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Abstract

The seasonal development of sea ice algae and bacteria was investigated in Ramfjorden,
Norway, from February to April 2019 and compared to data from two Arctic fjords, Van
Mijenfjorden and Billefjorden, sampled in April 2019. The sea ice in Ramfjorden was heavily
freshwater influenced with bulk salinities ranging from 0.0 to 2.8, similar to those found in
freshwater influenced Baltic Sea ice. The low bulk salinities and low brine volume fractions
in combination with warm temperatures and low brine salinities resulted in a distinctly
different Ramfjorden sea ice environment compared to typical marine high Arctic sea ice
systems. One station in Billefjorden, located at the front of a tidewater glacier, was however
similar to the sea ice environment in Ramfjorden which indicates that the freshwater input
from the glacier had similar effects on the sea ice environment. Ramfjorden had a high snow
depth of 10.5 to 52.5 cm during most of the time resulting in reduced light availability for
algal growth. The abiotic variables combined resulted in low algal and bacterial abundances,
that generally stayed two or more orders of magnitude below those from Arctic sea ice in
spring. The algal community in Ramfjorden showed a seasonal succession from almost
complete dominance of flagellates at the start of the ice season in February to a higher
abundance of diatoms dominated by the centric diatom Leptocylindrus minimus. This
succession was dependent on the age of the ice and in-ice algal growth and not defined
through interactions with the phytoplankton community. Ramfjorden could in future studies
be used as a model system to analyse the influence of freshwater run-off on sea ice systems

and if its change will have a larger impact on high Arctic systems in the future.

Keywords: Ramfjorden, sub-Arctic fjords seasonality, freshwater influenced fjord, sea ice

algae, bacteria.



Abbreviation list

BF — Billefjorden
Chl a — Chlorophyll a
RF — Ramfjorden

VMF — Van Mijenfjorden
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Introduction

Ice formation and habitat characteristics

Sea ice is inhabited by unique sympagic communities occurring in polar and sub-polar areas
(Kaartokallio et al. 2016). Ice formation is initiated by the atmospheric temperature decrease
with the onset of the winter months. The typical ocean water freezing point is approximately
-1.8°C at a salinity of 35 (Staley and Gosink 1999). Sea ice formation characteristics are
determined by the condition of the water column and the surrounding environment. When the
conditions of the water column and atmosphere are calm, the ice formation and growth rate
are mostly dependent on the decrease in temperature (Petrich and Eicken 2016). When the
atmosphere cools down and surface water temperature approaches freezing point, ice crystals
begin to form and accumulate in a horizontal layer at the surface. With continuing freezing
conditions, ice crystals grow vertically (thermodynamic ice growth) and the ice thickness
increases over the cold winter months (Arrigo 2014). Such conditions often lead to a

relatively smooth ice surface at both the top and at the bottom of the ice.

Ice formation during more turbulent conditions (dynamic ice growth) is affected by wind and
therefore also waves in the upper water column (Petrich and Eicken 2016). The ice crystals
are then formed in the mixed layer of the water column and a homogeneous surface layer is
not created until calmer conditions are reached and the ice crystals accumulate at the surface,
called grease ice (Arrigo 2014). The grease ice continues growing with cooling temperatures
and will form patches of thicker ice called pancake ice. These pancakes will with time form
bigger pancakes while they continue to collide into each other. This process, called the
pancake ice cycle, will continue and form a thicker ice sheet that is uneven and rough at both
the surface and at the bottom (Lange et al. 1989).

While the ice forms, salt ions are rejected from the solid ice crystals and brine channels, small
pockets or tubes, form within the ice with higher salinity and nutrient concentration than the
surrounding ice. The salinity in these brine channels is relatively high, reaching salinities
above 100 (Gradinger and Bluhm 2018), while the cold ice is formed/growing and a large
fraction of the brine will be rejected into the water column in the form of brine drainages
(Granskog et al. 2006). The loss of brine will continue as long as the brine volume is above
ca. 5% (of the ice volume). But as the brine volume decrease below this, the brine channels
becomes isolated from each other and therefore slows down the brine drainages, following the
“law of fives” (Golden et al. 1998). This postulates, that ice at a temperature of -5°C and a

salinity of 5 has a brine volume of 5% and is permeable while e.g. further cooling makes it
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impermeable. The salinity of the brine channels is only determined by the temperature of the
ice (Gradinger and Ikavalko 1998). Warmer temperatures increase the size of the
channels/pockets and therefore decrease the salinity as the liquid gets diluted, while colder
temperatures decrease the size and hence increase the salinity. Brine channel sizes can range
from a few micrometres to the centimetre range (Weissenberger et al. 1992; Krembs et al.
2000). Sea ice physical properties within ice floes are often defined by steep gradients in
temperature, nutrient availability, salinity, and light (Van Leeuwe et al. 2018). Nutrient
concentrations are increasing conservatively with increasing salinities in the brine, as
described above, into the sea ice during ice formation and later by exchange with under-ice
water into the brine channels. The nutrient concentrations in the ice can therefore vary
depending on ice permeability and transport from the sea water below. Nutrients can also be
added to the sea ice from the top in the form of precipitation as snow or rain brings nutrients
from the atmosphere (Granskog and Kaartokallio 2004). A thick and heavy snow load causes
surface flooding by lowering the ice/water interface below sea level (negative freeboard),
advecting nutrients from the water column (Sturm and Massom 2016). The light is altered by
the ice thickness and snow cover on the ice. Snow has a high albedo and attenuation, and a
thick and specifically dry snow cover can therefore drastically decrease the light reaching the

organisms living in the ice (Campbell et al. 2018).

Ice can form both in the open ocean, leading to drifting pack ice, and at the coast, forming
landfast ice (Thomas et al. 2017). Pack ice formed in the open oceans will be affected by
wind, currents and drift (Haas 2016) while landfast ice is connected to the shore throughout

the ice season (Gradinger and Bluhm 2018).

Sea ice as a habitat

Sea ice is an important habitat for many species during the ice-covered winter months in
seasonal sea ice zones, and year-round in the multiyear ice regions of the Arctic. Organisms
such as algae and bacteria are incorporated into the ice by two processes, scavenging and
wave-field pumping. For scavenging, cells are harvested by ice crystals as they rise towards
the water surface and thereby incorporated into the newly formed ice (Garrison et al. 1989),
while wave-field pumping adds organisms into already existing sea ice (Spindler 1994).
Primary producers in this habitat are incorporated into the sea ice as it is formed or throughout
the ice season through further growth, water exchange between the water column and brine
channels, and/or exchange between ice floes (Olsen et al. 2017). The sea ice offers protection
from the rough and often deeply mixed water column and provides microhabitats unreachable
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for larger pelagic herbi- and carnivores such as larger copepods or euphausiids. This habitat
also comes with extreme challenges for the organisms. Two of the main stressors that all ice
organisms must be able to adapt/acclimate to are the often low temperatures and high
salinities in the brine channels, that both can quickly change (Van Leeuwe et al. 2018). A
steep gradient can frequently be seen in these two variables and the bottom sections of the ice
are often the least demanding/stressful layers in the sea ice for the ice biota leading to highest
abundances there, specifically in the Arctic (Arrigo 2016). The sea-ice — ocean interface has a
high abundance, specifically of sea ice algae, as conditions are similar to those of the water
column and nutrient availability is higher (Cota and Smith 1991). These sea ice algae
communities are often dominated by diatoms with unusually high acclimation and adaption
capabilities to the extremely variable sea ice physical and chemical environment (Kooistra et
al. 2007). Pennate diatoms contribute on average up to 60% of the relative algae abundance
across the Arctic with the colony forming pennate species Nitzschia frigida and
Fragilariopsis cylindrus dominating this group (Hop et al. 2020). While diatoms are in
general the dominating group in sea ice during the spring in both Arctic and sub-Arctic areas,
small flagellates can dominate the ice in wintertime in e.g. the northern Baltic Sea (Piiparinen
et al. 2010).

High latitude primary producers in general, and specifically in sea ice, face light limitation
during the polar night and in early spring. They are dependent on sunlight for photosynthesis
and the abundance is therefore often lowest during this period (Townsend 2012). Algae have
developed different strategies to survive this period when some enter dormancy while others
build up energy reserves during the productive months (Berge et al. 2015; Johnsen et al.
2020). The sea ice algal community starts to grow at a higher rate than phytoplankton when
the sun returns in spring if the above listed physical/chemical conditions are favourable. Snow
conditions have a high influence, as dry snow reflects up to 90% of the incoming irradiance
back to the atmosphere (albedo), reducing the growth of the sea ice algae community (Leu et
al. 2015). Pelagic phytoplankton spring blooms, specifically in seasonal ice zones often reach
much higher total biomass and production than those of sea ice algae but ice algal blooms are
still of great importance since they occur weeks to months before the larger pelagic blooms
and therefore create an important food source for organisms both in the pelagic and benthic
communities (Gradinger and Bluhm 2018). The phytoplankton community in the water
column are often dominated by small mixotrophic and heterotrophic flagellate species in

wintertime when light levels are low, but a succession towards diatoms species towards spring



can often be seen with centric and pennate genera Thalassiosira, Chaetoceros and

Fragilariopsis dominating (Johnsen et al. 2020).

Sea ice bacteria have been recorded in high abundances in many field studies both in the
Arctic and sub-Arctic (e.g. Haecky and Andersson, 1999; Deming and Collins, 2016). It is
thought that bacteria are incorporated into the sea ice with help of carrier algae, and the
abundance of bacteria at this point is determined by the abundance of the algae (Grossmann
and Gleitz 1993). While ice bacteria are well adapted to cold temperatures, a period of
reduced metabolic activity occurs after incorporation, followed by faster growth (Grossmann
and Dieckmann 1994). In general, a tight coupling between sea ice algae and bacteria can
often be seen in the sea ice as bacteria are dependent on organic carbon which is produced by
algae from inorganic carbon, CO> (Seuthe et al. 2018). An increase in algal biomass therefore

also often results in an increase of bacterial biomass and/or productivity.

Fjord systems

Fjords are defined as deep estuaries that have been (or currently are) shaped by land-based
glacial ice (Syvitski et al. 1987). They are located in both hemispheres in polar, subpolar, and
temperate climate regimes. A fjord belt in each hemisphere can be found north of 43°N and
south of 42°S (Syvitski et al. 1987). Many fjord basins are separated from the coastal water by
a sill, which is a barrier of sediments left from the glacial retreat, that restricts the exchange of
water between inner parts of the fjords and the open ocean (Howe et al. 2010). Some fjords
are divided into different basins by additional sills. The different basins can show different
characteristics in water masses depending on the sill depth. A shallow sill depth allows little
water exchange between basins, while a deep sill depth allows larger water volumes to move
between the basins including also deeper water layers. The circulation in a fjord can therefore
be different depending on number of sills and sill depths, but a clear salinity driven
stratification can usually be seen, related to freshwater run from land and higher salinity water
input from the open ocean or outer coast. Many fjords have three distinct layers where the
surface layer has a low salinity, an intermediate layer with intermediate salinities, and a
bottom layer with highest salinity (Skardhamar and Svendsen 2010). The surface layer is
influenced by land and glacial run-off, the intermediate layer from advected masses external
to the fjord and the bottom layer additionally from high salinity sources such as brine drainage
and intensely cooled water (Cottier et al. 2010). The two top layers are often transporting the
less dense, lower salinity waters outwards towards the fjord mouth while the more dense,

higher salinity water from the outer coast creates an inflow in the deeper layer as a
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compensation for the surface outflow (Syvitski et al. 1987). This stratification structure occurs
mainly during a few months in the summer, while cooling in the colder months can cause a

deep mixing of the water masses (Skardhamar and Svendsen 2010).

Sample sites

Ramfjorden

The sub-Arctic Ramfjorden (Figure 1) was the main study site for this thesis. It is located in
Tromsg municipality in northern Norway. The fjord is 13 km long and has an outlet to
Balsfjorden. It has its deepest point close to Holma (136 m) and its shallowest point close to
Storsteinbukta (6 m) with an average depth of 44 m (Noji et al. 1993). Ramfjorden has a
number of river outlets connected to the fjord with the largest river at the innermost point,
Sgrbotnelva. The fjord is typically partially covered by fast ice each year from

January/February to April.

Van Mijenfjorden

Van Mijenfjorden (Figure 2) is a two-silled fjord located on the west coast of Svalbard. It is a
50 km long fjord with a mean width of 10 km (Skardhamar and Svendsen 2010). The fjord’s
mouth is almost completely blocked by the island Akselgya and the exchange of water
between the ocean and the fjord takes place in the narrow sounds on either side of the island
(Fer and Widell 2007). The fjord is divided into two basins separated by a sill of 45 m where
the outer basin is 115 m deep and the inner 74 m deep (Skardhamar and Svendsen 2010). Two
glaciers calve in the fjord, one located at the innermost part of the fjord (Paulabreen) and one
near the fjord mouth (Fritjovbreen) (Skardhamar and Svendsen 2010). The high Arctic Van
Mijenfjorden has a longer fast ice covered season than Ramfjorden and becomes ice covered
in December/January, and ice melt starts in the beginning of the summer around June/early
July (Hayland 2009).

Billefjorden

Billefjorden (Figure 3) is a branch of Isfjorden on the west coast of Svalbard. The 30 km long
fjord is separated from Isfjorden by a 50 m deep sill at the fjord’s mouth (Szczucinski et al.
2009). The tidewater glacier Nordenskidldbreen has its terminus in Adolfbukta, a branch of

Billefjorden. The main basin has an average depth of 160 m (Nilsen et al. 2008). Billefjorden,



like Van Mijenfjorden, has a longer fast ice covered period than Ramfjorden and is usually

only ice free from July to late November (Szczucinski et al. 2009).

i b SN

19°5'60"E 19°12'0"E
Longitude

Figure 1. Station map of Ramfjorden (Kartverket).
- e n—
> ’? AT
- A3
- d
Ny i AN
= X

L

'\“"‘\b

7788 {SE

(3

Latitude (decimal degrees)
g

77.731

152 159
Longitude (decimal degrees)

Figure 2. Station map of Van Mijenfjorden (Norwegian Polar Institute).

Latitude (decimal degrees)

. _ A
6.2 165
Longitude (decimal degrees)

Figure 3. Station map of Billefjorden (Norwegian Polar Institute).

10



Aim of the thesis

The physical, chemical, and biological properties of sea ice can vary greatly depending on
e.g., location, season, changes in local environment and ice/ocean interactions. High Arctic
fjords may be covered by sea ice in the winter months and experience extreme light regime
with polar nights and midnight sun. On the other hand, fjords located on lower latitudes will
often have shorter winter and sea ice cover periods, a more stable light regime, and as in
Saroma lagoon, Japan, and the Baltic Sea, a heavy influence by freshwater from river run-off
(Robineau et al. 1997; Granskog et al. 2006). Another freshwater source that can influence the
fjord system in the high Arctic are tidewater glaciers, as seen in e.g. southwestern Greenland
(Krawczyk et al. 2015). These differences will cause differences in the physical and chemical
characteristics of the ice, which in turn will impact the biomass and diversity of organism
community living in the sea ice. This study tested for the first time if the sub-Arctic
Ramfjorden sea ice biology is comparable to the marine influenced high Arctic fjord systems
or to the sub-Arctic more freshwater influenced systems like the Baltic Sea or Saroma
Lagoon. The seasonal study established in this thesis covered the onset of the spring period
and included measurements of sea ice physical, chemical and biological variables, allowing to

address the following main research question:

- Does Ramfjorden sea ice provide a typical sea ice environment for biota as seen in

other Arctic and/or sub-Arctic systems?
The following hypotheses were addressed:

- Ramfjorden sea ice differs in its physical and chemical properties from high Arctic
fjord sea ice due to the different growth conditions.

- Ramfjorden sea ice communities do not follow the typical biomass vertical
distribution patterns observed in high Arctic systems due to different environmental
conditions.

- Ramfjorden ice algal biomass will be lower than in high Arctic sea ice due to reduced
inhabitable space due to ice formation in a brackish water environment.

- Species composition of ice algae in Ramfjorden will be different to those of high
Arctic ice algal communities.

- Biomass estimates in Ramfjorden sea ice will exceed phytoplankton biomass during

early spring.
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Ramfjorden can be used as a model system to study the influence of freshwater on

sub-Arctic ice systems.
Tidewater glaciers influenced high Arctic sea ice systems may have similar sea ice

structures, communities and biomass as the river and meltwater influenced sub-Arctic

Ramfjorden.
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Material and methods

Sampling procedures

Monthly sampling was conducted in Ramfjorden (Figure 1), Norway from February to April
2019 (Table 1). For comparison, high Arctic samples were obtained from fast ice areas in Van
Mijenfjorden (Figure 2) and Billefjorden (Figure 3) in Svalbard in April 2019. At each site,
ice cores and water samples were taken on each sampling date for subsequent analysis in the
lab. The sampling itself was conducted as follows. First, snow depth was measured with a
ruler. Following snow removal, ice cores were collected using a Mark 11 9 cm inner diameter
ice corer (Kovacs Enterprise, Roseburg, OR, USA). One ice core was used to measure the ice
core temperature by inserting a temperature probe (TD20, VWR, USA) into 3 mm diameter
drilled holes every two to ten centimetres along the complete vertical profile. Additional ice
cores were sub-sectioned with a saw immediately after coring into the following sections
(distances given from ice-water interface): bottom 0-3 cm, 3-10 cm, and thereafter into 10 cm
sections in Ramfjorden, and 20 cm sections in Van Mijenfjorden and Billefjorden until the top
of the ice core. The sub-sections were put into Whirl-Pak bags and stored in a cooler box to
protect them from melting and light exposure. Water from one meter below the ice was
sampled with a water sampler (Ruttner sampler, 2 L capacity, HYDRO-BIOS, Germany). The
water was transferred into acid-washed plastic containers wrapped in black foil to avoid light

exposure.

The ice core sections were treated in two different groups in the lab. The first set of ice core
sections was used for measuring Chlorophyll a (Chl a), algal cell abundance and
identification, and bacterial abundance and were melted individually with the addition of 0.2
pum sterile filtered sea water (approximate sea water salinity of 34,50 ml addition per cm of
ice section thickness in RF and 100 ml addition per cm of ice section thickness in VMF and
BF) to reduce the effect of osmotic shock. The second set of sections was individually directly
melted without the addition of sterile filtered water and used for determination of ice bulk

salinity and nutrient concentrations. During melting all samples were stored in the darkat 4°C.

Salinity of the directly melted ice core sections was measured with a conductivity probe (YSI
Pro 30, YSI, USA) after complete ice melt.
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Table 1. Overview of sampling stations.

Station = Site

RF1 Ramfjorden

RF2 Ramfjorden

RF3 Ramfjorden

RF1 Ramfjorden

RF2 Ramfjorden

RF3 Ramfjorden

RF4 Ramfjorden

RF5 Ramfjorden

RF1 Ramfjorden

RF2 Ramfjorden

RF3 Ramfjorden
VMF1  Van Mijenfjorden
VMF2 Van Mijenfjorden
VMF3 Van Mijenfjorden
BF1 Billefjorden

BF2 Billefjorden

BF3 Billefjorden

Date

712119
712119
8/2/19
15/3/19
15/3/19
14/3/19
19/3/19
19/3/19
2/4/19
3/4/19
2/4/19
26/4/19
28/4/19
30/4/19
27/4/19
28/4/19
25/4/19

Latitude

(deg. N)
69.519
69.523
69.545
69.519
69.523
69.545
69.555
69.555
69.519
69.523
69.545
77.849
77.768
77.808
78.661
78.652
78.650
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Longitude

(deg. E)
19.236
19.230
19.185
19.236
19.230
19.185
19.167
19.120
19.236
19.230
19.185
16.706
17.155
16.907
16.938
16.566
16.945

Ice thickness = Snow

(cm)

25.0
36.0
36.0
45.0
36.0
39.0
17.0
17.0
45.0
48.0
43.0
75.0
86.0
83.0
92.0
79.0
128.0

depth (cm)
12.0
15.0
10.0
28.0
20.5
24.5
10.5
135
52.5
24.5
44.5
8.0
15.0
135
6.0
10.0
3.0



Chlorophyll a determination
Water and melted ice samples were filtered through GF/F filters in triplicates for each ice

section/water depth and station. The filters were put into 15 ml Falcon tubes wrapped with
aluminium foil and stored in the freezer (-20 °C) until further processing. For pigment
extraction, 5 ml of 96% ethanol was added to each filter and stored in the fridge (4°C) for 24
hours. 30 minutes prior to analysis, samples were taken out of the fridge to reach room
temperature. Samples were mixed using a Vortex and Chl a fluorescence was quantified with
a Turner Trilogy fluorometer using standard techniques (Turner Designs 2019). A blank
reading with pure 96% ethanol was determined at the start of each Chl a measurement. After
the initial read of the sample, two drops of 5% HCI were added to the cuvette which was then
placed back into the fluorometer to measure the fluorescence in the acidified sample. The
calculations of Chl a and pheophytin concentrations were made using the Chl a acidification

technique module produced by Turner (USA).

Nutrients
Inorganic nutrient samples were filtered through a 0.2 um syringe filter (polyethersultone

membrane) prior to freezing (-20 °C) to remove cells that would burst during melting. The
filtered samples (50 ml) were stored in acid-washed and sterile distilled water (MQ) washed
Falcon tubes. Prior to analysis, the samples were taken out of the freezer, thawed at room
temperature, and transferred to plastic tubes. Analyses of the concentrations of nitrate
(QuAAtro manuals: Method No. Q-068-05 Rev. 12), nitrite (Method No. Q-068-05 Rev. 12),
silicate (Method No. Q-066-05 Rev. 5), and phosphate (Method No. Q-064-05 Rev. 8) were
conducted colorimetrically with a nutrient autoanalyzer (QuAAtro, SEAL Analytical,

Germany) in triplicate using the instrument specific techniques listed for each nutrient.

Bacterial abundance determination by DAPI staining
A Falcon tube was filled with 1.3 ml of 37% formaldehyde (CH20) and 23.7 ml of sample

water (2 % final concentration). The samples were stored in a fridge (4 °C) for 24-48 hours
and filtered onto 0.2 um polycarbonate filters (Whatman) supported by a GF/F filter
underneath to ensure even distribution of the cells. The polycarbonate filter was then washed
in 96% ethanol and sterile distilled water (MQ) before being placed in a petri dish with the lid
slightly open to make the filter dry before being stored in the freezer (-20 °C).

The fluorescent dye DAPI (4,6-diamidino-2-phenylindole) is light sensitive and therefore the
following steps were done in little light or in the dark (Porter and Feig 1980). The sample
filters were wiped in 20 ul of DAPI solution (1 pg/ml) and another 10 pl was added on top of
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the filter. After 5 minutes of incubation at room temperature, the filters were washed in sterile
distilled water (MQ) and 96% ethanol and left to dry in a petri dish.

After DAPI staining, a drop of Citifluor-Vectashield™ solution (ratio: 4:1) was added to a
microscope slide before the filter was placed on top faced up. Another drop of Citifluor™-
Vectashield™ solution was added to the top and a cover slip was put on top, and slight
pressure was added to flatten the filter out, remove air bubbles and to spread the medium
along the slide. The filter was then stored in the freezer (-20 °C) to intensify the fluorescence
signal for at least one hour before cell counting. The bacterial cells were counted using an
epifluorescence microscope (Leica DM LB2, Leica Microsystems, Germany) under UV light
excitation at 100x magnification using non-fluorescent immersion oil. Cells were counted in
grids or parts of a grid until a minimum number of 200 bacteria were counted within at least
10 grids.

Algal species abundance estimates
100 ml of the melted ice or water sample were fixed with neutral Lugol (1-2% final

concentration) and stored in a brown glass flask. 10-50 ml of the sample were settled in
specific chambers using the Utermohl method for a minimum of 24 h (Utermohl 1958).
Counting and identification of algal cells was conducted under an inverted microscope (Zeiss
Primovert, Carl Zeiss AG, Germany), and at least 400 cells were counted along transects or
fields of view. General taxonomic literature on phytoplankton and sea ice algae (e.g. Tomas,
1997; Throndsen et al. 2007) and confirmation by Jozef Wiktor (Institute of Oceanology,
Polish Academy of Science, Sopot, Poland) were used to identify organisms to the lowest

taxonomic level possible.

All species names were checked for validity using the online database

www.marinespecies.org on 2020-04-14.

Statistics
An unpaired t-test (0=0.05) was used to test for significant differences in means of different

variables using R. Normality was tested beforehand by using Shapiro-Wilk normality test.

A multivariate statistical analysis was done with the vegan package (Oksanen et al. 2007) in R
(R Core Team 2020). Non-metric multidimensional scaling (NMDS) was used to understand
the dissimilarities between stations with stations being more similar to each being closer in
the resulting two dimensional plot, which was created using the metaMDS function based on
Bray-Curtis dissimilarities. The calculated stress level for the plot can be used as an indicator
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how well the two-dimensional plot represents the true distances between stations, and the

stress value should be — as a rule of thumb - below 0.20.

The maps were created in Rstudio. The Ramfjorden map was created using geospatial data
from Kartverket (2018) while the Svalbard maps were created using the PlotSvalbard package
(Vihtakari 2020) with maps from the Norwegian Polar Institute (NP1 2017) and bathymetry
files from Kartverket (2015).
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Results

The following section outlines first the physical/chemical and then the biological results from
the various stations. Note that mostly only a subset of typical results is displayed in the figures
in this section, while additional data set for other stations can be found in the indicated

appendices.

Physical and chemical variables

Snow cover

The snow depth increased at all three stations in Ramfjorden from February to April (Figure
4a). The largest increase occurred at the innermost station (RF1) with an increase from 12.0
cm in February to 52.5 cm in April. RF1, RF2 and RF3 had similar snow depths in February
and March with a maximum of 7.5 cm difference while in April the difference between RF1
and RF2 was 28.0 cm and between RF2 and RF3 20.0 cm. RF4 and RF5, which were only
sampled in March as the ice had formed later in the outer fjord, had a thinner snow depth
compared to RF1, RF2 and RF3.

The Svalbard stations in Van Mijenfjorden and Billefjorden had a very homogenous snow
cover at all stations with VMF stations ranging from 8.0 cm to 15.0 cm and BF stations from
3.0 cm to 10.0 cm (Figure 4a).

Van Mijenfjorden and Billefjorden had a significantly lower snow depth (p<0.05 each) than
the sea ice in Ramfjorden in April with the largest difference between RF1 and VMFL1 (44.5
cm) for Van Mijenfjorden and RF1 and BF3 (49.5 cm) for Billefjorden.

Ice thickness

The ice thickness in Ramfjorden increased at all stations by 7.0-20.0 cm from February to
April. The largest increase occurred at the innermost station RF1 in March (20.0 cm) while
RF2 and RF3 had largest increases in April (12.0 cm and 4.0 cm). The relatively newly
formed ice at RF4 and RF5 had the thinnest ice cover (Figure 4b).

At the stations at Van Mijenfjorden (Figure 4b) ice thickness ranged from 75.0 cm (VMF1) to
86.0 cm (VMF2). In Billefjorden, ice was thicker with values between 79.0 cm (BF2) and
128.0 cm (BF3, glacier front).

Overall, the April ice thickness was significantly thinner (p<0.05 each) in Ramfjorden versus
the Svalbard fjords with the largest difference between RF3 and BF3 (85 cm).
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Figure 4. a: Snow depth at all sampled stations, b: Ice thickness at all sampled stations.

Temperature and salinity

The temperatures in the Ramfjorden ice cores ranged from -0.3 °C to -3.3 °C in February
(Figure 5, Appendix A for RF2). All stations showed similar vertical gradients with highest
temperatures at the bottom of the ice core and decreasing temperatures further up the core.
The outermost station RF3 had the lowest mean temperature (-2.3 °C, SD:0.7 °C, n=8) and the
innermost station RF1 had the highest mean temperature (-0.6 °C, SD:0.2 °C, n=5). The ice
temperatures increased in March at all stations (RF1-5) with temperatures being between -0.1
°C to -1.0 °C (Figure 5, Appendix A). Warming continued in April, when temperatures ranged
from 0.0 °C to -0.3 °C at RF1-3.

In Svalbard, the ice temperatures in Van Mijenfjorden ranged from -0.3 °C to -2.6 °C. The
lowest mean temperature was found at the outermost station VMF1 (-1.9 °C, SD:0.1 °C, n=
11, Figure 5), and the highest at VMF2 (-1.1 °C, SD:0.3 °C, n=11, Appendix A). The ice at
VMF1 showed a clear vertical temperature gradient with the highest temperatures in the
bottom parts of the ice core and colder temperatures at the top, while gradients were less
developed at VMF2 and VMF3.

All three stations in Billefjorden showed similar vertical patterns with decreasing
temperatures towards the top part of the ice cores (Figure 5, Appendix A) with an overall
range between -0.4 °C and -3.2 °C.

The April ice cores in Van Mijenfjorden and Billefjorden were significantly colder (p<0.05
each) than those from Ramfjorden. Furthermore, all cores in Van Mijenfjorden and

Billefjorden showed a strong vertical pattern of decreasing temperatures toward the top parts
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of the core while the Ramfjorden cores had relatively stable temperatures throughout the

whole core.

The calculated brine salinity — based on the ice temperatures — decreased with time at all
stations in Ramfjorden from a mean brine salinity in February of 25.7 (SD: 16.4, n=14) to a
mean of 2.5 (SD: 2.1, n=15) in April. An overall vertical gradient with increasing brine
salinities towards the top of the ice cores could be seen at all stations during the sampling
period (Figure 5, Appendix A). Brine salinities also increased from the innermost station RF1
to the outermost stations RF3 in all months and to RF5 in March. In March for example, RF1
had a significantly lower (p<0.05) mean brine salinity of 6.7 (SD: 2.8, n=5) in comparison to
RF3 that had a mean brine salinity of 11.8 (SD: 3.4, n=5).

The brine salinities of Van Mijenfjorden sea ice ranged from 12.0 to 47.7. VMFL1 showed the
clearest vertical pattern with increasing brine salinity towards the top sections of the ice core
(Figure 5). While principally the same pattern could be seen at VMF2 and VMF3 (Appendix

A), gradients were less clearly developed.

The brine salinity in Billefjorden ranged from 7.4 to 57.3 with consistently increasing brine
salinity towards the top sections of the ice cores (Figure 5). BF1 and BF2 had a significantly
higher mean brine salinity (p<0.05 each) than BF3.

Van Mijenfjorden and BF1-BF2 sea ice had significantly higher mean brine salinities (VMF:
mean of 29.4, SD: 8.8, n=19, BF: mean of 47.8, SD: 6.7, n=12) than ice in Ramfjorden (mean
of 2.5, SD: 2.1, n:15) in April (p<0.05, each) with much clearer vertical gradients. BF3 at the
glacier front had on the other hand significantly lower mean brine salinities (mean of 14.6,
SD: 8.9, n=8) than BF1 and BF2, as mentioned above, but the brine salinities were still

significantly higher than at the Ramfjorden stations (p<0.05 each).
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The bulk salinities in Ramfjorden (Figure 6, Appendix B) decreased over time from a mean
bulk salinity of 1.1 (SD: 0.8, n=14) in February to a mean bulk salinity of 0.3 (SD: 0.3, n=15)
in April. A vertical pattern with increasing bulk salinity towards the top of the ice cores was
overall present at all stations at all three months (Figure 6, Appendix B). A clear gradient with
increasing bulk salinities was detected from the innermost station RF1 to the outer stations
RF3 (until April) to RF5 (March only).

In Van Mijenfjorden (Figure 6, Appendix B), bulk salinities ranged from 0.7 to 12.0. At
VMF1 and VMF3 bulk salinities decreased towards the top of the core. VMF1 had the highest
mean bulk salinity (7.7, SD:2.1, n=6) while VMF2 had the lowest mean bulk salinity (4.7,
SD:1.8 , n=7). The bulk salinity in Billefjorden ranged from 0.0 to 11.2. At BF1 and BF2 bulk
salinities decreased towards the top of the cores while BF3 had the highest bulk salinity at the
top section of the core. BF2 sea ice had the highest mean bulk salinity (6.1, SD:2.5, n=6)
while at BF3 it was lowest (0.5, SD:0.5, n=8).

All stations in Van Mijenfjorden and Billefjorden, with the exception of BF3, had a
significantly higher bulk salinity (p<0.05 each) than the Ramfjorden stations in April. All
Svalbard stations, except BF3, also showed a vertical pattern of decreasing bulk salinity
towards the top sections of the core while this pattern only could be seen at RF1 in
Ramfjorden. The mean April bulk salinities in Ramfjorden and at BF3 in Billefjorden were
very similar (RF:0.3, SD:0.3, n=15; BF3:0.5, SD:0.5, n=8) and not significantly different
(p>0.05).

The brine volume fraction in Ramfjorden was overall increasing from the innermost station
RF1 towards the outermost stations RF3 to RF5. A significant difference can be seen for
example in mean brine volume (p<0.05) between RF1 (mean:0.3, SD:0.7, n=5) and RF5
(mean:11.3, SD:2.8, n=3) in March. RF1 had overall low brine volumes throughout the time
series while a seasonal increase could be seen at RF2 and RF3 (Figure 6, Appendix B). All
Ramfjorden stations except RF1 had a vertical gradient with generally increasing brine

volume fractions towards the top part of the ice cores.

All stations at Van Mijenfjorden (Figure 6, Appendix B) showed a clear vertical pattern with
highest brine volume in the bottom section of the cores and decreasing volumes towards the

top. The brine volume in the ice cores ranged from 4.9% to 33.9%.

The brine volume fraction in Billefjorden (Figure 6, Appendix B) at BF1 and BF2 ranged
from 2.2% to 16.3% while brine volumes at BF3 was lower and ranged from 0.0% to 8.7%.
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The mean brine volume fractions at BF1 (mean:8.9, SD:4.2, n=6) and BF2 (mean: 10.3,
SD:3.2, n=6) were significantly (p<0.05 each) larger than the mean brine volume at BF3
(mean:3.9, SD:3.0, n=8). BF1 and BF2 generally showed a vertical gradient with decreasing
brine volume towards the top sections of the ice core. BF3 showed a C-shaped brine volume

curve with largest brine volume in the bottom and top sections.

The stations at Van Mijenfjorden showed significantly larger brine volumes (p<0.05, each)
compared to Billefjorden and Ramfjorden in April. A clear vertical gradient could be seen at
all the stations in Van Mijenfjorden and also at BF2, where the brine volume was largest at
the bottom sections of the ice cores and decreased towards the top. RF2 was the only station
at Ramfjorden with a vertical gradient in April, but the brine volume was smallest at the

bottom section in this case and increased towards the top of the core.
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Nutrient concentrations

A clear increasing gradient of silicate concentrations from the innermost station RF1 to the
outermost stations RF3 to RF5 was found in Ramfjorden (Figure 7, Appendix C). The silicate
concentrations in February were higher inside the ice compared to the water column for most
samples with ice values of 0.7 to 7.1 umol/L and water data between 0.3 and 1.8 pmol/L.
Higher concentration were found in the top part of the ice compared to the ice interior and
bottom. The difference between ice and water changed over time with increasing silicate
concentrations in the water column while it generally decreased in the ice cores in March and
April. The water column in March had a range of 5.5-11.5 umol/L exceeding the ice data that
ranged from 0.1 pmol/L to 10.8 pmol/L. In April, the water column concentrations of 4.8 to
14.3 pumol/L still exceeded the sea ice values, which ranged from 0.1 pmol/L to 4.1 pmol/L.
All stations except RF1 showed a tendency of having the lowest concentration in the bottom
section of the ice (0-3 cm) and increasing concentrations towards the top of the ice core in all
months with the biggest relative difference (factor of 2.4) for station RF5 in March.

The sea ice at VMF1 (range: 0.2-0.4 umol/L) and VMF3 (range:0.2-0.2 pmol/L) had
significantly lower silicate concentrations (p<0.05 each) (Figure 7, Appendix C) compared to
VMF2 (range: 0.6-2.2 pmol/L).The water column concentrations ranged from 1.6 pmol/L to
3.5 umol/L with the highest values found at VMF1.

The water column in Billefjorden had higher silicate concentrations (range: 1.6-3.3 pmol/L)
than the ice cores with the exception of the 30-50 cm section at BF2. BF3 (range: 0.4-3.2
pmol/L) had overall higher concentrations compared to BF1 (0.1-0.4 umol/L) and BF2 (0.1-
0.2 umol/L).

Van Mijenfjorden and Billefjorden stations showed lower but not significantly different
silicate concentrations (p>0.05) in the water column compared to Ramfjorden in April.
Ramfjorden generally had a vertical gradient with values increasing towards the top of the ice
cores while this was not seen that clearly in Van Mijenfjorden and Billefjorden.
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additional stations can be found in Appendix C.

Nitrate concentrations in Ramfjorden generally decreased from the innermost station RF1 to
the outermost station RF3 in February while this gradient reversed in direction in April
(Figure 8, Appendix D). Ramfjorden sea ice values were generally lower than the water
sample nitrate concentrations in February (sea ice: 0.5-2.9 umol/L , water: 1.5-5.1 umol/L)
and March (sea ice: 0.5-3.4 umol/L , water: 4.4-7.6 umol/L) while the ice cores values
exceeded water concentrations at RF2 (sea ice: 0.7-7-1 umol/L, water: 3.5 umol/L ) and RF3
(seaice: 4.7-6.5 umol/L , water: 2.2 umol/L) in April. A vertical gradient could generally be
seen throughout the time series with increasing concentrations of nitrate towards the top of the

cores.

Both VMF1 and VMF2 showed a C-shaped pattern in ice nitrate concentrations, which were
highest in the bottom and top section (Figure 8, Appendix D). The concentration in the ice
had a range of 0.3-4.5 pumol/L while the water column nitrate concentration was lower and

ranged between 0.2 to 0.5 umol/L.

At all stations in Billefjorden, water column nitrate concentrations were exceeding ice data
with a range from 3.3 to 7.6 pmol/L. BF1 showed the same C-shaped pattern as VMF1 and
VMF2 with the highest concentrations in the bottom and top sections (Figure 8, Appendix D).
BF3 had overall higher concentrations of nitrate (range: 0.4-3.3 umol/L) in the ice core than
BF1 (range: 0.1-1.5 pmol/L) and BF2 (range: 0.2-1.0 pmol/L).
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In April most stations (except for RF2, RF3 and VMF2) had the highest concentration of
nitrate in the water column. All sea ice cores in Van Mijenfjorden had the highest
concentrations in the top part of the core in contrast to the Ramfjorden samples where this

section had the lowest concentrations.
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Figure 8. Nitrate concentrations in the water column and in the ice core sections. a: RF1, b: RF3, c: RF5, d: VMF1, e: BF2, f: BF3. Data from
additional stations can be found in Appendix D.

Phosphate concentrations increased in Ramfjorden from the innermost station RF1 to the
outer station RF3 (Figure 9, Appendix E). Although concentrations were very low, water
column phosphate concentrations at all three stations were higher in February (range: 0.0-0.1
pmol/L) compared to the ice cores (range: 0.0-0.1 umol/L). The phosphate concentration in
the water column increased in March at RF1 and RF2 while it decreased at RF3. The water
column still had the higher concentrations at all stations (range. 0.0-0.5 pumol/L) compared to
the ice cores (<0.1 pmol/L ) with the exception of RF4 where the 3-10 cm section had a
slightly higher concentration than the water sample. April concentrations showed the same
pattern as the previous months with the highest concentrations in the water column (range:

0.1-0.2 umol/L) compared to the ice cores (range: 0.0-0.1 pmol/L).

Van Mijenfjorden (Figure 9, Appendix E) had the highest concentrations of phosphate in the
water column (range: 0.2-0.5 pumol/L). Ice values ranged from 0.0 pmol/L to 0.2 umol/L.
VMF1 had the highest concentration in the bottom section (0-3 cm) and decreasing
concentrations towards the top part of the core while VMF2 and VM3 had more homogenous

concentrations throughout the cores.
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Billefjorden (Figure 9, Appendix E) showed highest phosphate concentrations in the bottom
section (0-3 cm) at BF1 and BF2 while BF3 had the highest concentrations in the water
column. The water column values in Billefjorden ranged from 0.3 pmol/L to 0.5 pmol/L and

the ice cores from 0.0 pumol/L to 1.3 pmol/L.

Both Van Mijenfjorden and Billefjorden showed higher concentrations of phosphate in the
water column compared to Ramfjorden in April (RF-BF: p<0.05, RF-VMF: >0.05). VMF1,
BF1 and BF2 had higher concentrations in the bottom section (0-3 cm) while the other

stations in April had a more homogenous phosphate concentration throughout the core.
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Figure 9. Phosphate concentrations in the water column and in the ice core sections. a: RF1, b: RF3, c: RF5, d: VMF1, e: BF2,
f: BF3. Data from additional stations can be found in Appendix E.

Biological variables
Chlorophyll a

Chl a concentrations were non-detectable or very low in February at RF1-3 in Ramfjorden
both in the water column and the ice cores with concentrations in a range of 0.0-0.2 pg/L
(Figure 10, Appendix F). Chl a concentrations at all stations increased in March with water
values exceeding ice data all station (except RF3) by a factor of 1.8 to 3.1. RF3-5 had the
highest concentrations in the ice cores in the lowermost 3 cm of the ice cores (range: 0.6-0.7
Mg/L) with decreasing concentrations further up in the core. For most stations, ice Chl a
concentrations decreased towards April. The water Chl a concentrations increased at RF2 and
RF3 compared to March while it decreased at RF1 with overall concentration of 0.4 pg/L to

1.1 pg/L.
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All three stations in Van Mijenfjorden showed distinct ice bottom maxima with the highest
Chl a concentration in the 0-3 cm section with the highest value at VMF1 (32.7 pg/L) and
lowest at VMF3 (4.2 ug/L) (Figure 10, Appendix F). The phytoplankton Chl a concentrations
at all three stations were significantly lower (p<0.05 each; range: 0.2-0.5 pg/L) then the

related bottom ice values by factors of 6 to 733.

All Billefjorden stations showed the same pattern as the Van Mijenfjorden stations with
highest values of Chl a concentrations in the 0-3 cm section (Figure 10, Appendix F) with
maximum values at BF1 and BF2 while the bottom maximum at BF3 was much lower with
0.7 ug Chl a/L. The water column values at BF1 and BF2 were below 2 pg/L. Surprisingly,
the relatively high BF3 water concentration (4.3 pg/L) exceeded the ice bottom value.

Compared to Ramfjorden, VMF and Billefjorden sea ice Chl a concentrations were
significantly higher (p<0.05 for each comparison) in the bottom 0-3 cm sections by one to two
order of magnitude. The two high Arctic fjords showed similar patterns at VMF1, VMF2,

BF1 and BF2 with highest concentrations of Chl a in the 0-3 section. BF3 was the only station

with lower concentrations in the bottom section of the ice cores compared to the water

column.

a b c
30-40 3040 1020
20-30 = 20-30

s 3-10
10-20 = 10-z20
2
310 g 310 03
b}
03 = 02
Water
Water Water
0.0 10 20 30 4.0 5.0 6.0
Chl a (pg/1)
d mApril = Mardch February _I;

6080 110-130

50-110
70-90
50-70
30-50
10-30

3-10
03
Water

7080

40-60
50-70

2040

w
[=1
un
=1

10-20 10-30

310

lce section {cm)
w
=

0-3

Water

00 10 20 30 40 50 6D
Chl o {ue/L)
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Bacterial abundance

In Ramfjorden, the abundance of bacteria was higher in the ice cores than in the water column
at RF1-3 in February (Figure 11). Interestingly, February also showed the highest abundance
of bacteria in the ice cores compared to all other months sampled with a range of 1.0 x 10°
cells/ml to 3.2 x 10° cells/ml. The vertical distribution was highly variable within and between
stations. The bacteria abundances decreased significantly (p<0.05 each) from February to
March at RF1-3 in the ice and water column. However, abundances at the additional March
stations RF4 and RF5 were high in the ice cores (range: 3.6 x 10°-3.0 x 108 cells/ml)
(Appendix G). Abundances in April were similar to March data and ice abundances ranged
from 1.0 x 10* to 6.0 x 10* cells/ml and the pelagic data ranged from 4.1 x 10° cells/ml to 6.5

x 10° cells/ml.

No adequate sampling occurred in Van Mijenfjorden and therefore bacteria abundance data

are not available.

BF2 and BF3 had the highest abundance of bacteria in the water column while at BF1 the
highest abundance was found in the ice bottom section (Figure 11). The water column data
ranged from 2.4 x 10° cells/ml to 5.2 x 10° cells/ml while the ice cores had a wider range from
7.4 x 102 cells/ml to 1.4 x 108 cells/ml. Within the ice, the highest abundances of bacteria
occurred in the bottom section at BF1 and BF2 while at BF3 the highest abundances were
found in the ice interior. All stations in Billefjorden had the lowest abundances in the top

sections of the ice cores.
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Figure 11. Bacteria abundance in the water column and in the ice core sections. a: RF1, b: RF2, c: RF3, d: BF1, e: BF2, f: BF3. Data from
additional stations can be found in Appendix G.
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All stations in Ramfjorden and Billefjorden, except BF1, had the highest abundance of
bacteria in the water column in April with similar abundances (p>0.05 each). BF1 was the
only station that showed a clear vertical pattern with highest abundance in the bottom layer of
the ice core while the other stations in April had a more homogenous vertical distribution of

bacteria.

Algal abundance

Algal abundances in Ramfjorden showed a clear seasonal change with very low abundances
in February and increases towards April (Figure 12). Both the ice cores (0.0 cells/L to 3.0 x
103 cells/L) and water samples (1.0 x 103 cells/L to 1.5 x 103 cells/L) had low or non-
detectable algal abundances in February. However even in February, ice algae were detected
in 78.6 % of all ice core sections. Algal abundances increased in all ice sections in March to
values of 2.2 x 103 cells/L to 1.8 x 10° cells/L (Figure 12, Appendix H). Highest algal
abundances were found in the top part of the cores except for RF4 where the highest
abundance occurred in the bottom section of the ice. The phytoplankton abundance also
increased during March (range: 1.6 x 103-1.5 x 10° cells/L) with the highest increase at RF3.
The same vertical algal patterns could be seen in April as in March with highest algal
abundances in the top parts of the ice cores. The ice cores in April had algal abundances
ranging from 4.3 x 10° cells/L to 2.4 x 10° cells/L. Phytoplankton values increased once more
in April at RF1, RF2 and RF3 with a range of 3.6 x 10%-9.2 x 10* cells/L.

All stations in Van Mijenfjorden had the highest ice algal abundances in the bottom section of
the ice cores and strongly decreasing abundances towards the top at VMF1 and VMF2 (Figure
12, Appendix H). The ice algal abundances ranged from 4.5 x 10* cells/L to 8.3 x 107 cells/L.
The phytoplankton abundance were significantly lower (range: 1.6 x 10*-1.1 x 10° cells/L)
compared to the bottom section (p<0.05 each) of the ice cores (range: 5.0 x 10°-8.3 x 10’

cells/L) at all Van Mijenfjorden stations.

The highest abundances of algae in Billefjorden was found in the bottom section at BF1 and
BF2 (Figure 12, Appendix H). At these two stations, abundances followed a C-shaped pattern
with the highest abundances at the bottom and top part of the ice core and lower abundances
in the middle sections while BF3 had a more homogenous distribution of lower algal
abundances throughout the core. Ice algal abundances throughout the ice cores ranged from
7.4 x 103 cells/L to 1.5 x 10° cells/L, exceeding (p>05, each) the phytoplankton values at BF1
(2.6 x 10° cells/L) and BF2 (1.8 x 10° cells/L), specifically in the bottom section. At BF3,
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phytoplankton abundances (8.8 x 10° cells/L) was above all ice algal abundances, similar to

the patterns in Chl a.

All stations (except BF3) in Van Mijenfjorden and Billefjorden showed ice algal abundance
maxima in the bottom part of the ice cores. Svalbard ice algal abundances were ca two
magnitudes above the maximum values from Ramfjorden. In nearly all ice-covered stations,
abundances of phytoplankton were lower compared to the highest algal abundances within the

ice cores.
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Figure 12. Cell abundance in the water column and in the ice core sections. a: RF1, b: RF2, c: RF3, d: VMF1, e: BF1, f: BF3. Data from
additional stations can be found in Appendix H.

Community structure
A total of 11 taxa from 4 classes and 3 phyla were identified in sea ice and water samples

from Ramfjorden (Table 2). 77.8% of the presented taxa were identified at the genus or
species level, mainly Bacillariophyceae (within phylum Ochrophyta), while specifically for
the very hard to identify flagellates, specimens were grouped into two size classes (5-15 um
and 15-40 um). All Ramfjorden stations had similar taxonomic compositions in February with
flagellates being the only taxon found in all ice sections and the water column (Figure 13,
Appendix I) with the exception of the 20-30 cm section at RF3 with a 20% contribution of
Bacillariophyceae dominated by Leptocylindrus minimus. A large increase in the relative
contribution by Bacillariophyceae/Ochrophyta occurred at all stations in March where they

contributed in the majority of ice sections at RF2 and RF3 over 50% of the total abundance.
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Figure 13. Relative contribution of different algal phyla in Ramfjorden from February to April. a: RF1, February, b: RF1, March, c: RF1,
April, d: RF3, February, e: RF3, March, f: RF3, April. Data from additional stations can be found in Appendix I.

RF4 and RF5 in March had a similar community structure to RF1, RF2 and RF3 in February

with a dominance of flagellates in the ice while the water column was dominated by

Bacillariophyceae, mainly Chaetoceros socialis. In April, there was a shift back in dominance

of flagellates at RF3 for all ice sections except the 0-3
cm section and the water column where Nitzschia
frigida and L. minimus contributed ca 50% of total
algal abundance. The dominating species in the
phylum Ochrophyta in all ice sections was L. minimus
with the exception of RF3 where N. frigida continued

to dominate.

A total of 20 taxa from 6 classes and 5 phyla were
identified in sea ice samples and water samples from
Van Mijenfjorden. 85.0% of the taxa were identified
to the genus or species level, mainly
Bacillariophyceae, while unidentifiable flagellates
were again grouped into two size classes (5-15 um
and 15-40 um). The ice algal communities at Van
Mijenfjorden were dominated by flagellates and
Bacillariophyceae (Ochrophyta) at all three stations

(Figure 14, Appendix I).
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Bacillariophyceae, mainly Nitzschia frigida, dominated in the bottom sections at all three
stations exceeding >75% of the total abundance. Other species/genera in abundances > 2.0 x
10* cells/I in the bottom sections were Cylindrotheca closterium, Navicula vanhoefenii,
Haslea sp., Entomoneis sp. and unidentifiable small pennate diatoms with sizes up to 20 pm.
Flagellates increased in abundance further up the core and a presence of
Pyramimonadophyceae within the phylum Chlorophyta was seen at VMF1. The water column
at RF2 was also dominated by Bacillariophyceae with relative contributions >50%, dominated
mainly by N. frigida and smaller contributions of unidentified small pennate diatoms. The

water column at VMF3 was dominated by flagellates while VMF1 had a more diverse

distribution across taxa.

A total of 22 taxa from 5 classes and 4 phyla were identified in sea ice samples and water

samples from Billefjorden (Table 2, Figure 14, Appendix 1). 86.3% of the taxa were identified

to the genus or species level, mainly
Bacillariophyceae, with flagellates

Table 2. Species/taxa occurrence at the sampled stations.

were grouped into two size classes (5- Species  AF, RE WMF VMF  BF BF.
q q Warter lce Warer lce Water lce
15 um and 15-40 um). BF1 and BF2 Chaetoceros socialis | X i N - N
was dominated by Bacillariophyceae Coscinodiscus sp. | - - - X -
. . . . . Cylindrotheca closterium ¥ X X X X X
in all ice core sections with highest Entomaneis sp. _ . X % X
abundances by N. frigida, C. Fragilariopsis cylindrus | X X - - -
. B Frogilariopsis sp. ¥ X - X -
closterium and N. vanhoefenii. BF3 Haslea sp. _ X X X
ice sections differed from the other Leptocylindrus minimus | - - X - X X
. . Neavicula granii - X X X X
two stations and were dominated by Navicula so. _ ¥ ¥ ¥ ”
flagellates with the exception of the Navicula vanhoefenii | - - - L L
. Nitzzchia frigida - X X X X X
70-90 cm section where Pennate diotoms, <20 um ¥ X X X X X
Bacillariophyceae dominated with Plevrosigma sp. | - X X X X
Thalassiosira nardenskioe!dil - - = X =
0,
over 50%. Phytoplankton Alexandrium sp. _ ¥ ¥ ¥ ¥
composition at all three stations was Amphidinium sp. | - X - i S
. . . Dincphysis 50. X - - - -
dominated by Bacillariophyceae, Gymnodinium sp. _ X X X ,
specifically N. frigida, Fragilariopsis Euglena sp. - X - X -
. . Chottonello sp. - X X X X
sp., Conscinodiscus sp. and C. Phaeocystis pouchetii | X X % ) .
socialis. Pyramimonas sp. - ¥ X X .
Flageilates, 5-15 um X X x X
Flageliotes, 15-40 um X X X
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The community structure of the sea ice and water samples differed substantially between the
three fjords as can also be seen in the clear separation of Ramfjorden ice stations from those
in Svalbard (Figure 15). Ramfjorden had a relatively homogenous flagellate dominated
community in February. Algal diversity increased at the three stations in March and April
with larger contributions of Bacillariophyceae where the dominating species was L. minimus.
Van Mijenfjorden (8 genera) and Billefjorden (11 genera) had a larger richness of genera of
Bacillariophycea than Ramfjorden (5 genera) except for BF3 which had low diversity and
similar community structure to Ramfjorden, where the dominance of flagellates and
L.minimus could be seen (Figure 15). Van Mijenfjorden, BF1 and BF2 were closer in their sea
ice algae community structures with species such as N. frigida and Entomoneis sp. being
characteristic (Figure 15). The phytoplankton community in Ramfjorden was similar to the
sea ice community in February and in Van Mijenfjorden but a succesion in Ramfjorden with
Phaeocystis pouchetii, C. socialis and dinoflagellates being characteristic could be seen in
March and April. Billefjorden had two distinctly different communities in the water column
and sea ice (Figure 15). The phytoplankton community in Billefjorden had a relatively high
number of taxa and seven out of the 22 BF taxa were only found in the water column, e.g.

Coscinodiscus sp., Euglena sp. and Gymnodinium sp. (Table 2).

BF Water Cosc

Gymn

Mex  pyrg

Figure 15. NMDS ordination of all ice/water samples based on the algal community structure. Stress value: 0.16. The
abbreviated species names (in red) are build based on the first letter of the genus and the three first letters of the
species (see Table 2 for full name) or the four first letters of the genus if identified only to genus level. The light blue area
indicates RF water samples, while the two dark blue areas are BF/VMF water samples. All RF ice samples (light grey
squares) are within the light grey area with BF ice samples in the dark grey (area and squares) and the VMF ice samples
in medium grey (square and area).
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Discussion

General outline of the discussion

The discussion will start with a focus on the physical and chemical variables within the sea
ice environment. The following section on biological sea ice variables evaluates how the
physical and chemical environmental properties in ice and sea water at the three sampled
fjords shaped the associated algal communities. The methods used will thereafter be critically
evaluated with suggestions for methodological improvements in future studies. At the end
(conclusion), the major scientific outcome of this study is highlighted, initial hypotheses

revisited and suggestions for future studies are proposed.

Physical and chemical variables

Snow plays a key role in structuring sea ice ecosystem through altering the physical
environment compared to snow-free sea ice. Snow is a good insulator and therefore affects the
heat budget of the ice (Petrich and Eicken 2016) and associated temperature distributions. A
thick snow cover decreases the growth rate of the sea ice and alters the melting phase at the
end of the season (Sturm and Massom 2016). It will also affect the temperatures within the ice
with a thicker snow cover leading to smaller vertical temperature gradient (Arrigo 2014).
Snow has an exceptionally high albedo (specifically for dry and cold snow) and also
attenuation coefficient which directly affects the photosynthetic organisms in the sea ice as
their phenology is largely controlled by light availability (Leu et al. 2015). In Ramfjorden, the
snow depth increased every month sampled at all stations exceeding the mean snow depth at
the Arctic areas in this study. This can be explained by the more humid climate in Ramfjorden
which results in higher precipitation, 120.7 mm in April, 2019 (yr.no 2020 May 19),
compared to the very dry high Arctic climate at Svalbard with only 30.3 mm in April, 2019
(yr.no 2020 May 19). The thicker snow in Ramfjorden also explains the generally weaker ice
temperature related gradients (temperature, brine salinity) compared to the Arctic sites.
Although not measured, a calculation of the light availability under the ice based on published
attenuation coefficients and albedo values (Appendix J) indicates that light levels under the
snow and ice in Ramfjorden in April were one to four order of magnitudes lower than those
under the ice in Svalbard, leading to reduced growth potential of ice algae (Campbell et al.,
2018).

Sea ice growth and thickness changes are mainly dependent on the air/ocean heat exchange

and consequently also linked to the air temperature, but also the depth of the snow cover
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(Haas, 2017; Sturm and Massom, 2016). Although sea ice in Ramfjorden increased in
thickness throughout the time series, it was significantly thinner than ice in Van Mijenfjorden
and Billefjorden, which can be linked to the warmer ocean and air temperatures causing
shorter and slower ice growth seasons compared to the high Arctic fast ice sites sampled in
this study, and even more so compared to high Arctic multi-year ice, where thicknesses can be
above 3 m in winter (Bourke and Garrett 1987). Ramfjorden was more similar to the sub-
Avrctic seasonally ice covered Baltic Sea which however typically has slightly thicker ice
compared to Ramfjorden with a range ca. 0.35 to 0.70 m (Haecky and Andersson 1999).
Thicker ice in the Baltic can be explained by the lower salinity of its surface water, which
allows for faster growth rates compared to the more saline Norwegian fjords (e.g. Skardhamar
and Svendsen 2010) and lower temperatures in the air, ranging from 0°C to -20°C (Haecky
and Andersson 1999).

The temperature in the sea ice has two important effects on the sea ice biota. Cold sea ice
temperatures require cold temperature adaptations of the polar ice biota in general (Thomas
and Dieckmann 2002). Furthermore, ice temperature determines the brine salinity (Petrich and
Eicken 2016) with increasing brine salinities (and smaller brine volume fractions) with
decreasing temperatures (Niedrauer and Martin 1979; Leppéranta and Manninen 1988).

The decrease in the temperature gradient in Ramfjorden from February to March and April
can be explained by the increased insulating snow depth in March to April (Arrigo 2014). The
significantly lower ice temperatures at Van Mijenfjorden and Billefjorden were related to a
thinner insulating snow cover and colder air temperatures in the Svalbard fjords (Sturm and
Massom 2016). The warm temperature in the sea ice in March and April might have acted as
a stressor for algae and bacteria that had adapted to the colder temperatures during the start of

the ice-covered season.

Brine salinities are directly calculated from the ice temperatures, therefore brine salinities in
the relatively warm sea ice in Ramfjorden were lower compared to the marine influenced
Aurctic areas like our Svalbard sites. However, they were close to observations from the
northern Baltic Sea, where Haecky and Andersson (1999) determined brine salinities ranging
from 2 to 12. The brine salinity is one of the most important factors that control the
composition and distribution of organisms living in the ice as they have to adapt and
acclimate to higher/lower salinities than in the water column (Gradinger and Bluhm 2018).

The overall lower brine salinity and less strong gradients in Ramfjorden is likely a major
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factor explaining the different species distribution and composition compared to Van
Mijenfjorden and Billefjorden. A study by Zhang et al. (1999) showed that phytoflagellates
had their highest growth at a salinity of 4 while pennate diatoms grew better in higher
salinities. The Ramfjorden study did not differentiate between different flagellate taxa,
however, based on Zhang et al. (1999), the low brine salinities would have led to higher
growth rates for flagellates than diatoms, partially explaining the dominance of flagellates in

Ramfjorden.

While bulk salinity is not representing directly the living conditions of ice biota, it is
important through determining the brine volume (combined with ice temperature) and
inhabitable ice space for ice biota (Cox and Weeks 1982; Granskog et al. 2006). It also
determines the connectivity within the sea ice and with the ocean/air while these surrounding
environments will affect the bulk salinity by e.g. ocean salinity, snow cover and ice surface
flooding (Petrich and Eicken 2016). Newly formed sea ice has high bulk salinities of over 10,
which decrease with the age of the ice due to brine drainage (Gradinger and Ikdvalko 1998).
Ramfjorden bulk salinities were well below those of first year ice in marine influenced Arctic
areas where bulk salinities commonly are typically in a range of 5-8 (Arrigo, 2014; Svalbard
stations in this study) but comparable to other freshwater influenced areas such as the Baltic
Sea and Saroma Lagoon. Within Ramfjorden the river Sgrbotnelva is located at the innermost
part of the fjord and its run-off likely led to the increasing bulk salinities from station RF1
close to the river inlet to the more marine stations (e.g. RF3). Snow melting events or rain
events could also have been a contributing factor in lowering the bulk salinity (Petrich and
Eicken 2016). Overall, Ramfjorden bulk salinities were comparable to the northern Baltic Sea
where bulk salinities are generally lower than 2 (Granskog et al. 2006) and also to Saroma
Lagoon where a similar bulk salinity gradient from a river mouth and outwards was found
with bulk salinities increasing from 1.7 to 8 (Robineau et al. 1997). This freshwater impact
also explains the significantly lower bulk salinity at BF3, Billefjorden which was close to the
freshwater discharge from a glacial front. Gravity driven desalination led to the decrease in
the bulk salinity with season at all Ramfjorden stations. A thin layer of freshwater spreading
under Ramfjorden sea ice (data not shown) could also reduce the bulk salinity already while

the ice was forming.

The “law of fives” (Golden et al. 1998) stipulates that an ice temperature of -5°C, a bulk
salinity of 5 and a resulting brine volume of 5% is the threshold between permeable and

impermeable sea ice, controlling brine but also organism movement within the ice. More
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applicable to freshwater influenced areas like Ramfjorden or the Baltic Sea (Thomas et al.
2017) is the “the law of ones” looking at temperatures of -1°C and bulk salinity of 1,
developed by Leppéranta and Manninen (1988). The brine volume in Ramfjorden generally
increased towards the marine stations where most ice was permeable during the whole time
series, while the innermost stations generally were impermeable. The low brine volume
fractions at the innermost stations were similar to those found in the Baltic Sea ice that on
average range from 1.5% to 3.5% (Majaneva et al. 2017). This will have an effect on the
organisms living in the sea ice both for their own movement but also limits new additions of
fresh nutrients from the water column/snow when brine channels are not interconnected. In
Ramfjorden, at BF3, but also in Baltic sea ice, low bulk salinities caused an overall low brine
volume fraction (Granskog et al. 2006). The two high Arctic fast ice-covered fjords had
significantly higher brine volumes and therefore overall higher permeability and more
accessible space for biota. These differences in brine volume therefore confirms the initial
hypothesis that ice algal biomass would be lower in Ramfjorden compared to the high Arctic
fjords due to reduced inhabitable space. The lack of permeability would also prevent fresh
supplies of nutrient e.g. from the water below into the ice which would affect the biomass
accumulation. Interestingly, the glacial discharge impacted Billefjorden station BF3 was more
similar to the Ramfjorden stations than the other high Arctic stations when comparing the
brine volume likely due to the influence of freshwater discharge from the glacial front,

combined with the warmer temperatures.

Nutrient availability is another critical variable that controls the growth of ice algae (Arrigo
2016). A shortage of nutrients will negatively affect the ice algal physiology and metabolism
(Meiners and Michel 2016). This can occur specifically at later stages of the seasonal
succession during high algal productivity in spring or during periods of limited input from
external sources such as the seawater or snow deposit or in nutrient-depleted system
conditions (Gradinger 2009).

The seasonal decrease of silicate concentrations in Ramfjorden can be caused by the observed
growth of diatoms that use silicate to build up their frustules (Kooistra et al. 2007). An
increasing gradient could be seen from the innermost station to the outer stations in all
months. The two newly formed ice stations in March RF4 and RF5 had the highest
concentrations, which is logical since algae had just been incorporated and no ice internal
growth of diatoms had occurred. Additionally, the relatively young ice at these two stations

had relatively high bulk salinities, which also explains higher silicate concentrations. The
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silicate concentrations in April at Ramfjorden were similar to data from the Svalbard fjords.
Interestingly, BF3 in Billefjorden had the overall highest silicate (and nitrate) concentration in
both the sea ice and the water column compared to the other stations at the Svalbard fjords,
which can be a result of nutrient additions through the subglacial outflow (Cape et al. 2019).
The general temporal increase in nitrate in Ramfjorden could be caused by water advection
into the fjord and/or an increased input from the snow cover that started to melt and added
new nutrients to the sea ice. Nitrogen and phosphate are commonly deposited from the
atmosphere onto the sea ice in the Baltic Sea and supplied to microalgae (Granskog et al.
2006). This process is likely not of high relevance to all parts within the ice in Ramfjorden, as
its sea ice was generally not permeable throughout the whole ice core and new additions of
nitrate from the snow would therefore stay in the top part of the core which can be seen at the
outer stations. A phosphate reduction by algal growth (Townsend 2012) could be explained
by the increased and relatively high Chl a concentrations in March when phosphate
concentrations were the lowest. The N:P ratio in Ramfjorden during March and April
indicates that phosphate was at limiting concentrations for algal growth (Redfield 1934) with
ratios above 100 in a large number of ice core sections. Similar limitations have been reported
for the Baltic Sea ice (e.g. Haecky et al. 1999; Piiparinen et al. 2010). The innermost station,
RF3, had low concentrations of both phosphate and silicate in April which could have limited
algal growth during this month leading to the decrease in diatom abundances.

Biological variables

Chlorophyll a is central for algal photosynthesis and is therefore one of the important
variables to estimate algal growth (Townsend 2012) and biomass (Arrigo 2016).
Photosynthesis is light dependent and therefore altered by physical variables discussed above
such as snow cover, leading to a large seasonal change in Chl a concentrations in sea ice (Leu
et al. 2015). The highest concentrations of Chl a in high Arctic sea ice are generally seen at
the ice-water interface as it provides sufficient light, supply of new nutrients from the ocean
water below and lower salinity stress than in upper ice sections as outlined above (Cota and
Smith 1991). Chl a showed a clear seasonal change in Ramfjorden sea ice. Very low
concentrations in the water column in February indicates low organism incorporation into the
growing sea ice. Phototrophic algal growth in January/beginning of February was restricted
due to the lack of sufficient sunlight. Although surface irradiance increased in March/April,
the thick snow depth in Ramfjorden caused a strong light reduction and while a small increase

in Chl a could be seen in these months a strong spring peak was missing. Leu et al. (2015)
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also report for the high Canadian Arctic that a deep snow depth (>20 cm) resulted in a
permanent limitation of light for ice algae and a slow increase of Chl a concentrations without
any visible peak compared to sites with less snow. The observed decrease of Chl a in April
could be caused by brine flushing out of the warming ice or potentially consumption by sea
ice herbivores (Bluhm et al. 2016) being able to access the wider brine channels. As typically
grazing activity by sea ice meiofauna has little impact on sea ice algal biomass accumulation,
it can be assumed that physical processes played the key role as observed also in Arctic pack
ice studies (Gradinger et al. 1992). The absolute Chl a concentrations in Ramfjorden were at
the detection limit or low during the whole time series compared to this studies Arctic fjord
data and typical high Arctic fast ice systems (e.g. Gradinger et al. 2009) where concentrations
in the bottom section of the ice can be two to three orders of magnitude higher than the
maximum concentrations found in Ramfjorden. Although small, Ramfjorden Chl a biomass
and the freshwater influenced station BF3 in Billefjorden were comparable to data from the
northern Baltic Sea, where sea ice concentrations in the Gulf of Bothnia, northern Baltic Sea,
were on average 3.0 ug/l or lower (Piiparinen et al. 2010). This suggests that the low Chl a
concentrations in Ramfjorden during the spring months is caused mainly by two processes.
First, the thick snow cover was a major limiting factor as less light reached the algae and
therefore strongly reduced the rate of photosynthesis. Secondly the above outlined physical

environmental stressors (also at BF3 in Billefjorden) constrained algal growth.

Marine heterotrophic bacteria depend on organic carbon primarily produced by algae and
their activities are therefore tightly coupled (Seuthe et al. 2018). Bacteria are most likely,
although not confirmed at this time, dependent on algal cells as carriers for incorporation into
the sea ice. They can be physically enriched into the newly formed sea ice (Gradinger and
Ikavalko 1998) and can occur in high abundances in many field studies (Deming and Eric
Collins 2016). Bacteria, in contrast to algae, occurred in all ice sections sampled in
Ramfjorden but in one to two orders of magnitude lower abundances compared to high Arctic
sea ice sites in spring where abundances can exceed 107 cells/ml (Arrigo 2014). Winter
Ramfjorden bacterial abundances in February and at the newly formed ice in March at RF4
and RF5 were similar to data from the northern Baltic Sea ice (Haecky and Andersson 1999)
where a range of 7.0 x 10%-2.7 x 10° cells/ml was detected from January to April. Abundances
in the water column at all months at Ramfjorden were also only slightly lower than Baltic Sea
pelagic data found in the same study where abundances ranged from 7.5 x 10°- 1.3 x 10°
cells/ml. Interestingly, the abundances in March and April decreased within the ice and were
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similar to low abundances from the upper parts of Arctic winter sea ice where low abundances
of 4 x 103 cells/ml have been reported (Deming and Eric Collins 2016). Possible causes could
be the low algal biomass and production within the Ramfjorden sea ice combined with
environmental stress including low brine volume fraction and low brine salinities as well as
low substrate availability. Here a future study could focus on the actual bacterial production

rates and succession to elucidate the functional responses within the bacterial communities.

Sea ice algal cells are already incorporated into the growing ice sheet during ice formation
(Gradinger and Ikavalko 1998) and further increase in abundance later in the season due to
local growth. Similar to Chl a, the highest abundances of high Arctic sea ice algal species are
often seen at the ice-water interface while lower abundances occur in the upper ice column
where living conditions are more challenging (Arrigo 2016). Analysis of the community
composition allows for insight to which species are better adapted to the ice specific local
growth conditions in terms of e.g. high salinities, low temperatures and limited light
(Gradinger and Bluhm 2018).

With the onset of light, an increase in algal abundances occurred also in Ramfjorden sea ice
however with lower abundances compared to marine influenced Arctic fjords. Abundances in
Svalbard fjords (this study) and in Arctic pack ice systems (e.g. Szymanski and Gradinger
2016) had more than two orders of magnitude higher abundances than the maximum
abundances found in Ramfjorden — similar to the differences observed for Chl a. Algal
incorporation in February was very low due to the low phytoplankton abundance. With
season, both Chl a and abundances did increase. One major limiting factor in Ramfjorden
compared to the high Arctic fjords was the thick snow cover which substantially delayed ice
algal bloom formation (Leu et al. 2015). Indeed, most estimated light intensities using a basic
light model indicated that less than 0.03% of the surface irradiance reached the algae at the
bottom of the ice in April compared to the Svalbard fjords where all estimated relative light
intensities were above 0.1% (Appendix J). Secondly, low salinities and brine flushing
combined with potential grazing could limit algal growth as already discussed above (Ewert
and Deming 2013; Bluhm et al. 2016). Highest abundance in the top part of the cores could be
due to surface flooding of the ice as a result of the heavy snow cover, adding new cells to the
top sections of the ice (Sturm and Massom 2016) similar to infiltration communities reported
from the Arctic (Fernandez-Méndez et al. 2018). Potentially, the higher light intensities in the
upper parts of the ice cores in Ramfjorden could have allowed for higher in-situ growth in
these layers.
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The ice algal community structure in Ramfjorden changed over time from an almost complete
dominance of flagellates to an overall dominance by diatoms. Diatoms are also the most
abundant primary producers in both Baltic Sea ice (Thomas et al. 2017) and high Arctic sea
ice systems (Gradinger and Bluhm 2018), able to tolerate a wide range of environmental
gradients (Kooistra et al. 2007). A dominance of flagellates similar to Ramfjorden was also
reported from the Baltic Sea (Piiparinen et al. 2010). Piiparinen et al. (2010) suggested that
the dominance of small flagellates in the sea ice was due to the lack of habitable space for
larger algal species. This hypothesis is supported by the Ramfjorden data where brine
volumes were overall low and therefore likely not as suitable for larger algal groups such as
diatoms. Here, an analysis of brine channel dimensions would allow to further address this
question. Flagellate abundances and diversity can easily be underestimated, as the smaller
flagellates are often difficult to identify using light-microscopy because of their small size and
lack of distinct features as well as fixation artefacts. Here, molecular analyses can provide
improved diversity estimates for all ice inhabitants and specifically flagellates, which are
harder to identify compared to e.g. diatoms (Thomas et al. 2017). The succession within the
ice from a dominance of flagellates to diatoms in Ramfjorden was clearly driven by ice
internal factors (e.g. the age of the ice and in-ice algal growth) and not through interactions
with a changing phytoplankton community in the water column. This can be seen in the
March samples from the newly formed ice at RF4 and RF5, where the ice was still dominated
by flagellates while the older ice at RF1 to RF3 had higher abundance of diatoms. This is
surprising as the diatoms had been present within the phytoplankton community at RF4 and
RF5. The typical high Arctic sea ice algal species Nitzschia frigida (e.g. Hop et al. 2020)
dominated both in the water column and the bottom ice in Van Mijenfjorden and Billefjorden
but also in northern Baltic Sea ice (Norrman and Andersson 1994). While it also occurred in
high abundances in Ramfjorden at RF3 in March and April, the overall dominating diatom
species had been Leptocylindrus minimus, leading to a clear separation of Ramfjorden ice
communities from all others, also seen in the NMDS ordination. While this colony forming
centric species has been observed both in the Arctic and in the Baltic Sea (Walter and
Boxshall 2018) only few high Arctic reports provide evidence for a dominance of L. minimus
in sea ice, for example in the Arctic Gyre by Melnikov (2005). N. frigida was actually absent
at the most freshwater influenced station RF1, while L. minimus showed the opposite spatial
trend with highest abundances at RF1 and at the intermediate station RF2. This could point
towards different salinity tolerance of these two diatom species. The difference in salinity

tolerance could also be supported by the NMDS ordination (Figure 15), where L. minimus
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was characteristic for the low salinity water, Ramfjorden and BF3, while N. frigida was
characteristic for Van Mijenfjorden, BF1 and BF2. Dominance of centric diatoms over
pennate diatoms has also been reported in other sub-Arctic freshwater influenced areas such
as the northern Baltic Sea (Piiparinen et al. 2010) and Saroma Lagoon (Robineau et al. 1997).
Kikuchi-Kawanobe and Kudoh (1992) suggest that pennate diatoms might be generally better
adapted to the high Arctic environmental settings and therefore dominate the sea ice in these
areas while centric diatoms are better adapted to dominating in low latitude areas. For
example, pennate diatoms are better adapted to darkness than centric diatoms (Piiparinen et al.
2010). Also, centric diatoms might benefit from an earlier light availability at low latitudes.
Sensitivity to light can also be seen in Ramfjorden where under thick snow cover the highest
abundances of L. minimus occurred in the top sections of the ice with higher light avalibility

while N. frigida had higher abundances in the darker bottom sections of the ice.

The freshwater influenced Billefjord station BF3 showed a similar flagellate dominated
community composition in the sea ice as Ramfjorden (as also supported by the NMDS
ordination), but differed from the two other stations in Billefjorden. The similarity between
Ramfjorden and BF3 are most likely a result of the large influence of freshwater compared to
the two other stations in Billefjorden. In addition to freshwater as driving factor, BF3 could be
in an earlier stage of the spring bloom community compared to the outer station, BF1, in
Billefjorden that showed indication of being at the end of the spring bloom community with
low primary production while biomass and the vertical flux of Chl a was high (T. Vonnahme

personal communication, 2020 May 25).

Critique of methods

Standard techniques were used during the sampling and are in line with most other studies in
the same field (Eicken 2009). The ice core samples taken during the warmer periods,
especially in April, were very porous at the bottom and parts of the ice and specifically brine
volume might therefore have been lost in the drilling process, underestimating organism
abundances as well as changing all property measurements like salinity, nutrients, and Chl a.
Increased sampling frequency, potentially to every second week, would allow to follow more
clearly the processes in nutrient dynamics, sea ice changes, and biological properties. Future
studies should include measurements of surface and under-ice irradiance, given the identified

significance of this variable on algal growth.
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The failure of the UiT CHN analyser caused the lack of data for this variable, although
samples had been collected. This would have added valuable information on the seasonal
increase in biomass and potential limitations as detectable through the C/N ratio.

The lack of personal experience concerning algae identification should also be taken into
consideration, and the community structure from samples analysed at the beginning of the
project might differ from the ones analysed at the end in their taxon resolution. Certainly, my
confidence and knowledge in species identification increased over time and could lead to
increased number of lower taxonomic levels. Also, application of molecular tools could have
been useful. Most Lugol fixed samples from VVan Mijenfjorden and Billefjorden were
accidently put into a freezer on RV Helmer Hansen, when being transported back to Tromsg.
This might have affected cell structures, however I do not expect a difference in the
identification of taxa with hard frustules (diatoms), but flagellates might have been

underestimated for the Arctic fast ice samples.

Conclusions

The main aim of this thesis was to investigate the sea ice environment and biology in
Ramfjorden and compare this information to data from other Arctic and sub-Arctic areas.
Overall, the study showed the presence of an active community of bacteria and eukaryotic
algae within the Ramfjorden ice, with strong seasonal and spatial gradients related to the
environmental settings. Interestingly, the similar physical/chemical/biological properties in
freshwater influenced ice systems including Ramfjorden, Billefjorden station BF3 and for
example the northern Baltic Sea were distincly different from typical marine high Arctic sea
ice systems. Here, low bulk salinities and brine volume fractions, combined with warm
temperatures and low brine salinities were important environmental stressors. The very high
snow load in Ramfjorden reduced light intensities to levels where algal growth was severly
limited. Unique and distinctly different communities and/or abundance levels of bacteria and
algae compared to pelagic samples developed with clear seasonal changes in Ramfjorden sea
ice. The algal community showed a succession from a dominance of flagellates in the dark
early ice season to an increasing abundance of mainly centric diatoms similar to e.g. the
northern Baltic Sea. The dominant diatom species in almost all ice sections was
Leptocylindrus minimus, but common Arctic species such as Nitzschia frigida were also
found. Many biological sea ice related research questions could be addressed using
Ramfjorden ice as a test bed. It would be interesting to have a closer look at the bacterial

community in Ramfjorden in order to understand why, opposite to both the Arctic and the
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northern Baltic Sea, abundances decreased with the season. It remains unknown whether any
metazoans live in the Ramfjorden sea ice and feed on the present ice algae. A suggestion for
future studies in Ramfjorden would be to focus on the taxonomy and activity of flagellates in
the sea ice and identify their composition with the help of molecular analyses. Additional
research questions could look at the role of the freshwater run-off influencing the sea ice
systems. Here Ramfjorden might offer an opportunity for easy-to-access experimental studies,
which might help to elucidate the future of similarly freshwater influenced high Arctic

systems.
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Appendix A. Vertical temperatures (left) and calculated brine salinity gradients in the ice cores (right). a&g:
RF2, b&h: RF4, c&i: RF5, d&j: VMF2, e&k: VMF3, f&I: BF1.
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Appendix B. Vertical gradients of ice bulk salinity (left) and calculated brine volume fraction (right). a&g:
RF2, b&h: RF4, c&i: RF5, d&j: VMF2, e&k: VMF3, f&I: BF1.
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Appendix C. Silicate concentration in the water column and in the ice core sections. a: RF2, b: RF4, c: VMF2, d: VMF3, e: BF1.
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Appendix D. Nitrate concentrations in the water column and in the ice core sections. a: RF2, b: RF4, c: VMF2, d: VMF3, e:
BF1.
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Appendix E. Phosphate concentrations in the water column and in the ice core sections. a: RF2, b: RF4, c: VMF2, d: VMF3, e:
BF1.
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Appendix F. Chl a concentrations in the water column and in the ice core sections. a: RF2, b: RF4, c: VMF2, d: VMF3, e: BF2.
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Appendix G. Bacteria abundance in the water column and in the ice core sections. a: RF4, b: RF5.

a b
10-20 1020
3-10 3-10
0-3 03
Water Water
0 100000 200000 300000
C
d e
80-100 60-80 70-50
60-80
40-50 50-70
40-50 E
5 2040 30-50
20-40 c
S 40
10-20 g 1020 1030
310 E 310 310
03 0-3 03
Water Water Water
o 100000 200000 300000 0 100000 200000 300000 0 100000 200000 300000

Cell abundance (cells/L)
wApril wMarch  w February

Appendix H. Cell abundance in the water column and in the ice core sections. a: RF4, b: RF5, c: VMF2, d: VMF3, e: BF2.
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Appendix I. Relative contribution of different phyla to the algal composition in Ramfjorden, Van Mijenfjorden, and Billefjorden. a: RF2,
February, b: RF2, March, c: RF2, April, d: RF4, e: RF5, f: VMF2, g: VMF3, h: BF2.
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Appendix J. Basic light availability calculations for the sampled stations. Attenuation coefficients were retrieved from Zhang

etal. (1999).

Station

RF1
RF2
RF3
RF1
RF2
RF3
RF4
RF5
RF1
RF2
RF3
VMF1
VMF2
VMF3
BF1
BF2
BF3

Month

February
February
February
March
March
March
March
March
April
April
April
April
April
April
April
April
April

Snow

(m)

0.12
0.15
0.10
0.28
0.20
0.24
0.10
0.13
0.52
0.24
0.44
0.08
0.15
0.13
0.06
0.10
0.03

Ice

(m)

0.25
0.36
0.36
0.45
0.36
0.39
0.17
0.17
0.45
0.48
0.43
0.75
0.86
0.83
0.92
0.79
1.28

Attenuation Attenuation Assumed Assumed Under
incoming albedo

snow (m-1)

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

60

ice (m-1)

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

light (%)
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

ice (%)

0.62
0.29
0.78
0.01
0.11
0.05
1.05
0.58
0.00
0.04
0.00
0.66
0.14
0.21
0.76
0.41
0.80



