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High-latitude fjords and continental shelves are shown to be sinks for atmospheric CO»,
yet large spatial-temporal variability and poor regional coverage of sea-air CO» flux data,
especially from fjord systems, makes it difficult to scale our knowledge on how they
contribute to atmospheric carbon regulation. The magnitude and seasonal variability
of atmosphere-sea CO, flux was investigated in high-latitude northern Norwegian
coastal areas over 2018 and 2019, including four fijords and one coastal bay. The
aim was to assess the physical and biogeochemical factors controlling CO» flux and
partial pressure of CO» in surface water via correlation to physical oceanographic and
biological measurements. The results show that the study region acts as an overall
atmospheric CO» sink throughout the year, largely due to the strong undersaturation
of CO» relative to atmospheric concentrations. Wind speed exerted the strongest
influence on the instantaneous rate of sea-air CO» exchange, while exhibiting high
variability. We concluded that the northernmost fijords (Altafjord and Porsangerfjord)
showed stronger potential for instantaneous CO» uptake due to higher wind speeds.
We also found that fixation of CO» was likely a significant factor controlling ApCO»
from April to June, which followed phenology of spring phytoplankton blooms at each
location. Decreased ApCO» and the resulting sea-air CO» flux was observed in autumn
due to a combined reduction of the mixed layer with entrain of high CO» subsurface
water, damped biological activity and higher surface water temperatures. This study
provides the first measurements of atmospheric CO» flux in these fjord systems and
therefore an important new baseline for gaining a better understanding on how the
northern Norwegian coast and characteristic fiord systems participate in atmosphere
carbon regulation.

Keywords: fjord and channel ecosystems, primary production, CO, sink, algae bloom, microalga

INTRODUCTION

High-latitude fjords and continental shelf regions are sinks for atmospheric carbon dioxide (CO,)
due to prominent undersaturation in surface water partial pressure (pCO;) with respect to
atmosphere, however, there exists large spatial-temporal variability as a result of heterogeneity
in biogeochemical cycles and seasonal abiotic and biological processes (Takahashi et al., 2002;
Bates, 2006; Chen et al,, 2013; Yasunaka et al., 2016; Jones et al., 2020). The primary cause
of undersaturation is complex but may be attributed to several combined processes, including:
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(i) intense summer drawdown by phytoplankton primary
production (PP) and subsequent vertical export of organic matter
to the benthos, (ii) horizontal export of CO, as dissolved
inorganic carbon with local ocean circulation patterns, and (iii)
atmospheric cooling of surface waters in winter that increase
CO; solubility and associated disequilibrium of the water with
the atmospheric CO; (Tsunogai et al., 1999; Thomas et al., 2004;
Bates, 2006). These entire regions or specific sections can also
outgas CO; to the atmosphere due to river inputs and the
production, export, and degradation of organic matter (Thomas
et al., 2004). However, the unique oceanographic characteristics
of the semi-enclosed fjord systems add to the complexity of
carbon cycling and relatively little is known about their role in
global atmospheric uptake or release of carbon. For example,
the influence of substantial freshwater inflow and strong spatial-
temporal variability in phytoplankton blooms are known to
strongly influence surface water pCO; and corresponding CO;
flux (Rysgaard et al., 2012; Meire et al., 2015; Ericson et al., 2018,
2019; Jones et al.,, 2020). Yet, there is still poor seasonal and
regional coverage of how these biophysical factors interact with
fjord specific hydrography to influence air-sea CO; exchange. In
addition, similar strength of atmosphere-sea gradient of pCO,
does not necessary lead to equal CO, uptake between different
fjords or regions. Wind speed has a critical role controlling
instantaneous sea-air exchanges of CO; because it is used as
a function of gas transfer velocity and can therefore cause
considerable temporal and spatial variability (Sejr et al., 2011;
Chen et al., 2013; Wanninkhof, 2014; Ericson et al., 2018).

A defining feature of fjord systems is the impact of current
or previous glaciation. In fjords of Greenland and Svalbard, both
land and ocean terminating glaciers are sources of substantial
freshwater inflow. In comparison, the influence of glaciers on
oceanographic conditions of fjord systems in northern Norway
(>69 N°) is largely absent (Wassmann et al., 1996; Meire et al.,
2015; Ericson et al., 2018). Instead, freshwater inputs are largely
attributed to riverine inflow that are seasonally focused in late
spring with terrestrial snow melt (Svendsen, 1995). The result is a
brief period of stratification in many fjords of northern Norway,
which is often characterized by a relatively weak and shallow
pycnocline. Seasonality is also present in these Norwegian fjords,
to a lesser extent, in autumn during periods of heavy rain and
negative heat flux throughout large parts of the year, i.e., surface
water mixing induced by cooling of the surface water (Wassmann
et al., 1996; Eilertsen and Skardhamar, 2006). The topography
varies in northern Norwegian fjords. Shallow sills in the mouth of
the fjords are present, missing or located closer to the head. These
sills are often quite deep, enabling relatively good exchange with
the adjacent coastal water and frequent advection (Eilertsen and
SkarOhamar, 2006). The hydrography of the northern Norwegian
coastline, including its numerous fjord systems, is predominantly
influenced by the North Atlantic Current that carries warm and
saline Atlantic water northwards (S > 35;5 < T < 10°C), as well
as the cold and less saline Norwegian Coastal Water (S < 35;
4 < T < 12°C) that is carried north by the Norwegian Coastal
Current. Together these water masses merge over the Norwegian
shelf ridge (Nordby et al., 1999; Skardhamar and Svendsen, 2005).
The temperature influence of Norwegian Coastal Current is

thought to diminish northward along the North Norwegian coast
and in its fjords, which are affected by more localized oceanic and
climate factors like fjord-coast communication and ambient air
temperature (Eilertsen and Skardhamar, 2006).

A highly stratified water column and low surface water
salinity creates high potential for CO, uptake (Meire et al.,
2015; Ericson et al., 2019). The summertime halocline caused by
glacial meltwater or river discharge into fjords can prevent CO,
released by remineralization of organic material in subsurface
layer to entrain surface water during summer that also helps
to maintain the low summertime pCO; level (Rysgaard et al,
2012). Often, the surface water pCO, increases from autumn to
winter maximum near atmospheric equilibrium due to erosion
of stratification, i.e., entrain of subsurface water, and increasing
salinity, low biological production and sea-air CO, exchange in
seasonal ice-free fjords (Ericson et al., 2018; Jones et al., 2020).
The river runoff and glacial meltwater can have different impacts
on the fjord’s surface water pCOs, as the glacial origin meltwater
is usually combined with snow melt and it is low in dissolved
inorganic carbon, total alkalinity (TA) and organic matter, but
not necessarily undersaturated with respect to atmospheric CO;
(Meire et al., 2015). However, it can lead to an intensive decrease
in surface water pCO; due to thermodynamic effect of salinity on
pCO; (Meire et al., 2015). Whereas, river runoff is a combination
of river water, soil water and rainwater determined largely by
characteristics in watershed and can therefore be a source of
carbon as the CO; can be derived from the decay of organic
matter and dissolution of carbonate minerals (Telmer and Veizer,
1999; Delaigue et al., 2020).

Northern Norwegian fjords, as compared to temperate fjords
in southern Norway and many Arctic fjords in Svalbard, are
distinct in their reception of comparatively low concentration of
terrestrial originating organic matter. The total organic carbon
content is similar to Arctic fjords and lower to fjords in southern
Norway, thus the organic carbon material is predominantly
derived from spring phytoplankton growth (Wtodarska-
Kowalczuk et al., 2019). The sedimentation and burial rate are
low and indications of effective exportation of organic material
from fjords due to advection has been reported (Reigstad and
Wassmann, 1996). That results in less heterotrophic microbial
activity that effectively competes with autotrophic biological
drawdown of CO, (Wlodarska-Kowalczuk et al., 2019).

Short periods for PP are defining ecological features to high-
latitude fjords and responsible for significant, seasonal drops in
surface water pCO;, which usually occurs in April-May prior
to major freshwater input (Meire et al., 2015; Ericson et al.,
2018; Jones et al., 2020). Phytoplankton production in northern
Norwegian fjords is limited between the end of March and
September/October when light is available for photosynthesis
(Eilertsen and Degerlund, 2010). Annual pelagic production is
estimated around 100 g C m~?2 with variability predominantly
being associated with available of nutrients and mixed layer
depth (MLD). Limitation of nutrients like nitrate, often causes
the culmination of spring microalgae blooms quickly after the
onset (Eilertsen and Taasen, 1984). The weak stratification allows
occasionally the introduction of nutrients to surface with mixing
caused by increased wind events. The summertime riverine input
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in the area contributes only to a small extent to available nutrients
(Wassmann et al., 1996; Jones et al., 2020). Sometimes the mixed
layer is so deep that it hinders the growth as the cells sink below
euphotic zone (Eilertsen and Taasen, 1984).

The ecology of northern Norwegian fjords with respect
to phytoplankton, zooplankton, benthos and fish has been
extensively investigated (i.e., Eilertsen and Taasen, 1984; Bax
and Eliassen, 1990; Oug and Hoisceter, 2000; Michelsen
et al., 2017). However, their role in sea-air CO, flux is still
largely unknown. In this study we quantify the degree to
which physical-biogeochemical environments of fjord systems
in northern Norway influence sea-air CO;, flux. Toward this
purpose, we compare spatial-temporal variability in sea-air
CO; flux along a geographical transect and assess the regional
strength of the oceanic carbon sink in northern Norwegian
fjords. We then relate these new insights on CO, flux to
fjord physical-biogeochemical properties to elucidate the main
drivers of sea-air CO, exchange. This study provides a first
observation of surface water pCO, and CO; flux in these
specific northern Norwegian fjords and therefore represents an
important baseline for understanding potential response of CO;
sink in this contemporary age of increasing global temperature
and atmospheric CO; concentrations.

MATERIALS AND METHODS

Study Area

The study was performed between 2018 and 2019 in the
fjords, Malangen Fjord (i), Balsfjord (ii), Altafjord (iii) and
Porsangerfjord (iv), and in the bay, Finnfjord Indre (v), of coastal
northern Norway (Supplementary Table 1). These locations
were chosen to represent the range of local geographies and
known oceanographic features of the studied area and are defined
by the following features: (i) Malangen Fjord (MS; 240 m).
A 45 km long fjord of southeast-northwest direction, consisting
of two basins separated by a 160 m sill and the depth at
the entrance area is 200 m (Mankettikara, 2013). Fjord waters
are freely connected to the outer coastal waters of Norwegian
Coastal Current and inflows of dense Atlantic water are possible
(Wassmann et al., 1996). Malangen Fjord also receives significant
inflow from the Malangen River (Eilertsen and Skardhamar,
2006). Sampling was conducted in the outer part of the fjord.
(ii) Balsfjord (BS; 124 m). A narrow single basin, 60 km long
fjord of south/south-east direction, separated from surrounding
coastal waters by 8 m and 9 m sounds and by a 35 m sill at
fjord entrance (Eilertsen and Taasen, 1984). Fjord waters are
exchanged and mixed to a large extent with water mass from
Malangen Fjord (Svendsen, 1995). Run-off from several small
rivers is moderate, and there is a typical estuarine circulation
taking place during summer that is known to cause upwelling
events in the head of the fjord (Svendsen, 1995). Sampling took
place approximately in the middle of the fjord. (iii) Altafjord
(AM@; 405 m). A 30 km long and non-uniform width fjord,
consisting of two basins: deep outer part with maximum depth
of 450 m and shallow inner parts (Mankettikara, 2013). A 190 m
sill at the entrance prevents free inflows of outer coastal waters

of Norwegian Coastal Current (Mankettikara, 2013). Altafjord
receives inflow from Alta River (Eilertsen and Skardhamar, 2006).
Sampling was conducted approximately in the middle of the
fjord. (iv) Porsangerfjord (PV; 209 m and PR; 113 m). A 100 km
long and 15-20 km wide fjord of north-south oriented direction,
consisting of two basins separated by a 60 m sill from 30 km of
the head of the fjord. The entrance of the fjord is 200 m (no sill)
and the maximum depth is 230 m. Fjord waters in outer part
are freely connected to the outer coastal waters of Norwegian
Coastal Current and Barents Sea (Mankettikara, 2013). Upwelling
events in the middle of the fjord during summer are possible
(Svendsen, 1995). Porsangerfjord receives inflow from Laks River
and Bers River (Mankettikara, 2013). Sampling took place at
the entrance of the fjord (PV) and in the inner basin (PR).
(v) Finnfjord Indre (ST22; 62 m). A small and shallow bay
adjacent to Finnsnes sound. It was chosen because of the close
proximity to large CO, emitting industrial activity, i.e., the
ferrosilicon producer Finnfjord AS. Finnfjord Indre borders to
Gisund strait characterized by high current speeds (Larsen, 2015).
Gisund strait opens to Malangen fjord (north) and divides into
two smaller fjords (south). Finnfjord Indre receives inflow from
Mevatn River. The station ST22 is approximately 1.5 km from a
ferrosilicon smelter plant (Finnfjord AS) with CO, emission of
300 000 tons annually (Norwegian Environment Agency, 2021).

Samples from all fjords except Finnfjord Indre were collected
from R/V Johan Ruud as a part of Sea Environmental Sampling
program (Havmiljedata, HMD), coordinated through the Faculty
of Biosciences, Fisheries and Economics (UiT, The Arctic
University of Norway, Tromse, Norway) (see Mankettikara,
2013). Sampling in Finnfjord Indre was performed with a
6.5 m Polarcirkel boat, equipped for oceanographic research.
Wind speed values were obtained from fjord stations during
cruises by automated meteorological loggers (Airmar 200WX,
United States) mounted on board Johan Ruud approximately
10 m above sea level, and daily atmospheric pressure readings
from the nearest meteorological station supplied by Norwegian
Meteorological Institute. Whereas in Finnfjord Indre both
these parameters relied on records obtained from nearest
meteorological station and therefore wind speed values used in
further calculations were corrected to reference height, 10 m
above sea level (Hartman and Hammond, 1985).

Vertical profiles of Conductivity-Temperature-Depth (CTD)
and in vivo fluorescence were obtained with a Seabird Scientific
9-11 plus CTD at the fjord stations. In Finnfjord Indre CTD
casts were taken with a handheld AML Oceanographic Base
X2 CTD, which did not support fluorescence measurements.
MLD was determined from CTD-profiles using a density change
threshold of 0.1 kg m® and 10 m as a reference depth
(Peralta-Ferriz and Woodgate, 2015).

Measurement of dissolved (pCO;) and atmospheric CO, were
obtained using an underwater and atmospheric nondispersive
CO,-infared (NIDR) detector (Franatech Dissolved CO;, IR,
Germany), respectively, coupled to a temperature sensor (4-
wire platinum temperature 1,000). The estimated error of the
CO;-sensor reported by manufacturer after product calibration
is = 5%. The NIDR detector utilizes an equilibrium system via
a semi-permeable membrane in order to measure CO; (ppmv)
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directly from gas phase. These CO, concentrations were then
converted to mole fraction of the gas (xCO;) according to
Dalton’s law. Both, atmospheric CO;, and surface water pCO,
were determined as a product of xCO; and atmospheric pressure.
A water-vapor pressure correction was not used because xCO;
was not measured in a dry air equilibrium.

Atmospheric CO, (ppmv) was measured in air by positioning
the NIDR detector approximately 3-4 m above sea level and
below exhaust of the R/V Johan Ruud. To minimize the influence
of the vessel exhaust on measurements, the vessel was positioned
with the dominant wind direction blowing away from the sensor.
For these same reasons, the engine of the Polarcirkel boat was
turned off for the duration of measurements while sampling
in Finnfjord Indre. Measurements for surface water pCO; at
all fjord stations were taken at 5 m depths. All measurements
were performed in total for 30 min to allow time for sensor
stabilization (20 min) prior to 10 min of data collection at a
measurement frequency of 15 s. The data of a 10-min average
with associated standard deviation (SD) is used in further
calculations below. The factory calibration of the CO, sensor
proved reliable for measuring the difference (ApCO;) but was
not used for absolute concentrations.

Calculation of Sea-Air CO5 Flux

CO, flux, F (mmol m~2 d~1), was calculated according to Eqs
1 and 2 representing the common bulk gas flux formulation
(Wanninkhof, 2014);

F = Kok (pCO, — CO5™) (1)

660
k = 02512, — ()
Sc

where Ky is the solubility (moles L~! atm™!) from Weiss
(1974) at salinity and temperature (SST) derived from CTD
measurements (above). Following these calculations, the pCO,-
CO,%" is the sea-air pCO; difference (ApCO,) and k is the gas
transfer velocity (cm h™!). Here, negative flux values indicate
the direction of CO, flux is from sea-air. The parameters and
coefficient of gas transfer velocity (k) were calculated according
to Wanninkhof (2014), where Sc is the dimensionless Schmidt
number at measured temperature, u is an obtained wind speed
at the moment of sampling, and 0.251 is an empirical coefficient
(Wanninkhof, 2014) correcting for the gas exchange-wind speed
relationship. The ApCO, and CO, flux values are further
reported with associated SD.

Water Sampling and Determination of

Biogeochemical Data

Seawater was collected with a Niskin sampler from near-surface
(referred as 0 m in Figure 3A), 5 (surface), 10, 20, and 50 m
depths at all the stations. Water was subsampled from each
depth for determination of chlorophyll a (chl a), phytoplankton
taxonomy and cell volume-based biomass. Inorganic nutrient
(silicate and nitrate) and pH were determined only from
surface (5 m depth).

The pH was measured in sub-sample triplicates (SD of the
sub-sample triplicates varied between £ 0.003 and + 0.052),
immediately after collection, except samples in Finnfjord Indre
(ST22) in February where measurements were taken 2-3 h after
collection. This sample was not preserved, i.e., poisoned but kept
in dark and cold with minimum headspace to minimize gas
exchange. Measurements of pH were completed manually using a
WTW Multi 360 meter with WTW SenTix 940 IDS probe (Xylem
Analytics, Germany) to an accuracy of 0.001 pH unit. A two-
point calibration was performed daily using pH 4 and pH 7 WTW
Technical buffers. The calibration slope was between 58.1 and
59.3 mV per unit pH.

Chlorophyll a was determined from depths of near-surface,
5, 10, 20, and 50 m by filtering 50-200 mL of sub-sample
(triplicates) volumes (Whatman GF/C), before storage of filters
at —20°C for up to 4 months and subsequent measurement of
fluorescence (Turner TD-700, United States) after 24 h and 4 °C
extraction in 96 % ethanol (Holm-Hansen and Riemann, 1978).
SD of the sub-sample triplicates varied between £ 0.001 and
+077pg L~ L

Enumeration, morphological identification and estimates of
total microalgae biomass was performed on 60-100 mL of each
sample that were preserved in acid Lugol’s solution. Samples were
stored dark at 4°C before analyses via Utermdohl settling method
(Edler and Elbrichter, 2010) and inverted light microscope
(AXIO Vert.Al, ZEISS). Prior to analyses, the preserved samples
from each depth were mixed together, from which an average
phytoplankton biomass as carbon content (mg C L~!) and
cell abundance (cells L™1) over the 50 m water column is
determined for each station representing to. Morphology-based
species identification on genus and class levels was completed
(mainly Tomas, 1997). The cellular biovolume (wm?), cellular
carbon content (pg C cell™!) and represented trophic type
(autotroph, heterotroph or mixotroph) of the species were
determined using PlanktonToolbox open source software (version
1.3.2) developed and operated by Swedish Meteorological and
Hydrological Institute (SMHI). The trophic-type classification
of the phytoplankton species present in the PlanktonToolbox
software is based on the ecological knowledge of the species in
Nordic area, i.e., Baltic Sea and the Northeast Atlantic.

Water samples from 5 m depth for nutrient analyses of silicate
(Si(OH)y4), and nitrate (NO3 ™) were filtered through Whatman
GF/F glass fiber into unused 50 mL polypropylene Falcon tubes.
The filtration unit and the sample tube were rinsed with filtered
sample water three times before the final sample was collected
and stored at —20°C for 12 months before analyses. Samples were
rapidly defrosted at 55 °C immediately before analysis via auto
analyzer (Seal Analytical) (Strickland and Parsons, 1972).

Primary Production of Phytoplankton

Estimation of net PP by photoautotrophic phytoplankton,
reported as carbon synthesis per unit surface area, was
determined by location specific solar irradiance, chl a at the
time of sample collection and photo-physiological parameters.
First, we estimated irradiance incident on the sea surface (Frouin
etal., 1989; Igbal, 2012). The model computes solar irradiance in
Wm ™2 after input of date, time position, humidity and coefficient
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for a given maritime atmosphere and solar zenith angle. In this
calculation we used a visibility parameter to represent the study
area 4 — 6 km, albedo 0.3 and 60% (maritime) humidity (Eilertsen
and Holm-Hansen, 2000). Irradiance was modeled in 1 h steps
for each sampling date (24 h). From this we computed mean
irradiance for the illuminated depth layer of the water columns
using previously described attenuation procedure (Hansen and
Eilertsen, 1995; Eilertsen and Holm-Hansen, 2000). Thereafter,
we assumed that the obtained mean light intensities were in
the linear part of the photosynthetic slope, to estimate carbon
assimilation via the following Eq. 3 from Webb et al. (1974):

- () o

where PP is the maximum photosynthetic rate (mg C mg chl
a~! h™!), a is the photosynthetic efficiency (mg C mg chl
a~!' h™' W m™2), and Qy) is PAR (W m™?) at depth z. The
photosynthetic coefficients (also respiration) and C:N ratios were
input as means from 14°C carbon assimilation experiments (8 h
incubation) performed during exponential growth of microalgae
monocultures representing common and abundant members of
spring blooms within our study locations: Chaetoceros socialis,
Skeletonema costatum sensu lato, Thalassiosira nordenskioeldii,
Thalassiosira gravida, and Thalassiosira antactica (Degerlund and
Eilertsen, 2010), i.e., PP = 4.7 mg C mg chla~! h™!, a = 0.08 mg
Cmgchla=' h™' W m~2 and a carbon to chl a ratio of 100. The
carbon uptake rate was then obtained by multiplying measured
chl a values, representing the mean photoautotrophic biomass
in the water column (0-50 m) and computing total production
in 1 h. steps. The carbon to CO, conversion of 3.67 was used to
estimate CO; consumption.

Statistical Analyses

A non-parametric Spearman’s rank correlation analysis was
conducted to investigate the correlation between sea-air flux
of CO,, ApCO; and each environmental factor since the data
of CO; flux and ApCO; did not show normal distribution
based on the Shapiro-Wilk normality test. The non-parametric
Mann-Whitney U test was used to investigate possible winter-
summer contrast among flux of CO,, ApCO;, wind, nutrients,
autotrophic biomass of phytoplankton species (AU biomass)
and chl a by comparing the variance of entire study period
(June 2018-2019) to the variance of late spring-summer (April
2018, May 2018, June 2018, and 2019) measurements hereafter
referred as summer. The Mann-Whitney U test was chosen
because none of the variables, except silicate, showed normality
(Supplementary Table 2).

Redundancy analysis (RDA) was applied using the R package
“Vegan 2.5-7” to summarize the variation in flux of CO; and
ApCO; by environmental conditions (Oksanen et al., 2013; R
Core Team, 2013). RDA is a constrained (canonical) ordination
method where variance found among species, in this case CO;
flux and ApCO,, is explained by environmental (explanatory)
variables. Prior to RDA stepwise regression (function “ordistep”
in the R package “Vegan 2.5-7”) was used to select the
most useful environmental variables based on their statistical

significance using cut of limit of p = 0.05. These variables were
wind speed, temperature, MLD, NO3~, AU biomass and chl
a. In addition, sampling month was included as quantitative
environmental variable to the analysis. All data, calculations and
figure generation scripts are provided and linked to R markdown
files deposited on the Open Science Framework project: Northern
Norwegian Fjord CO2 Flux'.

RESULTS

Seasonal Variability in ApCO, and CO,
Flux
The driving force behind flux of CO, between the atmosphere
and surface ocean is the difference in partial pressure of CO,
(ApCO,). All fjord systems investigated in this study were
undersaturated (negative ApCO;) with respect to atmospheric
CO, throughout the year (Figure 1). The fjord stations showed
similar seasonal trends with respect to ApCO,, with generally
a weaker negative ApCO, gradient in autumn and winter
(October-March) compared to stronger gradient in spring and
summer (April-June; Figure 1). Seasonal changes in ApCO; were
statistically significant (Mann-Whitney U; w = 378, p < 0.05;
Table 1). The highest ApCO; from fjord stations were observed
in May (range between stations —218 £ 7 and —102 &7 ApCO5),
except at MS in Malangen Fjord in April (=160 + 2 ApCO;) and
from Finnfjord Indre at ST22 in April —194 £ 7 ApCO,, whereas
the smallest ApCO; at all stations occurred in December when
range between stations was —49 £ 1 to -13 £ 0.4 (Figure 1).
Net transport of CO, was from the atmosphere to seawater,
as represented by negative flux values calculated through the
duration of the study (Figure 1). The CO, flux did not follow
the seasonal variation of surface water ApCO,. That is, the rates
sea-air CO, flux were not always positively correlated to the
greatest sea-air ApCO,. For example, ApCO; at BS in Balsfjord
was twice as high in May than in April, but the instantaneous
rate of CO, uptake was greater in April. Similar occurrences
were observed at all the stations. The summertime variance of
CO; flux did not statistically differ from that of the annual
variance (Mann-Whitney U; w = 310, p = 0.1, Table 1). The two
northernmost stations PV and PR in Porsangerfjord (Figure 1),
showed the greatest variability and magnitude of CO; flux within
the time series, ranging from —21.8 & 1.49 to —1.7 £ 0.27 mmol
m~2 d7! and from —47.9 & 0.35 to —0.2 & 0.02 mmol m™?
d~1, respectively (Figure 1). This observation was in contrast
with the seasonal variation observed from stations located in
the other three fjords, AMQ (Altafjord), BS (Balsfjord) and MS
(Malangen Fjord), which displayed a lower total magnitude and
extent of variability of CO, flux, with range of —14.1 & 0.17 to
—0.9+0.11 mmol m~2 4! (Figure 1). Finnfjord Indre (ST22)
also maintained net sea-air (i.e., negative) CO; flux through the
study period (Figure 1). Although the CO, flux measured from
ST22 showed considerably less variation as compared to the fjord
stations, ranging only from —3.6 &+ 0.72 to —0.0 & < 0.00 mmol
m~2 d~! across the seasons. In fact, CO, flux was nearly constant
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TABLE 1 | Mann-Whitney U test analysis of possible summer (April, May, and
June) seasonality in variable of interest: CO» flux, ApCOs, wind,
chla, and AU biomass.

Variable w-statistic p-value
COy flux 310 0.1
ApCO, 378 0.002
Wind 260.5 0.7
Chla 107 0.003
AU biomass 108 0.003
NOz~ 368 0.008
Si(OH)4 321 0.06

TABLE 2 | Mixed layer depth (MLD) based on density gradient.

MLD (m)

Month Porsangerfjord Altafjord Balsfjord Malangen Finnfjord

e — Fjord Indre

PV PR AMO BS MS ST22

JUnegmg 30 11 11 12 11
October 122 29 11 14 ihl 20
December 88 88 52 12 19
Januaryso1g 145 X 18 77 17
February 30
March 178 X 21
April 13 80 16 16
May 98 ihl 14 ihl
June 14

X denotes a homogeneous water column.

through the study period, though a slight increase was detected in
spring and summer (Figure 1).

Geophysical Environment

The northernmost station PV in the outer part of Porsangerfjord
(Figure 1), maintained a largely homogenous water column
throughout sample seasons, as compared to other stations.
Furthermore, the MLD varied around 100 m, except in June
at 30 m (Table 2 and Supplementary Figure 1). At the other
fjord stations, the MLD was shallower through summer and
autumn <15 m, except 39 m at PR (inner Porsangerfjord) in
October (Table 2 and Supplementary Figures 1-5). Stations
BS (Balsfjord) and PR (inner Porsangerfjord) had nearly
or completely mixed water columns between December and
March/April. In contrast, the shallowest MLD occurred through
winter measurements, in addition to summer and autumn, at
MS in the southernmost fjord Malangen Fjord, and between
January and March at AMO (Altafjord). At ST22 in Finnfjord
Indre, the MLD depth varied between 14 and 33 m and showed
similar trend in information to BS and PR (Table 2 and
Supplementary Figure 6).

The temperature-salinity plot (Figure 2A) shows that BS
in Balsfjord and PR in inner Porsangerfjord were in general
characterized by lower salinity (<34) than other stations. Also,
the temperature range in entire water column at BS was smaller
than at other stations, except PV in outer Porsangerfjord
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FIGURE 2 | Temperature-salinity (A) plot from June 2018-2019 showing all
the CTD casts from stations marked with different colors.

(B) Temperature-salinity relationship in surface water (5 m) and ApCO» (atm)
visualized by colors and stations with different symbols (note the different
scales on salinity).

(Figure 1 and Table 3). PV in outer Porsangerfjord, AMQ in
Altafjord, MS in Malangen Fjord and ST22 in Finnfjord Indre
showed more similar salinity range (34-35) in subsurface water
corresponding the upper salinity range of Norwegian Coastal
Water (<35). The large salinity scatter is mainly from low salinity
at uppermost 20-30 m at AM@ in June and at MS in May-
June (Figure 2A and Supplementary Figures 3, 5). The lowest
subsurface water temperature corresponds at most stations to the
lower temperature range of Norwegian Coastal Water (<4°C).
The water temperature at 5 m depth, where CO,
measurements were collected for all sites, decreased at all
the stations from October to March/April, where it reached its
lowest measured values in the surface waters, and thereafter
increased rapidly (Supplementary Figures 1-6). The surface
water temperature varied between 2.3 and 9.7°C at PV, AMO,
BS and MS stations. At PR in inner Porsangerfjord the surface
water temperature was lower, —1.4 to 7.2°C, thus the entire water
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TABLE 3 | Summary of all the measured parameters.

Porsangerfjord Altafjord Balsfjord Malangen Fjord Finnfjord Indre
Parameter PV PR AMQ BS MS ST22
COy flux (mmol m~2 d~ 1) —10.7 £ 2.07 —14.0+£1.70 —6.7 £0.72 —-3.1+0.73 —52+0.54 -1.6+0.73
(=1.7, —=21.8) (—0.2, —47.9) (=0.9, —14.1) (—1.6, —6.1) (—1.3, —9.5) (0.0, —3.6)
ApCOy (natm) —59 + 11 —66 + 10 —78+9 —90 + 13 —87+9 —89 + 17
(—33, —102) (=18, =172) (—28, —156) (=30, —218) (—25, —160) (—49, —194)
Temperature (°C) (at 5 m) 58+23 3.2+33 6.0+ 2.7 57+20 6.1 +2.1 6.1 £3.2
(2.8, 8.6) (=1.4,7.2) (2.3,9.7) (2.5,7.7) (2.8, 8.6) (2.6, 10.6)
Salinity (PSU) (at 5 m) 34.0+£0.1 32.8+0.8 32.1+£20 31.9+09 30.7 £23 328+ 04
(33.9, 34.2) (31.2, 33.5) (28.2, 33.6) (30.8, 33.0) (26.5, 32.4) (32.4, 33.4)
Wind (ms™7) 9+38 10+ 6.9 6+22 5+15 5+0.8 2+19
(5,9 (2, 21) 3,9 (2,6) (4, 6) ©, 5)
pH (at 5 m) 8.114+0.03 8.13 + 0.02 8.14 £+ 0.03 8.13 + 0.02 8.15 4+ 0.06 8.16 & 0.03
(8.06, 8.15) (8.01, 8.20) (8.09, 8.18) (8.10, 8.18) (8.11, 8.20) (8.03, 8.26)
River flow (m® s~ 1) 29 + 30 82 +74 145 + 91 11 4+ 12
(6, 238) (24, 467) (26, 597) (1, 90)
Chla (ug L~ ")at 5 m) 0.6 +0.1 0.4+ 0.1 0.6 +0.1 3.0+ 06 3.1+08 1.2 +£0.08
(0.0, 1.4) 0.1, 1.5) (0.0, 1.6) (0.0, 6.5) (0.0, 13.1) (0.0, 4.0)
PP (mg Cm?2 d~ ") 723 + 956 682 + 1299 717 £ 1133 2055 + 2349 2081 + 2541 1229 + 1563
(0, 2050) (0, 3288) (0, 2861) (0, 5421) (0, 6352) (0, 3144)
NO3z~ (umol L*‘) 4.32 + 0.033 3.46 + 0.032 214 +£0.017 2.76 £ 0.013 2.06 + 0.020 2.08 £ 0.015
(1.00, 8.05) (0.08, 6.13) (0.08, 4.59) (0.77,6.18) (0.03, 5.59) (0.01, 5.88)
Si(OH)4 (wmol L“) 2.15 + 0.056 4.27 £+ 0.031 2.50 £ 0.015 2.67 +0.034 2.27 +0.033 1.42 £ 0.009
(1.33, 3.35) (1.96, 6.26) (2.17,2.95) (1.22, 4.56) (0.13, 4.51) (0.22, 2.37)

Values are given as mean + SD and (min, max).

column was close to freezing during winter. In Finnfjord Indre
at ST22 the lowest surface water temperature (2.6°C) was similar
to PV, AMO, BS and MS whereas the maximum measured
temperature was higher, 10.6°C (Table 3).

The daily average freshwater input by rivers was highest in
June 2018 (600 m* s~!) and May 2019 (500 m?® s !) in the
fiords, and in the end of April and May 2019 (45-90 m> s~ 1)
in Finnfjord Indre (Supplementary Figure 7). The strongest
impact of freshwater input on salinity at 5 m depth (26.5-32.4)
was at MS in Malangen Fjord (Table 3), where the Malangen
River transported large quantities of meltwater from inland
drainages in May and June (max. flow rate 600 m?3 s~1), but also
freshwater peaks (flow rate >250 m3 s71) occurred in August,
December and February (Supplementary Figure 7). The surface
water salinity range in Porsangerfjord at PV and PR, and in
Balsfjord at BS was between 30.8 and 34.2 (Figure 2B). AMQ in
Altafjord also showed pronounced variability between 28.2 and
33.6 (Figure 2B). Finnfjord Indre had the smallest freshwater
input (Supplementary Figure 7), and the surface water salinity
range at ST22 was relatively small (32.4-33.4; Table 3).

Intermediate winds (4-15 m s~!) were prevailing at fjord
stations, as compared to relatively low winds (<4 m s~ 1), except
in June (5 m s~ !), recorded at the Finnfjord Indre station
(Figure 1 and Supplementary Table 3). Wind speed did not
show a seasonal trend (Mann-Whitney U; w = 260.5, p = 0.7,
Table 1). Porsangerfjord was subjected to the highest wind speeds
(range 2-21 m s~!) as compared to the other fjords (2-9 m s~ b,
except in June and January when difference between all fjord
stations was smaller as total range between stations was 2-7 m s~ !

(Figure 1 and Supplementary Table 3). In Finnfjord Indre, wind
speed was lower (0.3-5 m s~ !) than in fjords through the study
period (Figure 1 and Supplementary Table 3).

Seasonal pH levels observed from ST22 in Finnfjord Indre
were different as compared to the respective fjord stations.
Specifically, the pH fluctuated to a greater extent and showed
two maximum peaks found in October 8.23 4= 0.01 and in April
8.26 £ 0.02. It also showed two minimum peaks observed in
February 8.03 & 0.01 and in June 8.14 & 0.02 (Supplementary
Figure 8). At PR (Porsangerfjord) pH variability was slightly
greater (8.01 & 0.01 to 8.20 & 0.01) than in the other fjord
stations (8.06 & 0.02 to 8.20 + 0.02; Table 3). The minimum
pH level at stations in Porsangerfjord was measured in March
whereas in other fjords it occurred mainly in December-January
(Supplementary Figure 8).

The concentration of nitrate (NO3;~), was found to be
strongly seasonal (Mann-Whitney U; w = 368, p < 0.05;
Table 1), whereas silicate (Si(OH)4) showed weaker winter-
summer contrast w = 321, p = 0.06; Table 1). Most of stations
showed similar seasonal trends for these nutrient concentrations
measured from 5 m (Supplementary Figure 9). Concentrations
of both nutrients increased from June/October to January/March
and thereafter dropped in April/May. These nutrients were
depleted in April at the southern stations (BS, MS and ST22)
where the range between stations was <1.6 pmol L™! NO5 ™,
0.1-1.2 pmol L™! Si(OH),). Thereafter, the concentration of
silicate increased (range between stations 1.3-3.3 pmol L™ Y in
May/June, while nitrate concentrations remained nearly constant
through summer (Supplementary Figure 9).

Frontiers in Marine Science | www.frontiersin.org

8 July 2021 | Volume 8 | Article 692093


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Aalto et al.

The Marine CO» Sink in Northern Norway

pyv A
A}‘; ‘ 0.5.10.20.50m|
210
g 8
< 6
8 4
2
0 ° ] ) C
\§\ OO\' @S\ 'b‘ ’b\x
PR (LQDB )\QJ \65 %Q®$\®
14
&5 1P
110
g 8
m 6
= 4
o 2 !
i@ ® ,, o
Qo S o IR
AM@ ®> \@OQ \‘0 \“ a¥
14
3 12
- 10
g 8
¥ 2
S oo
ol8 v ce ¢ 8
o S
3\)(\ OCJ 0@ Xb(\ &0 \K(}-
oA NPT N
BS
14
—~12
'5:)10
S8 e
s 6O : ..
= 4
O 2/0 '.
ole 0 ¢ o8
" o Oc.\ 0 5’3*(\ \ﬁl‘\@s
MS ¥
N g
10 ]
L 8
T 6 .
£ 4
5 5|®
olv (] L )
X NS
© N & O° 06 o ?;g\‘\'b*
ST22
14
—~12
- 10
(o))
3 8 |
w 6
= 4 ®
6 » e -
0 ‘\ e e o
o° =Y o o O
N »\'LO »\'LQ \‘0?‘ rz,‘?'5

py B

~

240
- 200
160
120

'

-1

Carbon (mg
£
o o

1+ [ v [ mx

>
(%4
%

PR
40

—_ = NN

Carbon (mg L")
HOONDO
[eNoNeoNoNe]

o=

o

<
2O yo“ ¢ \N&x

»\6 Q/Q (?,‘\

90 ¥
AMO

— 240

n
o
o

160
120

Carbon (mg I”
H 0
o o

o
[y

A\ \
o(z 2 'b.*
&% ‘“ AW

(4
%

1
BS *

240

L
n
o
=]

160
120

40
4

Carbon (mg L™
(0]
o

%

o \w‘

A

»©
rL‘b
MS

/240
- 200

Carbon (mg
o @
[eNe]

H
o o

OQ\ 60 ‘3(\ Q\ 'O\-‘
N 0’\;:5‘“\

240

N O 0 ) Q
ov =) 2 Q N
AL

FIGURE 3 | Time series of (A) chl a concentration at discrete sampling depths of 0, 5, 10, 20, and 50 m. (B) Phytoplankton biomass estimated as carbon content
from cellular biovolume and cellular carbon content and divided into trophic types: heterotrophic (HT), autotrophic (AU) and, mixotrophic (MX). Note different
sampling months at ST22.
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FIGURE 4 | Daily net primary production (PP) of phytoplankton as an average
carbon consumption (mg C m~—2 d~ ") in 0-50 m between June 2018 and
2019. Stations are marked with different colors.

Seasonal Phytoplankton Dynamics
Phytoplankton biomass at all sample stations (Figure 3B) varied
to a large extent with season, as also supported by the depth-
discrete chl a measurements (Figure 3A) and fluorescence
profiles (Supplementary Figures 1-5). The highest chl a values
were observed in April, 6.6 £ 0.4 and 13.1 £+ 0.8 pg L7!
at 5 m within the southernmost fjord stations BS and MS,
respectively (Figure 3A). The northernmost stations (PV, PR
and AM@) maintained relatively low chl a concentration across
the measured time series and showed peaks in chl a that
ranged between 1.4 + 0.1 and 3.2 £ 0.3 pug L™ ! in May-June
(Figure 3A). ST22 in Finnfjord Indre showed an increase in chl
a concentration in April, where the maximum measured chl a at
20 mwas 7.5+ 0.5 pg L! (Figure 3A).

During spring and summer, the total phytoplankton biomass
(expressed in terms of estimated carbon content), varied between
43 and 257 mg C L~ ! at all stations (Figure 3B). Strong summer
seasonality was found on autotrophic phytoplankton biomass
(AU biomass) (Mann-Whitney U; w = 108, p < 0.05; Table 1).
Peaks of AU biomass blooms varied between April and June
among the different fjord stations and was found in April in
Finnfjord Indre at ST22 (Figure 3B). At most stations, the
biomass of heterotrophic phytoplankton showed a slight increase
in summer and autumn. The highest heterotroph/autotroph
ratios (~ 50 %) were observed in Porsangerfjord, where ciliates
formed the majority of cells classified as heterotrophic biomass.
The fraction of mixotrophic phytoplankton was very small
through the study period and the main species was classified as
a Mesodinium rubrum.

Estimated daily and maximum net PP showed variation
between fjord stations. In April, PP was highest at MS in
Malangen Fjord (6352 mg C m~2 d~!), whereas at PR in
inner Porsangerfjord the highest PP (3288 mg C m~2 d~!)
occurred in May and at BS in Balsfjord (5421 mg C m~2 d 1),
AM® (2861 mg C m~2 d~1) and PV in outer Porsangerfjord

(2050 mg C m~2 d~!) in June (Figure 4 and Table 3). At fjord
stations the estimated PP varied most in June, when PV showed
lowest 2050 mg C m~2 d~! and BS highest 5421 mg C m~2 d~!
value. At ST22, in Finnfjord Indre, the PP was similar between
April (3144 mg C m—2 d~!) and June (2713 mg C m~2 d~!)
(Figure 4). In October the PP was slightly higher at ST22 (288 mg
C m~2 d~!) than at fjord stations. During winter the PP was
negligible, i.e., 0 mg Cm~2d~L.

Relationship Between ApCO5, CO, Flux

and Localized Environments
Spearman’s rank correlation on fjord physical-biogeochemical
conditions, CO; flux and ApCO, (Figure 5) indicate that
surface water pH consistently showed the most frequent and
most positive (r = 0.5-0.7; p < 0.05) correlation to ApCO,
across stations and the seasonable time course. Nitrate and
silicate concentrations had significant negative correlations with
ApCO; at majority of sampling stations. Also, MLD showed
negative correlation (r = —0.8 — -0.5; p < 0.05) at PV, PR
and AMOQ in the two northernmost fjords (Porsangerfjord
and Altafjord) and in Finnfjord Indre at ST22. Biological
factors of chl a, total phytoplankton biomass (tot.biomass) and
autotrophic phytoplankton biomass (AU biomass) correlated
strongly (r = 0.7-1; p < 0.05) with ApCO; at all stations, except
PV where only chl a showed significant positive correlation
(Figure 5). Correlation between CO; flux and ApCO, was
positive and significant at most of the stations and significant
(positive) when evaluated with all data points (2 = 0.16; p = 0.021;
Supplementary Figure 10). One or more of the biological factors
and wind had positive significant relationship with flux of CO; at
all the stations except PV, and BS and MS, respectively (Figure 5).
Redundancy analysis helped reveal that the flux of CO,
and ApCO, was not strongly correlated. This is illustrated by
nearly perpendicular projections in the RDA triplot (Figure 6).
It follows that RDA supports the correlation of physical-
biogeochemical properties described above, where high CO, flux
occurred at strong wind speeds and ApCO; gradient was strong
when primary productivity activity was high. In addition, MLD
and temperature have clear negative relationship to ApCO; and
flux of CO,, respectively. The main difference inferred from
correlations between samples at each station is that Finnfjord
Indre station (ST22) differ from fjord stations, especially from PV,
PR and AM@ with respect to wind speed and strength of CO,
flux but not with environmental factors contributing to RDA1
and obtained range of variation of ApCO; within stations. The
seasonal pattern of ApCO; is clearly shown in RDA analysis as it
was weaker from October to March compared to months between
April and June (Figure 6).

DISCUSSION

Physical Controls of Seasonality in
ApCO5 and CO5 Flux

Distinct variation in sea-air CO, flux between stations was
clearly observed despite similar seasonal trends in ApCO; among
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stations. Also, the flux of CO, did not show the summer-
winter seasonality that was prevailing in ApCO;. An expected
spring/early summer increase in CO; flux was not as clear at all
the stations as initially expected, given a low temperature and
rapidly increasing CO, fixation by predominantly autotrophic
phytoplankton. This was especially evident at BS in Balsfjord and
ST22 in Finnfjord Indre where increase in CO; flux was almost

indistinguishable, and in addition, a difference in magnitude
was observed between stations during that season (Figure 1).
Similar observations of summer-winter contrast between ApCO,
and the flux of CO, have been made in Barents Sea where the
seasonal variation in CO, flux was largely determined by an
interaction of wind and ApCO; (Omar et al., 2007). Turbulence
of surface waters as a result of wind velocity are known to have
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variables and species; quantitative environmental scores were multiplied by 3 to fit in the coordinate system. Stations are marked with different colors.

a significant role in controlling the instantaneous rate of sea-
air exchange of CO, (Wanninkhof, 2014). In this study, the
ApCO, was similar between stations but instantaneous wind
speed varied. Therefore, the weak CO, uptake in Finnfjord Indre
was likely a result of low wind speed and correspondingly, the
greatest CO; fluxes documented at PR and PV in Porsangerfjord
may be attributed to high wind speeds. The total variation in
ApCO; at ST22 in Finnfjord Indre was between —194 and
—49 patm. That was well within the range of ApCO; values
measured at other in-fjord stations, which were between —218
and —13 patm. As a result, it is unlikely that ApCO, alone
explains the low flux values at this location. Furthermore, modest
CO; fluxes obtained from Kaldfjord (neighboring our study site
in Balsfjord) have been attributed to low wind speed (average
3.3 4+ 2.1 ms~!) (Jones et al., 2020). There, the low wind speed
is caused by orographic steering as the fjord is surrounded by
steep topography, i.e., mountains, resulting in modest annual
carbon uptake compared to for example the Norwegian Sea and
the non-ice covered Arctic shelf seas (Jones et al., 2020). At
MS in Malangen Fjord, where wind speed was largely constant
across seasons (4-6 m s~ 1), the variation in CO; flux is instead
more related to the intensified gradient of CO; and changes in
surface water temperature (Figures 1, 2B). It follows that the
capacity for northern Norwegian fjord systems in this study
to act as a CO, sink varied considerably with local weather

conditions, such as wind. Although, additional high frequency
measurements, potentially covering greater spatial resolution
are needed to confirm this relationship and to further capture
sporadic variability from annual variation.

Given the central role of salinity in driving the surface
pCO, (Weiss, 1974; Meire et al, 2015; Jones et al, 2020),
the significant correlation between surface water salinity and
ApCO;, at AMO in Altafjord is unsurprising. However, riverine
inflow in Altafjord was considerably less than in Malangen Fjord
(Supplementary Figure 7) where station MS did not show a
significant relationship with surface water salinity. The watershed
area around Altafjord is the largest among fjords and Finnfjord
Indre and therefore it might receive more freshwater runoff and
precipitation than implied by the total flow rate of the main rivers.
It is possible our correlation analysis did not detect the effect of
low salinity on ApCO, at MS since the surface water salinity
at this station was constantly lower (26.5-32.4) than any other
station (28.2-34.2). Furthermore, the timing of our sampling
in April that recorded the strongest ApCO, was measured
before the pronounced summer and autumn salinity decreases
from terrestrial inflow would have occurred (Figure 2B). In
comparison, the decreases in salinity in Porsangerfjord, Balsfjord
and Finnfjord Indre were briefly present during summer, as seen
in CTD-profiles (Supplementary Figures 1, 2, 4, 6). Despite
the lack of correlation between salinity and ApCO, in this
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study, it is possible that the high ApCO; in June that occurred
after the main spring bloom event can be associated with the
surface water freshening as was observed in Kaldfjord where
freshwater input in June was related for pronounced decrease
in total dissolved inorganic carbon concentration (Jones et al,
2020). This is especially true at PR, AM® and BS stations that had
lower surface water salinities than at PV and ST22 (Figure 2B and
Supplementary Figure 7).

The competing effects of warming temperature (warm water
holds less CO,) with PP (autotrophic uptake of CO;) on ApCO;
was most pronounced at ST22 in Finnfjord Indre in June.
This response was also documented at all other stations but
to a lesser extent (Figure 1). At ST22 the seasonal increase
in temperature from April to June was +4.8°C and there was
a simultaneous decrease in ApCO; of >100 patm. This is
approximately 50 patm more than the effect of temperature
alone, as an increase in water temperature 1°C corresponds
~10 patm increase in pCO; (Takahashi et al., 1993). Often, the
biological fixation of CO, compensates the effect of temperature
during summer as observed at MS in Malangen Fjord and AMQ
in Altafjord (Takahashi et al., 2002; Jones et al., 2020). Therefore,
it indicates that at ST22, in addition to temperature and
phytoplankton production, other processes affected the ApCO,.
The temperature-ApCO; relationship was only statistically
significant at MS, although at all stations high surface water
temperature and damped biological activity can be considered
to lead to a weakened gradient of pCO; in October (Jones et al.,
2020). Most likely that can be explained by few data points per
station, however, the relationship was not clear in RDA analyses
either when all observations were analyzed together.

A weak pycnocline, representing a prolonged period of mixing
in the upper water column, has been well documented in
northern Norwegian fjords (Reigstad and Wassmann, 1996;
Eilertsen and Skardhamar, 2006). These observations are further
supported by this study, where all fjords and Finnfjord Indre bay
experienced a weak or an absent pycnocline from late October to
March/April (Supplementary Figures 1-6). Deep vertical mixing
in winter, together with advection of Norwegian coastal waters,
can entrain nutrients and increase salinity in the surface waters
of fjords. The inverse relationship between MLD and ApCO,
was statistically significant at PV, PR and AMO in the two
northernmost fjords (Porsangerfjord and Altafjord) and at ST22
in Finnfjord Indre, potentially indicating that the MLD does
not drive observed changes in ApCO; at all fjords sites in this
study. Small effects of mixing and advection on pCO, (0.1-
10 patm as monthly changes) is also reported in Adventfjorden
in Svalbard (Ericson et al., 2018). Although, outcomes from the
RDA analysis (Figure 6) suggest that MLD may have a greater
influence on ApCO; during autumn and early winter. Here, the
smallest ApCO; in December can be associated with the timing
of water column instability indicating enrichment of CO, from
subsurface and bottom water similar to observation made in
Kaldfjord (Jones et al., 2020). The most pronounced decrease
in the strength of ApCO, occurred at PR in Porsangerfjord
suggesting that deepening MLD merges CO; enriched subsurface
water with higher inorganic carbon content into the surface layer
than at other stations. As PR is located behind a shallow sill in the

inner part of Porsangerfjord, advection of subsurface water may
be partly hindered (Mankettikara, 2013). The lower temperature
and salinity (Figure 2A) also indicate that the waters of the
inner part of Porsangerfjord (i.e., at PR) are less influenced by
Norwegian Coastal Waters than outer Porsangerfjord, Altafjord
and Malangen Fjord, where water exchanges with coastal waters
including Atlantic Water in summer take place at frequent
intervals diminishing the residence time of these fjord waters
(Svendsen, 1995; Nordby et al., 1999; Eilertsen and Skardhamar,
2006). Our measurements of high salinity and temperature below
50 m at PV, AM@ and MS stations support such processes of
water mass exchange. Like Porsangerfjord, Balsfjord has low
riverine runoff and limited deep water exchange with coastal
waters (Svendsen, 1995; Mankettikara, 2013), as supported by
generally lower salinity and lower maximum temperature than all
other stations, except PV (Figure 2A). Despite the similarity of BS
to PR, the ApCO; in October and December at BS in Balsfjord
was not as weak as at PR in inner Porsangerfjord (Figure 1). It
is known that fjord circulation in Balsfjord is mainly driven by
winds that alternate between down- and up-fjord wind directions
(Svendsen, 1995). In spring the change from persistent down-
fjord wind (to the fjord opening) to the up-fjord wind leads
to the larger inflow of coastal waters into Balsfjord (Svendsen,
1995; Eilertsen and Skardhamar, 2006). However, the surface
waters (upper layer) in Balsfjord might be exchanged relatively
frequently with waters from Malangen Fjord, as there is an unique
multilayered (separated upper and intermediate layer) circulation
(Svendsen, 1995). Shallow Finnfjord Indre with strong current
likely transports effectively surface and subsurface water, thus
diminishing the effect of mixing observed in autumn and winter
on ApCO; at ST22 compared to fjord stations.

Biological Drawdown of CO»,

Autotrophic phytoplankton consume dissolved CO; and thereby
reduce pCO; in the photic zone. The development of a
spring bloom was highly pronounced during sampling of all
study locations, with latitude-dependent increases in chl a
concentrations increasing over the spring-summer (Figure 3A).
Bloom development was first observed in late March of the
non-stratified water columns of southernmost fjord stations, BS
and MS, as well as the coastal ST22 in Finnfjord Indre. The
bloom was subsequently delayed by approximately 1 month in
the more northern stations (AM@, PV and PR) in Altafjord
and Porsangerfjord. The strong correlation between ApCO,,
biological variables (i.e., chl a and phytoplankton biomass)
and nutrient at 5 m supports the strong influence of these
phytoplankton blooms on CO, drawdown in the fjord systems of
this study (Figure 5). The impact of phytoplankton production
on ApCO, was thus most notable from April to June, when
average ApCO, among all the stations was —134 patm, which
is nearly 3.5 times higher than the average taken across autumn
and winter months (—40 patm). The average seasonal ApCO;
amplitude here corresponds to those measured in Kaldfjord in
northern Norway and in Godthédbsfjord in Greenland (Meire
et al, 2015; Jones et al, 2020). The strong summertime
ApCO; was less extreme at the most open station (PV) where
considerably lower chl a and phytoplankton biomass values
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were measured compared to other stations (Figure 3A). We
expect this was a result of the nearly homogenous water
column at PV, which occurred as a result of enhanced
seawater exchange with the coastal ocean and limited influence
freshwater inflow at this location (Supplementary Figures 1, 7).
This likely hindered growth of phytoplankton in the surface
layer as they are constantly mixed out of the euphotic zone
(Eilertsen and Frantzen, 2007).

The estimated net PP per sampling day was high in June
and April, especially at BS in Balsfjord and MS in Malangen
Fjord (Figure 4), but corresponds to the daily values obtained
from 14°C carbon uptake measurements in Balsfjord in April
(Eilertsen and Taasen, 1984). The cause of high PP at MS
is uncertain. However, it may have been a result of one
or a combination of i) high riverine input of nutrients, ii)
prominent stratification of the water column facilitating greater
light availability through positioning of cells in the upper water
column, and iii) greater intensity of downwelling radiation due
to the southerly location of this fjord. Between June and July
daily net community production of 300-600 mg C d~! has
been reported in the central Barents Sea, that corresponds to
the PP estimated at PV in June (Luchetta et al., 2000). In May,
the daily PP estimates at PV and AM® are in line with, and
at BS, PR, MS twice as high as, values obtained in Svalbard
(Kongsfjorden) and Greenland (Godthabsfjord) where highest
PP in April/May were 1500-1850 mg C d~! (Hodal et al., 2012;
Meire et al., 2015). The annual PP was not directly measured
here, however, a previous estimate (Eilertsen and Taasen, 1984)
of PP (100 g C m™2 yr~!) at this latitude indicates that it
likely corresponds to or even exceeds at the southernmost
stations. The high productivity in northern Norwegian fjords
and coastal regions represents a high potential for CO; uptake
(Smith et al., 2015). In this study, the highest PP was obtained
at MS in Malangen Fjord in April corresponding to a CO,
consumption of 23 g m~2 d~!. While an uncertain proportion
of the consumed CO, will be released back to the atmosphere via
respiration, the fate of biologically fixed CO, during productive
season has an important role determining the saturation state
of CO; in surface water afterward. If a large part of the
produced biomass is exported from the fjords by advection as
observed previously in Balsfjord and Malangen Fjord (Reigstad
and Wassmann, 1996) then a higher net CO, uptake is possible
on annual scale.

Flux Estimates in the Context of Existing

Knowledge

Our CO; flux results correspond, in terms of magnitude, with
reported findings from other high-latitude fjords and coastal
shelves. The nearest observations are from Kaldfjord (near
Balsfjord) with an annual average and maximum CO; flux of
—0.86 and —2.7 mmol m~2 d~!, respectively (Jones et al,
2020). During winter the Norwegian North Atlantic current
system is reported to have an average sea-air flux of CO,
between —6 and —2 mmol m~2 d~! (Olsen et al., 2003) while
the annual flux of —11 mmol m~2 d~! was estimated in the
Norwegian Sea (Yasunaka et al., 2016). Measurements in sea-ice

free Adventfjorden in Svalbard showed sea-air flux to vary
between —16 and —4 mmol m~2 d~! across time series of 1 year
(Ericson et al., 2018).

It is important to note that the above-mentioned studies
applied different methods than were used here. However, with
the significant overlap in flux measurements we believe use
of the membrane equilibration in nondispersive IR (NDIR)
spectrometry-based CO; instrument was an effective means of
characterizing gradient of CO, and exchange of CO; gas between
the atmosphere and surface water in this study. Furthermore,
the parallel study of Jones et al. (2020), whom based their
surface water fugacity of CO, (pCO,) determination, and
thereafter CO; flux calculations, on total inorganic carbon (DIC)
and TA values in nearby Kaldfjord with comparable physical
(temperature, salinity, wind) and biological conditions, especially
Balsfjord and Finnfjord Indre, showed similar magnitudes of
CO; flux and ApCO, to what is reported here. Yet, the
different methods are not 100 % comparable as it has been
shown that depending on choice of the dissociation constants
(K1 and K2), computed pCO, values from other carbonate
system parameters (TA, DIC, pH) can be up to 10 % lower
than those of direct measurements (Lueker et al., 2000).
Nonetheless, we assume that the estimated annual uptake of
atmospheric CO; in Kaldfjord was —0.32 £+ 0.03 mol C
m~2 can roughly be used as a reference to the Finnfjord
Indre and Balsfjord measurements, based on the above-
mentioned similarities.

CONCLUSION

This study was designed to characterize sea-air CO, flux along
coastal northern Norway in the context of physical and biological
factors. From our assessment we find that wind speed is the
physical factor which has the greatest effect on the variability
in CO, flux between stations, followed by the magnitude
of atmospheric CO, flux. Despite this critical influence of
wind speed on flux magnitude, ApCO, is the main driving
force to pull CO, gas from atmosphere to sea. The spring-
summer phytoplankton bloom has been documented here as
a main controlling factor of ApCO; during the polar day.
However, in this study we found that the strong summertime
drawdown of CO, cannot account for the maintained state
of CO, undersaturation, with respect to atmosphere, that
was documented throughout the year at our study locations.
This study provides new spatial and seasonal insights about
the strength of carbon sink and CO, saturation state in
northern Norwegian fjords and coastal regions. Also, this study
supports previous estimates that high-latitude coastal areas are
undersaturated with respect to atmospheric CO,. However,
better spatial, and temporal coverage within the fjords - scaling
from the proximity of freshwater discharge at the head to
coastal water inflow at the mouth of the fjord - is needed
to further characterize the complex trends of sea-air CO, flux
in these systems, and to quantify the annual CO, uptake
representing the entire region. With a warmer future climate,
the strong seasonality in freshwater input is expected to change
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and as a result longer stratification period becomes likely
prevailing in this region that can influence mixing of the water
column and phytoplankton bloom dynamics and thus potential
change in atmospheric carbon uptake is possible. To further
understand how such changing freshwater inputs will affect the
hydrography and water circulation with related CO, flux in
these fjords, more detailed studies of water mass exchange and
circulation, including the role of advection, should be included
in future studies.
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