich et al. 2013).  
 Generally, over the course of post-exposure microcosm 
experiments, the nutrient concentrations decreased and the 
pH increased in all four treatments (Table 1), indicating 
similar levels of microbial activity in the different treatments 
(Hofslagare et al. 1983; Parsons et al. 1984; Siron et al. 
1996). This was supported by the observations of comparable 
biomasses of microzooplankton (Figure 2E and G) and 
phytoplankton (also supported by chlorophyll-a 
measurements; Figure 3) among the treatments; however, 
there were some discrepancies in the bacterial and HNF 
biomasses in the oil groups relative to the control (Figures 2A 
and C; Table 3). Our results showed that bacterial biomasses 
were considerably lower in ISB and NATT treatments than in 
the control and DISP (Figure 2A). This could be explained by 
lower grazing pressure on bacteria in the control and DISP 
treatments; however, that probably was not true in our case 
because the biomass of HNF was the highest in the controls 
(Figure 2C), suggesting that the bacterial population in the 
control treatment would have experienced the highest 
predation mortality. In addition, because the biomasses of 
microzooplankton (dinoflagellates and ciliates) were similar 
in all treatments (Figure 2E and G) grazing pressure cannot 
explain the differences between the HNF biomasses in the oil 
treatments and the control. Thus, our results suggest that even 
low concentrations of PAHs in the water (0.6 µg L-1; Table 1) 
might affect the growth of some bacteria and HNF from the 
winter populations. This conclusion, however, contrasts with 
other studies showing enhanced growth of bacteria and, 
subsequently, HNF in various oil treatments even at PAH 
concentrations as high as 10 g L-1 (Delille & Siron 1993; 
Jung et al. 2010; Ortmann et al. 2012). 
 In spring, higher air temperatures and formation of brine 
channels in the sea ice increased the release of PAHs into the 
water. Importantly, the concentrations of PAHs measured in 
the mesocosms in spring did not reflect the total 
concentration of PAHs introduced into the mesocosms, 
because most of PAHs were still trapped inside the sea ice. 
Nevertheless, the PAH concentrations measured in DISP and 
NATT treatments were up to two orders of magnitude higher   

Table 4 
The overall effects of burnt oil, dispersed oil, and crude oil treatments 
on organisms in spring, based on the differences between the 
computed means of the total biomass of organisms in the treatments 
versus the control. NS – the biomass of organisms in the particular oil 
treatment was not significantly different from the control. Negative – 
the biomass of organisms was lower than the control (p < 0.05). 
Positive – the biomass of organisms was higher than the control (p < 
0.05). 

Organisms 
SPRING 

ISB DISP NATT 
Bacteria Positive Positive Positive 
HNF NS Positive Negative 
Dinoflagellates NS Negative Negative 
Ciliates NS Negative Negative 
Picophytoplankton NS Negative Negative 
Nanophytoplankton Negative Negative Negative 
Diatoms Positive NS NS 

 
	



Under review at Marine Pollution Bulletin 
 

	
	

8 

 

 

 

 
Fig 2. The mean biomass (µg C L-1) of (A-B) bacteria, (C-D) HNF, (E-F) dinoflagellates, and (G-
H) ciliates over exposure duration time (days) in the control, burnt oil, dispersed oil, and crude oil 
treatments in winter (left) and spring (right). Error bars represent ± SD. Note that the Y-axis 
values may differ. 
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Fig. 3. The mean biomass (µg C L-1) of (A-B) picophytoplankton, (C-D) nanophytoplankton, and 
(E-F) diatoms, and (G-H) the chlorophyll-a concentration (µg L-1) over exposure duration time 
(days) in the control, burnt oil, dispersed oil, and crude oil treatments in winter (left) and spring 
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than in the control and ISB (Table 2). Consequently, these 
higher concentrations of PAHs in the DISP and NATT 
treatments resulted in approximately 50% lower biomass of 
the microbial community in the post-exposure microcosm 
experiments compared to the control group (Table 4).  
 The DISP treatment negatively affected biomasses of 
microzooplankton and small phytoplankton, but stimulated 
bacteria and HNF populations (Table 4; Figures 2 and 3). 
These observations agree with earlier studies, which 
demonstrated that dispersed oil treatment resulted in 
enhanced growth of bacteria and HNF, but depressed the 
growth of microzooplankton (Parsons et al., 1984; Ortmann 
et al., 2012). The NATT treatment negatively affected 
biomasses of microzooplankton, HNF, and small 
phytoplankton, but stimulated bacterial population (Table 4; 
Figure 2 and 3). Similarly, bacterial production increased and 
microzooplankton abundance decreased in the water-soluble 
fraction of diesel fuel oil treatment, and conversely, 
production of HNF increased (Koshikawa et al. 2007). 
Overall, the high numbers of bacteria in oil treatments may 
imply that some bacteria can grow and utilize oil compounds 
as substrate, whereas the stimulatory effects of oil on HNF 
are probably related to indirect effects, specifically increased 
abundance of bacteria and reduced grazing pressure. Oil 
compounds can cause the loss of cell mobility (Soto et al. 
1975), which could lead to impaired feeding activity of 
motile microzooplankton and their low production in polluted 
environments (Figure 2F and H). Various studies have 
demonstrated harmful effects of oil compounds on the 
physiology of phytoplankton cells. For example, both crude 
oil and chemically dispersed oil negatively affected the cell 
membrane genes in phytoplankton (Hook & Osborn 2012). 
Additionally, oil compounds can accumulate in the cell 
membrane, subsequently changing its structural and 
functional properties and irreversibly damaging the cell 
surface (Sikkema et al. 1995). Moreover, oil compounds also 
can interfere with photosynthetic processes (González et al. 
2009), causing chloroplasts to shrink (Tukaj et al. 1998) or 
the loss of other pigments (Ozhan et al. 2014 and references 
therein), which all could affect small phytoplankton growth. 
Finally, our results indicated that DISP and NATT treatments 
did not significantly affect diatom numbers (Figure 3F). 
González et al. (2009) reported that small diatoms were 
stimulated by the water-soluble fraction of oil, while large 
diatoms were negatively affected by high, but not by low, oil 
concentrations. This could indicate that size of diatoms may 
be important (Ozhan et al. 2014), with small diatoms being 
more tolerant to oil pollution than large ones (González et al. 
2009). Because we lack data on diatom sizes, and because 
diatoms in our study were not significantly affected by high 
concentrations of PAHs, we can speculate that small and 
possibly more resilient diatoms predominated in the 
measured biomass. 

 By contrast, the ISB treatment had no effect on the 
biomasses of microzooplankton, HNF, and 
picophytoplankton, but stimulated bacteria and diatom 
populations (Figure 2 and 3). Again, the increased abundance 
of bacteria suggested that some members of the bacterial 
community could degrade and utilize certain oil compounds 
from the increased carbon pool in the ISB treatment. 
Similarly, low concentrations of PAHs were tolerated and 
even stimulated the growth of diatoms, which agrees with 
previous observations (González et al. 2009). By contrast, the 
treatment negatively affected nanophytoplankton (Figure 
3D), indicating that some oil compounds, even at low 
concentrations, adversely affected biomass of 
nanophytoplankton. This result, however, contrasts with 
those from earlier studies, where lower tolerance to oil by 
picophytoplankton, but not nanophytoplankton, was 
observed, which was attributed to their smaller size and 
larger surface to volume ratio (Sargian et al. 2007; Echeveste 
et al. 2010).  
 The differences in microbial activity among the 
treatments were also reflected in differences in nutrients 
utilized during the experiments. Overall, the concentrations 
of nutrients decreased in all treatments, but stayed 
significantly higher in DISP and NATT than the control 
(Table 2). Low chlorophyll-a concentrations measured in 
these treatments could explain low utilization of nutrients 
(Figure 3H). Because the lowest nutrient concentrations were 
measured in the control, the low numbers of organisms in 
DISP and NATT treatments cannot be explained by the 
nutrient limitation.  
 Among the adverse ecological consequences of oil spill 
response technologies are the changes in the structure and 
biomass of the planktonic microbial communities. Our study 
concludes that application of ISB, DISP and NATT may 
promote biomasses of bacteria and heterotrophic 
nanoflagellates, but use of DISP and NATT probably will 
deleteriously affect phytoplankton and microzooplankton 
communities (Figure 2 and 3). Due to approximately 50% 
lower biomass in DISP and NATT and the altered structure 
of the microbial communities compared to the control, 
disruptions in the transfer of energy from the primary 
producers to the higher trophic levels may be expected. For 
example, the copepod Calanus glacialis, which accounts for 
nearly 80% of the total zooplankton biomass (Søreide et al. 
2008), plays a pivotal role in the pelagic lipid-driven food 
web in the Arctic shelf seas (see Søreide et al. 2010 and 
references therein). These Arctic copepods accumulate 
essential fatty acids from their algal diet and convert low-
energy proteins and carbohydrates into high-energy lipids 
(Falk-Petersen et al. 2009), making them an energy-rich food 
source for higher trophic levels (Søreide et al. 2010). 
Therefore, the reduction in phytoplankton and 
microzooplankton biomass is likely to affect the secondary 
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production in polluted areas, which consequently could 
impact the entire lipid-driven Arctic marine ecosystem. 
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Appendix A  
The average biomass ± SD (µg C L-1) of dominant functional groups in winter in all treatments in the beginning and in the end of the post-exposure 
experiment. Note that the biomass on Day 0 represents the biomass of organisms acquired from the mesocosms in March, that is, before the 
organisms were exposed to light in the post-exposure experiments. Cell volume to carbon conversion factors were obtained from the literature: 
1Menden-Deuer & Lessard (2000): pgC cell-1 = 0.760×volume0.819; 2Putt & Stoecker (1989): 0.19 pgC µm-3; 3Verity & Lagdon (1984): 0.053 pgC 
µm-3; 4Børsheim & Bratbak (1987): 0.22 pgC µm-3; 5Lee & Fuhrman (1987): 0.02 pgC bacteria-1; 6Menden-Deuer & Lessard (2000): pgC cell-1 = 
0.288×volume0.811; 7Søndergaard (1991): 0.25 pgC µm-3. ESD, equivalent spherical diameter; -, no organisms found. 
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Appendix B 
The average biomass ± SD (µg C L-1) of dominant functional groups in spring in all treatments in the beginning and in the end of the post-
exposure experiment. Note that the biomass on Day 0 represents the biomass of organisms acquired from the mesocosms in May, that is, before 
the organisms were exposed to light in the post-exposure experiments. Cell volume to carbon conversion factors were obtained from the literature 
(see Appendix A). ESD, equivalent spherical diameter; -, no organisms found. 
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Appendix C 
The average concentration ± SD (ng L-1) of 41 different PAH components in winter in all treatments in the beginning and in the end of the post-
exposure experiment. NA, standard deviation could not be computed due to insufficient number of iterations (i.e. PAH component measured in one 
of three replicates). -, PAH component not present, or present in concentrations below detection limit. 
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Appendix D. 
The average concentration ± SD (ng L-1) of 41 different PAH components in spring in all treatments in the beginning and in the end of the post-
exposure experiment. NA, standard deviation could not be computed due to insufficient number of iterations (i.e. PAH component measured in one 
of three replicates). -, PAH component not present, or present in concentrations below detection limit. 
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Appendix E 
Results of ANOVAs and pairwise comparisons of pooled standard deviations of pH, phosphate, silicate, nitrate, and PAH concentrations, and 
biomasses of bacteria, HNF, dinoflagellates, ciliates, pico- and nano-phytoplankton, and diatoms in winter. Significant differences are indicated in 
bold.   
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Appendix F 
Results of ANOVAs and pairwise comparisons of pooled standard deviations of pH, phosphate, silicate, nitrate, and PAH concentrations, and 
biomasses of bacteria, HNF, dinoflagellates, ciliates, pico- and nano-phytoplankton, and diatoms in spring. Significant differences are indicated in 
bold.   
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A B S T R A C T

A mesocosm study with oil in ice was performed in Van Mijenfjorden in Svalbard to compare effects of the oil
spill responses (OSR) in situ burning, chemical dispersion and natural attenuation on the physiological perfor-
mance of the Arctic copepod Calanus glacialis. Seawater collected from the mesocosms in winter and spring was
used in laboratory incubation experiments, where effects on fecal pellet production, egg production and hatching
success were investigated over a period of 14 days. Polycyclic aromatic hydrocarbon (PAH) seawater con-
centrations were lowest in winter. Brine channel formation in spring resulted in an 18 times increase in PAH
concentration in the chemical dispersion treatment (1.67 μg L−1), and a 3 fold increase in the natural attenuation
(0.36 μg L−1) and in situ burning (0.04 μg L−1) treatments. The physiological performance of female C. glacialis
was unaffected by the PAH seawater concentrations. However, a higher mortality and deformity of nauplii was
observed in the chemical dispersion treatment, highlighting the importance of considering secondary effects on
next generation in future environmental risk assessment of OSR. This study shows that during the ice-covered
period, chemical dispersion of oil spills leads to higher PAH exposure than natural attenuation and in situ
burning, with potential consequences for recruitment of Arctic copepods.

1. Introduction

Climate change is faster and more severe in the Arctic region than in
the rest of the world. The sensitivity of Arctic marine ecosystems is of
growing concern due to the pressure from changing environmental
conditions (IPCC, 2014; Wassmann, 2011) and contaminant increase
from anthropogenic activities. Loss of multi-year sea ice, shorter ice-
covered periods, increased freshwater runoff, ocean stratification and
warming of the water masses are among the environmental changes
that stress existence of many ice-associated Arctic species (Michel et al.,
2012). Meanwhile, the extended ice-free period has made the region
more accessible for shipping activities and fossil fuel exploration. Polar
tourism is accelerating and trans-Arctic shipping routes across the
Arctic Ocean are opening (Melia et al., 2016). In 2008, the United
States Geological Survey concluded that about 30% of the world’s un-
discovered gas and 13% of the world’s undiscovered oil may be found

north of the Arctic Circle, mostly offshore under less than 500m of
water (Gautier et al., 2009). As accessibility to the Arctic increases, the
risk of accidental oil spills greatly increases (AMAP, 2010; Nuka
Research and Planning Group LLC, 2010).

In response to an oil spill, urgent decisions on how to minimize
impacts must be made where environmental advantages and dis-
advantages of different response measures are compared. This process
called Spill Mitigation Assessment (SIMA) (Taylor and Cramer, 2017)
has been developed to support oil spill response planning and decision
making. It includes assessment of the potential impact on valued eco-
system components, where acute toxicity data and derived chronic ef-
fect thresholds are used to model population effects (Olsen et al., 2013).
Assessments based on acute toxicity tests may underestimate effects of
long term low-concentration releases of oil from the sea ice, and lead to
inaccurate predictions. More chronic exposure data are needed to en-
able more realistic forecasting of the consequences of marine oil spills
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in the Arctic.
Marine oil spill clean up involves the use of different oil spill re-

sponse (OSR) methods, such as in situ burning (ISB), chemical disper-
sion (DISP) and natural attenuation (NATT). In ice-covered waters,
spilled oil can be encapsulated in growing ice within 24 h (Fingas and
Hollebone, 2003) and remain unweathered until the melting season
(Payne et al., 1991). Encapsulated oil is slowly released through brine
channels to the underlying water during spring ice melt (Brandvik and
Faksness, 2009), and during the transport through ice it may be sub-
jected to bacterial degradation (Brakstad et al., 2008). Ultimately, dif-
ferent OSR methods can result in different exposure regimes to organ-
isms in the water column. Crude oil contains a mixture of hydrocarbons
such as alkanes, naphthenes and aromatics, of which polycyclic aro-
matic hydrocarbons (PAHs) are the most toxic (Hylland, 2006). Several
PAHs are bioavailable to marine organisms and may potentially cause
toxic effects (Dussauze and Pichavant, 2016; Faksness and Brandvik,
2008). The vulnerability of Arctic ecosystems to marine oil spills is
influenced by extreme seasonal changes with periods of high pro-
ductivity (Leu et al., 2015), which must be taken into account when
selecting OSR strategies (AMAP, 2010). While most field studies on OSR
methods focus on feasibility under various ice conditions (Brandvik
et al., 2010; Brandvik and Faksness, 2009; Faksness and Brandvik,
2005; Goncharov et al., 2005; Karlsson et al., 2011; Sergy and Blackall,
1987), the knowledge regarding ecosystem effects of OSR methods in
the presence of sea ice is very limited.

In 2015, a large scale field experiment took place in the seasonal sea
ice of Van Mijenfjorden in Svalbard to assess potential environmental
impacts of oil spill response technologies. Crude oil was released in
specially designed mesocosms and treated with ISB, DISP and NATT. In
an attempt to assess and compare the effects of these OSR technologies

on pelagic ecosystems in ice-covered Arctic oceans, this study uses the
calanoid copepod Calanus glacialis (Jaschnov) in laboratory incubations
with seawater from the mesocosms. C. glacialis is one of the most eco-
logically important copepod species in the Arctic due to its high
abundance and lipid content (Falk-Petersen et al., 2009; Lee et al.,
2006; Scott et al., 2002; Søreide et al., 2008). Exposure of Calanus spp.
to crude oil components has recently been shown to reduce feeding
activity (Hansen et al., 2017, 2012; Hjorth and Nielsen, 2011; Jensen
et al., 2008; Nordtug et al., 2015; Nørregaard et al., 2014), egg pro-
duction (Hansen et al., 2015; Hjorth and Nielsen, 2011), egg hatching
success (Jensen and Carroll, 2010) and development of nauplii
(Grenvald et al., 2013). Uptake of oil occurs during feeding and to
minor extend by diffusion over body surfaces, and the oil is then
transferred to egg lipids, excreted with fecal pellets or metabolised
(Berrojalbiz et al., 2009; Conover, 1972; Størdal et al., 2015). Toxic
effects of oil depend on the physiological condition of the individual as
well as its development stage (Jager et al., 2017a). Copepods develop
through six nauplius stages (NI-NVI) followed by five copepodite (CI-
CV) stages before ending their life cycle at the reproductive stage as
adults. Eggs are spawned underneath the sea ice prior to the spring
bloom (Søreide et al., 2010). By the time of the phytoplankton bloom,
nauplii start to feed and develop into copepodites that build up lipid
storage by converting phytoplankton into high energy wax esters. In
late spring, copepodites (CIV-CV) migrate to the deep, where they
overwinter in diapause (Lee et al., 2006). Depending on sea ice cover,
timing of spring bloom and light conditions (Daase et al., 2013) it takes
C. glacialis 1–3 years to develop into adults (Falk-Petersen et al., 2009).
C. glacialisbuild up energy reserves in a large lipid sac that also can
accumulate lipophilic oil compounds, providing a temporary protection
against toxic effects, until lipids are metabolised or chemical steady

Fig. 1. Location of field sampling sites, Svalbard, and mesocosm setup.
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state between lipid and body concentration is reached (Jager et al.,
2017b). As the lipid content of females varies according to season
(Swalethorp et al., 2011) the timing of exposure may be important for
the vulnerability of adult females to pollutants. If energy from lipid
reserves in C. glacialis females is spent on coping with toxic stress, or if
feeding is affected by narcosis, it could have consequences for the re-
productive output or survival during winter. Also, if toxins are trans-
ferred with eggs to nauplii it could likewise influence reproductive
output. Ultimately, effects on C. glacialis could potentially influence
energy transfer to higher trophic levels of the Arctic food web.

The aim of this study was to compare effects of different OSR in ice
on the physiology of C. glacialis females. Effects of in situ burning,
chemical dispersion and natural attenuation of crude oil on fecal pellet
production, egg production, hatching success and lipid content were
investigated. Using in situ mesocosm field experiments in Arctic sea ice,
this study reflects real weathering processes, additive effects of che-
mical mixtures and exposure concentrations. Effects are assessed in
winter and spring to account for seasonal differences in vulnerability to
oil compounds, which may stem from seasonal differences in lipid
content and vulnerability of the exposed copepods.

2. Materials and methods

2.1. Field site location

The field experiments were conducted in Van Mijenfjorden on
Svalbard (77.8684°N 16.7540°E, Fig. 1). Van Mijenfjorden is a 53 km
long glacial fjord divided into two basins with a threshold depth of
45m, and maximum depths of 112m (outer basin) and 74m (inner
basin). Sea ice formation starts early because the inlet is partly blocked
by an Island, Akseløya, which limits water exchange to two narrow
straits of 30m and 12m depth. From December to July, the fjord is
usually ice-covered (Faksness and Brandvik, 2008), which provided the
opportunity to study OSR effects throughout most of the high Arctic
winter and spring. The mesocosms used in the field experiments were
deployed February 17 2015 and decommissioned in July 2015.

2.2. Mesocosm setup and oil spill treatments

Eight mesocosms were used in this study. Each consisted of a ver-
tical cylinder (diameter 1.6m, height 3m) with open top and bottom to
allow exchanges with the atmosphere and water column. Holes
(3× 3m) were cut in the 0.8m thick sea ice 800m from the shore, and
mesocosms were lowered into the water in 2 rows 20−25m apart. The
control mesocosms were placed at 40m distance from the other me-
socosms to avoid contamination, otherwise the distance between me-
socosms was 13m. Four treatments were applied to replicate meso-
cosms (Fig. 1); Natural attenuation (NATT), in situ burning (ISB),
chemical dispersion (DISP) and control (CNTL). In the NATT treatment
20 L crude oil was added to each of two mesocosms, leading to an oil
thickness of 0.25mm, which is representative of a real fresh oil slick
(Camus et al., 2017). In the DISP treatment 20 L crude oil was mixed
with 1 L dispersant and then added to each mesocosm. In the ISB
treatment 2 L of residuals of burned crude oil was added to each me-
socosm, corresponding to the volume of residue from burning of 20 L
crude oil. Finally, two mesocosms without oil added served as CNTL.
After application, surface ice was allowed to form naturally.

This study was performed on Kobbe crude oil from the Goliat field
in the Norwegian Barents Sea. It is a light oil with low content of heavy
wax and asphalthene compounds, which are important for formation of
water-in-oil emulsions (Fritt-Rasmussen et al., 2012). When weathering
in the presence of sea ice, high evaporation loss and pour point result in
a semi solid unstable emulsion with low viscosity (Brandvik et al.,
2010). Physical and chemical analyses of fresh oil were performed by
Cedre (Brest Cedex 2, France) and described in Table 1. The Kobbe
crude oil contained 73% saturates, 0.3% asphaltenes, 10.7% resins and

16% aromatics.
Burned oil residue was produced at INERIS (Verneuil-en-Halatte,

France) by burning 20 L of Kobbe crude oil for 3 min, which was the
time needed for the fire to go out, leading to 2 L burned residue.

The dispersant Finasol® OSR 52 (Total Fluides, Paris-La Defense,
France) was selected for this study. It has an efficiency of 79 ± 3%
measured using the Institut Français du Pétrole (IFP) test method
(French standard NF T 90-345, EMSA, 2016) on viscosity oil of 1300 cSt
and a biodegradability of at least 50% according to tests performed by
INERIS (French standard NF T 90-346, EMSA, 2016). Finally, the dis-
persant toxicity of brown shrimps (Crangon crangon) exposed to
960mg L−1 for 6 h leads to mortality of 3.3% (NF T90-349 method).

2.3. Sampling mesocosm water

Mesocosm water was sampled in winter on March 26 2015, and in
spring on May 14 2015 a few days before the ice breakup. Ice cores
(diameter 10 cm, length 50−65 cm) were removed from each meso-
cosm using a Kovacs Mark II core system (Kovacs Enterprice, Roseburg,
Oregon, United States) that was cleaned in between mesocosms. Next
day, boreholes were gently cleaned of slush ice, and water was pumped
from 10 cm above the lower ice edge using a hand operated vacuum
pump (Biltema hevertpump, 4.6 Lmin−1) with a 200 μm filter fitted at
the entrance to avoid larger zooplankton. On both sampling events,
40 L of water from each mesocosm (−1.8 °C, 34 ppt in March and 32
ppt in May) was sampled, corresponding to the top 2 cm of the water
column. The water was pumped into 23 L insulated glass bottles to
prevent freezing and stored dark at 1 °C until returning to the labora-
tory (12–24 h). Each pump cycle lasted 8–10min.

2.4. Sampling zooplankton

Calanus glacialis were collected in Isfjorden, Svalbard
(Karlskronadjubet 78.1944°N 14.55.046°E) (Fig. 1) on March 21 and
May 14 2015. The copepods were sampled from KV Svalbard and RV
Helmer Hanssen using plankton nets (WP-2, 200 μm mesh in March,
WP-3, 1mm mesh in May) with a 1 L non-filtering cod end. Nets were
hauled vertically from depths of 200m to the surface. Cod end content
was gently diluted in 3 L surface water (0 °C, 35 ppt) in plastic con-
tainers and stored dark at 0 °C until returning to the laboratory (< 3 h).
Here, samples were diluted in 25 L plastic buckets and stored dark at
4 °C (6 days in March, 1 day in May). Mature C. glacialis females were
then identified based on the criteria in Nielsen et al. (2014), and
transferred with a Pasteur pipette from ice-chilled petri dishes to 10mL
ice-chilled glass bottles until the beginning of the experiment (< 1 h).

2.5. Phytoplankton culture

Copepods were fed the diatom Thalassiosira weissflogii, which had
been grown in 1 L plastic containers at 12 °C with gentle aeration, and a
light intensity of 50–60 μmol photons m−2 s−1 (16:8 h light:dark cycle).
The medium used was B1 (Hansen, 1989) with silicate based on auto-
claved 0.2 μm filtered seawater (FSW) with a salinity of 33 ppt. Cell
concentration was estimated on a Sedgewick Rafter counting chamber
using an inverted microscope (Leica DM IL LED, 100× magnification).

2.6. Laboratory experiments

Water from replicate mesocosms was pooled prior to distribution
into 15 1 L bottles (acid washed Simax glass bottle with red PBTB screw
cap) each holding three mature C. glacialis females. In this way, cope-
pods were exposed to the dissolved fraction of PAHs from the meso-
cosms. Exposure took place in a temperature controlled room at 0 °C
and in darkness to prevent photo toxicity of pyrene (Pelletier et al.,
1997). As it takes ∼7 days before egg production responds to changing
food conditions (Kjellerup et al., 2012) we chose an exposure duration
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of 14 days to accommodate at least 7 days of measurements of potential
effects. The bottles were covered with black plastic sheet to reduce light
exposure during handling (2 h day−1). The air and water temperature
was monitored using HOBO Data Loggers. Every second day, copepods
were fed T. weissflogii culture at increasing concentrations from 30 to
110 μg C L−1 to simulate developing spring bloom conditions.

2.6.1. Egg and fecal pellet production
Mortality and daily production of eggs and fecal pellets was quan-

tified every 24 h by sieving the bottle content through a submerged
50 μm nylon mesh, and counting the retained copepods, eggs and fecal
pellets on ice-chilled petri dishes with chilled FSW using a stereo mi-
croscope (Leica S4E, 20×magnification). Fecal pellets were counted
only if the length was minimum 3×width. The water was reused, and
live females were immediately returned to the bottle using a Pasteur
pipette. Copepods were considered dead if they did not react to physical
stimuli and were losing transparency. Length and width of 100 random
pellets and all eggs were measured every second day using an inverted
microscope (Leica DM IL LED, 40×magnification). Carbon content
and specific fecal pellet and egg production rates (SPP: μg Cpellet

(μg Cindividual)−1 day−1 and SEP: μg Cegg (μg Cindividual)−1 day−1 re-
spectively) were calculated based on Swalethorp et al., 2011.

2.6.2. Egg hatching
To study carry-over effects, hatching success was calculated at the

beginning and end of the exposure period (day 1 and 13). Eggs were
transferred to petri dishes with 10mL FSW and stored in darkness at
0 °C. Up to 46 eggs were incubated in each dish (n=2−11). Hatching
time for C. glacialis at 0 °C is around 4 days (Jung-Madsen and Nielsen,
2015), but to account for potential treatment-specific differences
hatching was determined after 7 days of incubation. Samples were then
fixed with a drop of acidic lugol and nauplii and unhatched eggs
counted using a stereo microscope (Leica S4E, 20× magnification).
Samples with less than three eggs were removed from the dataset prior
to analysis.

2.6.3. Survival and deformity of nauplii
In spring, survival of nauplii was assessed from eggs produced on

day 11, 12 and 13. Eggs were transferred to petri dishes with 40mL
FSW and stored in darkness at 0 °C. The number of hatched nauplii was
counted after 7 days using a stereo microscope (Leica S4E, 20× mag-
nification). Nauplii were then incubated for another 21 days, after
which the number of nauplii that developed into stage NII was counted.
Nauplii were counted in a temperature-controlled room (5 °C) to reduce
heating and petri dishes were kept on ice. They were temporarily im-
mobilized prior to counting by adding 2–5 drops of mineral water to the
petri dish. Survival was estimated as the proportion of hatched nauplii,
which had developed into stage NII. To reduce variation caused by a
small sample size, only replicates with a minimum of 5 hatched nauplii
were included in the assessment. In addition, the number of hatched
nauplii with deformities were counted, by classifying nauplii as either
‘morphological healthy’ or ‘clearly deformed’ after the criteria of Poulet
et al. (1995).

2.7. Carbon, nitrogen and lipid analyses of copepods

Copepods were analysed for carbon and nitrogen content at the

University Centre in Svalbard (UNIS, Longyearbyen, Svalbard) and for
total lipid content at Alfred Wegener Institute (AWI, Bremerhaven,
Germany). The analyses were performed on an initial reference sample
(20–42 individuals) and on end samples from each treatment after
14 days of exposure (9 individuals). First, prosome length was mea-
sured under a stereo microscope (Leica MZ12, 16× magnification). Dry
weight, carbon and nitrogen content were determined on 1/3 of the
length measured copepods. The copepods were quickly rinsed in milli-Q
water to remove salt, placed individually in tin capsules, dried at 60 °C
for 24 h, weighed and analysed for carbon and nitrogen content on a
Vario EL cube CHN analyser (Elementar). Total lipid content was de-
termined on 2/3 of the length measured copepods. To obtain enough
material, 2–6 copepods were pooled and transferred to glass vials with
Teflon lined caps and 8mL dichloromethane-methanol (2:1 v/v) was
added. The vials were stored at −80 °C until analysis. Samples were
homogenized and lipids extracted according to Folch et al. (1957).
Methyl esters of fatty acids and free fatty alcohols were prepared by
trans esterification of the lipid extract with 3% concentrated sulphuric
acid in methanol for 4 h at 80 °C under nitrogen atmosphere. FAME and
free alcohols were then simultaneously analysed with a gas liquid
chromatograph (HP 6890N, Agilent Technologies Deutschland GmbH &
Co. KG) on a 30m× 0.25mm i.d. wall-coated open tubular column
(film thickness: 0.25mm; liquid phase: DBFFAP), equipped with split/
splitless injector (250 1C) and flame ionization detector (280 °C) using
temperature programming. Fatty acids and fatty alcohols were quan-
tified with an internal 19:0 fatty acid standard added to the sample
before the extraction. Individual components were identified by com-
parisons to standards or, if necessary, by additional GC-mass spectro-
metry runs. The samples were quantified using ChemStation software
(Agilent, Agilent Technologies Deutschland GmbH & Co. KG). Total
lipid composition was calculated as sum of total fatty acids and fatty
alcohols.

2.8. Chemical analyses of exposure medium and copepods

The exposure medium and copepods were analysed for 21 target
PAHs (Table 2), including the 16 priority PAHs listed by the US En-
vironmental Protection Agency (EPA), using stir bar sorptive extrac-
tion-thermal desorption-gas chromatography-tandem mass spectro-
metry (SBSE-TD-GC–MS/MS) (adapted from Lacroix et al., 2014). The
analysis was performed by Cedre (Brest, France). Two compounds,
benzo[b]fluoranthene and benzo[k]fluoranthene, were quantified as a
sum, named benzo[b+ k]fluoranthene, due to a poor resolution. Limits
of quantification (LOQ) were calculated by the calibration curve
method (Shrivastava and Gupta, 2011) and limit of detection (LOD)
were estimated by dividing LOQ by 3.

PAH content in the exposure medium was quantified on samples

Table 1
Crude oil composition and properties. Pour point and density was measured at 2 °C and viscosity at 2 °C and a shear rate of 10 s−1.

Oil type Category Pour point
(°C)

Density
(gmL−1)

Viscosity (cP) Evaporation loss (vol.
%)

Max water
uptake (%)

Wax content
(wt.%)

Asphaltene content (wt.
%)

Kobbe (Barents Sea) Light,
paraffinic

−39 0.816 6 50 77.9 11 0.3

Table 2
Summary of the 21 PAHs analysed for in exposure medium.

Naphthalene Phenanthrene Benzo[e]pyrene
Biphenyl Anthracene Benzo[a]pyrene
Acenaphtylene Fluoranthene Indeno[1,2,3,-c,d]pyrene
Acenaphtene Pyrene Benzo[a]anthracene
Fluorene Chrysene Dibenzo[a,h]anthracene
Benzothiophene Benzo[b]fluoranthene Benzo[g,h,i,]perylene
Dibenzothiophene Benzo[k]fluoranthene Perylene
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(100mL, n=3) from experiment day 0 and 14, collected in 200mL
brown acid washed bottles and stored at −20 °C until analysis. Samples
were prepared by adding 10mL of an ethanolic solution containing
10 ng of seven deuterated PAH (internal standards) to 90mL of sea-
water sample. Then, analytes were extracted for 2 h at 700 rpm using
polydimethylsiloxane stir-bars (Twister 20mm× 0.5mm, Gerstel).
Bars were subsequently analysed using a gas chromatography system
Agilent 7890A coupled to an Agilent 7000 triple quadripole mass
spectrometer (Agilent Technologies) and equipped with a Thermal
Desorption Unit (TDU) combined with a Cooled Injection System
(Gerstel). Thermo desorption and GC–MS/MS conditions were as pre-
viously described (Lacroix et al., 2014). Analytes were quantified re-
latively to deuterated compounds using a calibration curve ranging
from 0.01−30 ng bar−1.

PAH content in the copepods was quantified on pooled samples
containing 5−10 females collected individually on experiment day 14
in 4mL acid washed glass vials and stored at −20 °C until analysis.
Samples were pooled to obtain enough material for analysis, but as a
consequence it was not possible to obtain replicates. Samples were
prepared by resuspension in 2mL of an ethanolic solution containing
0.05 gmL−1 of hydroxide potassium and digestion for 3 h at 80 °C by
alkaline digestion. Visual observations indicated this procedure allowed
a disruption of copepod exoskeleton and a release of the body content.
After addition of 20mL of reverse osmosis water, analytes were ex-
tracted from digested samples for 2 h at 700 rpm using poly-
dimethylsiloxane stir-bars (Twister 20mm× 0.5 mm, Gerstel). Bars
were subsequently analysed using a gas chromatography system Agilent
7890A coupled to an Agilent 7000 triple quadripole mass spectrometer
(Agilent Technologies) and equipped with a Thermal Desorption Unit
(TDU) combined with a Cooled Injection System (Gerstel).
Thermodesorption and GC–MS/MS conditions were as previously de-
scribed (Lacroix et al., 2014). Analytes were quantified relatively to
deuterated compounds using a calibration curve ranging from 0.01 ng
to 10 ng per bar. It was not possible to quantify PAH content in fecal
pellets or eggs due to insufficient amounts of raw material.

To evaluate differences in PAH uptake in C. glacialis for the tested
OSR methods, the lipid based tissue concentrations (Ca) at the end of
the exposure period (14 days) were calculated from lipid and PAH
measurements, and compared to the average PAH water concentrations
(Cw) throughout the exposure period (Agersted et al., 2018; Jensen
et al., 2012). Bioconcentration factors (BAFs) were calculated to see, if
there was a difference in bioaccumulation potential of total PAHs
among the treatments. Bioaccumulation factors were calculated as
BAF=Czoo/Cw, where Czoo is the concentration in copepods after
subtracting the concentration in the control group (see Almeda et al.,
2013a,b for further details).

2.9. Data analyses

Data analyses were performed in R 3.4.0 (R Core Team, R
Foundation for Statistical Computing, Vienna, Austria, 2017). To

compare differences between controls and OSR treatments one-way
ANOVA was performed followed by Dunnett’s multiple comparison test.
If variance between observations were unequal one-way ANOVA with
Welch correction was used. Pearson product-moment correlation coef-
ficients were calculated to assess linear relationships between variables.
The significance level was set to p < 0.05 in all tests.

3. Results

3.1. PAH content in exposure medium and copepods

In the Kobbe crude oil used in this experiment, the concentration of
the 21 PAHs and their alkylated congeners was 9,300 μg g−1 and the
concentration of n-alkanes was 82,000 μg g−1.

In the exposure medium, PAH content decreased during the 14-day
experiment in all treatments except in the CNTL in winter (Table 3).
Initial concentrations ranged from 13−95 ng L−1 in winter and from 21
to 1,673 ng L−1 in spring. In winter, background PAH concentrations of
13 ± 1 and 13 ± 2 ng L−1 was measured in the CNTL and ISB treat-
ments, and maxima of 93 ± 11 and 95 ± 5 ng L−1 measured in the
NATT and DISP treatments, respectively (mean ± SE, n=3), which
also differed from the CNTL (Dunnett’s test, p < 0.001 and p=0.002,
respectively). In spring, initial PAH concentrations in the ISB treatment
had increased 3 times to 40 ± 6 ng L−1, 3 times in the NATT treatment
to 357 ± 55 ng L−1 and 18 times in the DISP treatment to
1,673 ± 386 ng L−1. The DISP treatment differed from the CNTL
(Dunnett’s test, p < 0.001 and, p=0.0006). In all treatments, the
exposure medium contained mostly naphthalene (49–82%, average
62%). Biphenyl, flourene and dibenzothiophene were present in the
NATT and DISP treatments in increasing concentrations from winter to
spring. Acenaphtene and anthracene were found only in the DISP
treatment.

There was a positive linear correlation (Linear regression, F(1,
6)= 217, p=6.071× 10−6, R2= 0.97) between final lipid-based
tissue concentrations (Ca) of PAH in C. glacialis after 14 days of ex-
posure and average PAH concentrations in water (Cw) during the
14 days exposure period (Fig. 2). Ca was below 0.01 μg g lipid−1 (n=1)
for all treatments in winter, when the corresponding Cw was below
0.10 μg L−1 (Fig. 2). In spring, Cw increased to 0.93 and 0.28 μg L−1

(n= 3) in the DISP and NATT treatments, respectively, resulting Ca

increase to 0.05 and 0.02 μg g lipid−1 (n=1) respectively. Bioaccu-
mulation factors (BAFs) of total PAHs ranged from 7.5–14.0 in winter
and 2.8–8.5 in spring. Maximum BAF was observed in the DISP treat-
ment in winter, and minimum BAFs in the DISP treatment in spring
(Table 4). In this study, there was a tendency that BAF increased with
increasing PAH exposure concentrations in winter, and inversely de-
creased in spring.

3.2. Copepod size and weight

There was no effect of OSR treatments on prosome length (ANOVA,

Table 3
Bioaccumulation factors (BAF) and polycyclic aromatic hydrocarbon (PAH) concentrations in water (Cw) and in Calanus glacialis females (Ca and C) after 0 and
14 days of exposure to oil-contaminated seawater treated with in situ burning (ISB), chemical dispersion (DISP) and natural attenuation (NATT) compared to a control
(CNTL). Data are mean ± SE and n is the number of replicates.

Period Treatment n Cw,0 (ng L−1) Cw,14 (ng L−1) n Females Ca14 (ng g lipid−1) C 14 (ng g female−1) BAF14

Winter CNTL 3 13 ± 1 30±10 1 5 3.1 517 0.0
ISB 3 13 ± 2 8 ± 4 1 5 3.5 599 7.5
DISP 3 95 ± 5 53 ± 20 1 5 9.0 1,550 14.0
NATT 3 93 ± 11 74 ± 6 1 5 6.7 1,157 7.7

Spring CNTL 3 21 ± 5 5 ± 3 1 10 3.2 181 0.0
ISB 3 40 ± 2 12 ± 4 1 10 7.0 401 8.5
DISP 3 1,673 ± 386 186 ± 75 1 10 48.6 2,768 2.8
NATT 3 357 ± 55 205 ± 21 1 8 20.5 1,164 3.8
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F(4, 73)= 1.551, p=0.197 and F(4, 51)= 0.923, p=0.4458), carbon
(ANOVA, F(4, 19)= 1.61, p=0.213 and F(4, 18)= 1.311, p= 0.303),
nitrogen (ANOVA, F(4, 19)= 1.687, p=0.194 and F(4, 18)= 1.192,
p=0.348) or total lipid content (ANOVA, F(4, 11)= 0.938, p= 0.456
and F(4, 9)= 3.417, p=0.0582) in winter and spring, respectively.
Prosome length was 3.28 ± 0.03 and 3.34 ± 0.04mm (mean ± SE,
n=36) in winter and spring respectively (Table 4). There was a 60%
increase in body dry weight from 484 ± 38 to 773 ± 89 μg female−1

(mean ± SE, n=12) from winter to spring (ANOVA, F(1,
21)= 7.105, p= 0.0145). In winter, the average female contained
240 ± 23 μg carbon, 47 ± 3 μg nitrogen, and 83 ± 9 μg total lipid
(mean ± SE, n=12). In spring, the content was 222 ± 25 μg carbon,
48 ± 4 μg nitrogen (mean ± SE, n=12), and 44 ± 7 μg total lipid
(mean ± SE, n=11). The lipid concentrations were low since the fe-
males had initiated their egg production.

3.3. Fecal pellet and egg size

There was no relationship between PAH concentration in the ex-
posure medium and fecal pellet (Pearson’s product-moment correlation,
t(6)= 1.165, p=0.2883) or egg volume (Pearson’s product-moment
correlation, t(6)=−1.2051, p=0.2735), and total mean volumes for
all treatments (Table 4) was therefore used to calculate specific fecal
pellet and egg production. Pellet length and width were 692.2 ± 2.6
and 74.7 ± 0.3 μm, respectively, in winter (mean ± SE, n= 3,600),
and 712.7 ± 4.4 μm and 81.7 ± 0.4 μm in spring (mean ± SE,
n=1,399). Egg diameter was 186.3 ± 0.6 μm in winter (mean ± SE,
n=428) and 178.9 ± 1.0 μm in spring (mean ± SE, n=201).

3.4. Fecal pellet and egg production

Carbon-specific fecal pellet (SPP) and egg production rates (SEP)
were calculated based on the mean volumes and carbon content for all
treatments listed in Table 4. There was an increase in daily fecal pellet
production rates (PP) with increasing food concentration (Pearson’s
product-moment correlation, t(838)= 9.3716, p < 2.2*10−16,
r= 0.31) and no relationship between daily egg production rates (EP)
and food concentration (Pearson’s product-moment correlation, t
(838)=−1.0094, p= 0.3131). During the 14 days of exposure, PP
were in the same order of magnitude in winter and spring (Fig. 3). In
winter, there was no difference in daily PP (ANOVA, F(3, 729)= 0.492,

Fig. 2. Relation between final lipid-based tissue concentrations of PAH in
Calanus glacialis (Ca) and average concentration of PAH in water (Cw)
throughout the 14-day exposure period in winter and spring. The exposure
medium was oil-contaminated seawater treated with in situ burning (ISB),
chemical dispersion (DISP) and natural attenuation (NATT) compared to a
control (CNTL). Solid line indicates linear curve fit (Linear regression, F(1,
6)= 217, p=6.071× 10−6

, R2= 0.97).
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p=0.688) or cumulative PP (ANOVA, F(3, 729)= 0.034, p=0.992)
between treatments on any day during the exposure period. PP was
31 ± 1 pellets female−1 day−1 corresponding to a SPP of
0.022 ± 0.000 μg C (μg Cfemale)−1 day−1, and cumulative PP after
14 days was 409 ± 6 pellets female−1 (mean ± SE, n=60) (Table 5).
In spring, PP was higher in the DISP treatment on day 11 compared to
the CNTL (Dunnett’s test, t(56)= 3.389, p=0.0018). PP was 25 ± 0
pellets female−1 day−1 corresponding to a SPP of 0.024 ± 0.000 μg C
(μg Cfemale)−1 day−1 (mean ± SE, n= 60). There was no difference in

cumulative PP between treatments on any day (ANOVA, F(3,
729)= 0.034, p= 0.992) and cumulative PP after 14 days was
356 ± 7 pellets female−1. EP were higher in spring than in winter
(Fig. 4). In winter, EP was 2.8 ± 0.2 eggs female−1 day−1 corre-
sponding to a SEP of 0.069 ± 0.007 μg C (μg Cfemale)−1 day−1, and
cumulative EP after 14 days was 36.4 ± 3.6 eggs female−1 (mean ±
SE, n= 60) (Table 5). There was no difference in EP (ANOVA, F(3,
729)= 2.261, p= 0.0801) or cumulative EP between treatments on
any day during the 14 days of exposure. In spring, EP was 4.8 ± 0.2

Fig. 3. Fecal pellet production of Calanus glacialis during 14 days of exposure to oil-contaminated seawater treated with in situ burning (ISB), chemical dispersion
(DISP) and natural attenuation (NATT) compared to a control (CNTL). The plots show individual fecal pellet production in winter (A) and spring (B), and individual
cumulative fecal pellet production in winter (C) and spring (D) (mean ± SE, n= 15). Food was supplied every 2nd day in increasing concentrations. Asterisk
indicates that fecal pellet production in DISP is different from CNTL analysed by ANOVA.

Table 5
Fecal pellet and egg production for Calanus glacialis females during 14 days of exposure to oil-contaminated seawater treated with in situ burning (ISB), chemical
dispersion (DISP) and natural attenuation (NATT) compared to a control (CNTL). Data are mean± SE. n is the number incubation bottles. PP and EP are the daily
individual pellet and egg production rates. ΣPP and ΣEP are the total cumulative productions per individual. SPP and SEP are the daily individual production rates in
carbon equivalents. ΣSPP and ΣSEP are the total cumulative productions in carbon equivalents.

Period Treatment n Fecal pellet production Egg production

PP (pellets
female−1 day−1)

ΣPP
(pellets
female−1)

SPP (μg Cpellet

(μg Cfemale)−1 day−1)
ΣSPP (μg Cpellet

(μg Cfemale)−1)
EP (eggs
female−1 day−1)

ΣEP (eggs
female−1)

SEP (μg Cegg

(μg Cfemale)−1 day−1)
ΣSEP (μg Cegg

(μg Cfemale)−1)

Winter Total 60 31 ± 1 409 ± 6 0.022 ± 0.000 0.294 ± 0.004 2.8 ± 0.2 36.4 ± 3.6 0.069 ± 0.007 0.074 ± 0.005
CNTL 15 32 ± 1 417 ± 2 0.023 ± 0.001 0.300 ± 0.002 3.0 ± 0.4 39.5 ± 0.4 0.006 ± 0.001 0.075 ± 0.001
ISB 15 32 ± 1 415 ± 2 0.023 ± 0.001 0.298 ± 0.002 2.9 ± 0.3 37.8 ± 0.3 0.006 ± 0.001 0.072 ± 0.001
DISP 15 31 ± 1 414 ± 2 0.023 ± 0.001 0.297 ± 0.002 2.0 ± 0.4 25.9 ± 0.4 0.004 ± 0.001 0.050 ± 0.001
NATT 15 30 ± 1 392 ± 2 0.021 ± 0.001 0.281 ± 0.001 3.2 ± 0.3 42.2 ± 0.5 0.006 ± 0.001 0.081 ± 0.001

Spring Total 60 25 ± 0 356 ± 7 0.024 ± 0.000 0.332 ± 0.006 4.8 ± 0.2 66.7 ± 4.9 0.118 ± 0.009 0.118 ± 0.006
CNTL 15 25 ± 1 352 ± 2 0.023 ± 0.001 0.328 ± 0.002 4.0 ± 0.5 56.7 ± 0.6 0.007 ± 0.001 0.101 ± 0.001
ISB 15 25±1 354 ± 2 0.024 ± 0.001 0.330 ± 0.002 4.6 ± 0.5 65.0 ± 0.6 0.008 ± 0.001 0.115 ± 0.001
DISP 15 25 ± 1 343 ± 2 0.023 ± 0.001 0.320 ± 0.002 5.7 ± 0.6 80.2 ± 0.6 0.010 ± 0.001 0.142 ± 0.001
NATT 15 27 ± 1 375 ± 2 0.025 ± 0.001 0.349 ± 0.002 4.6 ± 0.5 64.8 ± 0.5 0.008 ± 0.001 0.115 ± 0.001
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eggs female−1 day−1 corresponding to a SEP of 0.118 ± 0.009 μg C
(μg Cfemale)−1 day−1, and cumulative SEP after 14 days was 66.7 ± 4.9
eggs female−1 (mean ± SE, n= 60). Egg production in the DISP
treatment differed from the control only on day 2 (Dunnett’s test, t
(56)= 2.206, p=0.0401), resulting in a consistently higher cumula-
tive EP in the DISP treatment from day 2 (Dunnett’s test, t(56)= 2.363,
p=0.028) until the end of the experiment (+42%) (Dunnett’s test, t
(56)= 2.652, p= 0.0138).

3.5. Hatching success

Hatching ranged from 45−80%. Most eggs hatched in the in the
initial reference experiment, the CNTL and the DISP treatments, while

fewer eggs hatched in the ISB followed by the NATT treatments (Fig. 5).
Hatching success was not correlated with PAH concentration and did
not differ between treatments in winter (ANOVA, F(4, 18)= 1.419,
p=0.268) or spring (ANOVA, F(4, 39)= 2.167, p=0.0908).

3.6. Survival and deformity of nauplii

Development and deformity of nauplii was assessed only in spring,
when PAH release from the sea ice was highest. Nauplii survival was
42 ± 7% in the CNTL, 40 ± 8% in the ISB, 24 ± 7% in the DISP and
44 ± 9% in the NATT. There was a tendency that fewer of the nauplii
from the DISP treatment survived and developed into stage NII, but the
trend was not significant (ANOVA, F(3, 56)= 1.407, p=0.25) (Fig. 6).

Fig. 4. Egg production of Calanus glacialis during 14 days of exposure to oil-contaminated seawater treated with in situ burning (ISB), chemical dispersion (DISP) and
natural attenuation (NATT) compared to a control (CNTL). The plots show individual egg production in winter (A) and spring (B), and individual cumulative egg
production in winter (C) and spring (D) (mean ± SE, n=15). Asterisk indicates that egg production in DISP is different from CNTL analysed by ANOVA.

Fig. 5. Hatching success of Calanus glacialis
eggs after 7 days of incubation in sea water in
winter and spring (mean ± SE). Eggs were
collected from an unexposed in situ reference,
and the from females after 13 days of incuba-
tion in sea water (CNTL), and oil-contaminated
water treated with in situ burning (ISB), che-
mical dispersion (DISP) and natural attenua-
tion (NATT). Sample sizes are indicated in bold
above error bars and the sum of eggs in plain.
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During the experiment we observed that several of the nauplii hatched
with different degrees of deformity (Fig. 7). In the CNTL, 0.1 ± 0.1%
of nauplii were deformed, corresponding to in situ observations during
the same period (0.3%). Deformity of nauplii was 2.2 ± 1.0% in the
ISB, 10.4 ± 4.2% in the DISP, and 3.2 ± 1.6% in the NATT. The
largest percentage of deformed nauplii were observed in the DISP
treatment (Fig. 6), although the difference between treatments was not
significant (ANOVA, F(3, 75)= 2,51, p= 0.0651).

4. Discussion

A mesocosm setup was used to compare the effects of different oil
spill responses (OSR) under in situ conditions, with emphasis on the fate
of oil components during the downwards transportation through the sea
ice. We observed no effect of the OSR methods on the physiological
performance of Calanus glacialis females compared with a control me-
socosm. However, there was a tendency of higher mortality and in-
creased deformity in nauplii produced by females that had been ex-
posed to dispersed oil.

4.1. PAH exposure

In this study we generated an oil slick thickness of 0.25mm and
then investigated PAH exposure concentrations in surface water under
the Arctic sea ice in winter and spring. We found that the PAH con-
centrations in the ice water interface in the mesocosms increased from
winter to spring, showing that sea ice delays PAH release from oil in ice.
This is consistent with other studies where oil released under first-year
ice is encapsulated within 24 h (Fingas and Hollebone, 2003) and

released to the surface water the ice deteriorates (Faksness and
Brandvik, 2008).

Oil treated with NATT and DISP resulted in higher PAH exposure
concentrations in winter. When sampling was repeated in spring, a
week before ice break-up, PAH concentrations had increased 18 times
in the DISP, and only 3 times in the NATT and ISB treatments, de-
monstrating a higher mobility of dispersed oil in melting sea ice com-
pared to the other OSRs. Oil treated with ISB resulted in the lowest PAH
exposure concentrations, which is a result of removal of 80–90% crude
oil volume during the incineration process. The background con-
centrations obtained in the CNTL treatments reflected the industrial
activities in Van Mijenfjorden. The main PAH components released in
both winter and spring were naphthalene, biphenyl and phenanthrene.
Naphthalene in particular has a high toxicity to marine organisms
compared to other PAHs while the toxicity of phenanthrene is about ten
times less (Barata et al., 2005). Total PAH concentrations in the present
study are in the low range compared to other oil spills, e.g. ranged most
concentrations during the Exxon Valdez oil spill between 0.001 and
10 μg L−1 (Neff and Stubblefield, 1995). Considering the amount of oil
spilled in the mesocosms, the low PAH concentrations measured and
the fact that sea ice most likely encapsulates oil spill before it is diluted
indicates that even at the sampling time in spring, most PAHs were still
trapped inside the sea ice. The PAH concentrations measured in this
study therefore do not reflect the total PAH content in the sea ice, and
we would expect considerably higher PAH exposure of sea ice com-
munities by the time of ice break up, especially of less mobile oil
compounds remaining in the NATT treatment. The decrease in initial
PAH concentrations in the experimental bottles is a result of uptake by
the copepods, which is confirmed by increased PAH tissue

Fig. 6. Survival of nauplii to stage NII (A) and nauplii developing with deformities (B) after 21 days of incubation in seawater from the time of hatching. Data are
means ± SE. Eggs were collected from females in winter after 11, 12 and 13 days of incubation in sea water (CNTL), and oil-contaminated water treated with in situ
burning (ISB), chemical dispersion (DISP) and natural attenuation (NATT). Sample sizes are indicated in bold above error bars and the sum of surviving and deformed
nauplii in plain.

Fig. 7. Microscope images (20× magnification) of normal (A) and deform (B–C) Calanus glacialis nauplii at NI stages.
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concentrations. Other known PAH removal pathways are bio-
transformation (Størdal et al., 2015), excretion with fecal pellets
(Jensen et al., 2012; Nordtug et al., 2015; Olsen et al., 2013), and ad-
hesion to glass surfaces (Hansen et al., 2017), but we were unable to
quantify these contributions in the study. Overall, an expected differ-
ence in exposure history between treatments was observed, which
documents the relevance of the mesocosm set-up as a test tool for our
experiment.

Final lipid based tissue concentrations of PAH in C. glacialis corre-
sponded to the observed pattern of PAH concentrations in the exposure
medium, showing that PAHs accumulated in the copepods during the
experiment as a result of increasing exposure concentrations. Other
studies have also documented bioaccumulation of PAHs in Calanus
copepods (Agersted et al., 2018; Jensen et al., 2012). Bioaccumulation
of pollutants depends on their chemical properties, bioavailability and
the organism physiology (Meador et al., 1997). High BAFs for crude oil
are generally observed in Arctic copepods with high lipid content
(Almeda et al., 2013b; Jensen et al., 2012) because of the lipophilic
nature of PAHs. Copepod tissue concentrations depend on how rapidly
individual compounds are metabolised and biotransformed (Cailleaud
et al., 2009) or excreted in eggs and fecal pellets (Berrojalbiz et al.,
2009; Mackay, 1982). In this study, there was a tendency that BAF
increased with increasing PAH exposure concentrations in winter, and
inversely decreased in spring. An inverse relationship between BAF and
exposure level may be a result of obtained saturation concentration
(McGeer et al., 2003), although saturation levels were not verified in
this study. However, it corresponds well to the observed positive rela-
tion between PAH exposure concentrations and PAH content of the
females. Maximum BAF was observed in the DISP treatment in winter,
were egg production was lowest. In contrast, minimum BAF was ob-
served in the DISP treatment in spring, where egg production was
highest. In this study, the observed differences in egg production in
winter and spring may therefore partly explain differences in BAF.

4.2. Effects on feeding activity

In a parallel study, Pančić et al. (submitted) showed that in spring,
when the sea ice is melting, the DISP and NATT treatments considerably
reduce biomass and growth of small phytoplankton and micro-
zooplankton, while the growth of diatoms remains unaffected.
Phytoplankton, ice algae and microzooplankton are all important
dietary components to C. glacialis prior to the spring bloom. Cleary et al.
(2017) observed that diatoms were the main food source of C. glacialis
during spring bloom, while other studies show that microzooplankton is
a preferred prey (Campbell et al., 2016, 2009; Levinsen et al., 2000). If
food composition and availability is impacted by the OSR treatments,
the trophic energy transfer at the base of the food web is reduced. We
used fecal pellet production as a proxy for grazing, as fecal pellet pro-
duction is a sensitive measure for grazing, dependent on the amount
and composition of food (Dünweber et al., 2010). The copepods in this
study were offered the same food concentrations and had similar fecal
pellet production rates, so grazing activity was also unaffected by the
OSR. Reduced fecal pellet production rates are documented in previous
laboratory studies with the PAH pyrene (Hjorth and Nielsen, 2011;
Jensen et al., 2008; Nørregaard et al., 2014) and crude oil dispersions
(Hansen et al., 2012; Nordtug et al., 2015; Størdal et al., 2015). Re-
duced feeding is caused by narcosis (Van Wezel and Opperhuizen,
1995), clogging of the feeding apparatus or alteration of the metabolite
concentrations resembling a starvation response (Hansen et al., 2017).
Studies by Jensen et al. (2008) and Hjorth and Nielsen (2011) have
showed that C. glacialis is less sensitive to pyrene exposure than the
smaller Calanus finmarchicus, which is attributed to the higher lipid
content. In the present study, even the highest observed PAH con-
centrations are lower than previous observed effect concentrations, so
absence of response may be due to low PAH concentrations combined
with a short exposure time. The copepod gut contains oil-degrading

bacteria (Størdal et al., 2015) that increase biotransformation and ex-
cretion in fecal pellets (Jensen et al., 2012; Nordtug et al., 2015; Olsen
et al., 2013) acting as a detoxification measure. Therefore, the lack of
impact on feeding rate could also be a result of the plasticity of the
copepod microbiome, as observed with other toxicants in other species
(Alberdi et al., 2016; Han et al., 2014). The PAH content of fecal pellets
was not determined in our study due to insufficient material for PAH
analysis. Fecal pellet size was unaffected by exposure to the oil spill
treatments but previous studies by Størdal et al. (2015) found a re-
duction in pellets volume from oil exposed C. finmarchicus at higher
PAH concentrations.

4.3. Effects on reproduction

Egg production and hatching success are indicators for effects of
exposure to oil spill treatments on C. glacialis reproduction. In this
study, daily egg production rates were unaffected by the PAH exposure
concentrations in both winter and spring, although on one occasion on
day 2 of the spring experiment the DISP was higher than the control.
This difference resulted in a consistent higher cumulative egg produc-
tion in the DISP treatment compared to the control from day 2 until the
end of the experiment. We did not observe the same pattern in daily
production on any other day, and the difference was most likely a result
of coinciding low production in the CNTL and high production in the
DISP. Therefore, we conclude that the differences was an artefact, not
caused by PAH exposure concentrations, and that egg production was
not impacted by the OSR treatments. Reduced egg production of
Calanus spp. has been observed in previous laboratory studies with
pyrene and Calanus hyperboreus (Nørregaard et al., 2014) and crude oil
dispersions and C. finmarchicus (Hansen et al., 2015; Olsen et al., 2013)
but in both cases at higher PAH concentrations than what was obtained
in this mesocosm experiment. Egg production rates were higher in
spring than in winter as a result of C. glacialis feeding on the phyto-
plankton bloom (Søreide et al., 2010) prior to the experiment, which
was also reflected in reduced lipid content of the females. However, egg
production rates in both periods were low compared to previous find-
ings such as those of Søreide et al. (2010). According to Daase et al.
(2013), the phytoplankton spring bloom peaks in week late April or
Start May in Kongsfjorden. The peak in C. glacialis egg production is
timed with the onset of the phytoplankton spring bloom, and would
therefore occur around start April in Kongsfjorden (Daase et al., 2013).
In this study, the winter and spring sampling of copepods were con-
ducted on March 21 and May 14, respectively, and lipid concentrations
were low upon sampling in spring. The low egg production rates were
not a result of food concentrations as observed pellet production was at
a comparable level to other studies under saturated food conditions
(e.g. Swalethorp et al., 2011) and remained unaffected by PAH ex-
posure. Instead, we interpreted this as a result of the copepods being
sampled prior to and after the peak in egg production, i.e. in winter
when they surface to eat and fuel reproduction (Søreide et al., 2010),
and in spring when most lipids have been spend on egg production.
Based on these findings, we showed no effects of the OSR treatments on
egg production on either side of the peak in C. glacialis egg production.

4.4. Effects on offspring

PAHs accumulated in the females with increasing PAH exposure,
but it did not result in reduced egg hatching success. This corresponds
to the findings of Hjorth and Nielsen (2011), where the hatching suc-
cess of eggs from females exposed to higher concentrations of the PAH
pyrene and subsequently hatched in seawater remained unaffected.
Jensen and Carroll (2010) demonstrated a reduced hatching success of
eggs from C. glacialis females exposed to water soluble fraction of crude
oil at 10.4 μg PAH L−1, which is 10 times higher than the maximum
PAH concentrations obtained in this study.

In this study we observed higher mortality of nauplii in the non-
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feeding stages (NI/NII) with increasing female tissue concentrations of
PAH. Direct exposure of nauplii to PAHs has previously been shown to
reduce feeding (Utne, 2017) and prolong development time in the
feeding stages (from NIII) (Grenvald et al., 2013), so it is plausible that
PAHs in egg lipids could impact development in the non feeding stages
too. We additionally observed a higher frequency of deformed nauplii
produced by females in the DISP treatment. Increased deformity of
nauplii as a result of a toxic diet of females has previously been docu-
mented in Calanus spp. feeding on toxic diatoms (Poulet et al., 1995;
Starr et al., 1999), but to our knowledge not in relation to uptake of
PAHs.

5. Conclusion

The present study showed that the physiological performance of
female C. glacialis was not affected by the PAH concentrations obtained
with the tested OSR methods from water sampling in mesocosms during
winter and spring. Our results showed that the PAH release from oil in
the ice was delayed and that the resulting exposure of Calanus was
below known direct effect concentrations. However, we observed in-
direct effects on the development of next generation nauplii expressed
as higher occurrence of deformations and reduced survival in the dis-
persed oil treatment. This corresponds to the higher exposure con-
centrations in the dispersant treatment relative to the other OSR
methods investigated. Removal of oil trapped inside ice before the ice
melts and breaks up will reduce potential impacts on the marine food
web in the Arctic.
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Calanus hyperboreus is the largest copepod and a 
key species at the base of the Arctic food web. 
During the spring bloom, C. hyperboreus 
accumulates lipids. The stored lipid fuels 
metabolism and egg production during 
overwintering at depth, but there is no information 
of the ecological effects of oil exposure on the 
overwintering of C. hyperboreus. The risk of deep-
water oil contamination in the Arctic is high with 
more oil exploitation in this region. The present 
study is the first to empirically test if exposure to 
the polycyclic aromatic hydrocarbon (PAH) pyrene 
concentrations during overwintering affects the 
survival, egg production, and hatching success of 
C. hyperboreus. We also tested the delayed effect 
of pyrene exposure on fecal pellet production and 
lipid recovery. Direct exposure did not affect 
survival and egg production, but reduced the 
hatching success by 3-18 times compared to non-
exposed copepods. For the first time, we document 
strong delayed effects of pyrene at ecologically 
relevant concentrations (1 − 10 nM) on fecal pellet 
production and the recovery of lipid reserves. Our 
study reveals high vulnerability of a key secondary 
producer during overwintering to oil exposure, 
which has potentially huge ecological 
consequences for the fragile Arctic marine food 
web. 
 
copepods | fecal pellets | long-term exposure | pyrene | 
sub-lethal effects 

The risk of oil pollution in the Arctic increases (1) 
because this region has the world’s largest remaining 
prospective reservoirs of oil and gas (2). 
Simultaneously, the limited exploration opportunities 
elsewhere in the world combined with global warming 
and technological advances make the Arctic 
increasingly attractive for oil exploitation (2). However, 
there are associated potential risks of oil exploitation in 

the Arctic. Serious pollution incidents as a result of oil 
spills has already occurred in the sub-Arctic, for 
example the Exxon Valdez oil spill in Prince William 
Sound, Alaska. The spill immediately killed between 
1,000 and 2,800 sea otters and approximately 250,000 
seabirds and the delayed effects lasted for decades (3). 
In addition to a spill on the sea surface, serious effects 
from oil may occur just above the sea bed where high 
amounts of oil can be concentrated (4). Dense 
populations of copepods overwinter in deep water in 
winter at densities of up to 65,000 individuals m−3 (5, 6). 
Effects on deep-water populations may not be visible 
before the copepods again are active in the food web 
and potential cascading effects would be revealed. Oil 

Significance 
 
Overwintering at depth is a critical period for the 
Arctic marine organisms to overcome harsh 
conditions during winter, but their vulnerability to 
contaminant exposure during this period is unknown. 
For the first time, we document both immediate and 
delayed effects of exposure to ecologically relevant 
concentrations of an oil compound during 
overwintering. We saw an immediate effect on egg 
hatching success (an indicator for recruitment) and 
delayed effects on pellet production (a proxy for 
grazing rate) and lipid recovery (essential for winter 
survival and energy transfer). Results suggest the 
possibility of cascading effects from oil exposure on 
the important lipid–rich-based Arctic food webs with 
potentially far-reaching ecological consequences. 
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spills can occur directly in deep waters because of 
accidents during oil extraction (e.g. Deepwater Horizon 
Oil Spill). Oil seeps from sea beds may also contribute 
as an important source of oil contamination in deep 
water layers (7). How oil exposure affects overwintering 
Arctic zooplankton and transfers oil into the lipid-based 
Arctic food web is critically important to understand the 
potential cascading effects, but this aspect has not yet 
been studied.  
 In the Arctic marine ecosystem, herbivorous 
zooplankton species overwinter in deep water (8, 9). 
Overwintering is vitally important to Arctic species to 
survive the long, dark, cold, unproductive winter (8, 10); 
however, the ecological effects of contaminant 
exposure during this period are unknown. In general, 
the winter stress syndrome hypothesis (11) proposes 
that exposure to contaminants during overwintering in 
combination with starvation may result in severe lipid 
depletion in fish, which negatively affects their survival 
and reproduction. This hypothesis rarely has been 
tested in field studies due to many unidentified 
confounding factors (12). To our knowledge, only a few 
studies have empirically tested sensitivity to pollutant 
exposure during hibernation. Specifically, cadmium 
exposure during hibernation negatively affected the 
survival and mass loss American toads (Bufo 
americanus) (13). Another study showed that the use of 
fat as energy during the hibernation of Columbia grizzly 
bears (Ursus arctos horribilis) mobilized persistent 
organic pollutants during winter (14). However, no 
studies have investigated how environmental 
contamination may affect the overwintering of Arctic 
marine species.  
 We empirically tested the hypothesis that exposure to 
a petrogenic polycyclic aromatic hydrocarbon (PAH) 
pyrene in the deep ocean, where the ecologically 
important Arctic copepod species Calanus hyperboreus 
overwinters, reduces its survival and reproductive 
output in the spawning season, as predicted by the 
winter stress hypothesis (11). PAHs recently have been 
identified as emerging contaminants in the Arctic 
because the concentrations in Arctic fish and 
invertebrates have increased 10- to 30-fold over the 
past 25 years (15). C. hyperboreus is the dominant 
zooplankton species in deep waters of the Arctic ocean, 
accounting for between 50 and 75% of all individuals 
(16). Any negative effects of oil exposure during 
overwintering of this species may have profound effects 
on the entire Arctic food web. During winter C. 
hyperboreus matures, produces eggs, and respires 
given energy derived from the lipid wax ester 
accumulated during the previous growing season. We 

test how the copepods allocate the stored energy from 
their internal lipid sac to different biological processes 
and how these processes are affected by a 
contaminant. We provide unique empirical data towards 
understanding the sensitivity of overwintering marine 
species under stress. We further tested the delayed 
effects of oil exposure on grazing and rebuilding lipid 
stores when C. hyperboreus ascends to the surface 
during spring bloom. 
 
Results 
Pre-exposure. When collected, females had an empty 
gut, a lipid content averaging 73% of body mass, and a 
mortality rate in the pre-exposure period of 0.6% day-1. 
Gonad maturation was observed from 8 December 
when pyrene exposure was initiated. More information 
on pre-exposure conditions is presented in Supporting 
Information (Table S1 and S2). 
 
Exposure concentrations. The nominal pyrene 
concentrations of 0, 1, 10, 100, and 100+ nM were 
measured to be 0.00, 1.05, 8.00, 85.00, and 205.00 nM 
initially, which declined to < 0.05, < 0.05, 0.90, 8.50, 
and 25.00 nM, respectively, during the 88-day exposure 
period.  
 
Survival was not reduced by pyrene exposure 
during overwintering. Mortality rates among copepods 
in the different treatments ranged from 0.5 to 0.8% day-1 
during the exposure period, as well as during the 
combined exposure and post-exposure periods. 

 
Fig. 1. Survival of female Calanus hyperboreus was not 
reduced by pyrene exposure during overwintering. Survival of 
173 females during 88 days of exposure to pyrene solutions of 
0, 1, 10, 100, and 100+ nM, and 17 days of feeding in water 
without pyrene. Survival was assessed by daily visual 
inspection (< 10 seconds). Statistically significant differences 
using ANOVA followed by Dunnett’s test comparing controls 
to exposed are denoted *p < 0.05 (Tables S7, S8). 
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Survival differed significantly among treatments (P < 
0.05; Tables S2, S7) and, surprisingly, more females 
from the 100 nM group survived than in the control (Fig. 
1; P < 0.05; Table S8).  
 
Egg production was not impacted by pyrene 
exposure during overwintering. Females were 
exposed to pyrene during the entire reproduction 
period, i.e. from the onset of egg production until 97% 
had stopped spawning ~3 months later. Within 3 weeks 
of starting the exposure, 95% had initiated egg 
production, which peaked in January (Fig. S1). We 
found no significant effect of pyrene on the total egg 
production; for example, the control group had 
produced 1,005 eggs female-1 (Fig. 2), equal to 0.26 µg 
Cegg µg Cfemale

-1.  
 

Spawning interval and clutch size was unaffected 
by pyrene exposure although clutch number 
increases. Females spawned every 7.6 days and 
produced clutches averaging 103 eggs (Fig. S2; Table 
S3). There were no significant impacts of pyrene on 
spawning interval or clutch size. Mean clutch number in 
the control group was 4.7 clutches female-1, which 
increased with pyrene exposure (P < 0.05), but not in a 
dose-related manner. Females in the 1 nM and 100 nM 
groups produced 7.9 and 8.1 clutches female-1, 
respectively, both of which were significantly more than 
in the control group (P < 0.05 and < 0.01, respectively; 
Tables S7, S8). 
 
Pyrene exposure reduced egg hatching only near 
the end of the reproductive season. Initial egg 
hatching success in the control group was 32% (Fig. 3; 
Table S4). Hatching success was not affected either by 
pyrene exposure of mothers or direct exposure of eggs. 
Instead, hatching success changed throughout the 
experiment (P < 0.001), being significantly reduced in 
the 1, 10, and 100 nM groups compared to the control 
by the end of the experiment (P < 0.01, < 0.05, and < 
0.05, respectively; Tables S7, S8).  
 
Delayed effects of pyrene exposure profoundly 
reduced fecal pellet production. The control group 
responded immediately to feeding by producing fecal 
pellets, reaching a rate just below the mean for the 
period of 38 pellets female-1 day-1 by day 3 (Fig. 4a). 
We observed a strong delayed effect on pellet 
production in the post-exposure period, during which 
pellet production was supressed equally in all exposure 
groups compared to the control, which produced 
consistently more pellets throughout the experiment. 
Mean volume of pellets was 2.5×107 ± 1.1×105 µm3 
pellet-1, corresponding to a carbon content of 1.07 ± 

 
Fig. 2. Egg production of female Calanus hyperboreus was 
not impacted by pyrene exposure during reproduction. 
Cumulated egg production of 173 females during 88 days of 
exposure to pyrene solutions of 0, 1, 10, 100, and 100+ nM, 
and 17 days of feeding in water without pyrene. Egg 
production was assessed 100 times during 105 days of 
incubation. Values are means. 

 
Fig. 3. Pyrene exposure reduced egg hatching success at the end of the reproductive season. Hatching success was assessed three 
times during the reproduction period, where females were exposed to pyrene concentrations of 0, 1, 10, 100, and 100+ nM. The eggs 
were incubated at 3 °C for 7 days in a) seawater and b) pyrene solution. Values are mean ± SE. Statistical results are in Tables S7 
and S8. 
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0.05 µg C pellet-1, which was lower for exposed females 
(P < 0.001; Table S2). By the end of the experiment, 
females in the control group had produced 384 pellets 
female-1, equal to 0.199 µg Cpellet µg Cfemale

-1 (Fig. 4b). 
Exposure to 1, 10, 100, and 100+ nM pyrene resulted in 

significant reductions in cumulated pellet production (in 
carbon units: µg Cpellet µg Cfemale

-1) of 70, 78, 64, and 
65%, respectively, compared to the control (P < 0.001; 
Tables S7, S8).  
 
Delayed effect of pyrene exposure reduced 
restoration of the lipid sac upon feeding in water 
without pyrene. Lipid content of females in the control 
group was reduced by > 98% by the end of the 
exposure period (Fig. 5; Table S1), reflecting the 
normal lipid expenditure for metabolism and egg 
production during overwintering. Lipid contents did not 
differ significantly between the control and exposure 
groups by the end of the exposure period. After 17 days 
of feeding, females in the control group had increased 
lipid content 4-times to 5% of body mass, (P < 0.05; 
Tables S1, S7), showing their capacity to respond to 
increased food availability, while lipid contents in the 
exposure groups remained low. 
 
Discussion 
Detrimental immediate and delayed effects of crude oils 
on Arctic organisms have been revealed (3). Here, we 
show that C. hyperboreus exhibits strong delayed 
effects on grazing (fecal pellet production) and lipid 
recovery after long-term exposure to pyrene during 
overwintering. We also show that these delayed effects 
occur at exposure concentrations much lower than 
previously documented for the smaller relatives, C. 
glacialis and C. finmarchicus based on short-term 
experiments conducted during the spring and summer 
periods. This is the first study to investigate the 
exposure effects from a petrogenic PAH over a full 
reproductive cycle of the Arctic copepod C. 
hyperboreus. The long-term exposure allowed us to 
assess the effects of ecologically-relevant 
concentrations (initial 1-10 nM) of a petrogenic PAH 
(pyrene) on the success of the full reproductive cycle of 
C. hyperboreus. During pyrene exposure, all other 
factors were removed by keeping conditions similar to 
those in situ and no food was added during the 
exposure period.  
 C. hyperboreus is a capital breeder (8) that spawns 
in deep waters during winter, using the lipid reserves 
accumulated during the previous season. With some 
regional variation, its gonads mature in autumn and 
eggs are spawned during winter prior to the spring 
bloom (17–19). This was supported by our studies, 
when egg production occurred from December and ~3 
months after, with maximum production in January. Our 
data covered the entire spawning period when females 
were exposed to pyrene, as well as the time 

 
Fig. 4. Delayed effects of pyrene exposure, even below 
known effect concentrations, profoundly reduced fecal pellet 
production of female Calanus hyperboreus. a) Daily fecal 
pellet production rates and b) cumulated fecal pellet 
production of 71 females during 17 days of feeding in water 
without pyrene, after 88 days of exposure to pyrene 
concentrations of 0, 1, 10, 100, and 100+ nM. Fecal pellet 
production was assessed 11 times during the feeding period. 
Values are mean ± SE. Statistically significant differences 
using ANOVA followed by Dunnett’s test comparing controls 
to exposed are denoted **p < 0.01 (Tables S7, S8). 
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immediately after spawning when females normally are 
present in surface waters feeding on the spring bloom 
(20).  
 Mortality rates of copepods in the pre-exposure and 
exposure periods in our experiments agreed with 
previous studies (18, 21, 22). Our data from the 
exposure period (Fig. 1; Fig. 2) revealed that the 
survival and egg production of C. hyperboreus females 
was not negatively impacted by pyrene exposure during 
overwintering. This agreed with previous studies that 
show a high tolerance of female C. hyperboreus to 
petrogenic substances (23, 24). Polycyclic aromatic 
compounds (PAHs) accumulate in the lipids of Calanus 
and transfer from mothers via eggs to offspring (25, 26). 
This indicates that spawning contributed to eliminating 
accumulated pyrene in C. hyperboreus, a general 
mechanism previously suggested for marine copepods 
(27), which may have prevented internal concentrations 
from reaching a lethal threshold. Our data on lipid 
contents (Fig. 4) confirms that lipid reserves were 
almost depleted by the end of the exposure period. 
Importantly, although we found a statistically significant 
positive effect on survival of females exposed to 100 
nM, the difference seems to be due to an initial high 
mortality rate in the controls, rather than an effect of 
pyrene exposure. Indeed, mortality rates prior to and 
during exposure were comparable to findings from 
previous studies (18, 21). The observed spawning 
intervals and clutch sizes corresponded to previous 

findings (18) and also were not affected by pyrene 
exposure (24). We did find an unsystematic increase in 
clutch number of females exposed to 1 and 100 nM 
pyrene, but because egg production was unaffected, 
we attributed this to random variation. Pyrene was not 
depleted from the bottles during the exposure period; 
therefore, our data on egg production and lipid content 
indicate that females were exposed to pyrene for 
another ~2 months after spending most of their lipid 
reserves on egg production in January. Indeed, 
reduced hatching success (Fig. 3) was observed in 
February after the peak in egg production. This 
corroborates the prediction that the high lipid content of 
C. hyperboreus may buffer the toxic effects, invalidating 
the conclusions from short-term studies of petrogenic 
PAHs on the hatching success of Arctic Calanus 
species (23, 28). 
 We show a strong delayed post-exposure effect of 
pyrene exposure on fecal pellet production (Fig. 4) and 
lipid recovery (Fig. 5). Delayed effects of contaminant 
exposure have been shown in many different taxa 
exposed to a variety of contaminants, including metals 
(e.g. (29)), pesticides (e.g. (30)) and pyrene (24), and 
bridge from metamorphosis (e.g. (31)(32)) to carryover 
from mothers to offspring (33). Delayed effects on 
feeding from exposure to petrogenic hydrocarbons 
previously were reported for C. hyperboreus at 
concentrations down to 10 µg L-1 (24, 34), and may 
result from narcosis (35, 36) or neurotoxicity (37) 
caused by high internal concentrations that persist long 
after direct exposure has ceased (24). However, our 
study is the first to document such effects on Arctic C. 
hyperboreus (23, 24) or congeneric Arctic species (38, 
39) at PAH concentrations of 1 and 10 nM, which are 
particularly relevant concentrations for many coastal 
marine ecosystems (40).  
 The fact that pyrene was not depleted from the 
exposure solutions indicates that saturation was 
reached in the lipid reserve. All females contained the 
same amount of lipids after spawning, which suggests 
that females also contained approximately the same 
amount of pyrene at the end of the exposure period. 
This would explain why pyrene concentrations of 1, 10, 
100, and 100+ nM had the same strong delayed effect 
on pellet production. Impacts on feeding can be 
particularly serious for C. hyperboreus, which has a 
shorter period of active feeding to restore their lipid 
reserves than the smaller Calanus relatives, which stay 
at the surface longer to feed (41). A reduced ability to 
take advantage of the short, intense Arctic spring bloom 
to build lipid reserves potentially could result in reduced 
survival or reproductive output of C. hyperboreus, thus 

 
Fig. 5. Pyrene exposure reduced the ability to restore lipid sac 
reserves after feeding in water without pyrene. The lipid 
content of surviving Calanus hyperboreus females was 
assessed after 88 days of exposure to pyrene solutions and 
after 17 days of subsequent feeding in seawater without 
pyrene. The figure shows relative changes in lipid content. 
Values are mean ± SE. Statistically significant differences in 
mean wax ester content (mg C) between end exposure and 
end feeding (using ANOVA test) are denoted *p < 0.05 (Table 
S7). 
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lowering the energy available to transfer to higher 
trophic levels of the Arctic food web (8). 
 Fossil fuel-derived PAHs are emerging persistent 
organic pollutants now dominating the toxin burden of 
lower trophic levels in the Arctic marine environment 
(15). Arctic species typically are thought to be 
vulnerable to bioaccumulating those pollutants due to 
their high lipid content. Still, the Arctic copepod C. 
hyperboreus has been considered more robust towards 
oil exposure than their smaller relatives, due to their 
higher lipid content (42). Until now, toxicity studies have 
not considered the pronounced differences in 
reproduction strategies among Calanus species (43), 
for which effects during overwintering are unknown. Our 
results demonstrated that capital spawning renders C. 
hyperboreus extremely vulnerable to oil exposure after 
lipids are spent on egg production. The strong delayed 
effects are manifested as reduced grazing capacity and 
lipid recovery in the next season. Because C. 
hyperboreus is an important prey of fish (44), sea birds 
(45) and marine mammals (46) in the Arctic, reduced 
fitness could potentially impact the production of Arctic 
ecosystems and change the carbon sequestration 
pathways (9, 47). Our study clearly emphasizes the 
importance of including species life history adaptations 
to overwintering to assess their vulnerability to oil 
contamination in the Arctic. Experiments from spring 
and summer periods are not representative of the entire 
life cycle of a species and winter studies are necessary 
to provide biological data for environmental impact 
assessments.    
 
Materials and Methods 
Copepod sampling. Calanus hyperboreus copepods 
were collected on 8 − 16 September 2016 in Disko Bay, 
Greenland (69o15’N, 53o33’ W) from RV Porsild (Arctic 
Station, University of Copenhagen) using WP-3 
plankton nets (mesh size 200 µm) with a non-filtering 
cod-end. Nets were hauled from a depth of 300 − 150 
m at a speed of 0.2 m s-1 to collect non-feeding females 
with full lipid stores that were descending to 
overwintering depths. At retrieval, the cod-end content 
was diluted with surface seawater and stored dark in 
50-L thermal boxes until return to the laboratory (< 3 h). 
There, copepods were gently collected with a 
soupspoon and transferred to ice-chilled petri dishes 
where females were identified. Females were quickly 
transferred to 5-L plastic bottles (50 individuals bottle-1) 
with chilled 0.2 µm filtered seawater (FSW), and then 
stored dark in refrigerators at sea-bottom conditions (3 
°C, salinity 35‰). Females were transported from 

Greenland to Denmark in temperature-controlled 
coolers (< 8 h). 
 
Exposure solutions. Experiments were conducted 
using FSW with salinity of 35‰, pH of 8 – 8.2, and 
dissolved oxygen concentration of ~7 mg L−1. The FSW 
was chilled to experimental temperature (3 °C) prior to 
use. Four pyrene stock solutions (0.02, 0.2, 2, and 6 
mM) were prepared by dissolving pyrene powder (purity 
≥ 99 %, Sigma-Aldrich, Darmstadt, Germany) in 
absolute acetone (purity ≥ 99.8 %, VWR International). 
Stock solutions were stored at 3 °C and in darkness to 
avoid photochemical degradation of pyrene (6). Pyrene 
solutions of 1, 10, 100, and 100+ nM were obtained by 
adding 56 µL of stock solution to incubation bottles 
containing 250 mL of FSW. Exposure levels were 
selected to range from below known impact to 
maximum impact concentrations. Thus, 1 nM is within 
the limits of the provisional ecotoxicological assessment 
criteria of ~2.5 nM (0.5 µg L-1) set by the Oslo and Paris 
Commission, OSPAR (48), and 100+ nM is the 
saturation level corresponding to ~300 nM (23). Actual 
pyrene concentrations were verified by an independent 
research group (Lovap, Belgium) from fresh exposure 
medium and from pooled medium collected from the 
experimental bottles at the end of the exposure period. 
We did not include a solvent control, because our 
previous studies showed that acetone concentrations of 
50 to 900 µl L-1 had no effect on survival, fecal pellet 
production or egg production of Calanus species (23, 
38, 49). 
 
Incubation experiment. C. hyperboreus females were 
kept in darkness in a temperature-controlled room at 3 
°C without food from September to March, the period 
they would spend at overwintering depths in natural 
conditions (20). Females dying prior to exposure were 
removed with a large pipette. When the first sign of 
gonads turning red by oocyte maturation were 
observed, all copepods were placed individually in 250-
mL acid washed Simax glass bottles with fresh FSW. 
They were divided into five treatments; 0, 1, 10, 100, 
and 100+ nM pyrene with 37 replicates each (a total of 
185 experimental units). The bottles were kept in two 
open top water storage tanks (500-L, black 
polyethylene, 3 °C) and temperature was monitored 
throughout the experiment using 1 HOBO Data Logger 
(UTBI-001, Onset, Bourne, MA, USA) per tank. After 10 
days, several copepods showed signs of gonad 
maturation the pre-exposure period ended.  
 Exposure was initiated on 8 December 2017 with a 
single pulse of pyrene that was allowed to degrade 
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during the experiment. The exposure duration was 88 
days, from the onset of first egg production until 97% of 
the females had stopped spawning. Water storage 
tanks were covered with black plastic to avoid 
phototoxicity of pyrene (50). Daily handling was 
conducted in dim light (≤ 3 min bottle-1 at 0.3 µmol 
photons m-2 s-1, ULM-500 Universal Light Meter, Heinz 
Walz, Effeltrich, Germany), and the laboratory was kept 
dark during the experiment. During the exposure 
period, survival was noted and egg production was 
quantified. 
 Pyrene exposure was terminated on 6 March 2017 
when surviving females were transferred to clean 
bottles with chilled FSW and fed. Feeding was 
continued for 17 days, corresponding to the time when 
the natural population would experience the spring 
phytoplankton bloom (20, 51). Incubation water was 
renewed 10 times during the period, specifically, after 
collections of fecal pellets and with additions of food in 
saturated concentrations (400 µg C L–1) (52). Food 
consisted of cultured diatoms (Thalassiosira weissflogii) 
grown in 10-L plastic bags at 18 oC with gentle aeration 
and a light intensity of 83 µmol photons m-2 s-1 (Walz 
ULM-500 Universal Light Meter). The medium used 
was B1 (53) with silicate in autoclaved 0.2 µm filtered 
seawater with a salinity of 35‰. Cell density was 
measured with a Beckman multisizer 3 coulter counter 
(Beckman Coulter, Indianapolis, USA). The food was 
acclimated to temperature in the laboratory (~0.5 h) 
prior to addition using a 5-mL Finnpipette. The 
experiment was terminated on 23 March 2017. 
 
Survival. Bottles were checked by visual inspection 
against a white background every 24 h (≤ 10 seconds 
bottle-1). Copepods were considered dead if they did 
not react to physical stimuli and were turning opaque. 
Such individuals were collected and inspected visually 
using a stereo microscope (Olympus SZ61, 16× 
magnification) before considered dead. If they were not 
dead, they were immediately returned to the bottle. 
 
Egg production. Egg production was assessed over 
the entire duration of the spawning season, which 
corresponded to the duration of the exposure period. 
Gonad maturity was checked every 24 h by visual 
inspection of bottles against a white background. When 
red gonads with developed oocytes had lost their red 
color (see (18)), a spawning event was assumed to 
have been completed and the bottle content was gently 
poured into a glass beaker. The female was gently 
caught with a soup spoon and immediately returned to 
the bottle together with the spoonful of water. Bottle 

content was gently poured back into the bottle through 
a 40-µm nylon mesh that retained eggs. Eggs then 
were rinsed onto a petri dish with chilled FSW and 
counted with the stereo microscope at 
20×magnification. Daily production rates were 
calculated from the number of live females each day 
and cumulated production was obtained by summing 
daily production rates during the experiment. Carbon 
content was calculated assuming a constant egg 
diameter of 209 µm (54) and a carbon to volume 
relationship of 10×10-7 µg C µm3 (51). Production was 
converted into carbon units by multiplying daily 
production with egg carbon content and then dividing by 
the mean carbon weight of all females. 
 
Spawning interval, clutch size and clutch number. 
The average spawning interval was calculated as the 
number of days between spawning events. C. 
hyperboreus deposits a clutch of eggs within a few 
minutes (54); therefore, for spawning intervals < 2 days, 
eggs were assumed to belong to the same clutch and 
were thus designated to first day. Clutch sizes were 
determined by interval and data were log transformed 
prior to analysis to obtain homogeneity of variance. The 
egg production, clutch size and frequency from the first 
7 days of the exposure period were excluded from the 
calculations, because egg production rates were not 
determined prior to day 7 of the experiment.  
  
Egg hatching. Egg hatching success was estimated 
three times during the exposure period (in December, 
January, and February). Eggs collected from each 
female were divided into two petri dishes and allowed to 
hatch in either 10 mL of FSW or 10 mL of pyrene 
solution. Hatching success was determined after 7 days 
(55). Samples then were fixed with a drop of acidic 
Lugol’s and nauplii counted with the stereo microscope 
at 20× magnification. 
 
Fecal pellet production. Fecal pellet production was 
assessed 10 times using the same method as for egg 
production. The length and width of ten pellets from 
each treatment was measured every time and used to 
calculate pellet volume and carbon content, assuming a 
carbon content of 4.3×10-8 µg C (µm3 pellet)-1 (51). 
Cumulated production, daily production rates, and 
production in carbon units were calculated using the 
same method as for egg production.  
 
Size and lipid content. Female size and lipid content 
were assessed at sampling in September, at the end of 
the exposure period on 5 March 2017, and at the end of 
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the feeding period on 23 March 2017. Lipid content was 
calculated from lipid sac area by digital image analysis 
based on the methodology of Vogedes et al., 2010 (56). 
Living females were placed in a drop of water on a petri 
dish and photographed from a lateral view using a 
Leica S4E stereo microscope (20× magnification) with a 
SONY Video camera. A picture of a calibration slide 
was taken for the magnification and camera zoom level 
used. The software ImageJ (v. 1.41I, National Institutes 
of Health and Human Services, Bethesda, MD, USA) 
was used for image analysis. Lipid sac perimeter and 
prosome length were outlined manually and ImageJ 
generated the lipid sac area. The size of the lipid sac 
then was converted into wax ester mass with the 
equation WE = 0.167×A1.42, where WE is mg wax ester 
and A is the lipid sac area in mm2 (56). The carbon 
content of eggs was calculated assuming an egg 
diameter of 209 µm (54) and a carbon to volume 
relationship of 10×10-7 µg C µm3 (51). Wax esters were 
converted into carbon by assuming a 79% carbon 
content (9).  
 
Data analyses. Comparisons between treatments were 
done using ANOVA or Kruskal Wallis test (for survival 
only) followed by Dunnett’s test for comparisons of 
group means with the control group or Tukey HSD for 
multiple comparisons (for hatching success only). When 
the assumption of homogeneity of variances was not 
met (clutch size), data were log transformed to obtain 
homogeneity. Significance level was set to P < 0.05. 
Data analyses were performed in R (57). Data are 
presented in the text and figures as means + standard 
error (SE). 
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Fig. S1. Daily egg production rates of Calanus hyperboreus 
females. Daily egg production rates of live females during 88 
days of exposure to pyrene solutions of 0, 1, 10, 100, and 100 
+nM and 17 days of feeding in water without pyrene. Eggs 
were collected from the incubation bottles after a spawning 
event by sieving through a 40 µm mesh. Egg production was 
assessed 100 times during 105 days of incubation. Values are 
mean ± SE. 

 
Fig. S2. Spawning interval, clutch size, and clutch number for 
Calanus hyperboreus females. a) Spawning interval was 7.6 
days, b) clutch size was 103 eggs and c) clutch number was 
6.8 clutches female-1, but differed among exposure groups 
(ANOVA, P < 0.05; Tables S7, S8). Spawning was assessed 
daily by visual inspection. For spawning intervals < 2 days, 
eggs were assumed to belong to the same clutch and were 
thus assigned to the first day.  
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Table S1. Size and lipid content of Calanus hyperboreus females exposed to pyrene solutions of 0, 1, 10, 100, and 100+ nM for 88 
days and subsequently transferred to water without pyrene and fed for 17 days. Data are mean ± SE and n is the number of females 
at the time of collection in September (t1), the end of the pyrene exposure period on 6 March (t2) and the end of the feeding period on 
23 March (t3). Statistically significant differences between t2 and t3 within exposure groups using ANOVA are denoted *p < 0.05 
(Table S7). 

Pyrene concentration 
 

n  
Body mass 

(µg C female-1) 
 

Lipid content 
(µg C female-1) 

 
Lipid content 

(% of body mass) 
 t1 t2 t3  t1 t2 t3  t1 t2 t3  t1 t2 t3 

0 nM  

29 

9 7  

2,031 ± 96 

2,073 ± 107 1,813 ± 129  

1,458 ± 82 

23 ± 19 91 ± 26*  

73 ± 4 

1 ± 1 5 ± 2 
1 nM  17 15  2,060 ± 80 1,962 ± 99  24 ± 18 17 ± 6  1 ± 1 1 ± 0 
10 nM  20 12  2,012 ± 79 2,041 ± 116  27 ± 18 34 ± 17  1 ± 1 2 ± 1 
100 nM  24 19  2,201 ± 58 2,162 ± 62  36 ± 15 37 ± 17  2 ± 1 2 ± 1 
100+ nM  10 8  2,087 ± 99 2,021 ± 115  29 ± 21 40 ± 27  1 ± 1 2 ± 1 

 
Table S2. Survival of Calanus hyperboreus females. Data are mean ± SE and n is the number of females at the time of collection in 
September (t0), the start of pyrene exposure in December (t1), the end of the exposure period on 6 March (t2) and the end of the 
feeding period on 23 March (t3). Statistically significant differences using Kruskal Wallis followed by Dunnett’s test comparing 
controls to exposed are denoted *p < 0.05 (Tables S7, S8). 

Pyrene concentration 
n Survival 

t0 t1 t2 t3 Entire period (%) Experimental period (%) Exposure period (%) Feeding period (%) 
0 nM  76 33 9 7 9 ± 3 21 ± 7 27 ± 8 21 ± 7 
1 nM 76 33 15 15 20 ± 5 46 ± 9 46 ± 9 46 ± 9 
10 nM 76 36 16 12 16 ± 4 33 ± 8 44 ± 8 33 ± 8 
100 nM 76 37 22 19 25 ± 5 51 ± 8 60 ± 8* 51 ± 8 
100+ nM 76 34 9 8 11 ± 4 24 ± 7 27 ± 8 24 ± 7 

 
Table S3. Egg production, spawning interval, spawning frequency, and clutch frequencies for Calanus hyperboreus. Egg production 
was assessed 100 times over 105 days and cumulated production per female is thus the sum of 100 days. Data are mean ± SE and 
n is the number of replicates. Statistically significant differences using ANOVA followed by Dunnett’s test comparing controls to 
exposed are denoted *p < 0.05, ** p < 0.01 (Tables S7, S8). 

Pyrene 
concentration 

Cumulated egg production  Spawning interval  Clutch size  Clutch number 

n 
Eggs 

female-1 
µg Cegg 

µg Cfemale
-1 

 n Days  n Eggs  n 
Clutches 
female-1 

Total - - -  895 7.6 ± 0.2  946 103 ± 3  160 6.8 ± 0.3 
0 nM 33 1,005 0.256  106 7.5 ± 0.5  111 121 ± 10  29 4.7 ± 0.8 
1 nM 33 1,222 0.312  189 7.6 ± 0.4  202 113 ± 6  29 7.9 ± 0.9* 
10 nM 36 792 0.202  185 8 ± 0.4  195 90 ± 6  35 6.6 ± 0.7 
100 nM 37 1,134 0.289  236 7.5 ± 0.2  251 111 ± 6  35 8.1 ± 0.7** 
100+ nM 34 1,090 0.278  179 7.7 ± 0.3  187 109 ± 6  32 6.8 ± 0.8 

 
Table S4. Hatching success of Calanus hyperboreus eggs incubated at 3 °C for 7 days in seawater or pyrene solutions of 0, 1, 10, 
100, and 100 nM. Data are mean ± SE and n is the number of replicates. 

Pyrene concentration Medium 
 December (week 2)  January (week 6)  February (week 10) 
 n Eggs %hatching  n Eggs %hatching  n Eggs %hatching 

0 nM Seawater  7 854 32 ± 10  14 1,294 38 ± 9  3 306 64 ± 32 
1 nM Seawater  6 452 37 ± 6  9 395 34 ± 11  7 298 3 ± 2 
10 nM Seawater  8 391 31 ± 11  8 561 29 ± 13  5 148 3 ± 3 
100 nM Seawater  7 542 50 ± 11  8 499 36 ± 9  9 480 18 ± 12 
100+ nM Seawater  6 690 22 ± 10  6 399 34 ± 17  5 173 4 ± 4 
1 nM 1 nM  6 510 46 ± 6  9 565 38 ± 10  7 345 9 ± 8 
10 nM 10 nM  8 605 45 ± 14  8 685 27 ± 12  5 186 5 ± 4 
100 nM 100 nM  7 596 54 ± 9  8 721 38 ± 10  9 427 20 ± 12 
100+ nM 100+ nM  6 376 36 ± 15  6 390 36 ± 16  5 135 4 ± 4 



Manuscript prepared for submission to PNAS 
 

 

S4 
	

 
Table S5. Fecal pellet size and production of Calanus hyperboreus females. Pellet production was assessed 11 times over 16 days 
and production per female is thus the sum of 11 days. Data are mean ± SE and n is the number of replicates. Statistically significant 
differences using ANOVA followed by Dunnett’s test comparing controls to exposed are denoted *p < 0.05, ** p < 0.01, ***p < 0.001 
(Tables S7, S8). 

Pyrene concentration 
Pellet size  Cumulated pellet production 

n µg C pellet-1  n 
Pellets  
female-1 

µg Cpellet  
µg Cfemale

-1
 

0 nM 198 1.07  ± 0.05  9 384 0.199 
1 nM 194 0.71  ± 0.04***  15 175** 0.060*** 
10 nM 161 0.62  ± 0.06***  16 143** 0.043*** 
100 nM 162 0.89  ± 0.06**  22 165** 0.071*** 
100+ nM 111 0.87  ± 0.06*  9 166** 0.070*** 

 
Table S6. Wax ester content of lipid sacs and eggs produced by surviving Calanus hyperboreus females. Data are mean ± SE and n 
is the number of females at the time of collection in September (t1), the end of the exposure period on 6 March (t2), and the end of 
the feeding period on 23 March (t3). 

Pyrene concentration 
  n 

 
Lipid sac (µg WE) 

 
Eggs (µg WE) 

 
t1 t2 t3  

t1 t2 t3  
t3 

0 nM 
 

29 

9 7 
 

1,846 ± 103 

29 ± 24 115 ± 33 
 

733 ± 148 
1 nM 

 
17 15 

 
31 ± 23 22 ± 8  948 ± 89 

10 nM 
 

20 12 
 

34 ± 23 44 ± 21  811 ± 110 
100 nM 

 
24 19 

 
45 ± 19 47 ± 21  913 ± 63 

100+ nM   10 8 
 

36 ± 27 51 ± 34  974 ± 88 
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Table S7. Test table for analysis of variance of means. ANOVA; Kruskal Wallis = KW. For the parameters pyrene exposure 
concentration of Calanus hyperboreus females (C), time in the experiment (t) and egg hatching medium (m). 
 Unit Test Source of variance df1, df2 F P 
Survival, experimental period Percent KW C 4 10.60 0.031 
Survival, exposure period Percent KW C 4 11.13 0.025 
Survival, feeding period Percent KW C 4 4.53 0.34 
Cumulated egg production, final Egg female-1 ANOVA C 4, 168 2.17 0.074 
Cumulated SEP, final µgC egg-1 (µgC female-1)-1 ANOVA C 4, 168 2,17 0.074 
Cumulated fecal pellet production, final Pellets female-1 ANOVA C 4, 66 4.30 0.0037 
Cumulated SPP, final µgC pellet-1 (µgC female-1)-1 ANOVA C 4, 66 9.90 <0.001 
Hatching success Percent ANOVA C 4, 165 1.50 0.21 
   t 2, 165 13.28 <0.001 
   m 1, 165 1.085 0.30 
   C × t 8, 165 1.43 0.19 
   C × m 3, 165 0.028 0.99 
   t × m 2, 165 0.32 0.73 
   C × t 6, 165 0.052 1.00 
Lipid content, 0 nM  mgC female-1 ANOVA t 4, 14 4.78 0.046 
Lipid content, 1 nM mgC female-1 ANOVA t 4, 30 0.13 0.73 
Lipid content, 10 nM mgC female-1 ANOVA t 4, 30 0.084 0.77 
Lipid content, 100 nM mgC female-1 ANOVA t 4, 41 0.96 0.96 
Lipid content, 100+ nM mgC female-1 ANOVA t 4, 16 0.74 0.74 
Body mass mgC female-1 ANOVA C 5, 159 1.40 0.23 
   t 1, 159 1.11 0.30 
   C × t 4 159 0.42 0.79 
Pellet weight µgC pellet-1 ANOVA C 4, 384 16.1 <0.001 
Spawning interval Days ANOVA C 4, 941 0.39 0.81 
Clutch size Eggs (log transform) ANOVA C 4, 941 1.16 0.33 
Clutch number Eggs clutch-1 ANOVA C 4, 155 3.12 0.017 
 
Table S8. Post hoc test table. 
Test parameter Post hoc test Source of variance 
   0 nM 1 nM 10 nM 100 nM 100+ nM 
Survival, experimental period Dunnett’s  t  2.10 1.07 2.68 0.20 
  P  0.12 0.66 0.028 1.00 
Survival, exposure period Dunnett’s  t  1.53 1.48 2.79 -0.068 
  P  0.35 0.38 0.021 1.00 
Survival, feeding period Dunnett’s  t  1.51 -0.19 0.62 0.68 
  P  0.34 1.00 0.91 0.88 
PP Dunnett’s  t  -3.15 -3.81 -3.71 -2.98 
  P  0.008 0.001 0.002 0.001 
SPP Dunnet’s t  -5.12 -6.00 -5.22 -4.29 
  P  < 1×10-4 < 1×10-4 < 1×10-4 0.0002 
Spawning interval Dunnett’s  t  -0.18 0.58 -0.28 0.37 
  P  1.00 0.92 0.99 0.98 
Clutch size Dunnett’s  t  -0.56 -1.55 0.014 -0.17 
  P  0.93 0.30 1.00 1.00 
Clutch number Dunnett’s  t  2.91 1.78 3.18 1.93 
  P  0.015 0.22 0.007 0.17 
Hatching mid vs. start Tukey HSD Diff 6 -5 -10 -15 -5 
  P 0.92 0.81 0.63 0.36 0.37 
Hatching end vs. start Tukey HSD Diff 32 -35 -24 -33 - 
  P 0.40 0.002 0.025 0.011 - 
Hatching mid vs. end Tukey HSD Diff 26 -30 -24 -18 - 
  P 0.43 0.003 0.14 0.22 - 
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ABSTRACT: While ongoing warming and sea ice decline
threaten unique Arctic ecosystems, they improve the prospect
of exploiting fossil fuels in the seafloor. Arctic Calanus
copepods can accumulate oil compounds in the large lipid
reserves that enable them to cope with highly seasonal food
availability characteristic of the Arctic. While spending a
significant part of their lives overwintering at depth, their
vulnerability to oil contamination during winter remains
unknown. We investigated effects of the hazardous crude oil
component pyrene on overwintering Calanus glacialis, a key
species in Arctic shelf areas. Females were exposed from
December to March and then transferred to clean water and fed until April. We showed that long-term exposure during
overwintering reduced survival and lipid mobilization in a dose-dependent manner at concentrations previously considered
sublethal. After exposure, strong delayed effects were observed in lipid recovery, fecal pellet, and egg production. We showed
that 50% lethal threshold concentrations were at least 300 times lower than expected, and that 50% effect thresholds for pellet
and egg production were at least 10 times lower than previously documented. Our study provides novel insights to the effects of
oil contamination during winter, which is essential to evaluate ecological impacts of Arctic oil pollution.

■ INTRODUCTION
Understanding the effects of oil pollution on Arctic marine
food webs is fundamental to predicting the consequences of
marine oil spills. The ongoing retreat of polar sea ice1 threatens
the unique Arctic ecosystem, with additional stresses from oil
contamination that may arise from increased ship traffic and
exploitation of the regions abundant fossil fuel resources.2

Most studies of Arctic oil spills consider surface release, but
contamination is also a risk to species inhabiting the deep sea.
Oil may enter the environment from accidents during
extraction, such as the Deepwater Horizon disaster in the
Gulf of Mexico, or from discharged drilling waste, which bind
to sediments or suspended particles.3 The Arctic Calanus spp.
copepods are highly adapted to life in polar regions and spend
more than half their life4−6 overwintering below the productive
zone,7 but their vulnerability to oil contamination during this
period remains unknown. This knowledge is essential to
evaluate ecological impacts of oil contamination on ecosystem
dynamics.
Every spring, when the sun returns and the Arctic sea ice

melts, millions of Calanus spp. copepods8 ascend from
overwintering depths to surface waters to feed. They dominate
the planktonic grazer biomass,7,9 form the link between
primary production and higher trophic levels,10,11 and are
important contributors to vertical carbon flux to the deep sea.8

Their ability to store lipids and reduce their energy needs
enables them to overcome the strong seasonal variations in
food availability.12 Of the three co-occurring Calanus species,
C. glacialis is by far the most important in the productive shelf
areas.5 Gonad maturation starts during winter, fuelled by lipid
reserves accumulated the previous season,13 but they need
food to initiate egg production.14 Because of the key role of
Calanus spp. in the carbon flux of Arctic marine food webs,
most studies have concentrated on the productive period when
Calanus spp. surface to feed, grow, and reproduce,5,8,15 while
knowledge about what happens after their descent to winter
dormancy at depth is limited.
Crude oil toxicity is related to the content of polycyclic

aromatic hydrocarbons (PAHs) known to cause carcinogenic,
genotoxic, and mutagenic effects in marine organisms.16−18

PAHs associate with suspended material19 and accumulate in
lipid-rich tissues.20 Several studies confirm bioaccumulation of
PAHs in Calanus spp.,21−24 and lethal tolerance concentrations
are established for some crude oil types25,26 and oil
components.22 Sublethal effects include reduced feeding, egg
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production,27−31 hatching success,32 and naupliar develop-
ment.33 PAH transfer from females has been shown to deform
and reduce survival of nauplii.34 Recent studies suggest that
internal concentrations remain high long after exposure has
ceased, prolonging toxic effects.22,35 This could result in
delayed toxic stress in situations not previously captured in
short-term toxicity studies on Arctic Calanus spp. If toxic stress
influences seasonal metabolic changes that normally occur
during overwintering, it could affect survival and reproductive
output and result in profound impacts on the entire Arctic
food web.
Here we investigated effects of oil pollution on over-

wintering females of the Arctic copepod Calanus glacialis. We
tested the hypotheses that oil exposure during overwintering
reduces energy storage and, consequently, the reproductive
output in the spawning season,36 with toxic effects that are
expressed after exposure has ceased.22 We used dissolved
pyrene as a proxy for PAHs in oil to provide a conservative
estimate of oil toxicity, as pyrene has a moderate toxicity
compared to other of the most abundant PAHs in oil.18 We
quantified fitness-related traits, including survival, lipid
content, fecal pellet production, egg production, and hatching
success.

■ MATERIALS AND METHODS
Copepod Sampling. Calanus glacialis were collected on

September 8−16, 2016 in Disko Bay, Greenland (69°15′N,
53°33′ W) from RV Porsild (Arctic Station, University of
Copenhagen) using WP-3 plankton nets (mesh size 200 μm)
with a nonfiltering cod-end. Nets were hauled from a depth of
300−150 m at a speed of 0.2 m s−1 to collect nonfeeding
females with full lipid stores that were descending to
overwintering depths. At retrieval, the cod-end content was
diluted with surface seawater and stored dark in 50-L thermal
boxes until return to the laboratory (<3 h). There, copepods
were gently collected with a soup spoon and transferred to ice-
chilled Petri dishes where females were identified according to
the criteria of Nielsen et al.37 Females were quickly transferred
to 5-L plastic bottles (50 individuals bottle−1) with chilled 0.2
μm filtered seawater (FSW) and then stored dark in
refrigerators at sea-bottom conditions (3 °C, salinity 35‰).
Females were then transported from Greenland to Denmark in
temperature-controlled coolers (<8 h).
Exposure Solutions. Experiments were conducted using

FSW with salinity of 35‰, pH of 8−8.2, and dissolved oxygen
concentration of ∼7 mg L−1. The FSW was chilled to
experimental temperature (3 °C) prior to use. Four nominal
pyrene stock solutions (0.02, 0.2, 2, and 6 mM) were prepared
by dissolving pyrene granulate (purity ≥99%, Sigma-Aldrich,
Darmstadt, Germany) in absolute acetone (purity ≥99.8%,
VWR International). Stock solutions were stored at 3 °C and
in darkness to prevent photochemical degradation of pyrene.16

Pyrene solutions of 1, 10, 100, and 100+ nM were obtained by
adding 56 μL of stock solution to incubation bottles containing
250 mL of FSW. Exposure levels were selected to range from
below known impact concentrations to saturation level. Thus,
1 nM is within the limits of the provisional ecotoxicological
assessment criteria of ∼2.5 nM (0.5 μg L−1) set by the Oslo
and Paris Commission, OSPAR,38 and 100+ nM is the
saturation level corresponding to ∼300 nM28 (equal to ∼60.4
μg L−1) which is lower than the total PAHs of 115 μg L−1

dissolved in the seawater affected by an oil spill.39 Actual
pyrene concentrations were measured by an independent

research group (Lovap, Belgium) in fresh exposure medium
collected from five random and pooled samples by the start of
the experiment and in pooled medium collected from the
remaining experimental bottles at the end of the exposure
period. We did not include a solvent control because our
previous studies showed that acetone concentrations of
50−900 μL L−1 had no effect on survival, fecal pellet
production, or egg production of Calanus species.28,29

Incubation Experiment. C. glacialis females were kept in
darkness in a temperature-controlled room at 3 °C without
food from September to March, the period they would spend
at overwintering depths under natural conditions.6 Prior to
pyrene exposure, copepods were kept in 5-L bottles with FSW
(50 individuals bottle−1) and dead females were removed with
a large pipet. Ten days before exposure began, copepods were
placed individually in 250 mL acid washed Simax glass bottles
with fresh FSW and divided into five treatments; 0, 1, 10, 100,
and 100+ nM pyrene with 24 replicates each (a total of 120
experimental units). The bottles were incubated in two open
top water storage tanks (500-L, black polyethylene, 3 °C) and
temperature was monitored throughout the experiment using 1
HOBO Data Logger (UTBI-001, Onset, Bourne, MA) per
tank.
Exposure was initiated on December 8 with a single pulse of

pyrene that was allowed to degrade during the experiment. The
exposure duration was 103 days, corresponding to the time C.
glacialis would spend at overwintering depths. At the beginning
of exposure, females would normally have entered the
overwintering state with low metabolism and allocation of
energy reserves for moulting and gonad development would
not have begun yet.4 After pyrene stock solution was added to
the exposure bottles, the water storage tanks were covered with
black plastic to avoid phototoxicity of pyrene.16 The laboratory
was kept dark during the experiment, with daily handling
conducted in dim light (≤3 min bottle−1) at 0.3 μmol photons
m−2 s−1 (ULM-500 Universal Light Meter, Heinz Walz,
Effeltrich, Germany). Dead females were removed with a large
pipet, and survival was quantified throughout the exposure
period.
Pyrene exposure was terminated on March 21, 2017, when

surviving females were transferred to clean bottles with chilled
FWS and fed. This corresponded to the time when the natural
population would have ascended to surface water layers to
feed.6,40 Gonads matured quickly after feeding began, and a
stable level of egg production was attained after 14 days.
Feeding was continued until April 21, 2017 (31 days) to allow
2 weeks to assess potential effects on egg production.
Incubation water was renewed 19 times during the feeding
period, after collection of eggs and fecal pellets and with
additions of food in saturated concentrations (400 μg C
L−1).41 Food consisted of the diatoms Thalassiosira weissf logii
grown in 10-L plastic bags at 18 °C with gentle aeration and a
light intensity of 83 μmol photons m−2 s−1 (Walz ULM-500
Universal Light Meter). The medium used was B142 with
silicate based on autoclaved 0.2 μm filtered seawater with a
salinity of 35‰. Cell density was measured with a Beckman
multisizer 3 coulter counter (Beckman Coulter, Indianapolis,
IN). The food was acclimatized to temperature in the
laboratory (∼0.5 h) prior to addition using a 5 mL Finnpipette.
During the feeding period, survival, pellet production, egg
production, and egg hatching success were quantified.

Size and Lipid Content. Female size and lipid content was
assessed at sampling in September, and at the ends of the
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exposure period in March, and the feeding period in April.
Lipid content was calculated from measures of the lipid sac
area by digital image analysis based on the methodology of
Vogedes et al., 2010.43 Living females were placed in a drop of
water on a Petri dish and photographed from a lateral view
using a Leica S4E stereo microscope (20× magnification) with
a SONY video camera. A picture of a calibration slide was
taken for the magnification and camera zoom level used. The
software ImageJ (v. 1.41I, National Institutes of Health and
Human Services, Bethesda, MD) was used for image analysis.
Lipid sac perimeter and prosome length were outlined
manually and ImageJ generated lipid sac area. The size of
the lipid sac was then converted into wax ester mass using the
equation WE = 0.167 × A1.42, where WE is mg wax ester and A
is lipid sac area in mm2.43

Survival. Bottles were checked by visual inspection against
a white background every 24 h (≤10 s bottle−1) to evaluate
copepod survival and gonad maturity. Copepods were
considered dead if they did not react to physical stimuli and
were opaque. Such individuals were collected and inspected
visually with a stereo microscope (Olympus SZ61, 16×
magnification) to confirm death. If they were not dead, they
were immediately returned to the bottle.
Fecal Pellet and Egg Production. Fecal pellet and egg

production were assessed 19 times during the feeding period.
The content of each bottle was gently poured into a glass
beaker and the female gently caught with a soupspoon of water
and immediately returned to the bottle. New chilled FSW was
slowly poured into the bottle, and the content of the glass
beaker was gently poured through a submerged 40-μm nylon
mesh that retained fecal pellets and eggs. Fecal pellets and eggs
then were rinsed onto a Petri dish with chilled FSW and
counted using the stereo microscope. Daily pellet (PPR) and
egg (EPR) production rates for each treatment were calculated
from the number of females alive each day; total pellet (PP)
and egg (EP) production were obtained by summing daily
production rates throughout the experiment. The length and
width of 10 fecal pellets from each treatment were measured
each of the 19 times and used to calculate pellet volume and
carbon content, assuming 4.3 × 10−8 μg C (μm3 pellet)−1.40

Carbon contents of the total numbers of eggs were calculated
assuming 0.33 μg C egg−1.40 Wax ester content was estimated
by assuming a 79% carbon content.8 Pellet and egg production
were converted into carbon units (SPP and SEP, respectively)
by multiplying daily production by mean carbon contents for
each treatment and dividing those by the mean carbon weight
of all females at the beginning of incubation.
Egg Hatching. Egg hatching success was estimated three

times during the egg production and feeding period (in weeks
3, 4, and 5). Eggs collected from each individual female were
divided into two Petri dishes and allowed to hatch in either 10
mL of FSW or 10 mL of new pyrene solution, corresponding
to the winter exposure concentrations. Hatching time for C.
glacialis eggs at 2.5 °C is about 3 days,44 but to account
potential differences between treatments, hatching was
determined after 7 days at 3 °C. Samples were then fixed
with a drop of acidic Lugol’s and nauplii counted using the
stereo microscope (20× magnification).
Calculation of Acute Toxicity and Effect Concen-

trations. The response thresholds were defined as the
concentrations of pyrene that resulted in 50% lethal
concentration (LC50) and 50% effect concentration (EC50)
on accumulated pellet and egg production based on a

polynomial distribution of the data set by the end of the
exposure period (day 103, for LC50), and by the end of the
experiment (day 135, for both LC50 and EC50). LC50 and EC50
values for pyrene were based on the initial exposure
concentrations and were converted into PAH equivalents
using a toxicity equivalence factor of 0.001 for pyrene.45

Data Analyses. Statistical analyses were conducted using
R.46 Comparisons between treatments were done using
ANOVA or Kruskall Wallis test (for survival only) followed
by Dunnett’s test for comparisons of group means with the
control group. Significance level was set to p < 0.05. LC50 and
EC50 were derived based on the 3-parameter log−logistic
distribution. Data are presented in the text and figures as
means ± standard error (SE).

■ RESULTS AND DISCUSSION
Pre-Exposure Conditions. At the time of collection in

September, females had an empty gut and mean lipid content
of 74 ± 4% of the body mass, suggesting that they were
prepared to overwinter. That agrees with previous observations
that timing of the seasonal descent is triggered by high lipid
loads of ∼60% for C. glacialis47 and that low metabolic rates
are gradually obtained after descent in response to ceased
feeding.4 The observed mortality rate prior to pyrene exposure
was ∼0.63% day−1 (Supporting Information Tables S1 and
S2), which was lower than previous winter field observations of
>0.8% day−1 in which Calanus spp. also were subject to
predation.48

Exposure Concentrations. For the initial nominal
concentrations of 0, 1, 10, 100, and 100+ nM (corresponding
to 0, 0.2, 2.0, 20.0 and ∼60 μg L−1, respectively) measured
pyrene concentrations were 0.00, 0.21, 1.60, 17.0, and 41.0 μg
L−1, which all declined to below detection limit (<0.01 μg L−1)
by the end of the pyrene exposure period. The initial
concentrations were below or within the concentration range
of pyrene and PAHs with equivalent toxicity known to impact
physiological processes such as survival, reproduction, growth,
and development in copepods, see Hansen et al.49 and
references therein. For adult C. glacialis, the maximum
concentrations we applied are considered sublethal but cause
negative effects on egg production.27 The range of the used
pyrene concentrations in our study falls well within the total
PAH concentrations found in seawater impacted from oil spills.
For example, pyrene concentrations up to 2.3 μg L−1 (2.0% of
115 μg total PAH L−1, equal to 12 nM) have been reported in
coastal oil spills39 and concentrations up to 3.7 μg L−1 (4.4% of
85 μg total PAH L−1, equal to 19 nM) were measured in
surface waters in the Gulf of Mexico 3 weeks after the
Deepwater Horizon accident.50 Furtheremore, we exposed the
copepods with a single pulse of pyrene that degraded over
time, simulating the changes in exposure concentration that
may naturally occur after an oil spill. The long exposure period
would enable a higher uptake of pyrene, especially at the lowest
concentrations, allowing us to assess effects of long-term
exposure. Pyrene concentrations decreased to below the
detection limit (<0.01 μg L−1) by the end of the exposure
period. Calanus spp. rapidly accumulate PAHs in their lipid
reserves, even in the absence of food, and can reach a steady
state within a few days.23,24 Without depletion through fecal
pellet or egg production, C. glacialis would have maintained
high internal concentrations throughout the exposure period.
Although seawater contains bacteria capable of degrading
PAHs, including pyrene,51 low temperatures slow degradation
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rates;52 therefore, bacterial degradation was assumed to play a
minor role in the availability of pyrene.
Lipid Content. During pyrene exposure, the lipid content

of the control group was reduced by 83% to 12 ± 2% of the
body mass (Figure 1, Table 1), reflecting the amount of

metabolic energy normally used during overwintering13 in the
absence of food. It has been proposed that exposure to
contaminants during overwintering could interfere with
preservation of energy storages, as animals would increase
energy expenditures for dealing with toxic stress.36 In fact, up-
regulation of detoxifying systems, such as the GST gene of oil-
exposed C. f inmarchicus, has been observed.49 Thus, pyrene-
exposed C. glacialis could experience lipid depletion during
overwintering, which would affect their survival and
reproduction. We did not observe increased lipid depletion
from exposure to pyrene; in contrast, mobilization of lipid
reserves slowed in parallel with exposure concentration,
suggesting that pyrene exposure instead reduced metabolic
activity during overwintering. Tarrant et al.53 showed that
genes associated with lipid synthesis are up-regulated in active
C. f inmarchicus. That process may have been inhibited by
pyrene. A reduced capacity to mobilize lipid reserves for
metabolism during overwintering could delay gonad develop-
ment and reduce survival. Indeed, pyrene has been shown to
delay development in other life stages of Calanus spp.33,34

To evaluate the potential of pyrene to affect the ability to
respond to increased food availability, we compared lipid
contents between the ends of the exposure and the feeding
periods. After feeding for 31 days, lipid content in the control
group had increased significantly by 52% to 20 ± 2% of body
mass, showing that these copepods responded to increased
food availability by rebuilding lipid reserves, while also
spending energy on feeding and egg production. Lipid contents
in the 1 nM and 10 nM exposure groups remained stable,
indicating balanced energy inputs and outputs, while lipid
contents in the 100 nM and 100+ nM exposure groups
continued to decline, resulting in significant reductions by the

Figure 1. Relative change in lipid content of Calanus glacialis females.
Females spent 103 days overwintering in pyrene solutions of 0, 1, 10,
100, and 100 + nM and were then transferred to clean water and fed
for 31 days. Values are mean ± SE. Statistically significant differences
in mean wax ester content (mg C) between end exposure and end
feeding (using ANOVA test) are denoted *p < 0.05, **p < 0.01
(Table 1).
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end of the feeding period (60% to 9 ± 2% and 39% to 19 ± 1%
of body mass, respectively).
Survival. In the control group, copepods experienced a

mortality rate of 0.20% day−1 during the exposure period,
which had increased by the start of the feeding period (Figure
2). The mortality rate for the entire experimental period was

0.31% day−1, which is less than half of rates in winter in situ
observed by Bagoien et al.48 In nature, C. glacialis survival is
affected by several factors, including aging, disease, predation,
contaminants, and temperature; thus, the low mortality in our
control illustrates that the copepods were protected from
external stressors. Interestingly, we observed a concentration-
dependent decrease in survival, even at lowest pyrene
concentrations of 1 and 10 nM, which have never previously
been shown to negatively affect survival of C. glacialis. The
effect of pyrene was not reduced after transferring copepods to
clean water; by the end of the experiment, mortality was 19,
52, 69, and 129% higher in the 1, 10, 100, and 100+ nM
groups than in the control, verifying a significant negative effect
of exposure to pyrene ≥100 nM (Table 1). Copepods exposed
to pyrene in concentrations of ≥100 nM did not appear to
recover after transfer to clean water, which suggests that their
internal concentrations remained high long after direct
exposure had ceased, as proposed by Jager et al.22

In a parallel experiment,35 survival of Calanus hyperboreus, a
capital breeder that spawn solely based on stored energy
reserves,54 exposed to pyrene did not decrease, suggesting that
their internal pyrene concentration did not reach a lethal
threshold, even though the exposure concentrations and
duration were comparable to those for C. glacialis, an income
breeder that rely on food to fuel spawning.54 Previous studies
on C. f inmarchicus show that PAHs are transferred from
mothers to eggs;32 therefore, C. hyperboreus would have
continuously depleted internal pyrene during egg production.
Nevertheless, the reduced lipid content after egg production
eventually rendered C. hyperboreus more vulnerable to low
pyrene concentrations than C. glacialis by the end of the
exposure period. This comparison suggests that both lipid
content and reproductive strategy play important roles for

determining the sensitivity of overwintering Calanus spp. to oil
exposure.

Fecal Pellet Production. Our results showed strong
delayed effects of pyrene exposure on fecal pellet production
during the feeding period in clean seawater. Immediately upon
feeding, females in the control group began producing pellets,
and already by day 2 PPR approached the mean for the feeding
period of 42 ± 1 pellets female−1 day−1 (Figure 3a), which is in
agreement with previous observations.34,40 As a result, the
control group significantly increased lipid content during
feeding (Figure 1), while simultaneously producing eggs. The
delayed effect of pyrene exposure during the postexposure
period showed a clear concentration-dependent PPR pattern
similar to that observed for survival. Such strong delayed
effects of pyrene on pellet production at low concentrations
have not previously been documented by short-term studies.
The pyrene-induced reduction in PPR may be a result of
narcosis55 or neurotoxicity30 because of high internal
concentrations. Effects were particularly strong in the highest
exposure group, where pellet production was almost
completely suppressed. For fecal pellets in the control group,
mean volume was 10 × 10−6 ± 2.3 × 10−5 μm3, corresponding
to a carbon content of 0.43 ± 0.01 μg C (Table 1), which was
significantly lower for exposed females. Størdal et al.56 reported
similar results for C. f inmarchicus exposed to dispersed oil,
suggesting that reduced volume of excreted pellets could be a
result of reduced feeding activity or metabolizing oil
compounds inside the gut.
To determine the long-term impact of pyrene exposure on

pellet production, we compared the cumulated SPP after 31
days of feeding (Figure 3b). The highest cumulated PP was
observed in the control (816 pellets female−1), corresponding
to a SPP of 0.82 μg Cpellet μg Cfemale

−1 (Table 1). Exposure to 1,
100, and 100+ nM resulted in significant SPP reductions of 41,
76, and 97%, respectively, compared to the control. Females
exposed to 10 nM performed marginally better than those in 1
nM, with only a 31% reduction. Although PAH exposure is
known to reduce feeding activity,27,29,30 effects on pellet
production in C. glacialis has never been observed in pyrene
concentrations <100 nM. We believe that the low effect
concentrations we observed resulted from the bioaccumulation
capacity of lipophilic contaminants in Calanus spp.21

Prolonged exposure allowed the copepods to bioaccumulate
more pyrene, especially at low concentrations that may require
longer exposure duration to reach saturation levels in the lipid
sac; consequently, we observed a higher sensitivity in Calanus
spp. than previously demonstrated.

Egg Production. The control group initiated spawning
after approximately 1 week (Figure 3c), which agrees with
previous observations57 and demonstrated that C. glacialis
relies on food to fuel gonad maturation and egg production.14

Initial EPR remained low for 1 more week and then reached
EPR ranging from 9−17 eggs female−1 day−1, which is
comparable to previous observations.34,58 Daily variation in
EPR was high because eggs are not spawned continuously but
in batches. Therefore, individual variation in spawning interval
resulted in more batches being collected on some days than
others. The concentration-dependence observed for PPR also
was seen in EPR, which was almost entirely suppressed in the
highest exposure group with only a few spawning events. As an
income breeder,15 C. glacialis relies on food to initiate egg
production and, possibly, inhibited feeding caused reduced egg
production.57 Because exposed females conserved up to 13%

Figure 2. Survival of Calanus glacialis females from December to
April. Females spent 103 days overwintering in pyrene solutions of 0,
1, 10, 100, and 100 + nM (represented by gray band) and were then
transferred to clean water and fed for 31 days. Statistically significant
differences using ANOVA followed by Dunnett’s test comparing
controls to exposed are denoted **p < 0.01 (Table 1).
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more lipids than the control during overwintering (Figure 1);
however, exposure probably reduced catabolic activity for
gonad development that occurs naturally during overwinter-
ing13 in the absence of food. Delayed gonad maturation would
reduce the ability to initiate egg production when food became
available, as we observed.
Long-term impact of pyrene exposure was evaluated from

the total SEP after 31 days (Figure 3d). The highest SEP (141
eggs female−1) was in the control, corresponding to 0.11 μg
Cegg μg Cfemale

−1 (Table 1). As for SPP, the copepods exposed
to 10 nM pyrene performed marginally better than the 1 nM
group. Exposure to 100 and 100+ nM resulted in significant
SEP reduction (73 and 99%, respectively) compared to the
control. The negative effect of oil on egg production previously
was demonstrated for the smaller C. f inmarchicus27,29−31 but
never conclusively for C. glacialis because of its higher lipid
content.27 Our results demonstrated, for the first time, that egg
production of C. glacialis is sensitive to pyrene concentrations
of 100 and 100+ nM and that this response may prevail long
after direct exposure has ceased.
Hatching Success. Initial hatching success in the control

group was high (85%, Figure S4, Table S3) and within the
normal range.29,33,44 Females in the 100+ nM group produced
enough eggs only for the first of the three hatching
experiments. Our results showed that hatching success was
unaffected by pyrene exposure of mothers and direct exposure

of eggs, which agrees with other studies on C. glacialis.27,29,33

Instead, hatching success was reduced by the end of the
experiment, suggesting that the stored spermathophores59 were
depleted. Our results showed that females were already
fertilized in September but suggest that additional fertilization
in early winter when male abundance peaks60 is necessary to
maintain high hatching success during the reproduction period.
We did not investigate naupliar development, but previous
studies show that maternal transfer of PAH to offspring
increases expression of stress-related genes in nauplii32 and
affects their survival and causes deformity even at very low
exposure concentrations.34

LC50 and EC50 Estimations. To determine lethal and
sublethal effect thresholds of pyrene on C. glacialis, we derived
LC50 and EC50 concentrations (Figure 4) based on the
measurement of initial pyrene concentrations. Such thresholds
are normally derived from toxicity tests of 96 h duration, but
the strong effects we observed on copepod survival, fecal pellet,
and egg production at very low pyrene concentrations suggest
that the prolonged exposure period increased accumulation of
pyrene in their lipid reserves. Our results demonstrated that an
extended exposure period is needed to accurately assess
toxicity responses of this Arctic species, in agreement with
conclusions from previous studies.25,26

We derived a 103 day−LC50 for overwintering nonfeeding C.
glacialis of 23 μg L−1 (equal to 0.023 μg PAH equivalents L−1).

Figure 3. Fecal pellet and egg production of Calanus glacialis females during a feeding period of 31 days. Prior to feeding the females spent 103 days
overwintering in pyrene solutions of 0, 1, 10, 100, and 100+ nM. (a) Daily pellet production, (b) cumulated pellet production, (c) daily egg
production, (d) and cumulated egg production were assessed 19 times during the feeding period. Values in parts a and c represent means with SE
bars. Statistically significant differences using ANOVA followed by Dunnett’s test comparing controls to exposed are denoted *p < 0.05, **p < 0.01,
***p < 0.001 (Table 1).
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When the feeding period was included, during which increased
activity may have partially mobilized stored lipid-containing
pyrene,22 the 135 day−LC50 decreased to 5.6 μg L−1 (equal to
0.0056 μg PAH equivalents L−1). LC50 data for Calanus spp.
exposed to oil varies depending on oil type, test species, and
test period. For C. glacialis, 12 day−LC50 of 0.37−1.0 mg total
PAH L−1 and 6 day−LC50 of 0.56 mg total HC L−1 have been
reported for chemically dispersed and water-accommodated
fractions of crude oil, respectively.25,26 For single oil
compounds, 4 day−LC50 has been reported from 25 μg
pyrene L−1 for crustacean Mysidopsis bahia larvae (equal to
0.025 μg PAH equivalents L−1)16 up to 7 mg naphthalene L−1

(equal to 0.007 mg PAH equivalents L−1) for C. f inmarchicus.49

The 103 day−LC50 from our study expressed in PAH
equivalents was 300-times lower than the 4 day−LC50 for C.
f inmarchicus, which is generally considered more sensitive to
PAH exposure than the larger C. glacialis.27

For sublethal effects, we derived a 135 day−EC50 for SPP at
2.0 μg L−1 (equal to 0.002 μg PAH equivalents L−1), which is
10-times lower than concentrations previously known to affect
SPP.27,29 Similarly, we derived 135 day−EC50 for SEP at 1.6 μg
L−1 (equal to 0.0016 μg PAH equivalents L−1), which is of
similar magnitude to that for SPP. Due to the enhanced
performance of the 10 nM group, the 95% confidence intervals

are relatively wide and more dilution series would probably
have improved accuracy. EC50 values for marine copepods
exposed to oil include reduced ingestion rates of Tisbe
battagliiai at 34 μg L−1 after 6 days exposure to fluorathene
(equal to 0.034 μg PAH equivalents L−1)61 and increased
narcosis in Oithona davisae at 106 μg L−1 after 2 days exposure
to pyrene (equal to 0.106 μg PAH equivalents L−1).18 In
contrast to our results, Calbet et al.62 found a lower toxicity
threshold for feeding than for egg production in Paracartia
grani; however, tighter coupling between feeding and egg
production in subtropical than Arctic species would be
expected, because Arctic species partially or fully produce
eggs from lipid reserves.14,54 Even as we derived conservative
lethal and effect thresholds based on initial pyrene concen-
trations, rather than concentrations means over the exposure
period that would have yielded higher pyrene sensitivity, we
obtained very low LC50 and EC50 values. Our results thus
demonstrate that lethal and sublethal effects of pyrene on
overwintering C. glacialis may occur at much lower
concentrations than previously demonstrated, especially when
C. glacialis ascends to the surface to feed on the phytoplankton
bloom.

Relevance. Here we document that a single pulse of pyrene
during overwintering impacts survival, energy storage, and
reproduction of C. glacialis. We showed strong delayed effects
of pyrene exposure on fecal pellet and egg production and on
the capacity to rebuild lipid reserves after exposure. Our
findings show that toxic stress from oil contamination
influences seasonal metabolic changes that normally occur
during overwintering, which are vital to survival and
reproduction. In addition, the high lipid contents of C. glacialis
delay toxic effects but also increase its sensitivity to long-term
exposure, which never has been shown in Arctic Calanus spp.
The present study provides novel insights on the sensitivity of
Calanus spp. copepods to oil pollution during overwintering,
demonstrated by both immediate and delayed effects on
energy storage, survival, feeding, and reproduction. Such
insights are essential to improve predictions of ecological
impacts of oil contamination in the Arctic and may be used as
input for future environmental impact assessments.
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 22 

Figure S1. Hatching success. Hatching success of eggs from Calanus glacialis females on three 23 

occasions during the feeding period in April. Prior to feeding the females spent 103 days overwintering 24 

in pyrene solutions of 0, 1, 10, 100, and 100+ nM. Eggs were incubated at 3 °C for 7 days in a) 25 

seawater and b) pyrene solution. Values are mean ± SE. Hatching success was reduced over time 26 

(ANOVA, p < 0.001). 27 

 28 

Table S1. Survival September to April. Survival of Calanus glacialis females exposed to pyrene 29 

solutions of 0, 1, 10, 100, and 100+ nM for 103 days, and subsequently transferred to clean water and 30 

fed for 31 days. Data are mean ± SE and n is the number of females by the time of catch in September 31 

(t0), by the start of pyrene exposure in December (t1), end of the pyrene exposure period in March (t2) 32 

and end of the feeding period in April (t3). 33 

Pyrene 

concentration 

n  Total period   Pre-exposure period  Experimental period  Exposure period  Feeding period 

t0 t1 t2 t3  %survival  %survival  %survival  %survival  %survival 

0 nM  46 19 15 11  24 ± 6  41 ± 7  58 ± 12  79 ± 10  73 ± 12 

1 nM 46 20 16 10  22 ± 6  44 ± 7  50 ± 12  80 ± 10  63 ± 13 

10 nM 46 22 16 8  17 ± 6  48 ± 8  36 ± 11  73 ± 10  50 ± 13 

100 nM 46 22 11 7  15 ± 5  52 ± 8  29 ± 10  46 ± 10  64 ± 15 

100+ nM 46 24 7 1  2 ± 2  52 ± 8  4 ± 4  29 ± 10  14 ± 14 

 34 
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Table S2. Size and lipid content. Calanus glacialis females were exposed to pyrene solutions of 0, 1, 35 

10, 100, and 100+ nM for 103 days, and subsequently transferred to clean water and fed for 31 days.  36 

Data are mean ± SE and n is the number of females by the time of collection in September (t1), end of 37 

the pyrene exposure period in March (t2) and end of the feeding period in April (t3). 38 

Pyrene 

concentration 

 
n  

Prosome length 

(mm) 

 Body mass 

(µg C female-1) 

 Lipid content 

(µg C female-1) 

 Lipid content 

(% of body mass) 

 t1 t2 t3  t1 t2 t3  t1 t2 t3  t1 t2 t3  t1 t2 t3 

0 nM  

15 

14 10  

3.5 ± 0.1 

3.5 ± 0.1 3.5 ± 0.1  

401 ± 30 

394 ± 28 383 ± 24  

295 ± 26 

51 ± 9 77 ± 10  

74 ± 4 

12 ± 2 20 ± 2 

1 nM  16 7  3.6 ± 0.1 3.5 ± 0.1  423 ± 31 408 ± 40  58 ± 7 71 ± 21  14 ± 1 17 ± 3 

10 nM  16 8  3.6 ± 0.1 3.6 ± 0.1  447 ± 28 420 ± 39  76 ± 12 73 ± 15  16 ± 2 18 ± 3 

100 nM  11 7  3.5 ± 0.1 3.5 ± 0.1  415 ± 42 385 ± 53  83 ± 12 33 ± 8  20 ± 2 9 ± 2 

100+ nM  7 2  3.8 ± 0.1 3.5 ± 0.1  518 ± 42 396 ± 52  123 ± 8 75 ± 5  25 ± 2 19 ± 1 

 39 

Table S3. Hatching success of Calanus glacialis eggs incubated at 3 °C for 7 days in seawater or 40 

pyrene solutions of 0, 1, 10, 100, and 100+ nM. Data are mean ± SE and n is the number of replicate 41 

units. Hatching success was reduced over time (ANOVA, p < 0.001). 42 

Pyrene 

concentration 
Medium 

 April 4-7 (start)  April 11-14 (mid)  April 18-21 (end) 

 n Eggs %hatching  n Eggs %hatching  n Eggs %hatching 

0 nM Seawater  9 230 85 ± 5  10 270 79 ± 13  10 286 26 ± 10 

1 nM Seawater  7 50 79 ± 13  8 74 69 ± 11  10 110 18 ± 14 

10 nM Seawater  8 62 55 ± 12  8 97 71 ± 14  10 121 20 ± 9 

100 nM Seawater  4 30 59 ± 8  4 40 81 ± 16  9 68 45 ± 16 

100+ nM Seawater  1 7 71 ± 0  - - -  - - - 

1 nM 1 nM  6 40 81 ± 11  6 53 77 ± 16  7 90 42 ± 17 

10 nM 10 nM  7 63 60 ± 16  7 86 33 ± 11  10 135 33 ± 10 

100 nM 100 nM  4 26 83 ± 12  3 21 71 ± 23  6 59 86 ± 7 

100+ nM 100+ nM  1 8 25 ± 0  - - -  - - - 

 43 
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Table S4. Test table for analysis of variance of means. ANOVA; Kruskal Wallis = KW. For the 44 

parameters pyrene exposure concentration of Calanus glacialis females (C), time in the experiment (t) 45 

and egg hatching medium (m). PP and SPP are the cumulated mean pellet production rates on the final 46 

day of the experiment, and EP and SEP are the cumulated mean egg productions rates 47 

 Unit Test Source of variance df1, df2 F P 

Survival, total period Percent KW C 4 9.81 0.044 

Survival, pre-exposure period Percent KW C 4 1.81 0.77 

Survival, experimental period Percent KW C 4 16.80 0.002 

Survival, exposure period Percent KW C 4 18.94 <0.001 

Survival, feeding period Percent KW C 4 7.44 0.11 

Body mass mg C female-1 ANOVA C 5, 102 1.32 0.26 

   t 1, 102 1.23 0.27 

   C × t 4 102 0.32 0.86 

Lipid content  mg C female-1 ANOVA C 4, 88 3.67 <0.01 

   t 1, 88 0.34 0.56 

   C × t 4, 88 3.99 0.005 

Lipid content, 0 nM mg C female-1 ANOVA t 2, 26 4.53 0.045 

Lipid content, 1 nM mg C female-1 ANOVA t 1, 21 0.27 0.61 

Lipid content, 10 nM mg C female-1 ANOVA t 1, 22 0.015 0.90 

Lipid content, 100 nM mg C female-1 ANOVA t 1, 16 10.81 0.005 

Lipid content, 100+ nM mg C female-1 ANOVA t 1, 7  11.28 0.012 

Pellet weight µg C pellet-1 ANOVA C 4, 384 16.1 <0.0001 

Cumulated PP Pellets female-1 ANOVA C 4, 60 13.45 <0.0001 

Cumulated SPP 
µg Cpellet  

µg Cfemale
-1 d-1 

ANOVA C 4, 60 13.44 0.0001 

Cumulated EP Eggs female-1 ANOVA C 4, 60 4.41 0.003 

Cumulated SEP 
µg Cegg  

µg Cfemale
-1 d-1 

ANOVA C 4, 28 10.84 <0.0001 

Hatching success Percent ANOVA C 4, 132 2.72 0.032 

   t 2, 132 19.61 <0.0001 

   m 1, 132 1.36 0.25 
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   C × t 6, 132 1.37 0.23 

   C × m 3, 132 1.62 0.19 

   t × m 2, 132 3.17 0.045 

   C × t × m 4, 132 0.52 0.72 

 48 

Table S5. Post hoc test table. Source of variance is the nominal pyrene concentration (0, 1, 10, 100, and 49 

100+ nM). PP and SPP are the cumulated mean pellet production rates on the final day of the 50 

experiment, and EP and SEP are the cumulated mean egg productions rates 51 

Test parameter Post hoc test Source of variance 

   0 nM 1 nM 10 nM 100 nM 100+ nM 

Survival, exposure period Dunnett’s Z  -0.067 0.40 2.19 3.29 

  P  0.95 0.76 0.057 0.005 

Survival, total period Dunnett’s t  -0.29 -0.86 -1.15 -2.87 

  P  0.99 0.80 0.61 0.016 

Survival, experimental period Dunnett’s t  0.072 -0.44 -2.36 -3.55 

  P  0.99 0.98 0.065 0.002 

PP Dunnett’s  t  -1.88 -0.93 -3.61 -6.71 

  P  0.20 0.78 0.0024 <0.001 

SPP Dunnett’s  t  -2.74 -1.79 -5.15 -6.31 

  P  0.029 0.24 <0.001 <0.001 

EP Dunnett’s  t  -1.27 -1.06 -2.36 -3.92 

  P  0.54 0.69 0.05 <0.001 

SEP Dunnett’s  t  1.47 1.19 2.50 3.60 

  P  0.28 0.29 0.041 0.003 

 52 
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