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Abstract

The importance of Calanus in the Arctic pelagic ecosystem is well established in the Norwegian-Arctic

region. However, research on Calanus in Northeast Greenland remains limited. Calanus condition and

role in the Arctic pelagic ecosystem might be different on the western side of the Fram strait because

of influence from the East Greenland current that brings cold and less saline water in from the olig-

otrophic Arctic Basin. As the Arctic is entering a time of climate change, it is important to establish

baseline knowledge about all regions of the Arctic. This study investigated the lipid content of Calanus

in three distinct fjord systems in post-bloom conditions, along with several environmental parameters.

Calanus had started seasonal migration. The individuals that already had migrated had a higher lipid

content relative to size than individuals still residing in the surface. It was found that individual lipid

content scaled exponentially with prosome length, with a significant species-specific difference between

C. glacialis and C.hyperboreus. Differences in abundance, species and size composition induced differ-

ences in the total amount of lipid stored in Calanus spp overwintering stages. This was in part related

to parameters in the environment. The northernmost fjord, Besselfjord, was filled with Polar water, and

it was estimated that most of the nutrients had been incorporated in diatoms.Here we found the second

highest amount of lipid in Calanus. Another sill fjord, Breddefjorden, had inflow of Atlantic water and a

weaker nutrient-diatom link, as well as little total lipid in Calanus. Eskimones, a station located in the

more open Godthaabs Golf, had the highest amount of lipid stored in Calanus overwintering stages, but

a very weak estimated nutrient-diatom link. This might suggest other important sources of carbon. As

Calanus’ ability to generate and store lipids is important for individual survival and the energy flow from

primary producers to higher trophic levels, changes in the environment that influence lipid accumulation

could cause cascading effects. It is therefore important to identify significant environmental variables.

This study contributes to a knowledge base, which will be important in the future when assessing how

well these copepods are coping with a changing Arctic.
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1 Introduction

1.1 The role of Calanus in the food chain

The Arctic pelagic ecosystem is a highly pulsed system, with a long, dark winter followed by a short

and intense spring bloom (Sakshaug et al., 2009). During the spring bloom, solar energy is converted

into carbohydrates through primary production in ice algae and phytoplankton. Secondary producers,

especially Calanus spp., transform carbohydrates into high energy lipids (Falk-Petersen et al., 2007).

These lipids are stored inside the copepod’s body, both preparing the animal for overwintering and

serving as a link in the energy flow between primary producers and higher tropic levels. The accessible

energy is converted from large quantities of phytoplankton, with 10-20% of the dry mass as lipids, into

high quality zooplankton, with 50-70% of the dry mass consisting of lipid (Falk-Petersen et al., 1990).

Fish, seabirds and marine mammals come from near and far to partake in this feast of fat. Calanus spp.

is an important prey for local predators like the polar cod, which again are consumed by seals, whales,

and seabirds (Daase et al., 2021; Hop and Gjøsæter, 2013). The high concentration of lipid rich prey

in the surface also attracts migrating animals, which carry energy from the Arctic spring to southern

latitudes. When the polar day sets, the energy preserved in the Calanus lipid sacs will prevail, sustaining

predators during the polar night (Kunisch et al., 2023).

Zooplankton, then especially Calanus, have received much attention in the Norwegian Arctic region

east of the Fram Strait. Areas west of the Fram Strait, in Northeast Greenland, are less explored,

except for extensive, long-term Danish projects in Young Sound (Middelbo et al., 2018; Sejr et al.,

2022). The Arctic is now entering an era of rapid change due to global warming. To assess changes

in the environment, there is a need for baseline knowledge. As there are large regional differences in

the Arctic, it is important to investigate all areas. This thesis describes the lipid content in three

Calanus species during an autumn-situation in three Northeast Greenland fjord systems, together with

environmental variables in their fjord habitats.

1.2 Arctic fjords: Seasonality and the Arctic spring bloom

The coastline of Greenland mainly consists of deep fjords carved out by glaciers (Cottier et al., 2010).

The physical processes inside the fjords set the framework for the marine environment, through exchange

of water masses, water mass transformation and estuarine circulation. Some fjords have one or more

sills that limit exchange of water and organisms between the fjord and shelf or different basins within

the fjord. The classical three-layer model of a sill fjord consists of a deep, an intermediate and a surface

layer (Farmer and Freeland, 1983). The surface layer contains fresh, local water, the intermediate water

layer is advected into the fjord at the depth of the sill and the deep layer typically consists of more

saline and cold water.

The strong seasonality of the Arctic is a driving force in the dynamical processes inside arctic

fjords (Cottier et al., 2010). During the autumn, decreasing air temperature and wind chills the water
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temperature and deepens the surface mixed layer. The winter arrives with cold temperatures, causing

sea ice formation with brine release (very dense, salty water). Brine expulsion leads to deep convection

in the water column. When the sun returns in spring, the ice starts to heat up. Ice melting and run-off

from land lower the salinity in the surface, stratifying the water column (creating a pycnocline). As

summer arrives, more heat in the surface increases the surface temperature and the classical three-layer

structure is restored.

Inorganic nitrogen and phosphorus, as well as silicate for diatoms, is crucial for phytoplankton

growth. Because of the vertical mixing during winter, sea ice covered fjords generally have a homogeneous

water column with a high concentration of nutrients in the upper water column before the ice breaks up

(Cottier et al., 2010). Light is then the limiting factor for photosynthesis (Mundy et al., 2005). Even

when the light has returned to the surface, the underside of the ice cover can remain dark for quite some

time. The thickness of the ice, and especially the snow covering the ice surface, plays a significant role

in how much solar radiation penetrates the ice. The first organisms to utilize the little solar irradiance

in spring are sea ice algae that reside in the network of brine channels in the bottom part of the sea

ice. The sea ice algae bloom is rapid and often dominated by big, pennate diatoms, which provide an

important early food source for grazers like Calanus spp. (Søreide et al., 2010).

As the sea ice melts, the algae are released into the surface waters, where they either sink to the

bottom or get consumed. When direct sunlight reaches open water, the pelagic spring bloom is initi-

ated. High nutrient concentrations in the surface facilitate growth of big phytoplankton, like diatoms.

Although diatom cells are heavy, the pycnocline (the density discontinuity created by temperature and

salinity differences in the water column) prevents them from sinking out of the euphotic zone. The

pycnocline also prevents flux of nutrients from the lower, denser water masses. As the surface waters

are depleted of nutrients, smaller phytoplankton, autotrophic flagellates and bacteria start competing

with the larger and more nutrient-demanding diatoms (Thingstad et al., 2008).

1.3 The Calanus complex

On the Atlantic side of the Arctic, there are three main species of the genus Calanus; C. hyperboreus, C.

glacialis and C. finmarchicus. The copepods develop from an egg to adult male or female through six

nauplii stages and five copepodite stages. They are effective filter feeders who accumulate energy rapidly.

In addition to accumulating lipids synthesized by algae, they also have the capacity to transform the

carbohydrates into high energy storage lipids, wax-esters, which are stored in an oil sac in their bodies

(Lee et al., 2006). Wax esters consist of long-chain primary alcohol and long-chain fatty acids. In

addition to being very high in energy, the wax esters allow Calanus to be neutrally buoyant in deep and

cold waters, facilitating seasonal vertical migration. These properties of quick accumulation of energy

and energy storage capacity makes Calanus spp. highly adapted to the conditions in the Arctic.

The three Calanus species are believed to differ in their geographical distribution (Falk-Petersen

et al., 2007). C. hyperboreus is centred in the deep arctic basins, C. glacialis resides on the shallower
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arctic shelf areas, while C. finmarchicus is an Atlantic deep-water species advected with ocean currents

to the Arctic. The three species also differ in size, life span and reproduction. The Calanus complex

spans from income to capital breeders (Varpe and Ejsmond, 2018). Income breeding is when the organ-

ism depends on external energy sources (food intake) to reproduce, while capital breeders utilize the

organism’s internal energy reserves.

Higher latitudes, with more extreme light conditions and thicker multi-year sea ice, narrows the time

window in which primary production is possible. C. hyperboreus has adapted to this uncertainty with

larger lipid reserves and a flexible life cycle (Falk-Petersen et al., 2007). Depending on the amount of

primary production, this copepod can complete its life cycle in 2− 5 years. C. hyperboreus are capital

breeders, an adaptation that make it possible to use the whole spring bloom period. The eggs contain

droplets of wax-esters which allows the nauplii to develop through the first few stages (Lee et al., 2006)

until the sea ice algae bloom arrives. In this way, the nauplii can immediately take advantage of the first

high quality algae, and quickly grow into copepodite stage III (Daase et al., 2021). They can overwinter

at this stage and then use the following years to develop and build up the energy reserves needed to

become adult, reproduce and complete their life cycle.

C. glacialis is generally found in the shelf areas with seasonal sea ice cover. They have adapted a

mixed strategy where a copepod starts the season as a capital breeder and then transitions to income

breeding with the onset of the spring bloom (Varpe and Ejsmond, 2018). A study from the Arctic

shelf seas showed that females used the sea ice algae bloom for maturation and reproduction, and

then the offspring fed upon the subsequent phytoplankton bloom (Søreide et al., 2010). However, since

C. glacialis are partly capital breeders, they can reproduce in time for the phytoplankton bloom in the

case of an unsuccessful sea ice algae bloom Daase et al. (2021). During the first spring and summer, the

offspring develop to stage CIV or CV, depending on how good the conditions are, before overwintering.

C. glacialis can use one or two years to complete its life cycle.

C. finmarchicus are adapted to open, ice-free waters. They are income breeders and utilize the

phytoplankton bloom in spring for reproduction (Falk-Petersen et al. (2007), Varpe and Ejsmond (2018)).

This species has a one-year life cycle, where the egg develop to copepodite stage CV the first spring and

summer before they descend to deeper waters in autumn and then ascend to reproduce the following

spring.

Differences in life history traits may have caused differences in morphological traits, where the

arctic C. hyperboreus and C. glacialis are able to store 25 and 10 times more lipid than the Atlantic

C. finmarchicus because of differences in size (Falk-Petersen et al., 2007). However, due to individual

plasticity and regional differences, C. finmarchicus and C. glacialis have substantial overlap in their

size ranges, and molecular methods are needed to separate the two species (Choquet et al., 2018).
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1.4 West of the Fram Strait

1.4.1 Ocean currents on the Northeast Greenland shelf

There are two main currents influencing Northeast Greenland; the cold, fresh East Greenland current

(EGC) and the warm, saline Recirculating Atlantic current (RAC) (Gjelstrup et al., 2022). Cold and

fresh polar water (PW), which is formed in the central Arctic Ocean, is transported out of the Arctic

Mediterranean with the upper 150-200 m of the EGC along the East Greenland shelf. The RAC has

its origin in the Gulf of Mexico, continuing via the Norwegian Atlantic current, which merges with the

West Spitsbergen current at the west coast of Svalbard. About half of this current enters the Arctic

basin as the Atlantic Circumpolar boundary current (ACBC) and the other half travels eastwards across

the Fram Strait as the Recirculating Atlantic current (RAC). The Atlantic water from the south hold

much more nutrients than the polar water from the oligotrophic Arctic Ocean (Bluhm et al., 2015).

1.4.2 Plankton communities in Northeast Greenland

As plankton are defined by their inability to move horizontally against currents, the ocean currents

strongly influence the plankton community. A plankton can be advected great distances through its

life span, or even within a season. It can therefore be difficult to link environmental variables to the

plankton community and conditions, as the organisms might have evolved in a different environment

than in which they were sampled. This challenge can be partly overcome by studying plankton in sill

fjords, where limiting exchange of water and organisms is limited.

As mentioned, the fjords of Northeast Greenland, except Young Sound, are little explored in terms

of plankton communities. In September 2017 there was a survey of spatial occurrence and abundance

of marine zooplankton in Besselfjord, Dovebugt and the shelf outside with the TUNU- project. Pseu-

docalanus spp. and Oithona sp. dominated in abundance, followed by Calanus spp., Metridia sp.,

Microcalanus sp., bivalve veliger, Triconia sp. and Acartia sp. (Beroujon, 2019; Beroujon et al., 2022).

Radiolaria were more abundant in the innermost part of the fjord, while predators like Aglantha digitale

and Parasitta elegans were only present in the middle part. Calanus spp. was found at all locations.

In the middle basin of Besselfjord individuals from copepodite stage CII to adult females were found,

while only CII-CV were found in the inner fjord. (Beroujon et al., 2022)

In Young Sound, Calanus spp. is dominating the biomass inside the fjord (Middelbo et al., 2018).

Other copepods were Metridia longa, Pseudocalanus spp., Oithona similis and Triconia borealia (earlier

Oncaea borealis, (WoRMS Editorial Board, WoRMS Editorial Board)). Chaetognata, Aglantha digitale,

Limacina helicina and Gastropoda were also more abundant in biomass. The biomass of Calanus was

lower in the innermost part of the fjord, where there is located a land terminating glacier.
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1.5 In the time of Climate Change

The Earth is currently facing climate change because of human influence. The human emissions of

greenhouse gasses will force the Arctic into a warmer future with more participation (IPCC, 2023). The

full consequences of this global warming and changes in weather and current patterns are still unclear.

There have been identified two key areas where climate change will have an effect on the Arctic pelagic

ecosystem; mismatch in timing of key life history events with the environment and atlantification where

boreal species extend their geographical range northwards (Daase et al., 2021). For coastal ecosystems,

a key driver of change will be increased terrestrial run-off from rivers, precipitation and glacier melt,

consisting of freshwater with organic and inorganic matter (Sejr et al., 2022).

1.5.1 Mismatch in timing of key life-history events with the environment

Climate change will change the seasonal variations in environmental conditions, as it changes in the

duration and extent of sea ice cover and increased temperature. The arctic species have naturally

adapted the timing of life-history events to seasonal changes in their environment. Depending on the

triggers of the life-history events, changing environments can lead to mismatch in timing between the

organism and the seasonal cycle ((Cushing, 1973) in (Daase et al., 2021)). In Calanus, earlier ice break-

up and phytoplankton spring blooms have caused a mismatch in the timing in the occurrence of the

algae with the highest nutritional value and Calanus glacialis recruitment (Søreide et al., 2010).

1.5.2 Atlantification

Increased flow of Atlantic water to the Arctic has been registered on the east side of the Fram Strait

for a long time. Recently, it has also reached the west side of the Fram Strait, Northeast Green-

land (Gjelstrup et al., 2022). The Atlantic water brings heat, nutrients and Atlantic species. For the

Calanus complex, this will likely cause changes in the species composition and may affect the life history

strategy of the species already present (Weydmann-Zwolicka et al., 2022). A more Atlantic environment

is favourable for the Atlantic C. finmarchicus (Aarflot et al., 2018), and a reproducing population has

been identified east of the Fram strait (Tarling et al., 2022). It is not given that increased inflow of

C. finmarchicus will outcompete C. glacialis . In Svalbard fjords, which have increasing Atlantic in-

fluence, it has been found that despite their similarities in appearance and niches they utilize different

resources during recruitment (Hatlebakk et al., 2022). C. glacialis is adapted to the early arctic spring

bloom, while C. finmarchicus utilizes the late autumn blooms. However, warmer water and a longer

primary productivity season might shift the present Calanus populations towards an annual life cycle

and income breeding (Renaud et al., 2018). As the life histories become more similar, the lipid content

and size ranges will also overlap. In Svalbard fjords there were found no species-specific difference in

lipid-storage capacity between C. finmarchicus , C. glacialis and C. hyperboreus (Renaud et al., 2018).

A shift from a multi-year life cycle to an annual life cycle would increase the turnover in the Calanus

populations, increasing the amount of energy available for higher trophic levels (Renaud et al., 2018).
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The smaller size would also imply less energy per individual. This can have big consequences for size

selective predators like the little auk (Karnovsky et al., 2010) and polar cod (Hop and Gjøsæter, 2013).

As the ice is thinning, increasing light intensity changes the conditions for visual predators. More

Atlantic predators might move northwards and target the larger individuals of Calanus (Varpe et al.,

2015).

1.5.3 Increased terrestrial run-off

The Greenland ice sheet is melting, especially on the eastern side, and the meltwater drains into the

fjords of Northeast Greenland (Mattingly et al., 2023). This increases in terrestrial run-off that brings

organic carbon and inorganic particles from land. In addition to altering the light availability through

increased turbidity, the run-off is fresh and will decrease the salinity. In Northeast Greenland it can be

assumed a lot of this run-off will come from melting glaciers. The effect of this on nutrient concentrations

is very dependent on where the freshwater is introduced in the water column.

The sparkling blue marine terminating glaciers have sub-glacial run-off where fresh water enters

the fjord from beneath the glacier. This has been recorded to cause upwelling of nutrients from the

sea floor and increases primary production (Meire et al., 2017). On the other hand, run-off from land

terminating glaciers trickles down over the ground, collecting dissolved and particular organic carbon,

as well as other particles before it gathers as a fresh lid of murky water at the surface of the fjord.

As the surface becomes more fresh and warm, a more stable pycnocline will establish, which again

permits mixing processes from renewing nutrient concentrations in the euphoric zone. Lower nutrient

concentrations are favorable by smaller celled picoplankton, at the expense of the larger celled algae

like diatoms (Li et al., 2009). Bacterial degradation of organic carbon may also compete for nutri-

ents, especially in the case of light limitation, shifting the food web from autotrophic to heterotrophic

pathways (Thingstad et al., 2008). In Young Sound, a fjord in Northeast Greenland, a gradient in

the balance between heterotrophy and autotrophy was found between inner to outer fjord, because of

higher turbidity and stratification in the inner part (Sejr et al., 2022). The phytoplankton community

composition displayed a clear trend, where the inner parts of the fjord were dominated by ciliates and

other heliozoans, while diatoms were the dominating taxa towards the fjord mouth.

Calanus can also feed on protists such as ciliates, but this microbial pathway is much less direct

than the classical diatom-copepod link (Thingstad et al., 2008). This can have bottom-up effects, as

energy is lost though respiration at each trophic level. Calanus also feed more efficiently on larger cells.

A transition to more cells below 10 µ m have been shown to decrease the Calanus community grazing

and lower Calanus biomass (Middelbo et al., 2018).

A reduction in Calanus biomass would also affect other ecosystem functions held by Calanus, in

addition to being an important trophic link. The efficient filter feeding of Calanus is very sloppy, and

it has been estimated that just about half of the carbon from Calanus prey is actually ingested, the

6



Master thesis Anita Holmgren 1 INTRODUCTION

other half is transformed to dissolved organic carbon which supports the microbial foodweb (Møller

et al., 2003). Because of the large size of Calanus, compared to other copepods, their faecal pellets are

also larger, making them sink faster to the seafloor than phytoplankton aggregates. In this manner, the

ability of Calanus to condense carbon supports the biological carbon pump.

1.6 This study

Calanus ability to accumulate lipids is crucial for individual survival through diapause through the

polar night and as a trophic link in the arctic pelagic ecosystem, and therefore an interesting subject

to investigate. The total lipid content can be estimated visually by measuring the Calanus lipid sac

(?). Individuals of Calanus were photographed in situ with the Video Plankton recorder (VPR) and

with a camera connected to a stereo microscope after being collected with a WP-2 net. Both methods

have its advantages. Individuals recorded with the VPR can be directly linked to depth. Collecting the

individuals with the WP-2 net makes it possible to record copepepodite stage and determine the species

from DNA analyses.

Lipid content in Calanus spp. overwintering stages was investigated in three different fjords, as

well as two shelf stations, during the autumn (August/September) in Northeast Greenland. The study

is done within a limited time frame, and the state of Calanus lipids and fjord variables before and

after this seasonal snapshot is unknown. The variables recorded in the fjord were bottom topography,

presence of a marine/land terminating glacier, water masses, nutrient and chlorophyll a concentrations,

protist and zooplankton community composition, the vertical distribution of Calanus as well as stage

and species composition of the Calanus complex.

Studies in Svalbard waters have found a uniform accumulation of lipid with size for all Calanus within

similar size-ranges Renaud et al. (2018). It is expected that the Calanus in Northeast Greenland follow

the same pattern.

Hypothesis 1: Lipid content relative to size (lipid fullness) is independent of species.

Seasonal development in the Arctic pelagic ecosystem is characterized by peaks in ice algae and

phytoplankton biomass in spring, followed by a peak in zooplankton biomass towards autumn (Daase

et al., 2021). It has been found that the most lipid rich individuals are the first to seasonal migrate

(Bailey, 2010).

Hypothesis 2: Deep-dwelling individuals will have a higher lipid fullness than individ-

uals residing in the surface.

Different stations have different environmental factors and could be at a different stage of the seasonal

development. This is expected to cause differences in Calanus lipid content between different locations.
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Earlier ice break up and prolonged ice free seasons will lengthen the open water period and therefore

increase primary production (Slagstad et al., 2015). As this study looks at several fjords, where the time

of ice break up can be obtained through satelite images, there is expected to be a difference between

the fjords in the period between ice break up and sampling.

Hypothesis 3A: Earlier ice break up increases lipid content in Calanus.

There will be more energy preserved as lipid in a system of bigger sized Calanus . As lipid content in

Calanus spp. has been modelled to have an exponential relation to size (Renaud et al., 2018), more lipids

will be stored in a Calanus community consisting of fewer large individuals rather than multiple small.

Atlantic water bring smaller C. finmarchicus (Aarflot et al., 2018) which will shift the Calanus complex

towards less total lipid stored in Calanus lipid sacs.

Hypothesis 3B: Inflow of Atlantic water decreases the total lipid stored in Calanus spp.

Terrestrial run-off has been causing more particles in the water, which causes higher turbidity. This

has been observed to cause a shift from autotrophic to heterotrophic production in Young Sound (Sejr

et al., 2022). Bacteria, which utilizes nutrients and organic carbon for growth, are very small. They

are eaten by flagellates, which are again eaten by larger protists, such as ciliates, before they can get

consumed by Calanus, which have a lower size-limit for prey at 10 µm (Levinsen et al., 2000). When the

nutrients are incorporated in this microbial food chain instead of the classical nutrient-diatom-copepod

chain, less energy will reach Calanus, since energy is lost at each trophic level.

Hypothesis 3C: Higher turbidity will decrease total lipid stored in Calanus spp.

Large celled diatoms are thought to be abundant during the Arctic spring bloom as it is characterized

by a high concentration of nutrients in the euphotic zone (Daase et al., 2021). Calanus feed efficiently

on these large phytoplanktons, and the direct link in carbon flow looses little energy to respiration. As

diatoms have a lower surface to volume ratio than smaller cells, like picoplankton, they might lose the

competition for resources when nutrients are limited.

Hypothesis 3D: High initial nutrient concentrations would have made conditions favourable

for large celled diatoms, which would increase the amount of nutrient taken up in diatoms

(strengthen the nutrient-diatom link) and increase total lipid stored in Calanus spp.
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2 Material and methods

2.1 The TUNU program

This master thesis is a part of the TUNU program at UiT. The aim of this long term research program is

to broaden the knowledge for Northeast Greenland fisheries. Previously, the main focus was fish diversity

and adaptations. In the later years benthos invertebrates, geology and zooplankton have become an

integrated part. The expedition leader for the TUNU-VIII expedition was Arve Lynghammer, but the

program has previously been led by Prof. Jørgen Schou Christiansen. The expedition team at the

TUNU-VIII expedition is pictured in Fig. 1.

Figure 1: The team of the TUNU-VIII expedition to Northeast Greenland onboard RV Kronprins Haakon.

2.2 Study site

The data were collected during the TUNU-III expedition to Northeast Greenland 25.Aug - 9.Sept 2022

with RV Kronprins Haakon. Data used in this master thesis was mainly collected at eight locations

along the coast of Northeast Greenland (Table.1 and Fig.2). These stations can be divided into four

subareas. The three first subareas are fjords systems, while subarea 4 consists of two stations on the

shelf.
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Table 1: The name, subarea, date, time [UTC] (of CTD, WP-2 plankton and video plankton recorder), position and depth
of the sampling locations used in this thesis.

Station name Date Time
CTD

Time
WP-2

Time
VPR

Latitude Longitude Bottom
depth[m]

Subarea

Dove Bugt 29.08.22 09:09 13:37 12:18 76,733 -19,296 226 1

Besselfjord C 30.08.22 06:04 10:09 11:50 75,977 -20,313 447 1

Besselfjord A 31.08.22 06:10 08:40 10:33 75,970 -21,696 231 1

Breddefjord 02.09.22 19:16 00:46 22:28 75,557 -21,663 564 2

Ardencaple 03.09.22 11:36 13:15 09:10 75,099 -19,867 343 2

Eskimones 04.09.22 06:22 10:47 08:25 74,068 -21,468 416 3

76◦North Bank 28.08.22 19:43 14:17 14:53 75,971 -16,455 70 4

Davy Sund 05.09.22 06.02 09:16 08:00 72,0812 -20,758 210 4

Figure 2: Map over the study area and the 8 stations (Table 1). The stations are divided into four subareas. Subarea 1
(red), 2 (blue) and 3 (purple) are fjord systems, while subarea 4 (green) consists of two stations on the shelf. The map is
created using online ArcGIS® software by Esri.
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Figure 3: Glacier in the bottom of Besselfjord. Photo is taken by Birgitte Rubæk.

2.2.1 Subarea 1: Dove Bugt and Besselfjord

The northernmost subarea is the large embayment Dove Bugt. Dove Bugt is confined from the north

by the island Store Koldewey. Outside of Store Koldewey there was close drift ice. In Dove Bugt there

was very open drift ice which became close drift ice towards the east and the mainland. The islands on

the left side of the bay, Fig 2, were covered with ice. Dove Bugt is an outflow-pathway for the glacier

Storstrømmen which is connected to the Greenland ice sheet (Arndt et al., 2015).

The bay is connected to the shelf by the deep cross-shelf Dove Bugt Through (Arndt et al., 2015).

Water of Atlantic origin is flowing into the bought below 250 m depth (Rignot et al., 2022). In southern

Dove Bugt the W-E orientated Besselfjord is positioned. Besselfjord has several basins separated by

shallow sills (Zoller, 2020). There is still a glacier in the bottom of Besselfjord, see Fig. 3. It is a bit

unclear whether this glacier is land or marine terminating, but it at least partly land terminating. In

addition to the glacier at the head of the fjord, there are outlets from the Greenland ice cap, depicted

in (Zoller, 2020).
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Figure 4: Marine-terminating glacier in the bottom of Breddefjorden. Photo is taken by Birgitte Rubæk.

2.2.2 Subarea 2: Breddefjord and Ardencaple

Breddefjord is a deep fjord with more than 550 m depth which is separated from the coast by shallow

sills (Arndt et al., 2015). The fjord is surrounded by steep mountains and has a marine terminating

glacier (Fig. 3). Hochstettebugten Trough is connected to the fjord. Hochstetterbugten Trough has a

reverse slope with a depth of about 300 m at the shelf and have a downward slope that go to 450 m

depth before the sill at the entrance of Breddefjord. It merges with Dove Bugt Trough at the continental

shelf.
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Figure 5: Map over the area around Eskimones. The station sampled was in ”Godthaabs Golf”. The map is a section
from the lager map called ”Eskimoæs” by Army Map Service (AMSC), Corps of Engineers, U.S. Army (1952).

2.2.3 Subarea 3: Eskimones (Eskimonæs)

Eskimonæs has a long history in the European exploration of Northeast Greenland (Wordie et al., 1930).

The actual place ”Eskimonæs” is situated south on the island Clavering Ø (Army Map Service (AMSC),

Corps of Engineers, U.S. Army (1952)). The sample location was in Godthaabs Golf, near Eskimonæs.

Godhaabs Golf is connected to Copelands fjord (Fig. 5). In the entrance to the sampling location

there were islands, Finch Øer. There was open water at the sampling location, with several icebergs

floating around. The huge glacier Wordies Gletscher terminates into Wordies Bugt, which is connected

to Godthaabs Golf. The fjord ”Young Sound” is located north of Clavering Ø. The settlement Daneborg

is located in the mouth of this fjord. Daneberg is the headquarters of the Danish Arctic special force

”Siriuspatruljen”. The University of Aarhus in Denmark have a long term marine research station in

Young Sund, as a part of the Zackenberg Station.

2.2.4 Subarea 4: On the shelf - 76◦North Bank and Davy Sund

76◦North Bank and Davy Sund have a large geographical distance, but both locations are expected

to be strongly affected by the ocean currents at the shelf. 76◦North Bank is only 70 m deep, and is

13



Master thesis Anita Holmgren 2 MATERIAL AND METHODS

a shallow bank north of the deep cross-shelf Dove Bugt Through. Davy Sound has a depth of 210 m

(Table 1) and is located much further south (Fig. 2). It is located right outside the mouth of the fjord

“Davy Sund” (Wordie et al., 1930). There was lot of sea ice was present when sampling at 76◦North

Bank and open water at Davy Sund.

2.2.5 Past Sea ice conditions in Subarea 1-3

The TUNU-VIII expedition was set to late August/September, within the period of minimum ice cover-

age. However, the previous ice conditions during the spring would probably have had a large influence

on the fjord biology. Ice maps made by Danish Meteorological Institute (2022) were used to roughly

backtrack the timing of ice break up in the different fjords.

There was land fast ice at all fjord stations until 6th of July. The southernmost station, Eskimones,

was the first station to break up to very close dift ice 10th of July, which later broke up to very open

drift ice 17th of July. Breddefjord followed with a change from land fast to close drift ice 17th of July,

and there was registered open water 10th of August. In the northernmost fjord, Besselfjord, the land

fast ice was present to 3th of August, before it transitioned to open water 14th of August. There was

open drift ice present in Dove Bugt until 21th of August, only one week before our arrival.

2.3 Hydrography and Swath bathymetry

Salinity and temperature were measured by the ship CTD (Seabird911plus, Seabird Electronics Inc.,

USA) and vertical profiles of theese parameters were made with Matlab (custom script by Norrbin, call-

ing the function floataxis.m by Blair Greenan, Bedford Institute of Oceanography). Swath bathymetry

in Besselfjorden and Breddefjorden was mapped by a Kongsberg Maritime Simrad EM 302 multibeam

echo sounder. Petrel software was used to grid the data and transects were made using Global Mapper

18. Data were collected both during this TUNU-VIII expedition, and on the previous TUNU expedition

on RV Helmer Hansen in 2017, described in Zoller et al. (2023).

Transects with bathymetry displaying salinity and temperature were made using R-studio (R Core

Team, 2022). Spatial interpolation between the CTD data points was done using Multilevel B-spines

through the MBA package (Finley et al., 2022) which relies on the underlying code developed by Hjelle

(2001) from Lee et al. (1997). The transects were visualised using the ggplot2 package (Wickham, 2016).

Other packages used were tidyverse (Wickham et al., 2019), lubridate (Grolemund and Wickham, 2011),

mgcv (Wood (2011), Wood et al. (2016), Wood (2004), Wood (2017), Wood (2003)) and ”reshape2”

(Wickham, 2007).

2.4 Chlorophyll a and nutrient concentrations

Seawater was collected from the Niskin bottes on the CTD rosette at several depth intervals, as well

as Chl a max (Table 2). Chl a max was determined on the downcast of the CTD by an attached
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fluorescence sensor (WET Labs Fluometer).

Table 2: Depth at which water samples were taken.

Station Nultrients and Chla sample depths [m] Chl a max [m]

Besselfjord A 1, 5, 10, 20, 40, 69, 100, 200, 226 33
Besselfjord C 1, 5, 10, 20, 40, 60, 100, 200, 440 34
Dove bugt 1, 5, 10, 20, 40, 60, 100, 200, 224 21
Breddefjord 1, 5, 10, 20, 40, 60, 100, 200, 300, 569 38
Ardencaple 1, 5, 10, 20, 40, 60, 100, 200, 335 40
Eskimonæs 1, 5, 10, 20, 40, 60, 100, 200, 409 28

76◦North Bank 1, 5, 10, 20, 40, 60, 63 32
Davy Sund 1, 5, 10, 20, 40, 60, 100, 200 45

To sample nutrients from the Niskin bottle, plastic test tubes were rinsed with seawater, filled and

immediately frozen at -20◦C. The concentrations of nitrate+nitrite, phosphate and silicate were later

analysed on the lab. All the nutrients were measured in triplicates using the QuAAtro 39 (SEAL

Analytical, Germany) which employs standard colorimetric methods. Calibration of the instrument

was verified using reference nutrient seawater standards (Ocean Scientific International, Ltd., United

Kingdom). The protocols used to measure nutrient concentrations were: no. Q-068-05 rev. 12 for nitrate

(detection limit = 0, 02 µ mol L−1), no. Q-068-05 rev. 12 for nitrite (detection limit = 0, 02 µ mol L−1),

no. Q-066-05 rev. 5 for silicate (detection limit = 0, 02 µ mol L−1), and no. Q-064-05 rev. 8 for

phosphate (detection limit = 0, 02 µ mol L−1). Data analysis was done using the software AACE

(SEAL Analytical, Germany).

Water for Chl a was collected with a 2 l plastic bottle, rinsed two times with the seawater. Three

replicates of 650 ml were filtered onto GF/F filters with 0,7 µ m pore size (GE Healthcare, Dassel,

Germany). The filters were folded, placed in plastic tubes and the tubes were wrapped in aluminum-foil

and stored at -80◦C until analysis. Back at UiT the samples were taken out of the freezer and 5 ml

metanol was added to each tube. The aluminium-foil wrapped tubes were stored in the fridge for 12–24

hours. To assure room temperature when measured, the samples were taken out of the fridge about one

hour before analysis. The filter was removed with tweezers and the metanol-mixture were mixed with

a vortex mixer. 1 ml of the mixture was added into a cuvette. The cuvette surface was cleaned with

a tissue and placed in a Turner 10-AU Fluorometer (Turner Designs, Cal., USA). The result was given

in RFU (raw fluorescence unit). Two drops of 5% HCI were added to the cuvette before it was covered

with parafilm, to prevent leakage, and mixed by turning the tube upside down. The acid broke Chl

a into phaeophytin (which is a degraded form of Chl a). The fluorescence was measured again. The

method described in Parsons (2013) were used to calculate the concentration of Chl a.
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2.5 Plankton community

2.5.1 Protist community

Samples for phytoplankton species identification were collected from 5 m and chlorophyll max (Table

2). Seawater was collected in 100 ml dark glass bottles fixated with acidic Lugol’s solution before being

stored in a dark and cold place. The Utermöhl method (Karlson et al., 2010) was used when counting

protist cells. 25 ml sample were sedimented onto a sedimentation plate holding 3 ml. A Nikon Eclipse

Ti inverted microscope was used to identify and count the protist cells and determine the main taxa.

2.5.2 Zooplankton community

Zooplankton community samples were taken with a modified WP-2 net with an inner diameter of 0,56

m and 85 µm mesh size (Norrbin, 1996). The net was lowered down to about 5–10 m above the bottom

with a speed of 0,5 m · s−1 and pulled up with a speed of 0,25 m · s−1. Seawater was used to rinse the

net gently to concentrate the organisms in the cod end. There was no apparent clogging from algae or

detritus, so the filtered water volume is given by Equation 1. The cod end was transferred to a bucket

where individuals of Calanus spp. for the estimation of lipid content were picked out with pipettes and

spoons. The rest of the sample was concentrated and fixated with a mixture of 4 % formaldehyde and

10% 1,2-propandadiol buffered with sodium tetraborate.

Water volume[m3] = Wire length[m] · ( Net diameter[m]

2
)2 · π (1)

Zooplankton was identified and counted using a Leica M205C stereo microscope (Leica Microsys-

tems GmbH, Wetzlar, Germany) with species identification according to WoRMS (WoRMS Editorial

Board, 2023). Most individuals were identified to genus, except some individuals where species-level

identification was possible. The sample was diluted to 1-2 l and stirred in a figure-8 pattern before

subsamples were taken out with a small beaker. At least 500 individuals were counted for each sample,

more if certain taxa strongly dominated. (WoRMS Editorial Board, WoRMS Editorial Board)

The total abundance in the sample is calculated by Equation 2 where X is the total individuals in

the sample, n is the individuals counted and ”subsample fraction” is the fraction of the total sample

that is counted.

X =
n

Subsample fraction
(2)

Abundance per square meter (m2) was calculated by Equation 3 by multiplying the abundance per

m3 with the depth of sampling. As it is assumed the net was pulled vertically from the bottom, the

depth of sampling equals the wire length.

Abundance [ind ·m−2] =
X[ind]

Water volume[m3]
· Wire length[m] (3)
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2.6 Species and stage composition of Calanus spp.

The stage, morphological characteristics, prosome and urosome length were recorded in 100–150 indi-

viduals per sample. Individuals were determined to copepodite stage or adult females from number of

urosome segments (Table 3). Absolute abundances were estimated similarly to other taxa, described

in section 2.5.2. Individuals removed for live photography were added to the estimation of absolute

abundances. Due to the controversies around distinguishing C. finmarchicus and C. glacialis based on

size, the two species were not initially separated. The possibility to separate the two species based on

prosome length is explored in section 2.6.4. Individuals selected for lipid estimation were determined

to C. finmarchicus or C. glacialis by DNA analysis, described in section 2.6.2. C. hyperboreus was

identified morphologically since it could not be identified using the applied DNA analysis method, see

more in section 2.6.3.

Table 3: Stage descriptions to distinguish different copepodite stages and prosome length range (µm) of the three species
C.finnmarchicus, C. glacialis and C. hyperboreus.
(Modified from (Daase and Eiane, 2007).)

Stage
#swimming

legs
#urosome
segments

#prosome
segments

C.finnmarchicus C.glacialis C.hyperboreus

CI 2 2 3 <810 810-900 >900
CII 3 2 4 <1170 1170-1350 >1350
CIII 4 2 5 <1470 1470-1950 >1950
CIV 5 3 5 <2010 2010-2910 *(>2910)
CV 5 4 5 <2937 >2937 *(>4000)

Adult
female

5 4 (5 for males) 5 <3240 >3240 *(>4500)

* identified by characteristic spike on 5th thoracic segment.

2.6.1 Prosome length of Calanus spp. at different stations

Prosome length was measured for both live individuals and individuals fixated in formalin:1,2-propanediol.

It is assumed that the fixation caused negligible changes in the prosome length. The total number of

measured individuals per station, species and stage was recorded for each station (Table 4).

Notably, individuals were not randomly selected for the live photography, but rather picked from the

entire sample. This approach might have resulted in larger individuals being measured more frequently,

possibly skewing the data towards higher abundances of larger individuals. The selection of larger

individuals for live photography was intentional, as the goal was to measure lipid content of overwintering

stages, CIII, CIV and CV. This potential bias could have been avoided by removing all Calanus spp.

individuals in a subsample, or selecting individuals for live photography from a different net sample.

2.6.2 Species identification of C. finmarchicus and C. glacialis based on DNA analysis

Sequencing of the individual’s DNA is the most certain way to separate C. glacialis and C. finmarchicus

(Choquet et al., 2018). Individuals of Calanus spp. selected from theWP-2 net sample for photographing
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Table 4: Number of Calanus spp. individuals for which prosome length was measured, categorized by station, species and
stage.

Stations Species Sum
C.finmarchicus/C.glacialis C.hyperboreus

CI CII CIII CIV CV AF CII CIII CIV CV AF
BesselfjordA - - 3 3 49 16 - 4 33 35 13 156
BesselfjordC 1 2 6 10 26 14 - 35 49 44 18 205
Dovebugt - - 7 11 44 6 - 68 26 17 1 180
Breddefjord - - 5 23 31 9 2 49 34 21 7 181
Ardencaple - - 4 15 57 10 - 19 42 12 7 166
Eskimones - 1 25 43 35 5 - 18 43 17 3 190
76NorthBank - 1 11 21 49 16 - 55 33 28 9 223
DavySund - 10 33 53 32 17 - 13 14 1 - 173
Sum 1 14 94 179 323 93 2 261 274 175 58 1474

and lipid estimation were frozen individually for subsequent DNA analysis.

The HotSHOT method described by Montero-Pau et al. (2008) was used to extract DNA. The

Calanus spp. individuals were transferred to separate, labelled wells filled with 50 µl Alkaline lysis

buffer, which was put on ice to keep a cold temperature. The wells were covered with strip caps, quickly

centrifuged and heated for 30 min at 95°C. After the solution had cooled down there was added 50 µl

of naturalizing solution.

To separate between the two species, the method developed by Smolina et al. (2014), and validated

by Choquet et al. (2017), with the marker G-150 was used. The PCR master mix was made with 54µl

Tough mix, 0,5µl G-150F, 0,5µl G150R and 3.3µl distilled water. 9,3 µl of the master mix solution was

distributed into new strip tubes and 2,5 µl extracted DNA was added to each tube. The samples were

briefly centrifuged before undergoing a sequence of 2 min at 94°C. This was followed by 35 cycles of 10

s at 94°C, 10 s at 55°C and 10 s at 72°C. After that, they were finishing with 5 min at 72 °C. 3 µl DNA

gel loading dye was added to each sample before electrophoresis.

2% agarose gel was prepared. DNA from reference individuals of C. finmarchicus and C. glacialis

were added in the two first wells. Samples were added in the other wells. Electrophoresis was run at

80V for 60 minutes and gel images taken and assessed for species by visually comparing the samples to

reference DNA.

2.6.3 Identification of C. hyperboreus

C. hyperboreus is often identified from a spike on the 5th thoracic segment from copepodite stage CIV.

There is individual variation in how apparent this spike is. Under examination in the stereo microscope,

the individuals were separated between a clear spike, a slight spike and no spike. The prosome length

of every individual were measured to compare if the occurrence of a spike on the 5th thoracic segment

corresponded with certain size classes for C. hyperboreus described in table 3.
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2.6.4 Species identification of C. finmarchicus and C. glacialis based on size

Prosome length was measured both on individuals separated by DNA analysis and for 100-150 Calanus

spp. additional Calanus individuals from each station. Differences in the prosome length between the

different species may be confirmed from correspondence with the prosome length in individuals identified

to species with DNA analysis.

2.7 Photography and estimation of lipid content in live Calanus spp. spp.

Individuals of Calanus spp. were picked out of the zooplankton net sample before fixation. Each in-

dividual was placed inside a drop of water on a microscope slide and photographed with a calibrated

Motic-camera connected to a Stereo microscope (Zeiss, Stemi 305 trino, Oberkochen - Germany) from

a lateral position. For each magnification, the camera was calibrated with a calibration slide. Pho-

tographed individuals were preserved individually in cryogenic storage vials filled with 80% ethanol and

stored at -80°C until DNA extraction.

Measurements were taken from the pictures of copepods with the program ImageJ (Schneider et al.,

2012). Pixel-to-µm ratio was estimated using pictures of the calibration slide for each magnification.

Several different measurements were taken; length and width of the prosome and lipid sac, length of the

urosome and the area of the prosome and lipid sac (Fig. 6).

Figure 6: Measurements taken of Calanus spp. from a lateral position through a stereo microscope. A) Length and width
of the lipid sac, prosome and length of the urosome. B) The lipid sac area and prosome area.

Lipid sac area is used as a proxy for individual lipid content, as it is the most direct measure of

the lipid sac in a two-dimensional picture. Prosome area was used as a proxy for the individual size.

Because the main incentive of this thesis is to explore if the relative amount of lipid per individual in

overwintering stages, the adult females were excluded from further analysis. The adult females would

already have started to utilize the lipid storage for reproduction and are expected to die before the

winter.

19



Master thesis Anita Holmgren 2 MATERIAL AND METHODS

A parametric model was chosen to estimate the function between the predictor (prosome area, PA)

and response variable (lipid sac area, LA) as a fairly small number of data points were available. The

logarithmic transformed variables appeared to have a linear relation, so a linear regression model was

chosen to estimate the effect of prosome areal on lipid sac areal, Equation 4.

ln(LA) = β0 + β1 · ln(PA) (4)

The coefficients β0 and β1 are the intercept and slope of the linear regression between logarithmic

transformed lipid areal (LA) and prosome areal (PA). If we solve Equation 4 for LA, there appears a

exponential relationship between LA and PA (Equation 5).

LA = eβ0 · PAβ1 (5)

When the sample was separated into both species and copepodite stages, a small and uneven sample

size was left for testing differences between lipid content at different location (Table 5).

Table 5: Number of individuals photographed and measured from the WP2 net sample.

Stations Species Sum
C. finnmarchicus C.glacialis C.hyperboreus
CIV CV AF CIII CIV CV AF CIII CIV CV AF

Besselfjord A - 7 2 - - 12 1 1 16 10 3 52
Besselfjord C - 1 - - 3 8 2 5 20 15 2 56
Dove Bugt - 1 - - 1 12 2 1 6 5 - 28
Breddefjord - - 1 - 6 8 1 2 12 4 - 34

Ardencaple fjord - 6 1 - 5 8 1 - 8 3 - 32
Eskimonæs 1 2 - - 5 4 - 1 12 4 1 30

76◦North Bank 1 3 1 3 6 25 6 2 13 9 5 74
Davy Sund - 2 - 3 9 2 - - 4 - - 20

Sum 2 22 5 6 35 79 13 12 91 50 11 326

Since the regression on species-level showed an acceptable fit, it was adapted as an average growth

curve, accounting for the size differences across various copepodite stages. With this model now cap-

turing the variation in lipid sac area due to differences in prosome area, I proceeded to explore the

potential impact of station by introducing it as an additional explanatory variable in the regression.

A station’s effect would be considered significant if there was no overlap between the 95% confidence

interval between the station’s intercept coefficient (β0) (Equation 4). This approach allowed for larger

sample size, as all copepodite would be considered. However, it also assumes that individuals at the

different stations follows the same growth curve between lipid sac area and prosome area (similar β1 ).
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2.8 Vertical abundance and in situ lipid content measurement with Video

Plankton Recorder (VPR)

The Video Plankton recorder (VPR, Seascan inc., USA) was used to detect the vertical distribution

of Calanus spp. and visually determine lipid-content in the copepods. The VPR was equipped with a

camera and strobe illumination, recording ca 20 images (frames) per s (Fig. 7). It was moved vertically

up and down in the water column at a wire speed of 0,8-1,0 ms−1, recording zooplankton in situ. An

SBE49 CTD(”Fastcat”, Seabird Electronics inc., USA), and a fluorometer and turbidimeter (ECO Puck,

WET Labs Inc., USA), attached to the VPR tow frame and recorded the environmental parameters for

every image taken.

Figure 7: The video plankton recorder (VPR).

Regions of interest (ROIs) were extracted from the VPR data using the software Autodeck (Seascan

Inc., USA). A ROI is a part of the frame where an object or organism are detected. The Calanus

spp. could be photographed in any orientation, but only the individuals photographed in a lateral

position were analysed further for lipid content. The vertical abundance of Calanus spp. was made

from calculating the average number of individuals observed at a certain depth. The depth was then

divided into depth-intervals, where the average number of individuals were calculated. The abundances

are relative, where 1 is the highest density of Calanus observed in a depth interval at a station, so the

different stations can be compared.

ImageJ (Schneider et al., 2012) was used to take measurements of the prosome length, width and area

of the prosome and lipid sac, as well as the length of urosome when possible (Fig. 8). Difference in lipid

content between stations was estimated, similarly to investigations of the individuals collected by WP-2

net in section 2.7. A multiple linear regression was fitted between the logarithmic transformed response

variable lipid sac area (mm2) and explanatory variable prosome area (mm2) for different sampling

locations.
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Figure 8: Measurements taken of Calanus spp. from a lateral position with the VPR. A) Length and width of the lipid
sac, prosome and length of the urosome. B) The lipid sac area and prosome area.

2.8.1 Estimation of relative lipid fullness with depth

To assess the vertical distribution of individual lipid content independent of size, there was a need to

make a proxy for individual lipid fullness. The chosen method is inspired by the methods used to account

for Calanus size difference in Bailey (2010) and Baumgartner et al. (2011).

The coefficients (β0 and β1) fitted to the linear model between lipid sac areal and prosome areal

(Equation 4) were used to estimate the expected lipid sac area (L̂A) for the measured prosome area

PA). The ratio between the measured lipid sac areal (LA) and expected lipid sac areal (L̂A) was used

as a proxy for relative lipid fullness (LF) (Equation 6). If the measured lipid sac area was larger than

the expected lipid sac area, the relative lipid fullness (LF) would be above 1 (LA > L̂A → LF > 1), as

well as the other way around (LA < L̂A → LF < 1).

LF =
LA

L̂A
=

LA

eβ0 · PAβ1
(6)

A two-sample independent t-test with significance level 0,05 was used to assess the difference in

relative lipid fullness between individuals in the surface (upper 100 m) and deeper waters (below 100

m).
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2.9 Estimation of Total lipid (TL) from lipid sac area

Total lipid (TL) in Calanus spp. can be estimated from lipid areal (LA) by Equation 7, (Vogedes et al.,

2010).

TL = 0, 197A1,38 (7)

The Equation is derived from a linear regression of logarithmically transformed data on lipid sac area

(mm2) and total lipid (mg) obtained by gas chromatography. The estimation is based on 44 individuals

of C. finmarchicus, C. glacialis and C. hyperboreus, stage CIV, CV and adult females(AF) collected

around Svalbard. The model has a good fit with r2=0,94. The values of lipid sac area used to estimate

the model were in the same ranges as those measured in this study.

2.10 Other software used for statistics and data visualisation

All statistics and visualisation was done in RStudio (R Core Team, 2022). The dplyr package (Wickham

et al., 2023) was used for data organisation. Data visualisation was done in the base packages in Rstuio

and with the graphing package ggplot2 (Wickham, 2016). The figures were coloured with help from the

packages colorspace (Zeileis et al., 2009) and RColourBrewer (Neuwirth, 2022).
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3 Results

3.1 Hydrography and bottom topography

3.1.1 Water masses

There are two water masses advected into the Northeast Greenland shelf; Atlantic Water (AW) (> 0◦C,

> 34, 4 PSU) and Polar Water (PW) (< 0◦C, < 34, 4 PSU) (Gjelstrup et al., 2022). A temperature-

salinity diagram can be used to determine the presence of these water masses. PW was the main water

mass at all sampling locations (Fig. 9). AW was recorded in Dove Bugt, Breddefjord, Ardencaple

and Davy Sund. All stations, except Besselfjord C and 76◦North Bank, had warm (>0◦C) and fresh

(PSU < 32) water, which is likely local surface water. The vertical profiles of salinity, temperature and

fluorescence for all stations can be found in Appendix A (Fig. 33, 34, 35 and 36).

Figure 9: Temperature-Salinity diagram with boxes indicating Atlantic water (AW) and Polar water (PW). The water
masses are defined in Gjelstrup et al. (2022).

3.1.2 Turbidity

A low turbidity, not exceeding 0,25 FTU for any station, was measured (Appendix B, Fig. 37). The

highest turbidity was measured in the innermost station of Besselfjord and Breddefjord, as well as in

Eskimones.
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3.1.3 Bottom topography and fjord hydrography in Besselfjord and Breddefjord

Besselfjord has several shallow sills (-145 m at 12 km, -100 m at 33 km and -89 m at 52 km, 0 km is at

the head of the fjord) separating three basins (Fig. 10). Besselfjord A is at the head of the fjord and

Besselfjord C is sampled in the outermost, and deepest, basin. There was a body of AW (>34.4 PSU, >

0◦C) in Dove Bugt (far right in Fig. 10), that was prevented from entering the fjord by the outermost

sill. In addition to the shallow sill, there were islands between Besselfjorden C and Dove Bugt that

limit the water flow (Fig. 2). A cold (-2◦C) and a fresher (< 33 PSU) environment was observed inside

Besselfjord. The water column was quite homogenous below a less saline layer (< 32 PSU) in the upper

100 m of the water column.

Figure 10: Contour plots of temperature (upper panel) and salinity (lower panel) for the section between the head of
Besselfjord (Besselfjord A is at distance = 0 km, far left) to the fjord mouth that runs out in Dove Bugt. The black lines
represent CTD casts.
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Breddefjord is a fjord with a deep inner basin at -575 m depth, separated from a middle basin by a

-180 m deep sill (at 44 km in Fig. 11, 0 km is at the head of the fjord) which again is separated from

the outer area of Ardencaple by a -159 m deep sill (at 55 km in Fig. 11). Only one CTD was cast inside

the fjord and one outside, at Ardencaple, which impacted the resolution of the transect. An inflow of

AW (>34.4 PSU, > 0◦C) was observed in the inner basin of Breddefjord (Fig.10). The 0◦C isotherm

(which indicates the upper AW boundary according to Gjelstrup et al. (2022)) was at -160 m depth.

Above the AW there was a layer of cold and fresh PW (<34.4 PSU, < 0◦C).

Figure 11: Contour plots of temperature (upper panel) and salinity (lower panel) for Breddefjord. Distance is from
head of the fjord, far left in the transect. Low resolution of data is illustrated by a white area between the two stations;
Breddefjord (station left in transect) and Ardencaple (station right in figure). The black lines represent the CTD casts.
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3.2 Nutrient concentrations

3.2.1 Subarea 1: Dove Bugt and Besselfjord

The three stations, Dove Bugt, Besselfjord A and Besselfjord C had similar nutrient curves (Fig. 12).

The surface water was depleted of nitrogen, and had lower concentrations of phosphate than the bottom

water. Silicate levels rose at the surface, which was not expected. Less silicate was available in the

deeper water at Dove Bugt compared to Besselfjord. The nutricline was measured to be at 100 m depth,

and the bottom water had a concentration of nitrate and nitrogen around 10 µ mol l−1.

Figure 12: Vertical profiles of nutrients in subarea 1.

3.2.2 Subarea 2: Breddefjord and Ardencaple

Almost no nitrogen was left in the upper 40 m at both stations, but phosphate and silicate were present

in the whole water column. A strong and short decline in silicate was observed around 40 m depth in

Breddefjord. The nutricline was around 200 m, and the bottom waters had quite high concentration of

nitrate and nitrite, with around 15 µ mol l−1.
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Figure 13: Vertical profiles of nutrients in subarea 2.

3.2.3 Subarea 3: Eskimones

The upper 40 m of Eskimones was depleted of nitrate and nitrite. There was still phosphate and silicate

present in the surface. Silicate was high in the surface, but had a strong decline from around 7 µ mol

l−1 to 2 µ MOL l−1 at 40 m depth. The nutricline appeared to be at 200 m depth, but might have

been shallower, as there was a big gap between 100 and 200 m in the samples. The deeper water had a

nitrogen concentration around 12 µ mol l−1.

Figure 14: Vertical profiles of nutrients in subarea 3.
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3.2.4 Subarea 4: On the shelf

Despite their large difference in latitude, the nutrient distribution had nearly the same shape for nitrogen

and was similar for phosphate and silicate at 76◦ North Bank and Davy Sund. The phosphate and silicate

profiles were nearly homogenous. This was not unexpected, as these shelf stations were strongly affected

by the ocean currents and mixing. The upper 20 m were depleted of nitrogen, and there was no clear

nutricline.

Figure 15: Vertical profiles of nutrients in subarea 4.

3.3 Chlorophyll a

The chlorophyll a maximum (Chl a max) was low at all stations (< 1 µ g l−1) (Fig. 16). The Chl a

max was lower at the inner fjord stations Besselfjord A (0, 30 µ g l−1) and Breddefjord (0, 24 µ g l−1).

More open fjord locations such as Dove Bugt (0, 74 µ g l−1), Ardencaple (0, 68 µ g l−1) and Eskimones

(0, 47 µ g l−1) had a higher Chl a max. Two samples were collected at Chl a max in Ardencaple (40

m). These samples displayed very different concentrations of Chl a (0, 36 µ g l−1 and 0, 68 µ g l−1).

The higher value is used as the Chl a max as it was collected from the first Niskin bottle, that likely

closed closer to the actual depth. 0, 68 µ g l−1 was also closer to the CTD fluorescence measurements

of 0, 7116 mg · m−3 (Appendix A, Fig. 34). In Eskimones the CTD downcast showed maximum of

fluorescence at 28 m depth, but the Chl a concentrations determined by filtering the seawater indicated

a Chl a max at the surface. The CTD do not log fluorescence above 15 m, which is the reason the

surface bloom was not detected.

Dove Bugt had the highest concentration of Chl a and the shallowest Chl a max, after Eskimones,

at 21 m depth. The other stations had a deep Chl a max. The southernmost station, Davy Sund, had

the deepest Chl a max at 45 m depth. Chl a max at Breddefjorden and Ardencaple were a bit shallower
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at 38 and 40 m. In Besselfjord and the shelf station outside, 76 ◦North Bank, Chl a max was at 32-34

m.

Figure 16: Vertical profiles of Chlorophyll a concentration.
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3.4 Plankton community

3.4.1 Protist community

The protist community was dominated by flagellates at all stations (Fig. 17). The highest abundances

were found in Ardencaple at Chl a max and in the surface of Besselfjord C and Dove Bugt. The

abundance of protists was generally higher in the surface than at Chl a max, except in Ardencaple and

Davy Sund. There was a higher proportion of diatoms at Eskimones, especially at Chl a max (28 m

depth). Diatoms were also present in Besselfjord, Dove Bugt, Breddefjord and Ardencaple. No protist

community sampling was conducted from the surface waters in the 76◦North Bank staton, hence the

blank bar (Fig. 17).

Figure 17: Absolute abundance (103 cells L−1) of protists of different taxa at surface and Chl a max (Table 2).

3.4.2 Zooplankton community

Calanus spp. made up a fairly small percentage of the zooplankton community in the innermost fjord

stations Besselfjord A (6 %) and Breddefjord (5%)(Table 6). Calanus spp. also made up a small part

of the community at the northernmost shelf station, 76 North Bank (7%). Eskimones stood out for

having a quite large (21%) part Calanus spp. In all other locations, Calanus spp. made up 11-14% of

the zooplankton absolute abundance.

It must be noted that Calanus spp. is a big copepod and much larger than the smaller copepods like

Pseudocalanus spp, Microcalanus spp., Oithona similis or Triconia borealis. Calanus spp. might have

appeared more significant if the unit was changed to biomass instead of individuals per m2. Metridia
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Table 6: Absolute abundance of mesozooplankton [ind·m−2], Absolute abundance of Calanus spp. and how much of the
zooplankton absolute abundance consisted of Calanus spp. [%].

Station
Mesozooplankton

abundance [ind·m−2]
Calanus

abundance [ind·m−2]
Part Calanus [%]

Besselfjord A 41 136 2 442 6
Besselfjord C 60 895 8 768 14
Dovebugt 67 784 8 717 13

Breddefjord 148 589 6 873 5
Ardencaple 40 659 4 592 11
Eskimones 58 585 12 585 21

76◦North Bank 10 816 716 7
Davy Sund 80 715 8 828 11

longa is another big, common copepod species. In Besselfjord C, Breddefjord and Ardencaple Metridia

longa was more abundant than Calanus spp.

Pseudocalanus spp. was the dominant taxon in Besselfjord, Dove Bugt and Breddefjord (Fig.18).

In Ardencaple, Eskimones and on the shelf, Oithona similis was dominating. The small copepods

Microcalanus spp. and Tricona borealis were quite abundant at all stations. An unusual copepod with

a large, straight frontal spine was found in Breddefjorden (Appendix C, Table 11). It was classified as

the abyssal, Atlantic species Geatanus miles.

Other interesting findings were nudibranches in Besselfjord A and the ice amphipod Gammarus

wilkitzkii in Ardencaple (Table 11 in Appendix C). Breddefjord had a very high zooplankton abundance

(Table 6), that included several species in the genus Ostracoda (Appendix C, Table 11). There was

observed large Appendicularia, which was quite abundant in Besselfjorden, Dove Bugt and Davy Sund.

Larvae from the benthos, meroplankton, were especially important in Dove Bugt, Breddefjord and Davy

Sund. A high abundance of radiozoans was also observed in Dove Bugt (Appendix C, Table 11).

Invertebrate predators (Paraeuchaeta spp., Chaetognatha, Amphipoda, Limacina helicina, hydro-

zoans) were abundant in Besselfjord A, Dove Bugt, Breddefjord and Eskimones. Hydrozoans were

present at all locations except Besselfjord C and Davy Sund (Table 11 in Appendix C). There is a pos-

sible underestimation of this taxaon due to its gelatinous structures getting destroyed by the plankton

net or fixation.
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3.5 Species and stage composition of Calanus spp.

3.5.1 Identification of C. hyperboreus

The occurrence of a spike at the 5th thoracic segment is partly inconsistent with larger sizes of Calanus

(Table 7). Although there are larger individuals with a spike and smaller individuals with a rounded

end of the prosome, a smaller size does not exclude the possibility of a spike at the prosome ending. In

this thesis, C. hyperboreus is identified by prosome length (Table 3).

Table 7: Number of individuals of species identified as C. hyperboreus or C. finmarchicus/C. glacialis by size with clear,
weak and no spike at the 5th thoracic segment. The species determination is based on prosome length criteria described
in table 3.

Species determined by size
Stage

End of 5th

thoracic segment
C.finmarchicus

C.glacialis
C.hyperboreus

Clear spike 3 119
Weak spike 4 49CIV
Round 135 14
Clear spike 6 89
Weak spike 1 24CV
Round 215 9
Clear spike 4 29
Weak spike 2 13AF
Round 69 4
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3.5.2 Identifying C. finmarchicus and C. glacialis to species based on size

Prosome length was measured on 1476 Calanus individuals. 706 individuals were in the size range of

C. finmarchicus or C. glacialis (Table 3). 29 individuals of C. finmarchicus and 133 individuals of C.

glacialis were determined from DNA analysis. The prosome length of C. finmarchicus and C. glacialis

determined from DNA analysis did not correspond with two different peaks in the bimodal curve created

by all individuals at stage CIV, CV and Adult females (Fig. 19). Based on these results, it is not possible

to distinguish C. finmarchicus from C. glacialis by prosome length.

Figure 19: Prosome length distributions for Calanus stage CIV, CV and adult females (AF) determined to C. finmarchicus
or C. glacialis from size by criteria described in table 3. Some individuals were assigned to C. finmarchicus (red) or C.
glacialis (blue) based on DNA analysis.
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3.5.3 Abundance of Calanus spp.

Dove Bugt, Breddefjord, Eskimones and Davy Sund had especially high abundances of Calanus (Fig.

20). C. hyperboreus dominated in Dove Bugt, Besselfjord C and Breddefjorden. Eskimones had the

highest abundance, Davy Sund was the southern shelf station and had a clear dominance of C. fin-

marchicus/C. glacialis.

Figure 20: Absolute abundance [individuals per m−2] of C. hyperboreus and C. finmarchicus / C. glacialis .

3.5.4 Stage distribution of Calanus spp.

C. finmarchicus and C. glacialis generally had a higher relative abundance of the oldest copepodite

stage, CV, and adult females compared to C. hyperboreus (Fig. 21). Copepodite stage CIII and CIV

dominated the relative abundance in C. hyperboreus, except in Besselfjord A, where the older CV were

more abundant. Dove Bugt had an especially high abundance of C. hyperboreus stage CIII, and a sur-

prisingly low abundance of adult C. hyperboreus females with only three individuals (Tab.11, Appendix

C). Several young copepodites of stage CI, CII and CIII of C. finmarchicus/C. glacialis were present

(Fig. 21).
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Figure 21: Copepodite stage distribution in A)C.finmarchicus or C. glacialis and B)C. hyperboreus.
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3.6 Lipid content in Calanus spp. photographed with stereo microscope

3.6.1 Differences in lipid content between Calanus Species

A significant difference was observed between C. glacialis and C. hyperboreus, as indicated by non-

overlapping confidence intervals (Fig.22). Despite both species having similar rates of increase (β1 =

1.89 & 1.72, listed in table 8) C. glaclialis generally had a larger lipid area than C. hyperboreus for the

same prosome area. It is however worth noting that C. hyperboreus have the potential to grow larger

and therefore include individuals with the highest lipid area.

Figure 22: Lipid area over prosome area in C. finmarchicus (red), C. glacialis (blue) and C.hyperboreus (green) on
a logarithmic scale. The lines are fitted by linear regression and displayed with 95 % confidence intervals. The fitted
coefficients and R2 are given in table 8.

Table 8: Coefficients, intercept [β0] and slope [β1] estimated by fitting lipid sac area (LA) as a function of prosome area
(PA) in a parametric model, described in Equation 5. Models were fitted for each species, and the number of individuals
[n] is also given.

Species Stage n β0 β1 R2

C.finmarchicus CIV-CV 24 -0,97 ±0, 15 1,30 ±0, 24 0,58
C.glacialis CIII-CV 120 -1,69 ±0, 07 1,89 ±0, 08 0,82
C.hyperboreus CIII-CV 153 -2,16 ±0, 09 1,72 ±0, 07 0,79
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The regression models explained a considerable part of the variation in the data (Table 8). While

the assumptions of linear regression generally were met, they were not fulfilled perfectly (Appendix D).

Regarding C. finmarchicus, the sample size was relatively small, consisting of only 24 individuals,

primarily in copepodite stage CV (Table 5). The regression from C. finmarchicus cannot be compared

directly to C. glacialis and C.hyperboreus due to presence of three copepodite stages in the latter species

as well as substantially a substentially larger dataset.

3.6.2 Differences in lipid content between copepodite stages

Calanus individuals in different stages allocate energy differently between growth and storage (Fig.23).

These results are obtained by fitting a linear regression between the logarithmically transformed lipid

sac area and prosome area for each copepodite stage (Equation 4 & Table 9). A higher rate of increase

(β1) indicate prioritisation of storing energy as lipid in the lipid sac. In the model for copepodite stage

CIV in C. hyperboreus, certain individuals were excluded from the analysis. Specifically, three smaller

individuals collected in Breddefjord were omitted from the regression because their prosome length

fell far below the C. hyperboreus characteristics (Table 3). Additionally, an individual with a prosome

length of 3,022 mm, collected in Dove Bugt, and a large individual of 4,415 mm, collected in Breddefjord

C, were excluded from the regression due to their leverage on the model.

Table 9: Coefficients, intercept [β0] and slope [β1] estimated by fitting lipid sac area (LA) as a function of prosome area
(PA) in a parametric model, described in Equation 5. Models were fitted for each stage within each species, and the
number of individuals [n] is also given.

Species Stage n β0 β1 R2

C.finmarchicus CV 22 -0,91 ±0, 15 1,26 ±0, 23 0,59
C.glacialis CIII 6 -1,92 ±0, 55 0,85 ±1, 04 0,14
C.glacialis CIV 35 -1,94 ±0, 13 2,46 ±0, 64 0,31
C.glacialis CV 79 -1,10 ±0, 18 1,34 ±0, 18 0,43
C.hyperboreus CIII 12 -2,95 ±0, 22 5,34 ±0, 94 0,77
C.hyperboreus CIV 87 -4,68 ±0, 34 4,29 ±0, 34 0,65
C.hyperboreus CV 50 -3,37 ±0, 54 2,36 ±0, 31 0,54
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Figure 23: Lipid area mm2 over prosome area mm2 for different copepepodite stages of A) C. finmarchicus, B) C. glacialis
and C) C. hyperboreus on logarithmic scales. The lines are fitted by linear regression and displayed with confidence intervals
for each copepodite stage.
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3.6.3 Difference in individual lipid content between stations - WP2

Difference between stations was assessed in C. glacialis and C. hyperboreus by multiple linear regres-

sion. It was assumed that the slope (β1) between lipid sac area and prosome area remained constant. If

the overlap between confidence intervals of the intercept coefficient (β0) between stations is below 0.05,

this would indicate location-specific differences in lipid content. C. glacialis was estimated to follow

the model in Equation 8 and C. hyperboreus Equation 9. The intercept coefficient (β0) mean and 95%

confident interval for both models are displayed in Fig.24. There is no overlap between the confidence

interval of β0, and therefore no statistically significant difference in lipid sac between stations when

size-induced differences were accounted for. The models are displayed graphically for all stations in

Appendix E(Fig.41).

LAC. glacialis = eβ0 · PA1,898±0.091 (8)

LAC. hyperboreus = eβ0 · PA1,716±0.075 (9)

Figure 24: Mean and 95 % confidence intervals of the intercept coefficient (β0) for A)C. glacialis and B)C. hyperboreus .
The coefficients are estimated by multiple linear regression between the logarithmic transformed lipid sac area (response
variable) and prosome area (explanatory variable) with station as an additional explanatory variable.
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3.7 Relavtive vertical distribution and lipid content in Calanus - sampled

with VPR

Figure 25: Calanus spp. relative depth distribution recorded with VPR.
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3.7.1 Relative Vertical distribution

Calanus were present both in the surface and near the bottom at all stations (Fig. 25). A more or

less clear bimodal distribution was observed, with some individuals at the surface and others deep

in the water column. This trend was less evident in Breddefjord, where a relatively homogeneous

Calanus depth distribution was observed. In Davy Sund, a larger proportion of Calanus was found in

the water column’s lower depths, unlike Eskimones where there was recorded a higher abundance between

20-40 mm depth. Also notice that the relative vertical abundance was twice as large at Eskimones than

all the other stations (Fig. 25). No individuals of Calanus were recorded in the upper 40 m of the

water column at Besselfjord C and Ardencaple. The time of sampling at these station (between 9 and

12 AM, Table. 1), did not differ from the sampling time of other stations where Calanus were present

in the surface.

3.7.2 Difference in individual lipid content between stations - VPR

The same analysis as in section 3.6.3 was done to assess individual lipid content between stations. A

parametric model, Equation 5, was fitted to the data to estimate the coefficients of the slope (β1) and

intercept (β0). A constant slope was assumed for all stations, so the expected lipid sac area for a certain

prosome length was given by Equation 10.

LA = eβ0 · PA1.023±0.039 (10)

No statistically significant difference was observed in the estimate of intercept (β0) between stations,

indicated by overlap in 95% confidence intervals (Fig. 26). Although there was no statistically significant

difference between the stations, one can observe a higher coefficient at 76◦North Bank and Dove Bugt,

indicating a higher lipid sac area at a certain prosome length. In Besselfjorden A and Breddefjorden

one can see the opposite, a lower β0 which indicates a smaller lipid sac area at a certain prosome area.
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Figure 26: To the left: Mean and 95 % confidence intervals of the intercept coefficient (β0) (Equation 10) when station
is an additional explanatory variable for lipid sac area in Calanus spp. collected with VPR. To the right: Lipid sac area
over prosome area on a logarithmic scale. The lines are visualizing how station affect the model of lipid sac area over
prosome area through different intercept (β0).

3.7.3 Difference in individual lipid content with depth - VPR

The VPR also recorded the depth at which each Calanus spp. picture was taken. This made it possible

to look at the lipid content with depth. The total lipid and prosome length distribution with depth

is found in Appendix F (Fig. 43, Fig. 42). To assess the relative lipid fullness of each individual,

size-induced differences were accounted for by comparing the individual’s lipid fullness to the lipid

fullness estimated by the exponential model in Equation 4 with coefficients estimated to β0 = −1, 18

and β1 = 0, 97. The vertical distribution of relative lipid fullness is displayed for each station in (Fig27).

As there is no apparent significant difference between the stations, all individuals were included

to assess if there was a difference in relative lipid fullness with depth. As there appeared to be little

difference in relative lipid fullness between 100-200 and 200-bottom (Fig. 28), the individuals were only

separated into two categories; surface waters (surface-100 m) and bottom waters (100 m-sea floor). 76
◦North Bank was excluded from the analysis because of being shallower than 100 m.

An independent two-sample t-test was used to compare relative lipid fullness in the surface (≤ 100m,

mean=0.861, SD=0.349, n=20) and deep waters (≥ 100m, mean=1.052, SD=0.385, n=301). There was

a significant difference between the depths in relative lipid content (t(21.587)=-2.3665) with a p-value

of 0.027.
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Figure 27: Relative lipid fullness with depth

Figure 28: Relative lipid fullness in depth intervals.

.
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4 Discussion

In this thesis, I have tried to determine how the lipid content in Calanus spp. depends on environmental

factors in Northeast Greenland locations, an area that has been little studied compared to the Norwegian

Arctic. The region west of the Fram Strait is known to be considerably more oligotrophic than the

Svalbard coast, as it is the outflow shelf from the Arctic Ocean (Bluhm et al., 2015). This could lead to

differences in the quality and quantity of available food for Calanus and thereby differences in copepod

condition. In the first part of this discussion, I will assess if there is any difference in lipid accumulation

between the Calanus species and compare the result to recent studies from the Svalbard area. Afterward

I will discuss the difference in relative lipid fullness between surface and deep waters. In the third part

of this discussion, I will assess if there are any differences between the stations in Calanus total lipid

content. Lastly, I want to discuss how differences in the environment could be the reason for these

possible differences in lipid content.

4.1 Calanus differences in individual lipid between Calanus species and

copepodite stage

A significant difference in lipid accumulation was observed between C. glacialis and C. hyperboreus (Fig.

22). Total Lipid (mg) was calculated from lipid sac area (mm2) and the proxy for size was changed to

prosome length, to mirror this study to the study in Svalbard areas by Renaud et al. (2018). The adult

females were also included (they were excluded from the thesis analysis, as they were expected to have

utilized some of their lipid reserves for reproduction and would likely die before another overwintering).

The difference prevailed after these modifications, implying a species-specific difference in total lipid

content with size between C. glacialis and C. hyperboreus (Fig.29).

During this study in Northeast Greenland, the confidence intervals from the model estimated from the

few recorded individuals of C. finmarchicus (n=24) had an overlap with the model of C. glacialis (Fig.29

Table 10). This indicates similarities between the species and is consistent with the findings in Renaud

et al. (2018). However, contrary to the results in that study, the small stages of C. hyperboreus did not

overlap with C. glacialis . When including all stages of C. hyperboreus (CIII-AF) in the model, the

intercept (β0) was similar to that of C. glacialis , but the slope (β1) was lower (Table 10). According

to these findings, C. hyperboreus in Northeast Greenland have a slower accumulation of total lipid with

size than C. glacialis and all Calanus species in the Svalbard region (Renaud et al., 2018).
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Figure 29: Total lipid mg over prosome length mm in C. finmarchicus (red), C. glacialis (blue) and C. hyperboreus
(green) and smaller copepodite stages of C. hyperboreus (dotted, dark green) on a logarithmic scale. The different shaped
points indicate different copepodite stages and the lines are fitted by linear regression and displayed with 95 % confidence
intervals (The fitted coefficients and r2 are given in Table 10).

Table 10: Coefficients fitted to the exponential relationship between total lipid (TL, in mg) and prosome length (PL,
in mm) in different Calanus species. Models are from this study and that of Renaud et al. (2018). The relationship is
modelled by the equation: TL= eβ0 · PLβ1 . In addition, the table includes the number of sampled individuals (n) and
how much of the variation in the data that is explained by this model (R2).

This study Renaud et al., 2018

Species, stage n β0 β1 R2 n β0 β1

C. finmarchicus, CIV-AF 29 −4, 76± 0, 69 2, 90± 0, 71 0,38 373 −6, 6± 1, 5 4, 9± 0, 5

C. glacialis, CIII-AF 133 −7, 80± 0, 31 5, 37± 0.29 0,77 290 −7, 2± 1, 0 5, 1± 0, 3

C. hyperboreus, CIII-CIV 103 −9, 28± 0, 64 5, 79± 0, 54 0,54 337 −7, 9± 1, 1 5, 1± 0, 2

C. hyperboreus, CIII-AF 164 −7, 7± 0, 31 4, 45± 0, 22 0,71 430 −6, 0± 1, 2 3, 6± 0, 2

Calanus spp. 326 −7, 72± 0, 31 4, 45± 0.22 0,71 1430 −5, 5± 1, 3 3, 4± 0, 1

This difference could be a result of geographical differences, as Svalbard waters are dominated by the

west Spitsbergen current bringing nutrient-rich water from the Atlantic, while the northeast Greenland

shelf is dominated by the East Greenland current bringing nutrient-poor water from the Arctic basin.
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The C. hyperboreus populations in Renaud et al. (2018) could have very different origins from those

in this study. The Calanus species have high plasticity, and the significant difference in lipid fullness

estimated for C. hyperboreus between Svalbard and Northeast Greenland (Table 10) could possibly be

a result of the food availability between the populations.

Although C. hyperboreus have a lower average lipid content at similar prosome length than C. glacialis ,

a higher increase in lipid sac area with prosome area was found for all copepodite stages of C. hyperboreus (Fig.

23). The focus on accumulating lipids rather than body growth is an important adaptation to uncertain

food supply, making it a good life strategy to survive winter (Falk-Petersen et al., 2007). The sudden

drop in lipid content between the largest individuals of CIII and the smallest CIV could suggest a past

diapause, where lipid storages were utilized (Fig. 23 B). If this is correct, C. hyperboreus undergo dia-

pause already from stage CIII, supporting the theory of multi-year life cycles. C. glacialis only display

this sudden drop in lipid sac area with prosome area from stage CIV (Fig. 23 C). There are also some

individuals of CV that appears to have started lipid accumulation at a higher intercept. This could

be individuals that finish their life cycle in one year, evolving from egg to copepodite stage CV in one

season and moulting to reproductive females during the winter. Most individuals underwent a drop in

lipid sac area, suggesting diapause between stage CIV and CV and therefore a two-year life cycle in C.

glacialis.

Another possibility is difference in sampling time and sample size between Renaud et al. (2018) and

this study. This study had its sampling period in the end of August/start of September 2022. This is

earlier than the sampling of C. finmarchicus/C. glacialis conducted in mid-September/early October

(2012 & 2014) in Renaud et al. (2018). This study’s sampling period overlaps with the sampling of

C. hyperboreus in (Renaud et al., 2018), which was conducted between August and October in 2010,

2012 and 2014. The sampling size of this study is also smaller (Table 10).

4.2 Difference in Calanus lipid content with depth

There was found a statistically significant difference in relative lipid fullness between the surface layer

(upper 100 m) and deeper waters (below 100 m) (Fig. 28). This supports hypothesis 2, that Calanus

located in deeper waters have a lipid sac that fills up more of the body cavity. It must be taken into

account that only 20 individuals were recorded from the surface (upper 100 m), against 282 in the deeper

waters (below 100 m), which might influence the statistical robustness of these findings.

The mean in individual lipid fullness was similar for intermediate (100-200 m) and deep (200 m-

bottom) waters (Fig. 28). However, there might be some difference between the stations, demonstrated

by different numbers of individuals with a relative lipid fullness above or below one at 100-200 m (Fig.

27). In Besselfjord A and Eskimones, there were more individuals with a relative lipid fullness below

1 at 100-200 m. In Besselfjord C and Ardencaple, there were instead more individuals with a relative

lipid fullness above 1 in this depth interval. There were individuals with relative lipid fullness > 1 at

the bottom at all stations. As different species and copepodite stages is not taken into account, or how
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much lipid the different species and copepodite stages needs to accumulate to survive diapause, it is

therefore not possible to conclude if the descended Calanus is well or badly prepared for overwintering.

The proxy “relative lipid fullness” was used to account for the effect of size on lipid content. It is

important to look at the relative lipid fullness as a measure of whether the individuals’ lipid content is

below or above the expected lipid content, not as a condition factor, where above 1 is good condition

and below 1 is bad condition. Relative lipid fullness is not a condition factor in this study, but mere a

measure if the individual is below or above average lipid fullness in this sample. It is not certain that the

sample is representative for the true population. The population sampled is probably skewed towards

higher lipid fullness as there were more individuals sampled for lipid content below 100 m (Fig. 28),

while the density of Calanus was as high, and often even higher, above 100 m (Fig.25). If there were

more samples, and more equal division between depths, the proxy ”relative lipid fullness” could be used

as a condition factor, as done in Bailey (2010).

4.3 Difference in Calanus lipid content between sampling locations

4.3.1 Difference between individuals of C. glacialis and Calanus

No statistically significant differences were observed in lipid content between the different stations when

accounting for size-dependent differences in individuals collected with the WP2-net (Fig.24) or VPR

(Fig.26). It is possible that this result does not reflect the true situation, as it does not take into account

the different allocation between lipid sac area and prosome area within copepodite stage but uses size

to account for the prosome growth. Unfortunately, the number of individuals collected is not sufficient

to assess lipid sac area differences within each species and copepodite stage at all stations.

Although there is no apparent difference in lipid content between stations when size- and species-

specific differences were accounted for, there was a difference in absolute abundance, and species and

copepodite stage composition between the different stations.

4.3.2 Difference in Total Lipid in the Calanus population

Total lipid (TL) was estimated for all individuals, and the bootstrap method was applied to resample

the mean within species and stage (See distribution of TL within species and stage in Appendix G,

Fig. 44). According to the central limit theorem, the distribution of sample means had a normal

distribution. The mean and standard error of the sample means was used as the estimated lipid content

per individual within that stage and species. The estimated lipid content per individual was multiplied

with the estimate of absolute abundance per station (Table 11 in Appendix C) to calculate the total

lipid content in the Calanus population per m2 (Fig. 30). The foundation of this method is the

assumption that the combined sample from all stations is a representative selection of C. finmarchicus/C.

glacialis and C. hyperboreus in Northeast Greenland coastal locations. Another assumption is that the

Calanus populations had the same size and lipid content ranges for a copepodite stage within a species,
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independent of location. This thesis does not investigate whether the latter assumption is met.

Figure 30: Total lipid g m−2 in the lipid sac of overwinteringstages of Calanus spp.

When shifting the view from absolute abundance of Calanus (Fig. 20) to total lipid in Calanus (Fig.

30), a different pattern emerges between the different stations. The older stages (CV in C. glacialis ,

CIV and CV in C. hyperboreus ) contribute most to the total lipid per m2 in location, although these

are not the dominant stages in abundance. For example, Dove Bugt clearly had the highest abundance

of Calanus in subarea 1 (Fig.20), but a higher relative abundance of smaller copepodite stages than

in Besselfjord C (Fig. 21). This caused a higher total lipid in Besselfjord C compared to Dove Bugt,

even if the Calanus abundance was modest. Eskimones had the highest total lipid (Fig. 30), which is

a combination of high relative abundance and older copepodite stages.

4.4 Differences in lipid content as an effect of abiotic and biotic environ-

mental factors

Calanus is a part of a complex food web within a habitat that undergo extreme seasonal variations. The

population is being regulated top-down by planktonic predators, as well as fish, birds and other animals

like whales. The quantity and quality of food for Calanus is also likely to regulate the population

bottom-up. Sea ice is covering these fjords long after the sun has returned, so sea ice algae could be

an important part of Calanus annual diet. As Calanus only makes up a very small percent of the
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zooplankton community (Table 6) it could be competition for food between Calanus and the other

mesozooplankton taxa as the larger Metridia longa or smaller copepods as Pseudocalanus or Triconia

borealis.These biotic factors are shaping the community within the framework of abiotic factors. There

are many unknown variables to take into account, and one have to bear this in mind when trying to

simplify nature and uncover patterns in the chaos. Below, I will discuss some of the factors that were

possible to evaluate and which I believe to be important.

4.4.1 Stage of seasonal cycle

Low Chl a concentrations (Fig. 16), a protist community dominated by flagellates (Fig. 17) and nutrient

depletion of the surface (Fig. 12, 13, 14, 15) are properties of an autumn situation (Daase et al., 2021).

The peak in primary production following ice break up has passed, and it appears as Calanus at all

locations have started seasonal vertical migration to spend the winter in the depth of the fjord (Fig.

25).

In all stations, except the southernmost Davy Sund (which also has the deepest Chl a max at 45

m), there are still Calanus in the surface 100 m. Several stations have individuals of C. glacialis stage

CI-CIII and C. hyperboreus stage CII (Fig. 21). These smaller copepodite stages are not overwintering

stages, according to Daase et al. (2021). We will never know if they managed to accumulate enough

energy for moulting into an overwintering stage and join the other, fat Calanus in the deep darkness

of the fjord. In Eskimones it was an estimated 2039 individuals of stage CII and CIII of C. finmarchi-

cus/C. glacialis (Table 11 in Appendix C). The highest relative abundance of Calanus in the depth

interval 20-40 m (Fig. 25) corresponded with high abundance of big diatoms at 28 m (Fig. 17). This

indicates active feeding and might imply that even more lipid will be stored in Calanus before winter

is coming. Eskimones was also the first station where the ice broke up. This does support hypothesis

3A as the longer ice free season correspond with a higher amount of Calanus lipid.

4.4.2 Inflow of Atlantic Water

One of the initial hypotheses in this thesis was that Atlantic Water would shift the Calanus complex

towards the smaller C. finmarchicus. Atlantic water was present at the southernmost shelf station Davy

Sund, as well as in Dove Bugt, Breddefjord and Ardencaple (Fig. 9). Besselfjorden has no inflow of

Atlantic Water due to the shallow sill at the entrance of the fjord (Fig. 10). Hypothesis 3B. appears to

be falsified in this study, as the presence of Atlantic water in Breddefjord does not increase the amount

of C. finmarchicus , according to DNA analyses. Only one specimen of C. finmarchicus was found in

Breddefjord, compared to nine individuals in the innermost station of the Besselfjord, where the main

water mass was Polar water (Table 5).

Few recorded individuals of C. finmarchicus in Breddefjord could be a result of picking individuals for

DNA analysis, instead of systematically analysing all individuals in a subsample. The larger Calanus in-

dividuals are then more likely to be selected, while smaller C. finmarchicus, would get underrepresented.
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However, the absolute abundance of C. hyperboreus was higher than C. finmarchicus/C. glacialis inside

Breddefjord (Fig. 20). The Atlantic Water was covered by a 160m thick layer of colder, fresher Polar

water, which might not make the conditions favourable for C. finmarchicus (Aarflot et al., 2018). How-

ever, it has also been recorded large plasticity and niche overlap between species (Weydmann-Zwolicka

et al., 2022). In fjords at the Svalbard Archipelago it was observed that temperature preferences were

more different between the Calanus in different fjords than between different species.

Several specimens of C. finmarchicus were found in Besselfjord, where there was no Atlantic Wa-

ter. This could be C. finmarchicus , highly adapted to a cold and fresh environment, or it could be

a result of misclassification. The primer used, G-150, only separates between C. finmarchicus and

C. glacialis (Smolina et al., 2014). C. hyperboreus was determined by size as it can appear as both

C. finmarchicus and C. glacialis in the DNA analysis. These individuals appearing as C. finmarchicus could

possibly be a population of small C. hyperboreus . Smaller individuals with a spike at the 5th thoracic

segment were also detected (Table 7), which is a caracteristic of C. hyperboreus . In Billefjord, a

high-Arctic sill fjord in the Svalbard archipelago, there have been observations indicating a population

of C. hyperboreus with a 1-year life cycle (Arnkværn et al., 2005). Smaller-sized C. hyperboreus has

also been recorded in Scoresby Sound, which is located further south on the east Greenland coast

(Digby, 1954). It was suggested by (Ussing, 1938), that these individuals indicated a population

C. hyperboreus with a 1-year life cycle (Digby, 1954).

4.4.3 Turbidity

The water was clear at all stations, with turbidity less than 0,25 FTU. This is far below the measured

turbidity in Young Sound, which was linked to an increase in heterotrophic production at the expense

of primary production (Sejr et al., 2022). It must be noted that the timing of sampling in Sejr et al.

(2022) was end of July to middle of August, to be timed with the peak of freshwater discharge. That

is one month before this study was conducted. However, from the result in this study there were not

high enough turbidity values for light to be a limiting factor on photosynthesis. As there was found no

gradient in turbidity, it is not possible to assess hypothesis 3C.

4.4.4 Nutrients and strength of the nutrient-diatom link

The surface at all stations were depleted of nutrient at the time of sampling (Fig. 12, 13, 14 & 15).

Because the seasonality in Arctic fjords with sea ice formation that creates a homogeneous water column

during winter, one can estimate the net community uptake of nitrogen by trapezoid integration from

surface to intrusion depth (Def. in (Laanemets et al., 2004)) (Fig.31). The intrusion depth appears to

be at 250 m for all stations, except Besselfjord A and C where it is at 100 m depth. In addition to a

homogeneous water column at time onset of the pelagic bloom, it is assumed no supply of terrestrial

nitrogen or atmospheric fixation of nitrogen.

Stations with the presence of Atlantic Water (Dove Bugt, Breddefjord and Ardencaple) have had
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Figure 31: Net community nitrogen uptake from intrusion depth to surface.

higher nitrogen concentrations than stations dominated by Polar Water (Besselfjord and Eskimones)

(Fig. 31). However, the difference between Eskimones and the three Atlantic-influenced locations is not

large. It can be speculated whether the high nutrients in Eskimones could arise from the glacier, Wordies

Gletcher, further into Godthaabs Golf (Fig.5). It is not known if this glacier is still marine-terminating

as it is many years since 1952, and a more recent sattelite photo has not been obtained. Breddefjord

have had the highest nutrient concentration at the onset of spring, perhaps because of the combination

of Atlantic Water and a marine terminating glacier.

Calanus feed most efficiently on larger cells (Levinsen et al., 2000), and diatoms have been linked

to high nutrient environments with a pycnocline that prevents the heavy, silicate-armored cells from

sinking. As the time of sampling was in post-bloom conditions, the protist community was largely

dominated by flagellates (Fig. 17). However, the same method used previously, on net community

nitrogen uptake, can be applied to estimate the uptake of silicate. By using an empirically estimated

ratio between silicate and nitrogen uptake in diatoms (Brzezinski, 1985), the amount of nitrogen taken

up in diatoms during the spring can be estimated. It was assumed that silicate was exclusively utilized

by diatoms. As the intrusion depth of silicate was 100 m at all locations, the integration was done from

the surface to this depth. The pattern of the total amount of nitrogen estimated to have been used in

the upper 100 meters (Fig. 32) is the same between the stations as the net estimated nitrogen uptake

(Fig. 31). The nitrogen estimated to be used by diatoms is not (Fig.32) following this trend. Actually,

the stations with most nutrients have the weakest nutrient-diatom link.

The nutrient-diatom link was very strong in Besselfjord, as most of the nitrogen in the surface was
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Figure 32: Amount of nitrogen estimated to be utilized by diatoms in the upper 100 m of the water column.

estimated to have been utilized by diatoms (Fig. 32). At all other locations, diatoms were estimated to

have taken up much less of the nitrogen. It is important to bear in mind the assumptions of this method.

Vertical mixing, that would homogenize the nutrient concentrations, is assumed in the time frame

between the ice algae bloom and pelagic bloom. This would homogenize the nutrient concentrations in

the water column. It is likely that more open areas would have more mixing compared to the narrow

Besselfjord. A possible sea ice algae bloom in the land fast ice would likely be dominated by pennate

diatoms (?). Differences in the degree of vertical mixing between the locations in the time frame between

the sea ice bloom and pelagic phytoplankton bloom would violate the assumption of a homogenous water

column. If it had been less mixing between the possible ice algae bloom and phytoplankton bloom in

Besselfjord, so it already was a gradient of declining silicate towards the surface, this would have

increased the estimated nitrogen-diatom link.

Although there seems to be different strengths of the nutrient-diatom link at different locations, the

question remains whether this amplifies further up in the food chain by influencing the Calanus lipid

content. Besselfjord C displays a strong nutrient-diatom link and a high total lipid content in Calanus

(Fig. 32 & Fig. 30). This is consistent with the model of energy flow in the Arctic pelagic food web

(Daase et al., 2021). However, this does not appear to be the case in Besselfjord A. The nutrient-diatom

link is similar to Besselfjord C, but the total abundance is much lower, especially for C. hyperboreus ,

causing a smaller amount of lipid stored in Calanus. Eskimones has a weak nutrient-diatom link, and

still has the highest amount of lipid stored in Calanus (Fig. 30).

The estimate of the nutrient-diatom link is built on strict assumptions. Because of the uncertainty

whether these assumptions are met, it is not possible to draw any conclusions about the difference in

lipid content in Calanus.The only way to truly know which organisms have been in the water column
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and sea ice during the spring is by sampling frequently during the season.

4.4.5 Total Calanus lipid induced by differences in plankton ecology

If the estimated differences in the nutrient-diatom links are close to reality, there must also be other

variables affecting the Calanus lipid. In the following section, I will briefly discuss differences in the

plankton community that could possibly alter the total Calanus lipid content. I will compare the fjords

Besselfjord A with Besselfjord C and Breddefjord to Eskimones. The fjords which are being compared

have a similar strength of the estimated nutrient-diatom link (Fig. 32).

The inner basin of Besselfjord has considerably less estimated total lipid stored in Calanus than the

outer Besselfjord C (Fig. 30). This difference could arise from differences in zooplankton ecology. There

were more plankton (60 895 ind m2) in the middle basin, where 14% consisted of Calanus , while the

inner Besselfjord A had a lower abundance of zooplankton (31 136 ind m−2) and only 6% Calanus. We

observed three times more planktonic predators of Calanus in the inner basin. We also noted gelatinous

substances in the plankton net when sampling at Besselfjord A, likely to be the remains of jellyfish such

as large ctenophores or hydromedusae. Thus, one possible explanation for this difference in abundance

between the stations could be the higher predator density in the inner basin, causing both reduction

in the total abundance of Calanus , as well as a shift in the Calanus complex towards the smaller

C. finmarcicus/C. glacialis. The shift towards smaller sizes could be driven by predators targeting

larger individuals of Calanus. However, this needs to be looked into further, and the total predator

pressure from both invertebrate and vertebrate predators should be taken into account before drawing

any conclusions. These findings are not completely consistent with the findings of Beroujon (2019)

from middle/late September 2019 who found a much larger abundance of the hydromedusa Aglantha

digitale and Cnidaria further towards the mouth of the fjord. There was still a higher abundance of

Chaetognatha in the inner fjord, consistent with the results of this study.

Eskimones had the highest estimated amount of Calanus lipid per m2 (Fig. 30). Eskimones was

also the station that had the biggest fraction of the total abundance, consisting of Calanus (21%, Table

6). Breddefjord was estimated to have a similar amount of nitrogen taken up by diatoms (Fig. 32),

and slightly higher nitrogen uptake over the season (Fig.31) than Eskimones. Although Breddefjord

clearly had the highest abundance of zooplankton with 148 659 ind m−2, only 5% was Calanus (Table

6). A clear difference between the two stations was the abundance of Pseudocalanus spp. (Fig. 3.4).

Pseudocalanus has a much smaller weight, and therefore biomass, than Calanus. It does have an

important role in the Bering Sea as a link between primary producers and higher trophic levels (Cleary

et al., 2016). Also in the sub-arctic systems in northern Norway, small copepods have been found

to have an important role in the lipid storage (Barth-Jensen, 2023). Pseudocalanus has a flexible

diet, and heterotrophic flagellates have been recorded as a common prey, making it less dependent on

diatoms than Calanus (Lischka and Hagen, 2007). It would be interesting to have a closer look into

the role of Pseudocalanus in Besselfjord and whether the abundance of this taxon is the reason for
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the low Calanus abundance by competing for resources. It would also be interesting to know if this

high abundance of Pseudocalanus and low abundance of Calanus is a typical or abnormal situation for

Breddefjorden. It has been observed that a shift in the zooplankton community from larger to smaller

copepods can cause a dramatic shift in energy flow and ecosystem structure (Coyle et al., 2011).

The abundant Calanus in Eskimones could be relying on larger heterotrophic protists, which make

up a significant part of the copepod diet in Young Sound (Levinsen et al., 2000). Size ranges of the

sampled protist taxa should be investigated further to investigate if there are larger celled protists in

Eskimones, which might support the high amount of accumulated lipid in Calanus.High abundances of

Calanus in Eskimones were recorded with both the VPR and WP2 net, indicating that the abundances

were not a result of the patchy distribution of Calanus.
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5 Conclusion and future outlook

Calanus spp. have a key role in the highly seasonal Arctic pelagic food web because of their ability

to efficiently harvest and store energy from the spring bloom through the dark winter. This thesis has

estimated the lipid content of Calanus spp. in Northeast Greenland fjords at an autumn situation to

investigate how different environmental factors may influence the accumulation of lipid in preparation

for overwintering.

In addition to size-induced differences, there were significant differences in lipid content between C.

glacialis and C. hyperboreus, which contradicts findings from the Svalbard region. C. hyperboreus had

lower lipid content than same-sized C. glacialis, but since C. hyperboreus can grow larger, they can also

hold a larger amount of lipid. Although there was no difference in individual lipid content between

locations when species and size-induced differences were accounted for, total Calanus lipid per m2 was

estimated to differ between the fjords, due to differences in abundance and composition of the Calanus

community.

The environmental factors indicated a post-bloom situation at all locations, and Calanus spp. had

started the transition from actively feeding to seasonal migration. The exception was the southernmost

fjord, Eskimones (in Godthaab Golf), where a large part of the Calanus population was still feeding on

diatoms in the upper part of the water column. Deep dwelling Calanus had higher lipid content relative

to size, supporting the hypothesis that individuals with high lipid fullness are the first to migrate.

We observed inflow of warm, saline Atlantic water into Breddefjord, despite a sill at 160 m depth.

However, there was no higher abundance of the Atlantic C. finmarchicus in this fjord. A weak nutrient-

diatom link in Breddefjord may have shifted the community towards smaller copepods, such as Pseu-

docalanus spp. This was in strong contrast to Besselfjorden, where a shallow sill prevented inflow of

Atlantic Water. Here a strong nutrient-diatom link and high total amount of lipid in Calanus was

observed, in accordance with the conceptual model of energy flow in Arctic pelagic ecosystem. The

station with the most total lipid stored in Calanus, Eskimones, had no inflow of Atlantic Water and

high estimated net community nitrogen uptake, but a weak nitrogen-diatom link. This suggests other

important sources for food for these Calanus.

The Greenland Ice sheet is melting, introducing more terrestrial matter and freshwater into the

Greenlandic fjords. However, at all locations sampled in this study the water was clear, which was dif-

ferent from the trend in Young Sound, where reports indicate that coastal darkening has shifted primary

production from autotrophy to heterotrophy. These results show that there is a need to record more

environmental variables throughout several seasons to draw better conclusions about what influences

the important lipid accumulation in Calanus.

Sea ice algae is an important source of carbon for Calanus around the Svalbard archipelago. The

presence, timing or magnitude of sea ice algal blooms have not been studied at the locations which are

included in this thesis. Satellite pictures give the time of ice break up, but the amount of snow on the
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ice, quality of ice, and sea ice algae composition can not be obtained by remote sensing. With a warming

climate, the environmental parameters connected to sea ice might change. Calanus has been observed

to rely on sea ice algae for reproduction in the Svalbard area and is therefore affected by earlier or later

onset of spring and ice break up. There is a need to examine the importance of sea ice algae for Calanus

in Northeast Greenland, preferably through regular sampling during the whole productive season.

Another source of carbon that has not been thoroughly investigated in this thesis is the role of

microbial pathways through bacterial degradation of terrestrial carbon, as well as primary production

by small autotrophic picoplankton that have been found to excel under increased freshwater conditions.

There is a need to study the importance of the microbial food chain in relation to Calanus lipid accumu-

lation to assess how an increased reliance on this pathway will influence the Arctic pelagic energy flow

in Northeast Greenland in a future predicted to be influenced by increased freshwater and allochthonous

carbon.

This thesis has also assumed no difference in size ranges of copepodite stages between populations

in different locations. This assumption should be investigated further, as differences have been found

in Calanus size-ranges because of environmental variables on the Svalbard side of Fram Strait. There

is also a need to study the ecology of the entire zooplankton communities in the Northeast Greenland

fjords, as this could affect both the structure of the Calanus spp complex and suggest other paths for

lipid storage within the system, for example in smaller copepods.

Northeast Greenland is an area of the Arctic that has not been studied much. This is mainly because

it is the main outflow from the Arctic Ocean, and large multiyear ice floes and gigantic ice bergs have

made the task of navigating in these waters extremely difficult and dangerous. This is about to change.

Less sea ice and highly advanced icebreakers are now making these regions accessible not only to science,

but also to tourism, fisheries, and maritime shipping -These represent new stressors in a region that is

already challenged with a warming climate. This study contributes to baseline knowledge, which can

be used to assess the effect of changes in the environment.

Besselfjorden is an especially interesting fjord, as the shallow sills at the entrance prevent inflow of

Atlantic water, which could make it a cold, fresh oasis for Arctic species seeking refuge in a warming

future. This could maybe also pose as a sister-fjord to the much-studied Billefjord in Svalbard. As the

TUNU project is the only one to sample zooplankton in Besselfjord, there is a need for more thorough

examination of the zooplankton ecology within this fjord. To conclude, it is important to gather more

knowledge about this little-studied, unique region to understand the dynamics of the Arctic pelagic

ecosystem before additional human stressors are introduced. Through knowledge-based management,

we should try to step into the era of climate change with precaution. In this way we must try our utmost

to protect the pathways of energy which all life in the Arctic pelagic ecosystems rely on.
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A CTD profiles

Figure 33: Temperature, salinity and Chl a with depth in subarea 1.
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Figure 34: Temperature, salinity and Chl a with depth in subarea 2.
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Figure 35: Temperature, salinity and Chl a with depth in subarea 3.
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Figure 36: Temperature, salinity and Chl a with depth in subarea 4.

iv



Master thesis Anita Holmgren C ZOOPLANKTON COMMUNITY

B Appendix B: Turbidity

Figure 37: Turbidity in the upper 200m (whole water column for shallower stations).

C Zooplankton community
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D Model checking

In 3.6 there were made several linear regressions. In the following section, the goodness-of-fit of these

linear regressions will be evaluated by diagnostic plots. The coefficients, standard deviation and R2 can

be found in table 8 and 9.

There are four assumptions of linear regression:

1 Linearity A linear relationship exists between the explanatory and response variable.

2 Independence of residuals The residuals (difference between observed and predicted value)

should be independent. This means there is no systematic pattern in the residuals.

3 Homoscedasticity Constant variation in the residuals over different values of the explanatory

variable.

4 Normal distribution of residuals The residuals should be normally distributed with a mean

of 0.

These assumptions can be addressed through four diagnostic plots, which can be used to assess the

model and how well the model fit the data.

1 Residuals vs fitted This plot assesses assumption 2 and 4 in a linear regression. In a perfect

linear regression, the plot should show random scatter around 0, indicating independence and

homoscedasicity and independence in residuals.

2 Normal Q-Q This plot check the assumption of normal distribution in residuals. A straight line

indicate normally distributed residuals.

3 Scale-location Assess the spread of residuals across predicted values. If there is constant variance,

homoscedasicity, there should be a random distribution of points around a horizontal line.

4 Residuals Vs Leverage This plot, also called Cook’s distance plot, identify points that have a

strong impact on the regression model’s coefficients. The plot show standardized residuals against

leverage values to identify influential points.
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D.1 C. finmarchicus - WP2

Figure 38: Diagnostic plots for the linear regression of lipid areal over prosome areal in C. finmarchicus. Coefficients,
number of samples and R2 is in table 8.

The assumptions of linear regression are not fully met in the case of C.finmarchicus, perhaps due

to the limited number of samples available for the regression analysis (n=24). Despite this limitation,

there is a random distribution of residuals over fitted values, centred around 0, indicating independence

of residuals, see figure 38. This also indicate homoscedasicity, further supported by the horizontal line

in the scale-location plot. Anyway, the assumption of normality in residuals is not completely met,

evidenced by the S-shape pattern observed in the normal Q-Q plot.
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D.2 C. glacialis - WP2

Figure 39: Diagnostic plots for the linear regression of lipid areal over prosome areal in C. glacialis. Coefficients, number
of samples and R2 is in table 8.

In C. glacialis the assumptions of linear regression are neither fully met, see figure 39. The residuals

vs fitted plot shows a relatively random distribution of residuals, except toward the of the scale in

fitted values, where the residuals seem to be clumped together. This might indicate heteroscedasticity,

which is further supported by a downward trend towards the end of the scale-location plot. These

findings suggest a violation of assumption 3 of linear regression, the assumption of constant variance in

residuals. Additionally, the normal Q-Q plot shows a slight S-shape, indicating a potential violating of

the assumption of normal distribution of residuals.
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D.3 C. hyperboreus - WP2

Figure 40: Diagnostic plots for the linear regression of lipid areal over prosome areal in C. hyperboreus. Coefficients,
number of samples and R2 is in table 8.

C. hyperboreus appears to meet most of the assumptions of linear regression, see figure 40. The

residuals are distributed quite randomly around a predominantly horizontal line in the residuals vs.

fitted values plot. However, there are observable clusters of data points at certain intervals of fitted

values, especially at the higher end of the fitted values scale. This, together with the downward trend

in the scale-location plot, are suggesting possible heteroscedasticity in the data. Nevertheless, the

assumption of normal distribution in residuals appears to be met, and there are no significant outliers

or overly influential data points.
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E Individual lipid content between stations

Figure 41: Lipid sac area over prosome areal in A)C. glacialis and B)C. hyperboreus on a logarithmic scale. The lines
are fitted by multiple linear regression with station as an additional explanatory variable.
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F Total lipid and prosome length with depth - VPR

Figure 42: Total lipid with depth

Figure 43: Prosome length with depth
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G Total lipid per individual in Calanus

Figure 44: Distribution of total lipid content for the different copepodite stages in A) C. finmarchicus, B) C. glacialis,
C) C. finmarchicus and C. glacialis and D) C. hyperboreus.
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