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Light and freshwater discharge
drive the biogeochemistry and
microbial ecology in a sub-
Arctic fjord over the Polar night

T. R. Vonnahme1,2*, L. Klausen1*, R. M. Bank3, D. Michellod4,
G. Lavik5, U. Dietrich1 and R. Gradinger1

1Department of Arctic and Marine Biology, UiT – The Arctic University of Norway, Tromsø, Norway,
2Greenland Climate Research Centre, Greenland Institute of Natural Resources, Nuuk, Greenland,
3Department of Biology, Southern Denmark University, Odense, Denmark, 4Department of
Symbiosis, Max-Planck Institute for Marine Microbiology, Bremen, Germany, 5Department of
Biogeochemistry, Max-Planck Institute for Marine Microbiology, Bremen, Germany
The polar night has recently received increased attention as a surprisingly active

biological season. Yet, polar night microbial ecology is a vastly understudied

field. To identify the physical and biogeochemical parameters driving microbial

activity over the dark season, we studied a sub-Arctic fjord system in northern

Norway from autumn to early spring with detailed monthly sampling. We

focused on the impact of mixing, terrestrial organic matter input and light on

microbial ecosystem dynamics. Our study highlights strong differences in the

key drivers between spring, autumn, and winter. The spring bloom started in

March in a fully mixed water column, opposing the traditional critical depth

hypothesis. Incident solar radiation was the key driver maximum Chlorophyll

was reached in April. The onset of the autumn phytoplankton bloom was

controlled by vertical mixing, causing nutrient upwelling and dilution of

zooplankton grazers, which had their highest biomass during this time.

According to the dilution-recoupling hypothesis grazer dilution reduced

grazing stress and allowed the fall bloom formation. Mixing at that time was

initiated by strong winds and reduced stratification as a consequence of

freezing temperatures and lower freshwater runoff. During the light-limited

polar night, the primary production was extremely low but bacteria continued

growing on decaying algae, their exudates and also allochthonous organic

matter. A melting event in January could have increased input of organic

matter from land, supporting a mid-winter bacterial bloom. In conclusion,

polar night biogeochemistry and microbial ecology was not only driven by light

availability, but strongly affected by variability in reshwater discharge and

allochthonous carbon input. With climate change freshwater discharge will

increase in the Arctic, which will likely increase importance of the dynamics

described in this study.

KEYWORDS

polar night, fjord, microbial ecology, land-fjord interactions, phytoplankton bloom,
marine bacteria, sub-Arctic
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1 Introduction

High latitude fjords are areas of strong land-ocean

interactions and at times biological productivity hotspots.

Environmental properties show significant seasonality

including irradiance and freshwater input (Matthews and

Heimdal, 1980; Cottier et al., 2010). During the polar night,

light is limiting for primary production and deep mixing

resupplies nutrients to the surface, allowing for strong and

immediate phytoplankton growth once the light returns

(Cottier et al., 2010). Primary productivity is often highest

during the spring bloom and typically dominated by chain-

forming diatoms and the haptophyte Phaeocystis pouchetii

(Degerlund and Eilertsen, 2010). Alternative concepts have

been suggested to explain the principal mechanisms

determining the timing of such phytoplankton spring blooms.

The critical depth hypothesis suggests the start of the

phytoplankton spring bloom to coincide with the mixed layer

depth being shallower than the critical depth at which integrated

algal photosynthesis equals integrated respiration (Sverdrup,

1953). In spring, stratification depth is decreasing due to

increasing temperatures, and/or freshwater input (snowmelt or

melting sea ice) while irradiance increases. However, this

concept does not apply to all cases as spring blooms can start

earlier even in still deeply mixed water columns (e.g. Eilertsen

and Taasen, 1984; Eilertsen, 1993). At high latitudes, incident

solar radiation can be more important as control of algal bloom

phenology than water column stratification (e.g. Eilertsen and

Taasen, 1984; Eilertsen et al., 1989; Eilertsen, 1993). Two

alternative models have been suggested explaining algal

blooms under non-stratified conditions. Huisman et al. (1999)

developed the critical turbulence model, where phytoplankton

blooms form under combinations of low turbulence and high

algal growth rates., while the dilution–recoupling hypothesis

(Behrenfeld, 2010) focuses on the balance between algal growth

and grazing. Stronger grazing pressure may inhibit

phytoplankton biomass accumulation in a shallow mixed layer

suggesting maximum of algal biomass accumulation prior to

maximum stratification, while algae are more diluted.

Consequently, studies on primary production seasonality

should consider all three different suggested bloom controlling

scenarios and evaluate the role of nutrient and light availability,

water column stratification and grazing pressure.

Following the spring bloom, microbial loop dynamics play

an important role in nutrient dynamics. The initial

phytoplankton spring blooms, based on new nutrients like

nitrate are typically accompanied and followed by a bloom of

heterotrophic bacteria (Larsen et al., 2004; Teeling et al., 2016)

that recycle nutrients and allow regenerated primary production

based on ammonia (e.g. Teeling et al., 2016; Vonnahme et al.,

2021a) as part of the microbial loop. The initial phytoplankton

spring bloom with high biomass ends with nutrient exhaustion

(Larsen et al., 2004) followed by a low biomass community, often
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dominated by flagellates (Degerlund and Eilertsen, 2010). The

strongly salinity-stratified water column in the summer fjord

systems limit nutrient resupply from depth. Here, bacteria may

recycle locally produced or allochthonous organic matter within

the microbial loop (e.g. Delpech et al., 2021). This inflow of

organic matter from land impacts coastal bacterial community

structures (e.g. Bourgeois et al., 2016; Müller et al., 2018; Delpech

et al., 2021) and may also lead to reduced light for

photosynthesis by coastal water column brownification

(Aksnes et al., 2009).

In autumn, freshwater runoff decreases and the surface water

cools down leading combined to deeper vertical mixing and

resupply of nutrients to the euphotic zone (Cottier et al., 2010).

These fresh nutrients can support an autumn algal bloom often

dominated by diatoms (Eilertsen et al., 1981; Eilertsen et al.,

1989; Degerlund and Eilertsen, 2010). In some years, the algal

biomass during the autumn bloom can exceed values of the

spring bloom (e.g. Eilertsen and Frantzen, 2007). Deeper mixing

will also lead to reduced grazing pressure according to the

dilution-recoupling hypothesis (Behrenfeld, 2010).

After the autumn bloom, sunlight becomes limiting, or

absent at high latitudes, leading to low or no primary

production and reduced phytoplankton biomass (Eilertsen

et al., 1989). Thus, the polar night has traditionally been

considered as a biologically inactive season and has thus been

sparsely studied. Heterotrophic bacteria and archaea can initially

consume organic matter originating from the remaining algae

after the autumn bloom, but autochthonous organic matter

becomes used up over the polar night and may limit bacterial

production (e.g. Iversen and Seuthe, 2011). However, recently

the polar night has been described as a season of high

zooplankton abundances and activities (e.g. Berge et al., 2015a;

Berge et al., 2015b; Coguiec et al., 2021). Yet, the main factors

supporting these high abundances and activities in a light-

limited system are still poorly understood. Although low in

abundance, phytoplankton has been shown to be viable (e.g.

Zhang et al., 1998; Kvernvik et al., 2018) and active (Randelhoff

et al., 2020) during the polar night, but cannot produce new

organic matter through photosynthesis. Therefore, light

limitation and the low primary production have been typically

considered the main constrains for the marine biogeochemical

and microbial dynamics in the polar night, in addition to

potential top down-controls by herbivores (Berge et al., 2015a;

Berge et al., 2015b). During the polar night, microbial

communities are typically dominated by heterotrophic or

mixotrophic protists (e.g. Marquardt et al., 2016; Wietz et al.,

2021) but also chemoautotrophic bacteria and archaea

(Nitrifiers, Christman et al., 2011; Wietz et al., 2021). While

chemoautotrophic bacteria and archaea may resupply some

additional autochthonous organic matter to the food web,

their contribution is likely low. However, allochthonous

organic matter may enter the fjord via terrestrial runoff even

in winter, or via sediment resuspension events, potentially
frontiersin.org
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providing organic carbon sources to heterotrophic protists and

bacteria. Yet, a systematic study considering not only light, but

also allochthonous organic matter sources is lacking.

We suggest in our study, that the freshwater input through

snowmelt and river inflow in sub-Arctic fjords with the

associated allochthonous organic matter input can provide key

carbon sources for polar night microbial communities. We

focused on the time period from autumn to early spring to

evaluate the role of not only light, stratification and mixing, but

also allochthonous organic matter inputs for controlling

biological processes. We hypothesize that i) incident solar

radiation is the main driver determining the initiation of the

phytoplankton spring bloom, rather than water column

stratification; ii) autumn mixing is crucial for an autumn

phytoplankton bloom and their associated bacteria via

nutrient upwelling and dilution of grazers, and iii)

allochthonous organic matter inputs from land support an

active polar-night microbial community.
2 Materials and methods

2.1 Field work

Field work was conducted in the sub-Arctic fjord

Ramfjorden in northern Norway (69.52°N, 19.01°E, Figure 1)
Frontiers in Marine Science 03
from September 2018 to April 2019. This period covered the

entire polar night period as the sun stays at that latitude below

the horizon from end of November to end of January. We took

monthly samples at three stations (Figure 1; Table S1) using the

UiT research vessel Hyas. The three stations were located at

69.53°N-19.04°E (station 3, st 3), 69.55N°-19.10°E (station 2, st

2) and 69.54°N-19.2°E (station 1, st 1, Figure 1). The fjord is

influenced by Atlantic water inflows, especially at its opening to

Balsfjorden at station 3 while st 1 is most isolated from Atlantic

water inflows via a shallow (ca 20 m water depth, information

retrieved from www.kartverket.no, in 2020) sill. Two rivers

provide terrestrial freshwater into Ramfjorden.

The innermost station (st 1) is typically ice-covered from late

winter to spring (late January to May in 2019; see O’Sadnick

et al., 2020 for details). During periods of ice cover, water

samples were taken through a hole in the ice starting in

February. At all stations, water samples were taken at 5 m and

30 m water depth and near the sea floor (ca. 55 m at st1, 110 m at

st2, 125 m at st3), using a 5 L Niskin bottle (Seatronics,

Åkrehamn Norway). The depths represent three water layers

including salinity-stratified surface water (5 m), the depth below

the pycnocline but within the euphotic zone (30 m), and bottom

water. Due to possible drag of the Niskin bottles we expect an

uncertainty in the depth estimation of ±2 m, which is still within

the water layer that we aimed to sample. Water samples were

collected for determination of phytopigments (Chlorophyll a
FIGURE 1

Sampling locations in Ramfjorden. The red numbers and dots show the location of the sampling stations, and the blue lines indicate the two
major river inputs. The position of Ramfjorden is indicated by the red arrow on the pan-Arctic map. The shape files were retrieved from www.
kartverket.no (2020). The sill in Ramfjorden is indicated by the brown ellipse, the meteorological station at Sandvikeidet as a green circle. The
meteorological station in Tromsø is ca 14 km northwest of station 3.
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(Chl), phaeophytin), particulate organic carbon and nitrogen

(POC/PON) concentrations and isotopic ratios (d13C, d15N),
and inorganic nutrients (Phosphate, Nitrate, Nitrite). Samples

collected at 5 m and 30 m water depths were analyzed for protist

community composition and algal abundances (light

microscopy), bacterial abundances (epifluorescence

microscopy), molecular microbial (18S and 16S ribosomal

RNA (rRNA) sequencing) diversity, and metabolomics

profiling (fatty acids, polar compounds). Bacterial and primary

production were measured in-situ via isotope probing

experiments with 13C and 14C tracer incubations. In addition,

vertical phytoplankton net hauls from 35 m to the surface (10

µm mesh size, KC Denmark), CTD casts with irradiance

(photosynthetic active radiation: PAR) and Chl fluorescence

sensors, and Secchi depth measurements were taken. Due to

logistical challenges, not all sampling could be carried out at all

depths, stations, or months (Table S1).
2.2 Physical parameters

A CastAway™ (SonTek/Xylem, San Diego, CA, USA) CTD

was deployed at all sampling events and a Seabird™ SBE 19plus

(Seatronics, Åkrehamnm, Norway) CTD with a planar

photosynthetic active radiation (PAR) and a Chl fluorescence

sensor from November on. Surface irradiance was measured on

land at Olavsvern near station 3 using a Li-Cor planar PAR

sensor (Li-Cor Inc., Nebraska, US). Secchi depths (SD, m) were

estimated around local solar noon with a weighted white disc.

PAR in the water column for September and October were

calculated after Esteves (1998) using an SD x k (attenuation

coefficient m-1) value of 1.7 and measured surface PAR levels

and Secchi depths. A full-scale meteorological observatory is

operated by the Norwegian meteorological office in Tromsø

(www.yr.no, station ID: SN90450; variables: temperature,

precipitation, snow, wind), ca. 14 km away from Ramfjorden.

Air temperatures were also retrieved from a meterological

station at Sandvikeidet (station ID: SN90360, temperature), ca.

2 km away from st 3. Additional information about the stations,

based on their station ID can be obtained from the Norwegian

climate service centre (Norsk Klimaservicecenter, https://

seklima.met.no/).

Plus degree days (+dd) were calculated as the number of

days with average temperatures above 0°C (at Sandvikeidet)

over a period of four weeks prior to the sampling point. We

considered +dd as an indicator for potential freshwater runoff

and/or snowmelt affecting our individual sampling. We chose

four weeks as it represents roughly the time between our

sampling events. While freshwater can enter the fjord via

direct atmospheric deposition and runoff, we expect terrestrial

runoff to be the main source since the fjord area (14 km2) is only

about 9% of the total catchment area (159 km2, based on

topographic maps by kartverket). We used the salinity at 5 m
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depth as proxy for stratification and freshwater inputs. We also

calculated the stratification index based on density differences of

the upper 5 m and a maximum depth of 50 m, and pycnocline

depths based on the steepest density gradient using the stratif

and clined functions of the castr package in R (https://github.

com/jiho/castr). +dd and salinity at 5 m were significantly

negatively correlated (linear model - lm, p < 2 x10-16, t=269.6),

showing that +dd are indeed a good proxy for potential

freshwater runoff from snowmelt. CTD data were interpolated

using the mba.surf function of the MBA package in R (Finley

et al., 2017) based on the algorithm by Lee et al. (1997). The

interpolated data were plotted using the image function of the

autoimage package in R (French, 2017).

Time series data for sea surface temperature and salinity were

based on remote sensing and modelling products. Temperature

data were retrieved via the NAUPLIUS application for the

entrance of Ramfjorden at (st.nmfs.noaa.gov/nauplius). Sea

surface temperatures (SST) were estimated after the NOAA 1/4°

daily optimum interpolation sea surface temperature (OISST)

method including data from satellites and in situ measurements

since 1982 (Huang et al., 2020). Surface salinity was estimated

after the Hadley EN4 subsurface salinity objective analyses and

retrieved from Met Office Hadley Centre observations datasets

with data since 1950 (Good et al., 2013).
2.3 Biogeochemical variables

Nutrient samples were taken from each depth in triplicates,

sterile filtered (0.2 µm pore size Whatmann™ syringe filters,

Polyethersulfone membrane) and stored at -20°C until processing.

Nitrate and Nitrite were measured on a nutrient autoanalyzer (The

San++ continuous Flow Analyser) following protocols by Grasshoff

et al. (2009). Orthophosphate was measured manually after

Grasshoff et al. (2009). In brief, 2.5 ml of the samples were

incubated with 50 ml 2 M H2SO4 for about 12 h at 4°C, before

adding 200 ml reaction mixture containing 5.2 mmol L-1 (NH4)

6Mo7O24 x4H2O and 0.5 mmol L-1 K(SbO)C4H4O6 in 4 M H2SO4

(Grasshoff et al., 2009), incubating for 20 min at room temperature

and measurement on a spectrophotometer (Hitachi Ratio Beam

Spectrophotometer U-1900).

Phytopigment samples (150-300 ml) were filtered onto GF/F

filters and stored dark at -20°C until processing. Phytopigments

(Chlorophyll a, Phaeophytin a) were measured fluorometrically

after Jespersen and Christoffersen (1987). Briefly, phytopigments

were extracted in 8 ml 96% Ethanol for about 12 h in the dark at

4°C, before removal of the filter and centrifugation (3000 rpm,

5 min). The remaining extract was measured on a Turner

Trilogy AU-10 fluorometer (Turner Designs, 2006) before and

after acidification with a drop of 10% HCl. 96% Ethanol was

used as a blank and a Chl standard (Sigma S6144) was used for

calibration. Fluorescence profiles of the CTD were calibrated
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with the discrete Chl measurements to obtain a higher vertical

resolution and to calculate integrated Chl biomass.

For POC/PON, samples (ca 500ml) were filtered onto pre-

weighed precombusted GF/F filters and stored at -20°C until

processing. The samples were dried (75°C for ca 12h) and

acidified (ca. 12h, in an exicator with HCL fumes), before

weighing and measuring on an isotopic ratio mass

spectrometer (IRMS) coupled to an Organic Elemental

Analyzer (Thermo Scientific FLASH 2000 HT Elemental

Analyzer for Isotope Ratio MS) providing both POC/N

concentrations and d13C ratios. Those were used to assess the

potential influence of terrestrial POC in the fjord system (Kumar

et al., 2016).
2.4 Metabolic activities

Primary production was measured in-situ at the Chl

maximum at 30 m at the innermost station (st 1) using trace

amount additions of 13C labelled DIC (Sodiumbicarbonate,

Perkin Elmer) (final concentration of addition: 110 µmol L-1,

ca 5% of background concentration) incubations in discrete

samples for about 24 h in 10 L carboys (November, December,

February). Net primary production was calculated after López-

Sandoval et al. (2018), using a reference with identical addition

of unlabeled DIC (dark sample in López-Sandoval et al., 2018).

We used a mean DIC concentration of 2022+-78 µmol kg-1

(unpublished data from Ramfjorden by Melissa Chierici,

Institute of Marine Research, Tromsø) as estimate for the

natural DIC concentration and typical natural d13C DIC

values of 0.8‰ (Cheng et al., 2019). Bacterial activities were

estimated via 13C labelled Glycine (Perkin Elmer) incubations

(10 µmol L-1, ca 10% of estimated dissolved organic carbon

background concentration). Either the 1st (C1, carboxyl group)

or 2nd (C2, organic group) carbon (C) atom was labelled to study

the relative role of anabolic and catabolic processes. Anabolic

processes (e.g. biosynthesis of proteins or other amino acids),

would lead to incorporation of both C groups, while catabolic

processes (via NAD+ reduction, Kume et al., 1991) would release

the C1 via decarboxylation and lead to incorporation of C2

labeled substrate. The difference between C1 and C2 uptake

shows catabolic processes. Controls were incubated with the

same amounts of added unlabeled DIC or glycine substrates.

Glycine uptake data are given as atomic excess of 13C of the

labelled vs unlabeled incubations due to a lack of data for natural

substrate concentrations and d13C values of Glycine in the fjord.

For comparison, we also show atomic excess of 13C of the

labelled vs unlabeled incubations of the 13C-DIC incubations.

The samples were filtered onto precombusted GF/F (Whatman)

filters and stored at -20°C before drying and acidification as

described for POC samples and measurement. The samples were

measured on a Thermo Flash EA 1112 elemental analyzer (EA)

coupled to an isotopic ratio mass spectrometer (IRMS, Thermo
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Delta Plus XP, ThermoFisher Scientific, Waltham, MA, USA) as

described by Großkopf et al. (2012). Caffeine standards were

used for isotope corrections and CN quantification with an

accuracy an order of magnitude below the variability

between samples.

Between February and April, in-situ primary production was

measured via 14C-DIC (Perkin Elmer) incubations (1 µCi ml-1)

at 5 m (Chl maximum after March) and 30 m (Chl maximum in

February) depth below the sea ice. The incubations ran for about

24h in 2-3 light (representing in-situ conditions) and 1 dark

bottle (control) incubations with 500 mL seawater per bottle.

The samples were filtered onto precombusted GF/F filters and

excess DIC removed via HCl acidification in 20 ml Scintillation

vials. The incorporated activity was then measured in Ultima

Gold™ Scintillation cocktail on a liquid scintillation counter

(Perkin Elmer™, Tri-Carb 2900TR) and primary production

was calculated after Parsons et al. (1984). Since 14C-DIC based

estimates of primary production are typically 1.3 times lower

than 13C-DIC based estimated (Regaudie-de-Gioux et al., 2014)

we divided the 13C-DIC based estimates by 1.3 for comparability.
2.5 Metabolomics

From the in-situ incubations, samples were also filtered onto

pre-combusted GF/F filters for metabolomics profiling of fatty

acids (FA), and polar compounds (PC, e.g. sugars, amino acids).

Lipids were extracted by placing the filters into 3.75 ml CHCL3:

CH3OH (chloroform and methanol 1:2), and 1 ml PBS

(phosphate buffer standard solution). The material on the filter

was removed by vortexing and sonication (45 min sonication

bath), followed by 15 min vortexing. The filters were then

removed, and the remaining material left for extraction at

room temperature. After 12 h, 1.25 ml chloroform and 1.25 ml

PBS were added and the samples vortexed. The lipid fraction on

the bottom of the vials was transferred with a syringe and dried

under constant N2 flow. The upper polar compounds were

transferred separately with a pre-combusted glass pipette and

dried under a constant N2 flow and centrifugation under vacuum

at 45°C (SpeedVac™, ThermoFisher, Waltham, US). Base

saponification of the lipid fraction was achieved via incubation

in 2 ml of 6% methanolic KOH for 4 h at 80°C. The samples were

diluted in 2 ml of 0.05 mol L-1 KCl after saponication and neutral

lipids extracted after 3 times washing in 2 ml n-Hexane. The

remaining fatty acid solution was acidified with 25% HCl to a pH

close to 1 and extracted 3 times with 2 ml n-Hexane. The lipids

were then dried under a constant N2 flow and centrifugation

under vacuum at 45°C. Before derivatization the extract was dried

in a vacuum concentrator for 30 min.

2.5.1 FAME derivatization
Due to the difficulties of detecting free fatty acids on a GC,

derivatization to fatty acid methyl esters (FAME) is required
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(reviewed by Shantha and Napolitano, 1992). Derivatization was

performed by adding 1 mL of 14% borontrifluorid (BF3) in

methanol onto the dry fatty acid fraction and incubating at 70°C

for 1 h. Following the addition of 1 mL of water, the derivatized

fatty acids were extracted by three hexane washing (1 mL x 3).

The hexane fractions were dried down, the extract resuspended

in 100 µL of hexane and transferred to a GC-MS vial for GC-MS

data acquisition.

2.5.2 Polar compound derivatization
For polar compounds to be sufficiently volatile for GC

analyses, derivatization is necessary (see Orata, 2012). This

was performed by adding 80 µL of methoxyamine

hydrochloride dissolved in pyridine (20 mg mL-1) to the

extract and incubating the mix at 37°C for 90 min using a

thermal rotating incubator under constant rotation at 1350 rpm.

Following the addition of 100 µL of N,O-bis(trimethylsilyl)

trifluoroacetamide, each extract was vortexed and incubated

for another 30 min at 37°C with constant stirring (1350 rpm).

The derivatized extract (100 µL) was then transferred to a GC-

MS vial for GC-MS data acquisition.

2.5.3 GC-MS data acquisition
The derivatized polar compounds and the FAMEs were

analyzed on an Agilent 7890B GC coupled to an Agilent

5977A single quadrupole mass selective detector. An Agilent

7693 autosampler injected 1 µL of sample in spitless mode

though a GC inlet liner (ultra-inert, splitless, single taper, glass

wool, Agilent) onto a DB-5MS column (30 m x 0.22 mm, film

thickness 0.25 µm; including 10 m DuraGuard column, Agilent).

Metabolite separation on the column was achieved with an

initial oven temperature of 60°C. Then, the temperature was

steadily increased (20°C min-1) until it reached 325°C, when

temperature stayed constant for 2 min. Helium was used as a

carrier gas at a constant flow rate of 1 mL min-1. Mass spectra

were acquired in electron ionization mode at 70 eV across the

mass range of 50 to 600 m z-1 and a scan rate of 2 scans s-1. The

retention time was locked using standard mixture of fatty acid

methyl esters (Sigma Aldrich).

2.5.4 Data analyses
Raw GC-MS data were imported into R as converted

mzXML files (msConvert) and processed using XCMS.

Individual peaks were picked using the CentWave algorithm

with the default parameter recommended for GCMS data by

XCMSonline. Resulting peaks were grouped, retention times

corrected and regrouped using the density (bandwidth

parameter set to 2) and obiwarp methods. Following peak

filling, the CAMERA package was used to place m/z peaks

into pseudo-spectra by grouping similar peaks with the

groupFWHM function. Samples with a low internal standard

signal (<5e4) were excluded from the analysis.
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A single m/z value was selected to represent each CAMERA

group using the following criteria: 1) m/z value > 150, 2) occurs

across samples with the highest frequency and, if two or more

ions are tied in terms of number of samples detected, 3) has the

highest mean intensity. Ions with very low mean intensities (<

0.001) were considered noise and removed from the analysis.

Following data processing, the resulting ion abundances

from individual peaks were normalized to the ribitol internal

standard. Multivariate analyses were done in R using the vegan

package. The NMDS plots are based on Bray-Curtis

dissimilarities. The script used for the analysis is available on

github (https://github.com/Tobivnnhm/Ramfjord_Polar_night).
2.6 Communities and biomass

Phytoplankton net and/or water samples were fixed in 2%

neutral Lugol and stored in brown borosilicate bottles in the

dark. The samples were investigated via light microscopy using

the Utermöhl (1958) method (50 ml settling chambers, for 24 h)

for quantitative estimates (water samples), or in 2 ml well plates

for qualitative estimates (phytoplankton net). Protists were

counted and identified under an inverted light microscope

(Zeiss Primovert, Carl Zeiss AG, Germany) under 10x40

magnification. Taxa were identified using identification

literature by Hasle et al. (1996), Tomas, (1997) and Throndsen

et al. (2007). Due to generally low cell numbers in the polar

night, taxa were pooled into higher taxonomic levels to assure at

least 15 counts per group per sample.

DNA samples were filtered immediately after sampling onto

sterivex™ filters using a peristaltic pump for 30 minutes (2-5L).

Filters were stored at -20°C until extraction. The filter was cut out

from the cartridge using sterile scalpels and DNA was extracted

using the DNeasy® PowerSoil® kit with some modifications,

described by Vonnahme et al. (2021b). For bacterial community

composition analysis, the V4 region of a ca. 292 bp fragment of the

16S rRNA gene using the primers (515F, GTGCCA

GCMGCCGCGGTAA and 806R, GGACTACHVGGGT

WTCTAAT, assessed by Parada et al., 2016) was amplified. For

eukaryotic communities the v7 region of the 18S rRNA gene (100-

110 bp inserts) was amplified using the primers (Forward 5’-

TTTGTCTGSTTAATTSCG-3’ and Reverse 5’-GCAATA

ACAGGTCTGTG-3’, Guardiola et al., 2015). The Illumina MiSeq

paired-end library was prepared after Wangensteen et al. (2018).

Bacteria were counted after DAPI (4,6-diamidino-2-

phenylindole) staining as described by Porter and Feig (1980).

25 ml of the water sample was fixed in 2% formaldehyde for at

least 12 h and filtered onto 0.2 µm pore size polycarbonate filters

and washed with sterile filtered seawater and 96% ethanol before

drying. The filter were then incubated in 30 µl DAPI (1 µg ml-1) for

5 min in the dark before washing with MQ and 96% ethanol and

embedding in Citifluor™:Vectashield™ (4:1) onto a microscopic
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slide. Bacteria were counted under UV light at 10x100magnification

in at least 10 grids or 200 cells, using an epifluorescence microscope

(Leica DM LB2, Leica Microsystems, Germany).
2.7 Bioinformatics and statistics

Amplicon sequences were analyzed using a pipeline

modified after Atienza et al. (2020) based on OBITools

v1.01.22 (Boyer et al . , 2016). The raw reads were

demultiplexed and trimmed to a median phred quality score

minimum of 40 and sequence lengths between 215 bp and 299

bp for 16S amplicons and between 80 bp and 190 bp for 18S

amplicons and merged. Chimaeras were removed using uchime

with a minimum score of 0.9. The remaining merged sequences

were clustered using swarm (Mahé et al., 2014). 16S swarms were

classified using the RDP classifier (Wang et al., 2007). 18S

swarms were classified using the silva database as described by

Atienza et al. (2020). Multivariate analyses were done in R using

the vegan package. The NMDS plots were based on Bray-Curtis

dissimilarities. The main drivers of changes in protist

communities were identified using the adonis function

(permutational multivariate analysis of variance based on

Bray-Curtis dissimilarity matrices), using sample type, month,

and station as explanatory variables. To consider mixed effects,

sample type and month constrained the permutations via the

strata argument. The different stations were assumed to be

similar to each other and not included in the strata argument.

Correlation analyses between paired samples were done in R

using Pearson’s product moment correlation coefficient. The

hypothesis of surface temperature, stratification and light as

main drivers of the biogeochemical properties was tested via

redundancy analyses (rda function of the vegan packagae in R)

followed by an ANOVA (aov function in R). PAR, +dd and

Salinity at 5 m depth were the explanatory variables and the

biogeochemical data (Nutrients, Chl, Phaeophytin, PN, POC, C:

N, d13C-POC, d15N-PN) were the explained variables. We did

not rarefy the dataset as we only studied Bray-Curtis based

dissimilarity structures where the most abundant taxa play the

largest role (Roden et al., 2018).
3 Results

3.1 Physical environment

Air temperatures (Figure 2A) at Sandvikeidet and Tromsø

decreased from October to February. They started to be below 0°

C in November and stayed mostly below 0°C in the period

December to March (-17.6°C to 8.7°C). Short melting events

occurred in January and February. Interestingly, air

temperatures near Ramfjorden at Sandvikeidet were generally

lower than in Tromsø. Precipitation lacked a clear seasonal
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pattern throughout the sampling period. Low precipitation as

rain occurred from October to the beginning of November.

Snow accumulated at a higher rate from the end of December,

leading to the accumulation of an over 1 m thick snow cover on

the sea ice by April. Wind speed showed no clear seasonal

pattern over the sampling period but had strong variations with

frequent stronger wind events above 6 m s-1 average and 8 m s-1

maximum. The average daily surface irradiance showed strong

seasonal variations with PAR values below 1 µE m-2 s-1 at the

surface and in the ocean below 1 µE m-2 s-1 from the end of

November to mid-January, with increases starting in February

after the end of the polar night (Figure 2D).

CTD profiles (Figure 3) revealed a strongly salinity-stratified

water column at all three stations from end of September to

October (Stratification index = 0.9 - 2.7 kg m-3) with pycnoclines

below 3.1 m depths coinciding with air temperatures above 0°C.

Later, temperatures fell below 0°C leading to a mixed water

column (pycnocline below 33 m) and increasing surface salinity

(Stratification index = 0.2 - 0.5 kg m-3, Table S2). At station 1 and

3 the water column re-stratified briefly in January (Pycnocline at

0.9 - 2.5 m, Table S2) following heavy precipitation, strong wind,

and a melting event (Figures 2A-C). Ocean temperature exhibited

weak vertical gradients, but a seasonal decrease (Figures 3D-F;

Table S2). The remote sensing data revealed significantly

increasing sea surface temperatures over the time period 1982

to 2020 (Seasonally Adjusted Mann Kendall test, tau=0.096,

p<0.00) (Figure S2A) but no trend in surface salinity for 1950

to 2020 (Seasonally Adjusted Mann Kendall test, tau= -0.037,

p<0.11) (Figure S2B).
3.2 Biogeochemistry

Nutrient concentrations of phosphate, nitrate, nitrite, and

ammonium showed similar changes over time (Figures 4, S1).

We focused on NOX (nitrate + nitrite) concentrations as key

nutrient (Figures 4A, D), as it is typically limiting in the Arctic,

for phytoplankton productivity. In September and October NOX

concentrations were lowest (< 0.5 µmol L-1) at the surface and

slightly higher at 30m depth. While C:N ratios were consistently

above Redfield (6.6) they were relatively low (approx. 15 at 5m

depth) at this time. d13C-POC were higher compared to the

polar night values. In November, coinciding with the vertical

mixing of the water column, NOX concentrations increased to

about 4 µmol L-1, while C:N ratios at 5 m increased to about 25

and d13C-POC values decreased slightly at 5 m but increased at

30 m depth. NOX concentrations and C:N ratios stayed high

until March, when NOX concentrations and C:N ratios dropped

at 5 m depth. The decreasing C:N ratios in April corresponded to

strongly increasing Chl concentrations (Figures 4, 5). d13C-POC
values already started increasing in February, when PAR at 5 m

reached values above 1 µE m-2 s-1, while Chl concentrations were

still low and air temperatures below 0°C.
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Chl concentrations (Figure 5) slightly increased from low

September and October values (median at 5 m= 0.05 µg L-1) to

higher November concentrations at 5 m and 30 m depths

(median = 0.7 and 0.6 µg L-1). This was strongest at station 1,

with the shallowest water depth and strongest connection to

land. Chl concentrations stayed low after November, until

concentrations started increasing in March. A very high peak

occurred in April (median at 5 m=10.2 µg L-1), with higher and

deeper reaching concentrations in the outermost ice-free

stations (st2, st3). Phaeophytin concentrations followed the

Chl trend but were about 5 – 10 times higher than Chl during

the polar night (Nov-Mar) and lower or equal to Chl during

autumn and spring. POC values were decreasing from October

to lowest values in March (median=0.15 µg L-1) – no

measurements were available for April for the phytoplankton
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bloom. Protist abundances were consistently highest at station 3,

with a maximum in October (1.75x 105 cells L-1 at 30 m, 8.1 x 104

cells L-1 at 5 m) – no data were available for April. The seasonal

changes in the bacterial abundances generally corresponded to

POC and/or Chl concentration changes with lowest values

during the polar night period (December-February) and

highest values in November and April.
3.3 Physical drivers of biogeochemical
changes

Multivariate redundancy analyses (Figure 6) revealed that

potential freshwater runoff (+dd), potential stratification

(salinity at 5 m) and PAR significantly (p=0.002, F=3.15,
B

C D

A

FIGURE 2

Meteorological data in Tromsø and Ramfjorden. Sampling events are marked with a red circle. (A) Daily average temperatures in Tromsø (red
line) and Sandvikeidet/Ramfjord (black line) in relation to average temperatures averaged over the past decades (grey line). (B) Daily average
(blue area) precipitation and snow depth (greay area) for Tromsø. (C) Daily average (grey area) and daily maximum (red area) wind speeds for
Tromsø. (D) Irradiance data (PAR) measured at Olavsvern north of st3 (daily average as yellow area), and at 5 m depth during the sampling
(yellow triangles).
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B C

D E F

A

FIGURE 3

Seasonal changes of salinity (> 31 PSU, A–C) and temperature (D–F) in Ramfjorden for stations 1 (A, D), 2 (B, E) and 3 (C, F) for the upper 50m
of the water column. Vertical lines indicate the time and depth of measurements.
B C

D E F

A

FIGURE 4

Biogeochemical indicators with dissolved inorganic NOX (A, D) and molar C:N ratios (B, E) as proxies for the nutritional state and d13C-
POC (C, F) as proxy for the origin of organic particulate matter. Plots (A–C) show data for 5 m depth and plots (D–F) data for 30 m
depth. Horizontal black lines show the median of all data of the month, and different symbols indicate the individual data for the three
stations. Terrestrial d13C-POC values reported by Simenstad and Wissmar (1985) are marked in orange, coastal phytoplankton d13C-POC
values reported by Simenstad and Wissmar (1985) are marked in green.
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ANOVA) explained 49% of the variation of biogeochemical

variables at 5 m depth with Salinity and +dd as the most

important explanatory variables (approx. 36% combined). As

described above, October was characterized by high light, high

potential runoff and high stratification. Irradiances decreased

towards the polar night and increased towards March (Figure S3

and Table S2). Decreasing potential surface runoff and

stratification were observed until April, when the proxies for

both drivers reversed. High potential runoff was related to high

particulate organic matter (POM) and nitrite concentrations,

while low runoff was related to higher phosphate and nitrate

concentrations. High light levels were related to high d13C ratios

and low Phaeophytin concentrations. Chl was only weakly

related to a less stratified water column and higher

irradiance levels.
3.4 Metabolic activities

Activity measurements were available starting November at

30 m depth and starting February also for 5 m depth using 13C

and 14C DIC tracer incubations (Figure 7). Net primary

productivity (NPP, 13C incorporation) was detectable at very

low levels throughout the polar night (<0.08 mgC m-3 d-1,

November-February). In March, NPP increased at 5 m and
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reached a peak of 1.6-4.1 mgC m-3 d-1 in April. Glycine

incorporation had a maximum in November for both C1-

glycine (carboxyl group) and C2-glycine (organic group)

incorporation with little difference between C1 and C2 (mostly

anabolic uptake). In December, the organic C2 group of glycine

was taken up preferably with almost no incorporation of the

labeled C1 carboxyl group (mostly catabolic processes). In

February, both the organic and carboxyl C groups of glycine

were incorporated into biomass with a slightly higher uptake of

C1 (anabolic process and cross-feeding; CO2 cleavage and

uptake by phototrophs). Consequently, the carboxyl C1 group

labeled glycine was only taken up when light was present.
3.5 Bacterial and Archaeal communities

The dominant bacteria and archaea taxa were very similar

throughout the study period (Figure 8). While October and

November communities appeared slightly separated from the

rest based on the NMDS plot, a low stress value on OTU level

is indicative of very low variability between samples. The most

dominant classes had very similar community structures over the

sampling period with Alphaprotoebacteria (24-32% SAR11 clade,

Pelagibacter) and Gammaproteobacteria (Methylosphaera 23-

32%) contributing about 50% to the 16S based communities.
B C

D E F

A

FIGURE 5

Biomass indicators for phytoplankton (Chlorophyll a (Chl); A, D and Phaeophytin a, as -), particulate organic matter (POC; B, E), bacteria
(abundance, F), and protists abundance (C). Plots a-b show data at 5 m depth. Plot C data at 5 m and 30 m depth, and plots (D–F) data at 30 m
depth. Note the different scales used for a and d. Horizontal black lines represent the median of all data (excluding Phaeophytin a) of the month,
and different symbols show the individual data for the three stations. Missing data for April are marked with NA.
frontiersin.org

https://doi.org/10.3389/fmars.2022.915192
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Vonnahme et al. 10.3389/fmars.2022.915192
The nitrifying archaeal group Nitrosopumilales was the most

abundant archaea group throughout the study period. However,

seasonal patterns appeared for some less abundant bacteria and

archaea classes. Flavobacteria, Actinobacteria, and Planctomycetia

were relatively abundant groups with seasonal changes in their

community structures. Flavobacteria were dominated by

Aquibacter in October (57%), which gradually decreased until

April, while Owenweeksia appeared as dominant taxa in February

(29%) with a following decrease. Actinobacteria were dominated
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by Euzebyaceae in October (69%), which got gradually replaced by

Acidimicrobineae towards April (47%). Deltaproteobacteria and

Thermoplasmata were also abundant classes. 99.9% of

Thermoplasmata were related to Methanomassiliicoccales.

Deltaproteobacteria showed a distinct seasonal pattern of

Deferrisoma spp. being dominant in October (37%) and

gradually decreasing towards April, Labilitrichaceae being most

dominant during the polar night (11-13%) and Desulfatitalea

becoming gradually more abundant towards April (38%).
BA

FIGURE 7

(A) Net primary productivity estimates based on isotope enrichment experiments after 24 h in situ incubations with 13C-DIC (30m Nov-Feb) and
14C-DIC (rest), (B) Atomic 13C/12C ratio (%) as proxy for uptake of 13C1-glycine (carboxyl C group), 13C2-glycine (organic C group) and 13C-DIC
(Nov to Feb only).
BA

FIGURE 6

Redundancy analyses at (A) 5 m depth and (B) 30 m depth (RDA function in the vegan package in R) with three main physical drivers (blue). With
PAR as proxy for light availability, Temperature in +-degree-days (days with mean air temperatures above 0°C, 4 weeks before the sampling) as
proxy for potential freshwater runoff, and Salinity at 5 m depth as proxy for stratification (Based on the assumption that salinity being the main
driver of density variability). Explained variables (red) were the z-standardized (sd=1, mean=0) biogeochemical parameters. Samples (black) are
indicated by the first letter of their sampling month and station number.
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3.6 Protist community composition

Protist communities were significantly varying with time

(Permutational Multivariate Analysis of Variance: adonis,

p=0.001) but were similar in their dominant groups of

diatoms (Bacillariophyceae and Coscinodiscophyceae) and

dinophytes (Dinophyceae; Figures S4, 9). Diatoms were most

dominant in autumn (October-November) communities, while

the polar night (December-February) communities were

dominated by Dinophyceae and other flagellates.

The community structures were also highly variable between

different sampling methods (18S sequencing, phytoplankton net,

water samples, adonis, p=0.001). In particular, dinoflagellates

were significantly more abundant based on the18S sequences

compared to the microscopy counts. In addition to method,

water depth was another important explanatory factor with the

largest variation during the autumn bloom (October/November,

Figure S4b). The polar night communities were generally more

similar between the different depths.

An autumn algal bloom, as indicated by high abundances,

was most pronounced at st 3 in October (Figure 4). The October

bloom at st 3 was dominated by Skeletonema sp. followed by

Pseudo-nitzschia sp. and ciliates in the phytoplankton net hauls.

18S sequences showed a similar structure, but higher

contributions of dinoflagellates and lower contributions of

Pseudo-nitzschia sp. Light microscopy revealed a large number

of dinoflagellate resting spores within the autumn community

(1.28 x 103 spores L-1, 18.6% of total dinoflagellates). At the other

stations an even later bloom occurred at 30 m in November

(Figure 4). Pseudo-nitzschia sp. and choanoflagellates became

more abundant in the surface layer whereas the contribution of
Frontiers in Marine Science 12
Skeletonema sp. decreased. In the deep (30 m) Chl maximum,

Skeletonema sp. was still abundant, but dinoflagellates became

dominant, contributing up to 75% to the microscopy-based

protist communities of the water samples.

During the polar night, protist abundances dropped to a

minimum of 4.1 x 102 cells L-1 in February in water samples. As

the polar night progressed, dinoflagellates were concentrated

further up in the water column and gradually increased their

relative contribution in the surface layer (5 m) from 25% in

November to 71% in February. Besides Dinophyceae ,

choanoflagellates and pennate diatoms were most abundant

during the polar night. 18S sequences provided further details

about the protist taxonomic diversity during the polar night. The

dominating polar night dinoflagellate taxa were Prorocentrum

minimum, Amoebophrya sp., Gyrodinium helveticum and other

Gyrodinium sp, Stramenopiles sp., and Karlodinium veneficum.

Gymnodiniaceae were most abundant from October to January

and the relative contribution decreased when the light returned

in February. In addition the picomonad Picomonas judraskeda

and Stramenopiles occurred frequently. The most abundant

diatoms during the polar night were Skeletonema sp.,

Chaetoceros sp. and Pseudo-Nitzschia sp. The parasitic

dinoflagellate genus Amoebophryra spp. was present

throughout the study period. Amoebophrya spp. were

positively correlated to Gyrodinium spp. (R2 = 0.78),

Gymnodinium spp. (R2 = 0.59), Karlodinium spp. (R2 = 0.47),

and Prorocentrum spp. (R2 = 0.44). Other dominant taxa

identified during the polar night were other heterotrophic

protists, such as Polycystina. Chaetoceros gelidus became the

most dominant species in the following April spring bloom as

evident from 18S sequences and the phytoplankton net data.
BA

FIGURE 8

Bacterial and archaea community structures. (A) Most abundant classes of bacteria and archaea (3 most abundant classes in at least 1 month) at
30 m depth at station 1. (B) NMDS plot of the communities (stress = 0).
frontiersin.org

https://doi.org/10.3389/fmars.2022.915192
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Vonnahme et al. 10.3389/fmars.2022.915192
3.7 Metabolomics

Metabolomics (polar compounds (PC) and fatty (FA) acid

composition of POM) analyses of st 1 at 30 m revealed two to

three potential temporal clusters (Figure S5). PC profiles revealed

three potential temporal clusters of 1) September and November,

and 2) October, December, and 3) January. January metabolomics

composition was most different compared to any other month

which was not the case for the biogeochemical data. FA profiles

were generally more homogenous and revealed two clusters

separating 1) the polar night (December, January, February)

from 2) autumn samples (September, October, November).
4 Discussion

4.1 Seasonal drivers of protist diversity,
production, and biomass

4.1.1 Initiation of the spring
phytoplankton bloom

According to our first hypothesis, incident solar radiation is

the main driver of the initiation of the spring bloom. Already in
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1976 and 1978, Eilertsen and Taasen (1984) identified incident

solar radiation as the main cause for allowing for a March

phytoplankton spring bloom in Balsfjorden (fjord that branches

into Ramfjorden) in a fully mixed water column. In both studies

polar night conditions limited algal growth until the end

February and a spring bloom starting in March was evidenced

by increasing NPP, increasing Chl, and high cell numbers of

bloom forming diatom species dominated by the chain-forming

diatom Chaetoceros gelidus (formally named C. socialis) with

reaching its peak in April. However, Fragilariopsis oceanica,

which was dominant in the 1970s was rather rare in 2019

potentially caused by regional differences between Balsfjorden

and Ramfjorden, interannual variabilities, or a changing climate.

Our 18S metabarcoding allowed a more analysis of protist

community changes compared to the 1970s. Based on

metabarcoding the protist community structure already shifted

to more phototrophic diatoms and less heterotrophic protists in

February at very low light levels (< 10 mEm-2 s-1 at 5m), which was

not detectible in the microscopic data from neither the 2019 nor

the 1970s Thus, we suggest a combined molecular andmicroscopic

approach to detect novel spring bloom dynamics. This would allow

to identify trends and changes in biological properties and relate

those with environmental drivers in long term time series.
B

C D

A

FIGURE 9

Protist community structures. Most abundant taxa (primarily in classes) in (A) phytoplankton net samples (Net), (B) 18S sequencing samples,
(C) water samples at 5 m, and (D) water samples at 30 m. The sample origins are indicated at the bottom label. Months are indicated by the
first three letters of their names.
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Although barcoding indicated increased photosynthetic

activity in February, algal biomass remained low in March,

which we attribute to a combination of vertical export rate and

a high mixing exceeding euphotic layer production until April

(critical turbulence hypothesis, Huisman et al., 1999). At this

time, the net heat loss to the atmosphere with limited freshwater

input caused deep convection, and algal production remained

rather low. In April the reversed heat flux allowed the build-up

of algal biomass in a less intensively but still fully mixed column

(Huisman et al., 1999; Hegseth et al., 2019). The low

zooplankton biomass during this time (Coguiec et al., 2021)

indicates a minor control of algal growth by grazing. Therefore,

we suggest that spring bloom dynamics was mainly explained by

the critical turbulence hypothesis and not the dilution-

recoupling hypothesis (Behrenfeld, 2010). Nevertheless

incident solar radiation (our 3rd hypothesis) was a key driver

of spring production.

The presence of a seasonal fast ice cover is an additional

factor delaying the spring bloom formation at st1 due to its high

albedo and light attenuation. While sea ice algae blooms can play

an additional role in stimulating phytoplankton algal growth

after ice melt, only very low sea ice algae biomass was observed

in Ramfjorden mainly due to limited brine volume fractions

(Persson, 2020). In April, the light reduction by the sea ice cover

likely limited algal growth to only the surface layer (5m) at st1,

while the ice free st 3 experienced already a deep Chl maximum

and surface NOX depletion with C. gelidus dominating at both

sites. Potentially, the high biomass at st 1 could have been

advected from st 3 as suggested earlier (Eilertsen and Taasen,

1984). Light limitation also explains why the NPP at st 1 under

the ice was orders of magnitude lower (peak of 1.6-4.1 mgC m-3

d-1 in April at 5 m) than data from in the ice-free Balsfjorden in

the 1970s (ca 120 mgC m-3 d-1 in April at 5 m).

Sea surface temperature and salinity had changed little in

Ramfjorden since the 1970s. However, sea surface temperature is

projected to increase and sea surface salinity to decrease in the

future (IPCC, 2022), and the resulting earlier water column

stabilization may supporting earlier onset of the spring bloom

based on the critical depth hypothesis (Sverdrup, 1953).

However, our results do indicate currently a phenology control

by vertical mixing, therefore potentially limiting climate change

effects due to temperature and salinity. Increased river runoff

could cause increased brownification (brown DOM) and

sediment inputs in coastal areas (Aksnes et al., 2009; Opdal

et al., 2019), delaying algal bloom formation by reducing light

availability (Opdal et al., 2019). The differences between st 1 and

st 3 indicate that future loss or earlier melt of sea ice could lead to

earlier phytoplankton blooms and higher NPP in currently ice-

covered fjords, similar to high Arctic observations (Ardyna and

Arrigo, 2020). Detecting such changes on bloom timing and

community composition will require continuous long-term

time series.
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4.1.2 Grazing and mixing are key drivers for the
autumn phytoplankton bloom

Our second hypothesis suggested that strong vertical mixing

can initiate an autumn phytoplankton bloom through both

nutrient upwelling and dilution of grazers. Irradiance did not

control autumn bloom formation, as Chl concentrations in

September were as low as during the polar night. Also our

redundancy analyses showed that potential freshwater runoff

(+dd) and stratification (salinity at 5 m) are more important

drivers for biogeochemical variables than light in autumn.

Indications for an autumn bloom after September are the

occurrences of deep Chl maxima and high diatom abundances in

November. We suggest that a deep mixing event in October/

November had caused upwelling of nutrients into the surface

layers, which we missed due to our course temporal resolution.

The cold-water masses at st 1 from depth up to 5 m could also

have been created by that upwelling event. While upwelling can

cause resuspension of bottom sediments and associated algae

(specifically at the relative shallow site st1), the high number of

intact diatom cells (cells with chloroplasts) suggests an earlier

bloom as the more likely source.

The change in algal biomass during a bloom always depends

on the balance between growth and loss terms. During algal

spring blooms, zooplankton (meso- and microzooplankton)

grazing can suppress phytoplankton biomass accumulation

even when primary production is high (Sherr et al., 2009;

Behrenfeld, 2010). This general observation was used to

develop the dilution–recoupling hypothesis that states that

deep mixing and dilution of zooplankton and thereby grazing

pressure is at times more important for control of phytoplankton

biomass accumulation than a favorable light climate in a

stratified water column (Sverdrup, 1953; Behrenfeld, 2010; Saiz

et al., 2013). To our knowledge, this hypothesis has not yet been

applied to autumn conditions for sub-Arctic fjords, where

nutrient resupply via deep mixing is usually considered to be

the key driver (Eilertsen and Taasen, 1984; Wihsgott et al., 2019).

We argue that this hypothesis also needs to be considered for

autumn studies. A recent study in Ramfjorden found high

abundances of herbivorous/omnivorous zooplankton (> 4 x

105 individuals m-2; mostly Oithona similis and Pseudocalanus

spp.) from September to November, with zooplankton

abundances and biomass in November even exceeding those

during the rest of the year (Coguiec et al., 2021). In addition,

microzooplankton grazers can consume a large fraction of

primary production in a range of Arctic and sub-Arctic fjords

(e.g., Verity and Vernet, 1992; Yang et al., 2015). While we did

not measure grazing rates directly, smaller microzooplankton

was highly abundant in our study (choanoflagellates,

dinoflagellates, ciliates) exceeding the abundances of diatoms

in November (1.4 x 104 cells L-1 at 30 m). These observations

show that, in autumn, grazing by micro- and mesozooplankton

may indeed be a key control of phytoplankton biomass
frontiersin.org

https://doi.org/10.3389/fmars.2022.915192
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Vonnahme et al. 10.3389/fmars.2022.915192
accumulation. However, during this period nutrient

concentrations were low. To fully identify the relative

importance of grazing pressure and nutrient limitation, direct

and combined measurements of primary production as well as

grazing activities by zooplankton are needed. The earlier study

by Eilertsen and Taasen (1984) found an apparent lack of

correlation between algae biomass and nutrients in autumn,

indicating that grazing pressure may be a more important driver

than nutrients. After restratification, the phytoplankton biomass

in the stratified surface layer declined and settled out to deeper

depths (including 30 m) likely due to a combination of nutrient

depletion and increased grazing pressure. Eventually, the bloom

terminates due to the onset of the polar night in November.

Future studies are needed to detect these short-lived mixing

event-driven autumn blooms via more frequent sampling,

remote sensing or event-based sampling in response to

meteorological changes. Considering the increasing

temperatures and precipitation with climate change (IPCC,

2022) these weather windows allowing mixing and causing

autumn blooms may be delayed potentially into periods when

light limitation could cause a loss of autumn blooms in high

latitudes. However, in a seasonal ice zone like the inner parts of

Ramfjorden, delayed formation or absence of sea ice may lead to

increased wind mixing and prolonged light availability in

autumn, which may facilitate autumn blooms in these areas

(Ardyna and Arrigo, 2020).

4.1.3 Light limitation and survival strategies for
phototrophs during the polar night

Due to the absence of light, the polar night has long been

considered as a biologically inactive season. However, recently

more attention was given to biological processes at low light

intensities, revealing that even low irradiance (PAR values of 0.5

mE m-2 s-1) is sufficient for photosynthesis of low-light adapted

Arctic microalgae during the polar night (Berge et al., 2015a;

Berge et al., 2015b; Kvernvik et al., 2018; Johnsen et al., 2020).

Hence, we selected 0.5 mE m-2 s-1 irradiance at 5 m depth as a

threshold under which we assumed photosynthetic growth to be

absent. The PAR values at 5 m water depth were only slightly

lower than surface PAR values due to the low concentrations of

light-absorbing organic particles (POC, Chl) in the water column.

Thus, we used the continuous record of surface PAR data to

define polar night conditions and discuss light limitation for

phytoplankton. Accordingly, true Polar Night conditions at our

sampling site lasted from late November to late January. During

this time, algal biomass and abundances were low (Chl, relative

18S based abundance, cell counts), Phaeophytin to Chl ratios

were high, and d13C-POC values low. NPP was measurable due to

the large incubation volume (0.5 L) and long incubation time

(24h) but had been very low (0.01 mgC m-3 d-1).

The decreasing d13C-POC values during the polar night can

be related to decreasing marine primary production or

increasing relative importance of terrestrial C (autochthonous
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C source, Simenstad and Wissmar, 1985). Polar night d13C-POC
values at 5 m around -29.5‰ (IQ=-29.7‰ to -29.3‰) were in

fact close to values of terrestrial POC (range of -29‰ to -31‰;

Simenstad and Wissmar, 1985), while the autumn bloom values

around -28.1‰ (IQ=-28.1‰ to -28.0‰) and spring values

around -26.1‰ (IQ=-26.4‰ to -25.7‰) are more similar to

coastal phytoplankton values (-22.7‰ ± (sd) 2.1‰; Simenstad

and Wissmar, 1985). However, the autumn values are very close

to the polar night values with only 1‰ difference. For the spring

bloom, a combination of increased marine NPP and decreased

river runoff contributes likely both to the increasing d13C-POC.
Irradiance was clearly limiting photosynthesis during the

polar night. However, algae have developed a multitude of

strategies for growth and/or survival under these conditions

including parasitism, mixotrophy, reduced activity, dormancy or

spore formation, usage of storage compounds, (Zhang et al.,

1998; Cleary and Durbin, 2016; Johnsen et al., 2020). Overall, the

polar night protist community became more dominated by

heterotrophic, or mixotrophic taxa, including their parasites.

The dominance of known mixotrophic dinoflagellates during the

dark period of our study indicates that mixotrophy is an

important survival strategy. With the dominance of

dinoflagellates, also their parasites, namely the parasitic

dinoflagellate Amoebophyra spp. became abundant and diverse

(238 OTUs) with a wide range of potential hosts (Dinophysis,

Alexandrium, Gonyaulix, Karlodinium, Prorocentrum, and

Scripsiella). Also typical heterotrophic phagotrophic protists

(e.g. Monier et al., 2013) such as choanoflagellates,

Polycystina, and ciliates became relatively more dominant

during the polar night. High latitude phytoplankton may also

survive using intracellular storage compounds such as

carbohydrates and lipids (Zhang et al., 1998).

Temperature with reduced metabolic rates is a crucial factor

determining the length of dark-survival (Smayda and Mitchell-

Innes, 1974). The common genus Skeletonema has previously been

described as the only diatom taxon to thrive during the polar night

in our study area (Eilertsen and Degerlund, 2010). Skeletonema sp.

can survive up to 24 weeks of darkness at 2°C, which is well

beyond the polar night period of our study (Smayda and Mitchell-

Innes, 1974). Efficient dark inorganic nitrogen uptake is one

proposed mechanism for their dark survival (Stenow et al.,

2020). At higher temperatures, heterotrophic activities increase,

and the survival period decreases (Smayda and Mitchell-Innes,

1974), indicating their vulnerability to a warming climate.

4.2 Seasonal drivers of bacteria and
archaea communities, activities,
and biomass

4.2.1 Allochthonous vs autochthonous C
sources for prokaryotes in autumn/winter

While growth of phytoplankton is primarily controlled by

light, nutrient availability, and grazing, heterotrophic
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prokaryotes are dependent on organic matter (OM) as carbon

source. In coastal areas, OM may originate from marine primary

production or terrestrial inputs (Figueroa et al., 2016). Especially

in systems with low primary production (such as the polar

night), allochthonous DOM may be the main C source for

bacterial growth (Figueroa et al., 2016). Yet, the importance of

allochthonous carbon for bacteria in coastal Arctic systems has

only recently been considered (Sipler et al., 2017a; Sipler et al.,

2017b; Delpech et al., 2021). According to our 3rd hypothesis

allochthonous organic matter inputs from land can feed an

active polar night microbial community.

We found overall evidence of both locally produced and

allochthonous carbon sources being important for bacteria

biomass but having only limited effects on prokaryotic

community structures. In September/early October bacteria

abundances were high despite low Chl concentrations and

high abundances of potential bacterivorous organisms (e.g.

microzooplankton, choanoflagellates). High amount of

freshwater inputs (salinity-stratified surface) potentially

provided terrestrial OM as main carbon source during this

time as also evidenced by low d13C-POC, high d15N-PON, and
high POC/Chl ratios.

While our proxies for surface runoff (surface salinity, +dd)

and terrestrial OM inputs have their limitations, we argue that

they are adequate in a system where the main freshwater input in

winter comes from snowmelt. The first limitation is that we only

measured POM, while prokaryotes are mainly feeding on DOM.

However, earlier studies found that the highest seasonality is

found in POM, while DOM shows only minor seasonality (Davis

and Benner, 2005). The second limitation is that freshwater

runoff may not be directly proportional to terrestrial OM runoff.

OM concentrations and lability in runoff can have strong

seasonal variability and ideally measurements of OM

concentrations in the tributaries are needed to relate

freshwater and OM inputs (Kaiser et al., 2017; McGovern

et al., 2020). However, earlier Arctic fjord studies showed that

snowmelt-based runoff with shallow flow paths is rich in

bioavailable DOM (Kaiser et al., 2017; McGovern et al., 2020)

with DOM concentrations overall proportional to the freshwater

inputs (Kaiser et al., 2017). Thus, we suggest that freshwater

runoff can be an adequate proxy during a time with snowmelt as

main freshwater source if supportive data are present (e.g. d13C-
POC). Thirdly, we did not measure the bioavailability of the

terrestrial OM. Recent studies show that terrestrial OM in

the Arctic can be highly bioavailable (e.g. 7% of DOC in the

Chuckchi Sea; Sipler et al., 2017b), especially if it originates from

snowmelt (Kaiser et al., 2017). However, terrestrial OM is

typically poor in N, and its use for bacterial growth requires

additional DIN from the water column (Sipler et al., 2017a).

While competition for DIN with phototrophic protists certainly

plays a role in spring (Sipler et al., 2017a), DIN should not be

limiting in the polar night making N-poor terrestrial OM more

readily available for bacterial growth.
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Once air temperatures fell below 0°C in November, terrestrial

runoff was reduced. As indicated by the sharp decline of POC,

this likely also affected the terrestrial OM supply for marine

bacterial production. However, we still observed high bacteria

biomass and production (13C-2Gly uptake) most likely fueled by

remaining DOC from the previous autumn phytoplankton bloom

formation as described above. While algae biomass was already

declining at that time (export by sedimentation, grazing), their

DOM exudates can still be concentrated at the surface (export by

diffusion and advection). Rather high phaeophytin

concentrations support the hypothesis of degrading algae cells

as DOM source. Surprisingly, the bacterial community structure

in contrast to the protist communities did hardly change during

the polar night. However, since both terrestrial inputs and

autochthonous carbon supply were limited, bacteria biomass

and production were low.

The composition of polar compounds was very different in

January compared to any other months apart of a few samples in

September and October. Considering the melt event just before

the sampling, the difference may be related to a spike of

terrestrial particulate and dissolved OM input. Bottom water

and bottom sediments may also be a source of unusual polar

compound signatures, especially at the rather shallow (55 m) st.

1, but are unlikely considering the melt event and increased

stratification index compared to December and February.

Differences in samples in September/October from January

may also indicate different terrestrial input sources in autumn

and winter. Slightly increased POC and NOX concentrations and

the salinity-stratified surface layer support this hypothesis, but

the lack of bacteria data (abundances and production) in January

prevents us from discussing the importance of this terrestrial

OM spikes on prokaryotes. Based on the evidence of a strong

effect of terrestrial OM in early autumn in the absence of high

algae biomass, we suggest that this terrestrial OM spike led to a

mid-polar night (January) bacteria bloom. Also earlier studies

found high OM concentrations and bioavailability in snowmelt-

based runoff using different methods focusing in more detail on

DOM concentrations and composition in the marine and

freshwater endmembers (e.g. Kaiser et al., 2017; McGovern

et al., 2020).

4.2.2 Bacterial and archaea communities as
environmental indicators

In addition to the co-occurrence of increasing bacterial

activities and biomass with either terrestrial runoff (precipitation,

air temperature, stratification) or Chl concentrations, the 16S

community structure may give indications on the source of OM

and the source of bacteria and archaea. Some bacteria groups are

solely found in either marine pelagic, marine sediment, or

terrestrial systems, allowing us to make careful spatial inferences.

However, many groups are found in both systems (e.g.

Acidimicrobineae; Alonso-Sáez et al., 2015). Overall, we found

both pelagic marine (e.g. Pelagibacter, Owenweeksia,
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Nitrosopumilus, Aquibacter; Morris et al., 2002; Lau et al., 2005;

Walker et al., 2010; Hameed et al., 2014) and sediment related taxa

(e.g. Desulfatitalea, Deferrisoma; Higashioka et al., 2013; Wunder

et al., 2021) to be most abundant throughout the study period. The

presence of soil associated bacterium Labilitrichaceae (Yamamoto

et al., 2014) in the polar night indicate terrestrial inputs, while the

increasing dominance of the marine sediment associated

Deltaproteobacterium Desulfatitalea (Higashioka et al., 2013)

towards April gives an indication of a mixing water column and

potential sediment resuspension. This mixing indicated by the

presence of Desulfatitalea could also add phytoplankton spores as

inoculum for the spring bloom (Hegseth et al., 2019). Considering

the rather shallow depth of st 1 (55 m), sediment resuspension is

indeed a likely source. The high abundance of the common marine

archaea Nitrosopumilus suggests that nitrification may be a

dominant autotrophic process during the polar night. Earlier

studies in other light-limited marine systems (e.g. under sea ice)

found Nitrosopumilus to be abundant and active (Yergeau et al.,

2017). While abundance alone does not show if nitrification is

happening, earlier studies during the polar night found increased

nitrification rates and gene expression, when nitrifier abundances

were high (Christman et al., 2011). Christman et al. (2011) suggest

that limited competition with algae due to light limitation and

decreased light inhibition of ammonia oxidase may be the key

factors facilitating nitrification in the polar night.

4.2.3 Changes in OM sources drive prokaryotes
during spring

With the onset of light, primary production and algal

biomass increased, but bacterial production stayed low with

their biomass not increasing before the Chl accumulation in

April. During this time, influx of land runoff was still limited,

especially at the depth where bacteria were studied (30 m),

suggesting mainly autochthonous OM as carbon source. In

addition, terrestrial OM is typically poor in N and prokaryotic

degradation of terrestrial OM requires high DIN concentrations

as N source (Sipler et al., 2017a). With the onset of the algal

spring bloom, prokaryotes start competing for DIN and are

likely less efficient in using the terrestrial OM (Sipler et al.,

2017a). We suggest that the prokaryotic community is mainly

driven by both the changes in the dominant carbon source and

increased competition with algae for DIN. In spring bacteria

were closely linked to the controls of algal growth because

autochthonous carbon production was likely the dominant

source. The increasing abundance of marine sediment-

associated taxa such as Desulfatitalea towards April can be

caused by sediment upwelling. We suggest, however, that these

taxa are not active in the oxygenated water column due to their

dependence on potentially anoxic and eutrophic marine

sediments and a reduced electron source. Once land runoff is

occurring in spring, terrestrial OM becomes an additional C
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source, potentially uncoupling the dependency of planktonic

prokaryotes on phytoplankton production. However, due to the

high DIN demand for degrading terrestrial OM, we suggest that

this process is limited to depths below the euphotic zone. In a

changing climate with an increased melting season, this

uncoupling may become more important, potentially leading

to increased heterotrophic production, also during the

polar night.
4.3 Summary and Outlook

Our time series study in Ramfjorden provided unique

insights into the growth dynamics in the pelagic system of a

sub-Arctic fjord. We suggest that the interplay of three different

so far separately discussed hypotheses can explain the observed

transitions in the functioning and diversity of the lower trophic

level systems, with periods governed by critical depth, critical

turbulence, and dilution-decoupling hypotheses (Figure 10).

The main physical drivers were irradiance (photosynthetic

active radiation: PAR) and air temperature (+dd). Air

temperature was an important factor controlling terrestrial

freshwater runoff in autumn and winter (at temperatures

above 0°C), which strengthened the land-fjord coupling.

During the polar night (PAR <0.5 µE m-2 s-2) primary

production was light limited, but we found evidence for

allochthonous carbon inputs available for bacteria growth.

Other drivers such as stratification in the fjord and sea ice

cover had a strong local impact especially at st 1. Protist biomass

and primary production were also related to nutrient availability

and grazing pressure (zooplankton abundances). Autumn had

characteristic bacterial and archaeal communities, while the

polar night and spring had distinct eukaryotic communities.

Fatty acid patterns changed in the same way as the plankton

community compositions (DNA-based) which indicates that the

fatty acids were mostly originating from the living plankton

communities (DNA of dead cells would degrade quickly). In fact,

fatty acids are often used as biomarkers for different microalgae

groups (Sahu et al., 2014). Polar compound patterns appeared

more directly related to meteorological drivers and events than

to the biogeochemical parameters or plankton communities.

Land-ocean interactions and runoff during rain and melt events

functioned as the main source of these compounds. An overview

of the data is provided in Figure 10. As discussed above, we

suggest different bloom formation hypotheses for the autumn

and spring bloom. Our study showed that during the autumn

bloom the dilution-recoupling hypothesis (Behrenfeld, 2010)

was most important, whereas the spring bloom was controlled

by incident solar radiation and to some extend by the critical

turbulence (Huisman et al., 1999) and critical depth (Sverdrup,

1953) hypotheses for accumulation of biomass.
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The strong environmental changes occurring in coastal

systems as shown and predicted by IPCC (2022) suggests major

impacts on the coastal marine system. Our results suggest

possible change in the timing of the algal autumn bloom,

potential failure in currently successful overwintering strategies

(due to warming) and stronger decoupling between procaryotic

and eukaryotic production dynamics due to stronger land-ocean

interactions. Also mid-winter melt events may become more

frequent (IPCC, 2022), increasing the overall heterotrophic

production during the polar night due to higher terrestrial OM

supply. At the same time, higher water temperatures will increase

heterotrophic enzymatic activities. Only continued long-term

time series studies as done here for Ramfjorden will be able to

resolve how the marine system will cope with the multistressor

impacts caused by climate change.
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Wangensteen, O. S., Palacıń, C., Guardiola, M., and Turon, X. (2018). DNA
Metabarcoding of littoral hard-bottom communities: high diversity and database
gaps revealed by two molecular markers. PeerJ 6, e4705. doi: 10.7717/peerj.4705

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy.
Appl. Environ. Microbiol. 73 (16), 5261–5267. doi: 10.1128/AEM.00062-07

Wietz, M., Bienhold, C., Metfies, K., Torres-Valdés, S., von Appen, W. J., Salter,
I., et al. (2021). The polar night shift: Seasonal dynamics and drivers of Arctic
Ocean microbiomes revealed by autonomous sampling. ISME Commun. 1 (1), 1–
12. doi: 10.1038/s43705-021-00074-4

Wihsgott, J. U., Sharples, J., Hopkins, J. E., Woodward, E. M. S., Hull, T.,
Greenwood, N., et al. (2019). Observations of vertical mixing in autumn and its
effect on the autumn phytoplankton bloom. Prog. Oceanogr. 177, 102059. doi:
10.1016/j.pocean.2019.01.001

Wunder, L. C., Aromokeye, D. A., Yin, X., Richter-Heitmann, T., Willis-Poratti,
G., Schnakenberg, A., et al. (2021). Iron and sulfate reduction structure microbial
communities in (sub-) Antarctic sediments. ISME J. 15, 1–18. doi: 10.1038/s41396-
021-01014-9

Yamamoto, E., Muramatsu, H., and Nagai, K. (2014). Vulgatibacter incomptus
gen. nov., sp. nov. and labilithrix luteola gen. nov., sp. nov., two myxobacteria
isolated from soil in yakushima island, and the description of vulgatibacteraceae
fam. nov., labilitrichaceae fam. nov. and anaeromyxobacteraceae fam. nov. Int. J.
Syst. Evol. 64 (Pt_10), 3360–3368. doi: 10.1099/ijs.0.063198-0

Yang, E. J., Ha, H. K., and Kang, S. H. (2015). Microzooplankton community
structure and grazing impact on major phytoplankton in the chukchi sea and the
western Canada basin. Arctic ocean. Deep Sea Res. Part II Top. Stud. Oceanogr. 120,
91–102. doi: 10.1016/j.dsr2.2014.05.020

Yergeau, E., Michel, C., Tremblay, J., Niemi, A., King, T. L., Wyglinski, J., et al.
(2017). Metagenomic survey of the taxonomic and functional microbial
communities of seawater and sea ice from the Canadian Arctic. Sci. Rep. 7,
42242. doi: 10.1038/srep42242

Yr.no and Tromsø Verværslinga. Available at: https://www.yr.no/nb/historikk/
graf/5-90450/Norge/Troms%20og%20Finnmark/Troms%C3%B8/Troms%C3%
B8%20(Vervarslinga) (Accessed 08.12.2020).

Zhang, Q., Gradinger, R., and Spindler, M. (1998). Dark survival of marine
microalgae in the high Arctic (Greenland Sea). Polarforschung 65 (3), 111–116.
frontiersin.org

https://doi.org/10.1002/ecy.2201
https://doi.org/10.1016/ j.phytochem.2013.02.001
https://doi.org/10.1016/ j.phytochem.2013.02.001
https://doi.org/10.1016/j.dsr.2012.10.003
https://doi.org/10.1016/j.dsr.2012.10.003
https://doi.org/10.1016/0021-9673(92)85673-H
https://doi.org/10.1016/j.dsr2.2008.10.036
https://doi.org/10.3354/meps022141
https://doi.org/10.1002/lno.10541
https://doi.org/10.3389/fmicb.2017.01018
https://doi.org/10.1007/BF00394965
https://doi.org/10.1111/jpy.12975
https://doi.org/10.1093/icesjms/18.3.287
https://doi.org/10.1093/icesjms/18.3.287
https://doi.org/10.7554/eLife.11888
https://doi.org/10.1080/05384680.1958.11904091
https://doi.org/10.1080/00364827.1992.10413511
https://doi.org/10.5194/bg-18-1719-2021
https://doi.org/10.5194/tc-15-2083-2021
https://doi.org/10.5194/tc-15-2083-2021
https://doi.org/10.1073/pnas.0913533107
https://doi.org/10.7717/peerj.4705
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1038/s43705-021-00074-4
https://doi.org/10.1016/j.pocean.2019.01.001
https://doi.org/10.1038/s41396-021-01014-9
https://doi.org/10.1038/s41396-021-01014-9
https://doi.org/10.1099/ijs.0.063198-0
https://doi.org/10.1016/j.dsr2.2014.05.020
https://doi.org/10.1038/srep42242
https://www.yr.no/nb/historikk/graf/5-90450/Norge/Troms%20og%20Finnmark/Troms%C3%B8/Troms%C3%B8%20(Vervarslinga)
https://www.yr.no/nb/historikk/graf/5-90450/Norge/Troms%20og%20Finnmark/Troms%C3%B8/Troms%C3%B8%20(Vervarslinga)
https://www.yr.no/nb/historikk/graf/5-90450/Norge/Troms%20og%20Finnmark/Troms%C3%B8/Troms%C3%B8%20(Vervarslinga)
https://doi.org/10.3389/fmars.2022.915192
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.researchgate.net/publication/364030685

	Light and freshwater discharge drive the biogeochemistry and microbial ecology in a sub-Arctic fjord over the Polar night
	1 Introduction
	2 Materials and methods
	2.1 Field work
	2.2 Physical parameters
	2.3 Biogeochemical variables
	2.4 Metabolic activities
	2.5 Metabolomics
	2.5.1 FAME derivatization
	2.5.2 Polar compound derivatization
	2.5.3 GC-MS data acquisition
	2.5.4 Data analyses

	2.6 Communities and biomass
	2.7 Bioinformatics and statistics

	3 Results
	3.1 Physical environment
	3.2 Biogeochemistry
	3.3 Physical drivers of biogeochemical changes
	3.4 Metabolic activities
	3.5 Bacterial and Archaeal communities
	3.6 Protist community composition
	3.7 Metabolomics

	4 Discussion
	4.1 Seasonal drivers of protist diversity, production, and biomass
	4.1.1 Initiation of the spring phytoplankton bloom
	4.1.2 Grazing and mixing are key drivers for the autumn phytoplankton bloom
	4.1.3 Light limitation and survival strategies for phototrophs during the polar night

	4.2 Seasonal drivers of bacteria and archaea communities, activities, and biomass
	4.2.1 Allochthonous vs autochthonous C sources for prokaryotes in autumn/winter
	4.2.2 Bacterial and archaea communities as environmental indicators
	4.2.3 Changes in OM sources drive prokaryotes during spring

	4.3 Summary and Outlook

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


