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Abstract Comprehensive fjord-systems represent
major extensions of the coastline and are therefore
important transfer zones of materials from land to
ocean. Despite increased terrestrial inflows to fjords
due to climate changes, we know little about the
effects on the ecosystem, especially biogeochemi-
cal cycling. We present novel data on spatiotempo-
ral variations of seston multielement stoichiometry
in the Sognefjord, the second longest (204 km) and
deepest (1308 m) fjord in the world, relative to envi-
ronmental conditions and microbiota. Concentration
of major elements was highest in the upper brack-
ish layer whereas trace metals and minor elements
were highest close to the bottom. Seasonally vary-
ing microbiota was an important part of the seston
in surface waters. None of the seston C:N:P (molar)
annual means at specific depths corresponded to the
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Redfield ratio (106:16:1). At 5 m, annual means of
N/P and C/N were 8.4 and 6.5, respectively, while at
depth (50-1220 m) N/P were on scale 3 times higher
(21-31) and C/N 3 times lower (1.6-2.6), suggest-
ing alternative N-sequestration mechanisms. Overall,
correlations between C-Ca and C-S indicate a strong
influence from calcite (CaCO;) and organosulfur pro-
ducing microorganisms, while correlations between
particulate Si and Mg—K—-Ca-O at depth are consist-
ent with clay and sinking diatom frustules. Mn con-
centrations increased strongly towards the bottom,
likely from resuspension of MnO, rich sediments and
clay particles. Based on seston concentrations, we
arrived at the following stoichiometric relationship:
CssN6P1S15 6Ca; 4016Feq 74Mng 5,704 335 51 Cug o5Cl
1.7Nag 6gMgg71Kq 37, although rarely measured, such
information is a prerequisite for evaluating environ-
mental impact on coastal ecosystems, biogeochemi-
cal cycling, pollution risk analysis and monitoring
guidelines.

Keywords Seston - Coast-fjord - Elemental
stoichiometry - Terrestrial runoff - Spatio-temporal
variations - Advection

Introduction

Marine coastal ecosystems worldwide are exposed to

increasing inflows of chemical compounds from air-,
land-, freshwater- and marine-sources (Crain et al.
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2009). Fjords are important parts of the land—ocean
continuum, and act as transition zones between ter-
restrial ecosystems and the open ocean. Due to
enhanced environmental threats, they have been cat-
egorized as “Aquatic Critical Zones”, with a need for
increased attention (Bianchi et al. 2020). The Norwe-
gian coastal landscape is dominated by fjords, seven
of them being more than 100 km long, resulting in
a coastline of approximately 21,000 km (Erga et al.
2012). Because of their size, several of the fjord sys-
tems are recognized as miniature oceans, but they are
also an integral part of the coastal circulation dynam-
ics. Fjords are classified as productive with respect
to plankton biomass due to regular nutrient supplies
by upwelling, (Aksnes et al. 1989; Aure et al. 1996,
2007; Asplin et al. 1999; Erga et al. 2012). This also
makes them important nursery grounds for several
commercial fish stocks (Berg and Albert 2003; Seitz
et al. 2014; Skagseth et al. 2015). The microbial loop,
functioning as the “backbone” of the marine food
chain, comprises archaea, heterotrophic and photo-
synthetic bacteria, phytoplankton, nano-flagellates,
and ciliates, is decisive for handling environmen-
tal emissions. Together, these microorganisms are
responsible for assimilatory and dissimilatory pro-
cesses, including primary production, mineralization
of inorganic and organic matter, and bioremediation
(Liermann et al. 2007; Pomeroy et al. 2007; Burgin
et al. 2011). Light, salinity, temperature, oxygen,
freshwater/terrestrial inflows, advection, competition
for nutrients, grazing and viral lysis are crucial fac-
tors that structure microbial communities in coastal
fjord environments (Storesund et al. 2015). Marine
microbes are therefore considered living sensors of
environmental threats such as climate change and pol-
lution (Coelho et al. 2013; Gutiérrez et al. 2018).
Both freshwater- and saltwater-inputs have major
impacts on fjords. In Norway, The Norwegian Coastal
Current (NCC) is essential for the coupling between
coastal- and fjord waters, flowing northwards along
the coast and bringing with it water originating
from the Baltic and southern North Sea (Satre et al.
2007). Threshold fjords in Norway consist of a brack-
ish upper layer (salinity <33), identical with “Fjord
water”, above an intermediate layer of mixed brackish
and NCC water (salinity between 33 and 34.99), and
below sill depth the fjord basin that mainly originates
from Atlantic water (AW) (salinity >35) (Svendsen
1981; Erga and Heimdal 1984; Setre et al. 2007).
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Freshwater together with tidal and/or wind generated
advection (i.e., estuarine circulation) is crucial for the
coastal-fjord water exchanges and give rise to both
mixed and stratified water masses (Aure et al. 1996,
2007; Asplin et al. 1999; Erga et al. 2012). Vertical
displacements within the lower pycnocline are con-
trolled and maintained by internal waves (Inall and
Gillibrand 2010; Stgylen and Fer 2014). In addition,
advection (e.g., upwelling) is important for pelagic-
benthic fluxes of particulate and dissolved matter
(including nutrients), regulation of productivity, and
for resuspension of sediments (crustal enrichment)
(Wassmann 1984; Stabholz et al. 2013).

Runoffs from hydroelectric power plants are regu-
lated and occur highly concentrated at specific sites.
They are therefore among the most highlighted envi-
ronmental stressors of many fjord systems (Myksv-
oll et al. 2014). Natural freshwater runoffs discharge
large quantities of dissolved and particulate matter to
the fjord, originating from lithogenic, soil, limnic, and
anthropogenic sources. Suspended particulate matter
(SPM)/seston consists of both organic and inorganic
material, dominated by particles less than a few hun-
dred microns in diameter (Reynolds et al. 2010; Ehn
et al. 2019). In coastal-fjord waters inorganic particles
originates from erosion of rocks, amongst which clay
(<2 pm) and silt (2-63 um) particles are most impor-
tant (Aarseth et al. 1989; Klitgaard-Kristensen and
Buhl-Mortensen 1999; Paetzel and Dale 2010). Gla-
ciomarine sediments are dominant in western Norwe-
gian fjords and can be more than 300 m in thickness
(Aarseth et al. 1989), with some contributions from
marine silicate and carbonate production (Paetzel
and Dale 2010; Faust et al. 2017). It is expected that
increased precipitation, weathering, and ice melting
associated with future climate changes will lead to
enlarged inputs of terrigenous materials to the fjords
(Faust et al. 2014).

The literature on SPM elemental stoichiometry
often focusses on the classic Redfield C:N:P atomic
ratio: 106:16:1 (Redfield et al. 1963; They et al.
2017), even though a number of studies reveal large
discrepancies from the Redfield ratio, particularly in
large datasets (Schneider et al. 2003; Arrigo 2005;
Martiny et al. 2014; Sharoni and Halevy 2020). In a
greater perspective the concept of ecological stoichi-
ometry should preferentially be used to describe the
balance of chemical elements in ecological interac-
tions (Sterner and Elser 2002), and information on
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essential elements beyond C-N-P are prerequisite
to better ascertain which particles are involved and
their origin. C, N, H and O are major elements of
all organic molecules, as well as the main constitu-
ents of proteins together with S. S is also involved in
photosynthesis, while P is important for energy stor-
age (e.g., ATP) and in nucleic acids (Taiz and Zeiger
2006; Merchant and Helmann 2012). In addition, Ca
is an important structural compound in coccolitho-
phorids and foraminifers (CaCO; cell cover), whereas
Si has the same function in diatoms, silico-flagellates,
and radiolarians (cell wall of SiO,). Further, many
essential elements such as K, Mg, Mn, Fe, Zn, Cu, Ni
and Mo are cofactors in enzymes, or constituents in
cytochromes (Fe) and chlorophylls (Mg). Finally, CI
is required for photosynthesis (Raven 2017), and is
together with Na, K and Ca involved in osmotic regu-
lation and signaling pathways in plant cells, marine
bacteria, cyanobacteria, and archaea (Martin et al.
1999; Heldal et al. 2003, 2012; Taiz and Zeiger 2006;
Helliwell et al. 2021). Chemical composition of clay
particles usually comprises oxides of Si, Fe, Al, Ca,
Mg, Mn, K and Na (Ndzana et al. 2019). It should be
noted that the intracellular pool of dissolved elements
in living cells are operationally particulate.

The main objective of this study was to investigate
how seston C:N:P:0:Si:Ca:Mn:Mg:Fe:K:Na:CL:S:C
u:Zn elemental concentration and stoichiometry of a
deep coastal-fjord system is affected by environmen-
tal conditions during an annual cycle, with special
emphasis on land-fjord and fjord-coast interactions,
and the role of microbiota.

Our results show large vertical differences in ele-
mental stoichiometry and may lead to a better under-
standing of how biogeochemical cycling operates
within a highly dynamic and integrated land-fjord-
coastal system. From a climate change and monitor-
ing context, the wide range of elements investigated
may serve as future reference with respect to environ-
mental status.

Materials and methods
Description of the study site
The site of this investigation, the Sognefjord (SF)

(Fig. 1), is 205 km long, has a mean width of 4.5 km,
and a maximum depth of 1308 m, making it the

second largest fjord in the world. In the inner part the
SF splits into several side-fijords, most with shallow
sills (<20 m). At the mouth, the SF is separated from
the coastal water by a sill at 170 m depth. The fjord
system has a surface area of 1000 km” and a volume
of 500 km?, about 1% of the North Sea volume. The
yearly freshwater inflow to the SF amounts to 8.2 km?
year~! (Grgtta et al. 2016), representing> 1% of its
total volume.

Sampling and analysis

Sampling was conducted onboard “R/V Hans
Brattstrgm” in the outer part of the fjord (Brekke,
depth 1250 m, 61°02.42" N, 5°25.01" E), at selected
depths using 2.5 L Niskin bottles, at nine time-points
between 27 June 2012 and 31 July 2013. Temperature,
salinity, density, dissolved oxygen, and chlorophyll
a (chl a) fluorescence measurements were obtained
with a CTD (Conductivity-Temperature-Depth),
type SAIV-SD 204, with salinity, temperature, and
chl a fluorescence accuracy of +0.02 ppt,+0.01 °C,
and+0.03 ug L', respectively. The CTD tempera-
ture sensor was calibrated before use. Salinity was
calibrated by measuring salinity of samples col-
lected from the deepest sampling level on each cast
using a Guildline 8400 AutoSal with IAPSO Stand-
ard Sea Water as a reference. Oxygen concentrations
in mL L™'+0.01 were measured by titration using
the Winkler method (Andersen and Fgyn 1969) at
selected dates and depths. Apparent Oxygen Utiliza-
tion (AOU) (mL L") was calculated as the difference
between the measured dissolved oxygen concentra-
tion and its equilibrium saturation concentration in
water with the same physical and chemical properties.

Samples for dissolved inorganic nutrients nitrate
(NOj;"), nitrite (NO, ™), phosphate (PO43‘), and sili-
cate (Si(OH),) were collected from standard depths:
0.5m,5m, 10 m, 50 m, 100 m, 150 m, 200 m,
400 m, 800 m, 1000 m, 1200 m, and 1220 m. The
samples (unfiltered) were immediately preserved
with chloroform (200 pL per 50 mL sample) and
stored dark at 4 °C until analysis. Chloroform blank
levels were safely below analyzed nutrient levels.
Nutrient analyses were performed at the Institute of
Marine Research in Bergen, Norway using an auto-
analyzer (Alpkem-Lab) according to Parsons et al.
(1992). Ammonium (NH,*) concentrations were
measured on fresh samples from standard depths
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—> Atlantic water
—> Coastal current

Fig. 1 a Schematic illustration of the bathymetry of the Sog-
nefjord (not to scale), indicating water masses and water mass
origin. 1. Surface water influenced by freshwater runoff (blue
arrows) and coastal water in the counter current (red arrows).
2. Intermediate water influenced mainly by coastal water. Stip-
pled arrow indicates counter current transporting water out of
the fjord. 3. Basin water originating from Atlantic water (black
arrows). Turbulence and mixing occur between all three water
masses, gradually making the basin water less saline. Given

using a microplate fluorometric technique based on
the method of Holmes et al. (1999) and Poulin and
Pelletier (2007), and further adapted and tested by
Siv Kristin Prestegard. Acid washed glass equip-
ment was used in all preparations of standards,
incubation tubes and sample bottles.

Water samples for counts of single-celled phy-
toplankton, prokaryotes (bacteria and archaea) and
viral abundances by flow cytometric measurements
(FCM) were collected from the same depths as dis-
solved inorganic nutrients. Samples were fixed with
glutaraldehyde (25%, final concentration 0.5%) for
30 min at 4 °C, flash frozen in liquid nitrogen and
stored at — 80 °C. Prior to analysis, samples were
diluted 10 to 1000-fold in TE buffer (10:1, pH 8),
and stained with SYBRGreen-I (Molecular probes)
which stains double-stranded DNA. Samples were
analysed for 1 min at flowrates of ~30-35uL min~!
(prokaryotes and viruses) or~55-60 pL min ~!

@ Springer
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high enough salinity and favoring wind-regimes outside the
sill (5.) heavy Atlantic water may enter the fjord and replace
the resident water (4.). The approximate location of sampling
station Brekke is marked with a star. b An overview map and
¢ detailed map indicate the location of Sognefjorden, Raunef-
jorden and Boknafjorden on the west coast of Norway, where
the red dot represents the location of Brekke in the Sognefjord
and the blue dot Yttergyane lighthouse

(phytoplankton), using only the results from dilu-
tions with 100-1000 events s~! (Marie et al. 1999,
2001; Larsen et al. 2004).

Samples (250-1500 mL) for qualitative and quan-
titative analysis of the elemental composition of SPM
were taken at 5 m, 50 m, 200 m, 800 m, and 1220 m.
In addition, a sample was taken at the bottom of the
halocline when this was not coinciding with stand-
ard depths 50 or 200 m. These were 60 m on 27 June
2012, 170 m on 12 October and 11 December 2012,
and 250 m on 5 February 2013. Samples for SPM ele-
mental analysis were filtered in triplicate onto 0.6 um
pore size Poretics polycarbonate (PC) filters (47 mm),
and 0.6-0.8 pm nominal pore size Whatman GF/F
glass fiber filters (47 mm). Filters were then rinsed
with 5 mL of reverse osmosis water to avoid salt
precipitations; air dried and stored in Millipore petri
slides until analysis by using a wavelength dispersive
X-ray fluorescence (WDXRF) spectroscopy technique
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adapted for marine samples in a Bruker AXE S4 Pio-
neer WDXRF instrument (Paulino et al. 2013). Using
filter-specific calibrations a minimum of three blank
filters were analyzed for each new batch of filters and
relevant element reference standards were checked
regularly. For further information on calibration,
detection limits, precision and accuracy see Paulino
et al. (2013). Two different filter types were used in
these analyses to compensate for analytical interfer-
ence from the elemental composition of the filters
themselves. Data on C and N content were collected
from the GF/F filters, while data on O, Si, Ca, Mn, P,
Mg, Fe, K, S, Cu, Na, Cl, and Zn content were col-
lected from the PC filters. Particular P was also meas-
ured on GFF filters and cross calibration with PC fil-
ters showed consistent results (r>=0.9).

For scanning electron microscopy, 500 mL sam-
ple water was filtered onto 0.6 um pore size Poretics
polycarbonate filters (25 mm). The filters were air
dried and stored in plastic tubes until further prepara-
tion. Specimens were prepared by mounting the filters
on Al-stubs and coating them with Au/Pd in a Polaron
SC502 Sputter Coater for 30 s. The specimens were
viewed in a Zeiss Supra 55VP or a JEOL SCM 6400
scanning electron microscope at 250-3500 X magnifi-
cation or higher if necessary.

Wind, current and water runoff data

Wind measurements from Yttergyane lighthouse,
situated outside the SF (Fig. 1), were obtained from
the Norwegian Meteorological Institute’s climate
data base “eKlima” (http://eklima.met.no). These
wind data are representative for the open coastline
with no topographic obstacles. Current speeds were
obtained by the current model NorKyst800 (https://
www.hi.no/hi/temasider/hav-og-kyst/modeller) (see
Storesund et al. 2017; Asplin et al. 2020, for further
details). Data on water runoffs to the inner SF were
kindly given by the Hydrology Department at Norwe-
gian Water Resources and Energy Directorate (NVE)
(http://www.nve.no/).

Statistical analyses

Statistical analyses were done in R (R core team
2021) unless otherwise stated. Standard error of the
mean (SEM) of particulate elements was calculated
by taking the standard deviation and dividing by the

square root of the sample size, and it is given for all
sampling points. Detailed linear regression and ele-
mental correlation matrix analysis were performed in
Excel.

Unconstrained ordination (Principal Coordinates
Analyses (PCoA)) was used to visualize and exam-
ine patterns of the elemental composition at the dif-
ferent sampling-times and depths in the fjord. Briefly,
a dissimilarity matrix of the measured elements was
constructed on square-root transformed data using the
daisy function with Euclidean distances in the clus-
ter package (v2.1.1; Maechler et al. 2019). A PCoA
was then constructed on the resulting dissimilarity
matrix using the ape package (Paradise and Schliep
2019). The ‘betadisper’ function in the vegan package
(v2.5-7; Oksanen et al. 2020) followed by an anova
was used to further examine potential differences
in elemental composition between water layers by
examining the dispersion of variances. To investigate
the link between environmental variables and micro-
organisms on the elemental composition, a distance-
based redundancy analysis (db-RDA) was constructed
by running a redundancy analysis (RDA) on the pri-
mary and secondary axes obtained from the PCoA
using the rda function in the vegan package. Temper-
ature, salinity, density, O,, chl a fluorescence, inor-
ganic nutrients (NO;~, NO,~, NH4+, Si(OH),, PO43_)
and microbial counts (Prokaryotes, Nanophytoplank-
ton, Picophytoplankton, Synechococcus) were used as
constraints. To look at the individual effects of dis-
solved inorganic nutrients and the microbial commu-
nity respectively, one db-RDA was constructed using
only oxygen and inorganic nutrient concentrations as
constraints, and one using only microbial counts and
chl a fluorescence as constraints. To examine which
individual variables that were most likely influenc-
ing the elemental community composition, an anova
(999 permutations) was run on the three individual
db-RDAs.

Results

Hydrography

Salinity and temperature varied between 14.47-35.27
and 3.67-16.99 °C (Fig. 2), with means of 34.93

and 7.62, respectively. The highest surface salini-
ties were found during winter, while large freshwater
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Fig. 2 Salinity (S) and temperature (T, °C) in the Sognefjord from 27 June 2012 to 31 July 2013. Isopleth diagrams 0-200 m for a S
and b T, and temporal variations at 200, 800 and 1220 m for ¢ S, d T, and e density (c,, kg m™>)

discharges in May—July, with daily means reaching
786 m? s~! in July 2012 (monthly mean 454 m? s~")
and 754 m® s7! in June 2013 (monthly mean 376
m? s7!) (Fig. 3), led to a more brackish surface layer
during summer (Figs. 2a, Sla). Following periods
with Northerly winds (Fig. S2) water with salinity
of 33.00 was seen at 15-20 m in June-July. AW with
salinity ranging from 35.00 to 35.22 and temperature
from 7.34 to 8.20 °C was found shallower than 50
and 80 m in June 2013 and 2012, respectively. Below
sill depth (170 m), variations in salinity and tem-
perature were small, with AW dominating and tem-
peratures >7.34 °C at all depths (Fig. Sla,b). In the
basin layer, at 1220 m depth, salinities increased from
35.05 to 35.19 during the period October-Decem-
ber 2012, while the temperature remained the same
(7.39 °C) (Fig. 2c, d). This led to an increase in
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density (sigma-t) from 27.41 to 27.51 (kg m™>)
(Fig. 2e), which indicates an inflow and descent of
dense AW across the sill in late autumn 2012. This
was concomitant with prevailing strong Easterly-
South Easterly coastal winds (Fig. S2). Salinities in
the basin water remained at an elevated level from
December 2012 until the end of the investigation
period (31 July 2013), with minor variations between
dates. In June-July 2013 the entire basin layer was rel-
atively homogenous with respect to salinity and tem-
perature, 35.13-35.19 and 7.49-7.62 °C, respectively,
measured in July (Fig. 2c, d).

Oxygen conditions were non-stagnant, con-
firmed by saturation values varying from 112.05%
in July 2013 at 5 m to 68.2% in February at 1220 m
(Table S1). Below sill depth (170 m) oxygen satu-
ration had a maximum of 88.9% in July at 800 m.
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Within the 1000-1200 m depth interval oxygen
values increased steadily from February to July
2013. Apparent oxygen utilization (AOU) varied
between —0.73 mL L™! in July at 5 m, and 2.13 mL
L~!in February at 1220 m.

Nutrients

Concentrations of NO;~, Si(OH), and PO,*~ increased
between surface and sill depth (170 m). In the basin
water variations were small, with a wider range for
Si(OH), than for NO;~ and PO43_ (Fig. 4a—c). In
total, NO;~, Si(OH), and PO,*~ ranged from 0-15.6,
0.2-17.2 and 0-1.29 uM, respectively. Concentra-
tions of NO;~, Si(OH), and PO,*" in the surface layer
(5 m) varied between 0-4.0, 0.4-4.5, 0-0.46 uM,

respectively, in the lower intermediate layer (200 m)
between 9.8-13.2, 5.8-14.5, 0.79-1.13 uM, respec-
tively, and in the lower basin layer (1220 m) between
12.6-15.6, 14.3-17.2, 1.18-1.29 uM, respec-
tively. Maximum nutrient concentrations at 200 m
occurred during late winter-early spring 2013, peak-
ing in March. From March to July 2013 upwelling
likely forced water originating at 1000 m upwards
to 100 m, making this part of the water column rela-
tively homogenous with respect to nutrients, showing
NO;~, Si(OH), and PO43_ concentrations of 11 uM,
6 uM, and 0.9 pM, respectively. During winter, the
NO, /PO, ratio was at its highest at 5 m while from
50 m and below it was at its lowest (Fig. 4e).

NH,* concentrations varied from 0-1.85 uM
across all depths and dates (Fig. 4d) and were in
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Fig. 4 (continued)

general highest during winter. However, independ-
ent of season, high NH4Jr concentrations were fre-
quently seen in the upper layer and at some depths in
the basin layer. The highest values were encountered
above the sill, with 1.85 uM at 70 m in May. Below
sill depth NH,* values were<1.29 pM, reaching
1.29 pM in February at 250 m and 1.0 uM in Octo-
ber at 1200 m. Notably, NH,* was depleted over the
whole water column in March.

Chlorophyll a fluorescence

Chl a fluorescence was strong around 15 m depth
in June 2012, and in May—June 2013 (1.9-2.4 pg
L~!) (Fig. 5a, b). A deep chl ¢ maximum layer was
seen at 30 m in June 2012 (1.8 ug L™!) and at 25 m
in June 2013 (1.3 pg L7'). Subsurface maxima
were seen also in March, with a peak at 17 m depth
(1.3 ug LY. Even if chl a decayed exponentially with
depth (see Fig. 5b, inserted), modest levels of chl a
were also observed below sill depth in June, rang-
ing from 0.12-0.28 ug L' within the depth interval
206-282 m.

Prokaryote, virus, and phytoplankton abundance
Prokaryote abundance was highest in the surface

water during summer, ranging from approximately
2.1-13.08x 10° cells mL™" (Table S2). Abundance

in the intermediate water ranged between 1.49 and
3.27% 107 cells mL~! and in the basin water between
1.22 and 2.10x 10° cells mL~". Virus abundances also
decreased with depth, ranging from a of 3.4-23 x 10°
particles mL ™! in the surface water to 1.24-2.58 x 10°
particles mL™! in the basin water (Table S2). Sea-
sonal variations in prokaryote and viral abundances
were most pronounced in the surface water, and least
in the basin water. Blooms of nanophytoplankton and
picophytoplankton (including the cyanobacteria Syn-
echococcus spp.) were observed in the upper layer
between June—August. Elevated abundances of phyto-
plankton were also observed in March whereas phy-
toplankton biomass was low during late autumn and
winter. A bloom of the coccolithophorid Emiliania
huxleyi was observed in the upper part of the water
column from May—June 2013, corresponding with the
most turbid waters observed in this study.

Vertical variations in SPM elemental concentrations
during an annual cycle

Value ranges for the elements C, O, N, Si, Ca, Cl, P,
Fe, Mg, Na, Mn, K, Zn, S, Cu are given in Table 1
(concentrations ranging over 4 orders of magnitude).
Particulate elements are presented in groups accord-
ing to similarity in their overall mean concentrations
(depths and dates).
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Particulate C—O-N

Particulate C and O were within the range
1.52-32.87 pM and 0.08-5.53 pM, respectively
(Fig. 6, Table 1). Both had their minimum at 200 m
in August, while maximum for C was at 5 m in June
2013 and for O at 1220 m in February. Values of
particulate O and N were relatively low at all depths
until winter 2013, when a marked increase was
observed (Fig. 6). Particulate N was within the range
0.05-3.78 uM, with maximum obtained in June 2013
and minimum in June 2012. The overall means (time
and depth) of particulate C, O and N were 5.28 uM,
1.57 uM and 1.54 uM, respectively (Table 1). The
annual mean of particulate C, O and N at specific
depths had their maxima at 5 m, with 13.92 uM,
2.39 uM and 2.13 uM, respectively (Table 2).

Particulate Si—Ca—Cl

Particulate Si and Ca were within the range
0.07-1.46 uM and 0.07-4.43 pM, respectively
(Fig. 6, Table 1). Si had its maximum at 1220 m in
February and Ca at 5 m in June 2013. Si concentra-
tions were also high in the surface layer during sum-
mer. Minimum concentrations of particulate Si and
Ca were found at 200 m in August and at 800 m in
December, respectively. Particulate CI was within the
range 0.05-0.35 uM and had its maximum at 5 m in
August and minimum at 50 m in February (Table 1).
The overall means (time and depth) of particulate
Si, Ca and Cl were 0.34 pM, 0.33 pM and 0.16 uM,
respectively (Table 1). As was the case for particu-
late C, O, and N, annual mean of particulate Si, Ca
and Cl at specific depths had their maxima at 5 m
with 0.51 pM, 1.12 uM and 0.21 pM, respectively
(Table 2), but Si differed from Ca by having a high
concentration (0.46 uM) also in the bottom layer
(1220 m).

Particulate P-Fe—Mg

Particulate P concentrations were within the range
0.02-0.72 uM and consistently low at depths beneath
5 m, with minimum at 200 m in August and a maxi-
mum at 5 m in June 2012 (Fig. 6, Table 1). Concen-
trations of P were also relatively high at 5 m during
May-July 2013, reaching levels of 0.30-0.35 pM.
Particulate Fe and Mg were within the range

0.02-0.34 uM and 0.03-0.26 pM, respectively but
in contrast to P, Fe and Mg had their maximum at
1220 m in February, while minimum was encountered
at 50 m in October and July, respectively. Particulate
Fe achieved an even higher concentration (0.76 uM)
at 250 m in February, coinciding with the bottom of
the halocline (data not shown). The overall means
(time and depth) of P, Fe and Mg were 0.095 uM,
0.070 uM and 0.068 uM, respectively (Table 1). As
was the case for annual mean of particulate C, O, N,
Si, Ca and Cl at specific depths, P had its maximum
(0.25 pM) at 5 m, while Fe and Mg at 1220 m with
0.13 uM and 0.10 uM, respectively (Table 2).

Particulate Na—Mn—K

Particulate Na, Mn and K were within the ranges
0.06-0.16 pM, 0.05-0.23 uM and 0.03-0.16 uM,
respectively, all with their maximum at 1220 m,
obtained in February, May, and February, respec-
tively (Fig. 6, Table 1). Minimum for Na, Mn and K
were encountered at 50 m and occurred in February,
June 2012, and July, respectively. High concentrations
of Mn were only found in the basin layer, where val-
ues at 1220 m exceeded the values at 800 m by a fac-
tor of 5 and the depth strata above by a factor of > 10.
The overall means (time and depth) of Na, Mn and
K were 0.065 uM, 0.049 uM and 0.035 pM, respec-
tively (Table 1). Annual mean of Mn and K at specific
depths had their maximum at 1220 m with 0.18 uM
and 0.06 pM, respectively, while vertical differences
of Na were less pronounced (Table 2).

Particulate Zn—-S—Cu

Particulate Zn, S and Cu were within the ranges
0.007-0.103 uM, 0.006-0.091 pM, 0.001-0.019 uM,
respectively (Fig. 6, Table 1). Particulate S had its
maximum at 5 m in June 2013, while Zn and Cu at
1220 m in May and February, respectively. However,
measurements at 250 m in the lower halocline in
February revealed still higher values for Zn and Cu,
with 0.199 uM and 0.020 puM, respectively (data not
shown). Minimum concentrations for Zn, S and Cu
were found at 1220 m in October, at 800 m in July,
and at 50 m in February, respectively. The overall
(time and depth) mean values of Zn, S and Cu were
0.032 uM, 0.020 uM and 0.008 pM, respectively
(Table 1). Annual mean of Zn and Cu at specific
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«Fig. 6 Variations in seston elemental concentrations (UM) in
the Sognefjord from 27 June 2012 to 31 July 2013 at 5, 50,
200, 800, 1220 m. Particulate elements are presented accord-
ing to similarity in their overall mean concentrations (depths
and dates), those tending to have high concentrations towards
the surface in the left column (green) and those towards the
bottom in the right column (orange). For the clarity, standard
errors are not shown, but these can be obtained from Table 1

depths showed highest concentrations in the deep
basin water with 0.042 uM at 1220 m, and 0.008 pM
at 800 m and 1220 m, respectively, which corre-
sponds well with the patterns for Fe, Mg, Mn, and K
(Table 2). For S, on the other hand, annual mean had
its maximum at 5 m with 0.049 uM.

Statistical analyses

Some differences in elemental composition were
observed between the different water layers (Fig. 7a),
however, the dispersion of variances (betadisper)
indicated that these differences were not significant
(p=0.02). Axis 1 of the PCoA explained 74% of the
observed variability, whereas axis 2 explains 18% of
the variability. The db-RDA constrained by all vari-
ables (Fig. 7b) indicated some partitioning between
the surface samples and the other samples, and the
surface samples also showed high dissimilarity
between sampling seasons. With some exceptions, the
samples from the intermediate and deeper water lay-
ers grouped together in three fractions according to
sampling season: late winter (February and March),
spring—summer (May, June, July) and late summer-
early winter (August, October, December) (Fig. 7b).
Temperature, oxygen concentration and the abun-
dance of prokaryotes and phytoplankton appeared
more closely related to the elemental composition in
the surface layer than the deeper layers. Ammonium
concentration appeared to be linked to the samples
from August, whereas nitrite appeared to influence
the samples from winter/spring that did not group in
the forementioned fractions (Fig. 7b). The remain-
ing inorganic nutrients, as well as salinity and den-
sity appeared positively correlated with PCoA axis 1,
but not with any of the individual samples. The only
variables that significantly affected the sample distri-
bution were temperature, salinity and Synechococcus
abundances (anova, p <0.005).

The db-RDA constrained by microbial counts
only (Fig. 7c) showed similar partitioning between

the samples as in Fig. 7b, with all the constraining
variables appearing to be linked to the elemental
composition of the surface samples. Constraining
the data with only the microbial counts gave a more
pronounced seasonal partitioning between the sam-
ples obtained from the deeper layers than when all
data was included (Fig. 7b). However, the only sig-
nificant variable in this ordination was chl a fluores-
cence (anova, p<0.005). The distribution of samples
obtained from the db-RDA constrained by inorganic
nutrient and oxygen concentration (Fig. 7d) appeared
very similar to the ordination constrained by all vari-
ables (Fig. 7b). NO;~ was the only significant vari-
ables for this ordination (anova, p <0.005).

Discussion

We have previously shown that the bacterial com-
munity structure along a fjord-gradient in the SF
was strongly influenced by allochthonous species in
the surface and intermediate layers originating from
freshwater runoffs and inflow from adjacent coastal
waters (Storesund et al. (2017). The community com-
position of the deep basin water, on the other hand,
showed low affiliation with adjacent water masses,
and had therefore developed into a distinctive bath-
yal fjord microbial community characterized by low
disturbance, except during episodic replacement of
bottom water (Fossa and Brattegard 1990; Storesund
et al. 2017). In the present study we have focused on
seston element composition and stoichiometry dur-
ing an annual cycle, covering the whole water column
at one station in the outer part of the fjord, and the
impact from microorganisms and environmental fac-
tors on the element composition.

Hydrodynamics and particle transport mechanisms

The sheltering effect from the surrounding mountains
makes the water column of the fjord less exposed to
mixing, and therefore stratification more likely to
occur. The impact from hydroelectrical power pro-
duction during winter was not very noticeable in the
outer part of the fjord (Fig. 2), despite contributions
of on average 248% higher freshwater outlets to the
inner fjord in January-February compared to natu-
ral runoffs (Berg et al. 2017). Brackish surface water
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Table 2 Annual means of seston elemental concentrations (UM) at specific depths in the Sognefjord

Depth (m)
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0.0063
0.0008
0.0060

0.0485
0.0053
0.0137

0.0317
0.0047
0.0291
0.0053
0.0263
0.0041
0.0344
0.0051
0.0417
0.0063

0.0346
0.0046
0.0150
0.0016
0.0445
0.0100
0.0327
0.0040
0.0574
0.0072

0.0093
0.0009
0.0103
0.0008
0.0166
0.0011
0.0375
0.0016
0.1818
0.0090

0.0893
0.0095
0.0536
0.0072
0.0600
0.0073
0.0491
0.0047
0.0722
0.0091

0.0730
0.0068
0.0391
0.0018
0.0613
0.0100
0.0483
0.0021
0.1032
0.0132

0.0512
0.0034
0.0392

0.2521
0.0485
0.0563

0.2111

1.1234
0.3351
0.1255
0.0142
0.1290
0.0068
0.1065
0.0062
0.1730
0.0200

0.5062
0.0558
0.2434
0.0199
0.2647
0.0252
0.2386
0.0148
0.4624
0.0630

2.1278
0.2424
1.4259
0.1764
1.5059
0.1906
1.3292
0.1742
1.3696
0.1846

13.9217 2.3924

0.0285
0.1539
0.0238
0.1651
0.0202
0.1465
0.0150
0.1407
0.0195

0.3331
1.1559

1.9691
3.6560

+

0.0010  0.0009
0.0184  0.0058
0.0054  0.0010

0.0181
0.0049
0.0225
0.0048

0.0030  0.0031
0.0643

0.3196 0.1855

2.4034
0.1451

+

0.0662

1.2080
0.2514

200

0.0202  0.0057

+

0.0083
0.0012
0.0078
0.0013

0.0432  0.0647

0.0037
0.0638
0.0067

2.50899 1.3653

800

0.0037
0.1249
0.0155

0.1036  0.2520

3.4467

+

1.8325

1220

0.2982 0.3462

+

Sampling was conducted during 9 cruises from 27 June 2012 to 31 July 2013. The selected depths represent surface water (5 m), intermediate water (50 m, 200 m) and basin

water (800 m, 1220 m). Standard errors are given as ()

was mainly observed during the snow melting season
in May-July (see Figs. 2, 3), and there was a posi-
tive correlation between freshwater runoff and sur-
face concentrations of particulate S, C, P, Mg, and
Ca (Table S3), indicating influence from terrestrial
sources. For the bottom layer correlations were weak
and mostly negative.

The density of the inflowing water determines its
intrusion depth and thereby the degree of deep-water
renewal. Our data showed that the salinity of the
basin water increased significantly from October and
remained high until July. In February and May salini-
ties were similar over the depth interval 200—1220 m,
while in June and July the salinity was higher at
800 m than at 1220 m indicating that the inflowing
AW did not reach the bottom layer (Fig. 2c). How-
ever, due to higher temperature of this saline water,
the density became the same as at 1220 m (Fig. 2d,
e). The general increase in salinity for the whole
basin (1220-200 m) from October to December (60
days) during the inflow and upwelling of saline AW
indicates ascent velocities of 17 m day™', which are
in accordance with those for eddies (2040 m day_l)
and coastal upwellings (17 m day~') (Johnson 1977,
Vélez-Belchi and Tintoré 2001).

Typical sinking speeds of different types of par-
ticles in saltwater are 8.6 m day~! for clay (Tan
et al. 2012; Sutherland et al. 2014), 10 m day_1 for
marine aggregates in Norwegian fjord water (Bach
et al. 2016), and for living phytoplankton from
-0.4 to>2.2 m day~! (Peperzak et al. 2003; Erga
et al. 2010, 2015). Neglecting horizontal advection
and assuming low degree of flocculation, SPM in
the form of phytoplankton would need more than
80 and 500 d to reach sill depth and fjord bottom,
respectively. At greater distances from river outlets
the smallest size fractions (e.g., clay) is expected to
be predominant due to lower settling speeds. Clay
particles at the top of the intermediate layer would
need 15 d to sink from 40 to 170 m, but due to a sig-
nificant horizontal transport during this residence
time they could potentially be transported horizon-
tally 13 to 65 km before being trapped within the
fijord basin (see Storesund et al. 2017). Given this
scenario, all clay particles being fed into the inner
fjord system would be kept within the fjord basin,
while bacteria and phytoplankton could be flushed
out of the fjord before reaching the basin. However,
inflows of AW over the sill (Fig. 1a), occurring at
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Fig.7 a Principal Coordinate Analysis (PCoA) indicating
difference in elemental composition between samples from
different depths in the Sognefjord during the period 27 June
2012-31 July 2013. The closer the points cluster, the more
similarities they have in their elemental composition b Dis-
tance based redundancy analysis (db-RDA) constructed from
the primary and secondary PCoA axes using temperature (T),
salinity (Sal), density (c,), O, (OX), chl a fluorescence (Fl),

irregular intervals (Storesund et al. 2017), could
lead to both import of particulate matter (PM)
from offshore waters and resuspension of clay sedi-
ments by entrainment. Important in this context

inorganic nutrients (NO;~, NO,™, NH,*, Si(OH), (Sil), PO43_)
and microbial counts (Prokaryotes (PK), Nanophytoplankton
(NP), Picophytoplankton (PP), Synechococcus (SC)) as con-
straints. ¢ db-RDA constructed using OX, NO;~, NO,™, NH,",
Sil and POf‘concentrations as constraints, and d db-RDA
using microbial counts and chl a fluorescence as constraints.
The orientation of the PCoA axes in the db-RDA ordinations
are indicated in red

is the advective force generated by weak bottom
currents. In the SF maximum velocity around
0.06-0.07 m s~! (data not shown), appeared close
to the bottom during inflow periods of heavy AW.
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In August and February clay/silt particles were seen
on the filters from 1220 m, confirming such bottom-
up circulation process.

Nutrient dynamics

Based on dissolved nutrients data (5—1220 m), linear
regression gave NO;7/PO,*~, Si(OH),/ PO,>~ and
NO;7/Si(OH), atomic ratios of 12.7, 12.5 and 0.8
respectively (Table S4), which differ slightly from
the classical N:Si:P=16:16:1 ratio often used as
criteria for stoichiometric nutrient balance of dia-
tom-dominated systems (Brzezinski 1985) (see later
discussion for the importance of diatoms in the SF
system). However, considering only the basin layer
(200-1220 m), overall N:Si:P ratios were 8.6:28.4:1
(N/Si=0.3). For the upper 200 m of the water col-
umn, the N:Si:P ratio was 13.5:8.1:1 (N/Si=1.4),
which is similar to previous findings at 100 m in the
adjacent NCC water and at 200 m depth in the Nor-
wegian Sea (Erga et al. 2014, 2017). This indicates
a continuum in similar nutrient concentrations from
offshore to inshore waters within the intermediate
layer, which has a vertical extension varying from
15-200 m to 50-200 m during the year (Fig. 2a). The
N/P ratio at specific depths revealed lower values in
winter than spring—summer from 50 m (i.e. below
euphotic zone) and downwards (Fig. 4e), indicat-
ing faster turnover for PO,*>~ than NO,™. The strong
contrast between silicate concentrations in the deep
water outside (low) the sill and basin water inside
(high), emphasizes the importance of fjord basins as
silicate reservoirs for the united coastal regime. A
similar contrast has been observed for deep water in
other Norwegian fjords as well (Stigebrandt and Aure
1989). From December to March upwelling of nutri-
ent-rich basin water reached shallower depths than
100 m (Fig. 4a—c). In July, the upwelling of AW dis-
placed the original deep water completely, revealed
by lowered silicate values over the entire water col-
umn (1000 m) during a 60-day period (Fig. 4b). This
gives an ascent rate of 17 m day~!, consistent with the
speed found at an early stage of the upwelling (see
above).

NH,*, an alternative N-source for growth of
microbiota, showed a different variation pattern than
NO;~ (Fig. 4a, d), with levels (0-1.85 uM) similar to
those found in the Oslofjord (Paasche and Erga 1988),
but higher than in the oligotrophic Northeast Atlantic
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(values <0.1 uM) (Rees et al. 2006). The depletion of
dissolved NH,* throughout most of the water column
during upwelling in February—March could be due
to inflow of NH,* deprived AW, removal of NH,*
cations by adsorption onto ascending and negatively
charged clay/silt particles, or complex binding within
organic ligands (Van Raaphorst and Malschaert 1996;
Eturki et al. 2012). In general, the N-variation pat-
terns indicate complex NH,* conversion processes in
both the pelagic and benthic parts of the fjord, such
as procaryotic ammonification, shift from ammonifi-
cation to nitrification (ammonium oxidation), NH,*
adsorption to negatively charged PM, or NH,* release
from nitrogen mineralization in anoxic MnO,-rich
sediments (Liebes 1992; Thamdrup and Dalsgaard
2000; Winkelmann and Knies 2005; Abdulgawad
et al. 2008). Local runoffs from agriculture are of
minor importance in this context (http://www.vannp
ortalen.no/sognogfjordane). Specifically, it has been
found that nitrification by the bacteria Nitrosomonas
sp. and Nitrobacter sp. may occur when attached to
suspended inorganic particles (Diab and Shilo 1988).

Seston elemental stoichiometry: the role of
microbiota and environmental factors

The seston composition could be significantly
changed during transport from source to sink by
interferences with freshwater runoffs/land drainage,
entrainment at the interface between adjacent water
masses or between bottom water and sediments, and
coastal-fjord water exchanges (Storesund et al. 2017).
Among the highlighted anthropogenic impacts of
the SF ecosystem are freshwater regulations related
to extensive hydropower production (Myksvoll et al.
2014), aluminum plants (smelters), ship traffic, fish
farms and small- and medium-sized sewage treatment
stations with low degree of treatment (Manzetti and
Stenersen 2010). Contribution from aerosols should
also be considered as these particles are often asso-
ciated with environmental contamination (Caceres
et al. 2019).

Microorganisms are responsible for primary
production, and bacterial degradation of organic
material affects both the abundance of dissolved
organic matter and the elemental composition of
SPM. Bacteria and different groups of microalgae
in the SF displayed common bloom patterns, with
high cell numbers in the surface water during May,


http://www.vannportalen.no/sognogfjordane
http://www.vannportalen.no/sognogfjordane

Biogeochemistry

June and July compared to other months and depths
(Table S2). The amount of phytoplankton, repre-
sented by chl a, achieved an annual average of 0.9
and 0.7 pg L™! at 0 and 5 m, respectively (Fig. 5b,
inserted). This compares well with another western
Norwegian fjord, the Samnangerfjord, where the
annual average was 1 ug L™' at 5 m and an over-
all POC/chl a ratio of 81 was obtained (n=288)
(Erga et al. 2005). Using this ratio on the SF data,
we find that microalgae on an annual basis may con-
tribute with 4.7 uM C of the total particulate carbon
(13.9 uM) at 5 m (Table 2), meaning that 66% of the
particulate C at 5 m is non-algal.

The composition of particulate elements showed
larger differences between sampling months at the
surface than in the deeper water masses (Fig. 7a,
b), and appeared to be influenced by abundance of
microorganisms and photosynthetic activity (Fig. 7b,
¢), emphasizing the intrinsic link between elemen-
tal composition of SPM, abundances of dissolved
organic matter and microorganisms in the marine
environment. Elemental composition in the differ-
ent samples also differentiated between the different
sampling depths, however, this was not statistically
significant. When all variables were considered, the
sample composition was highly linked to salinity,
temperature, and the abundance of Synechococcus sp.
(Fig. 7b). The notable difference in the deeper layers
between samples from late spring and summer in ele-
mental composition compared to other samples was
probably linked to the microbial biomass (Fig. 7c),
whereas the differences observed in the upper layers
could be linked to photosynthesis (indicated by chl
a concentration). Sinking particles at that time was
likely composed partly of dead or dying microalgae in
addition to inorganic runoffs from land. Lower con-
centrations for several of the major seston elements at
greater depths during an annual cycle (Fig. 6), may be
due to the decomposition and dilution of particles in
deeper strata, or flushing out of the fjord before enter-
ing the basin layer (cf. 4.1), if sinking particles stay
in the water column. For bigger particles/aggregates
with high sinking speeds, settling on the bottom may
also occur.

The composition of dissolved elements (NO; —N,
Si(OH),-Si, PO,*"-P) seemed to be mainly influ-
enced by depth, as well as seasonality in the surface
layer (Fig. 7b,d), possibly linked to consumption of
these elements by microorganisms in the upper water

masses, and regeneration in the deeper water masses.
Competition for nutrients between prokaryotes and
phytoplankton, in addition to viral lysis and grazing,
significantly affects the microbial community struc-
ture (Weinbauer et al. 2007; Chow et al. 2013; Pree
et al. 2017). Viral lysis could be responsible for a
daily turnover of approximately 20% of marine micro-
bial biomass (Suttle 2007). Therefore, the high viral
counts in SF surface waters (Table S2) could indicate
high lysis rates of prokaryotes and/or microalgae.

Stratification and seasonality have significant
impacts on prokaryote abundances in marine environ-
ments (Gilbert et al. 2012; Cram et al. 2015). Min-
eral and organic nutrient inputs during the growth
season (spring/summer) come primarily from land
run-offs and freshwater discharges (Gutiérrez et al.
2015). The dynamics of microbial communities along
the fjord-gradient is influenced, directly through the
introduction of microbial communities in freshwater
runoffs, or indirectly through the input of mineral and
organic nutrients that stimulate internal competition
and growth (Storesund et al. 2017). This is in accord-
ance with the current temporal study where fluctua-
tions in the microbial biomass was linked to season-
ality and depth in the fjord (Fig. 7), and in the case
of surface microbiota to the large freshwater runoffs
during snow melting, while elemental composition
of SPM was related to upwelling as well as season-
ality, depth, and freshwater inflows. High AOU val-
ues, showing>1.8 mL L~! close to the bottom at
all dates, and>1.3 mL L~! in the lower pycnocline
(100-150 m) during spring—summer (Table S1), indi-
cate significant aerobic microbial activity connected
with decomposition and remineralization of settled
organic matter (e.g., nitrification). It is also supported
by high levels of oxygen relative to the other ele-
ments captured in seston biomass in the basin water
(800-1220 m) (Table 3).

The SPM elemental composition in February at
most depths differed notably from the other samples
(Fig. 7b), most likely connected with an ongoing
upwelling of deep water (Fig. 2a, c¢), which in Feb-
ruary resulted in resuspension and elevated values of
all particulate elements at 1220 m (Fig. 6). Special
for particulate N, Zn and Cu, however, was high con-
centrations within the basin layer from February-July
when repeated upwellings occurred, indicating an
impact on elemental composition from the underlying
sediments.
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Table 3 Time averages of seston elemental stoichiometry relative to phosphorus (P) at specific depths in the Sognefjord (see

Table 2)

Depth (m) Stoichiometric formulas of seston elements (molar) C/N
5 Cs5Ny 4P Si; oCay 50 sFeq 20Mng 4204 1350, 190Cug 0o—Cl0; g4Na 35Mg( 20Ky 14 6.5
50 Cgs NasP;Siy 3Ca; 50, Fe 70Mng 5704 5550 24Cug, 1, —Cly 7Nag osMgg 0Ky 27 2.6
200 C37N3P Siy 1 Ca, (O 9Fe; (Mng 26700 41S0.20CU0,00—Cl; 6Nag 93M g 05K 690 1.6
800 CsgN3 P Sis sCa, sO5,Fe; sMng g7700 89S0 42CUg,19—Cls 4Na; ;Mg 1K 76 1.9
1220 Cs54Ny P Sz 5Ca; 70,9Fe; (Mn, 570,655 35Cug 1,—Cl, ,Na, | Mg, 6Ky 9 26
Mean CssN6P1S13 6Cas 40 6Feq 74Mng 51214 3350, 5 Cug 05—Cl, 7Nag 6sMgo 71K 37 3.4

Sampling was conducted during 9 cruises from 27 June 2012 to 31 July 2013. The overall mean (all dates and depths) is at the bot-
tom. For clarity, elements representing the major ions of seawater are separated from the other elements of the stoichiometric equa-

tion

Particulate C/P, N/P, and C/N atomic ratios across
dates and depths, varied between 11-162, 1.8-116,
and 0.8-75, respectively, with maximum and mini-
mum both encountered at 200 and 1220 m (data
not shown). Such large value ranges in C:N:P stoi-
chiometry point towards complex causal relation-
ships, not only concerning source or origin, such as
organic/inorganic, limnic/marine, terrestrial/litho-
genic, aerosol, and anthropogenic, but also the extent
of microbial activity, geochemical/geophysical pro-
cesses, and elemental turnover at different depths. To
unravel systematic differences between water layers
with respect to seston elemental stoichiometry, we
used annual averages for each element at all depths
(Table 3). At 5 m where phytoplankton contributed
with 34% of the total particulate C (see above), this
resulted in a C:N:P ratio of 55:8.4:1 (C/N=6.5),
which corresponds well with values for the Raunef-
jord (Erga et al. 2017) and Boknafjord (Erga 1989),
both being situated upstream in the NCC relative to
the SF (Fig. 1). It is also similar to the C:N:P=60:7:1
of soil microbiota (Cleveland and Liptzin 2007), to
the C:N:P=50:10:1 of native aquatic and cultured
bacteria (Fagerbakke et al. 1996), and is concurrent
with the conclusion of Storesund et al. (2017), stating
that the upper layer in the SF is influenced by bacte-
rial communities originating from terrestrial runoffs.
However, below euphotic zone there was a strong
decrease in annual means of C and P, but only a mod-
est decrease in N (Table 2), enhancing N:P ratios to
21-31:1, and reducing C:N ratios to 1.6-2.6:1 along
the depth range 50-1220 m (Table 3). A similar but
more distinguished trend occurred for the C:O ratio
decreasing successively from 5.8:1 at 5 m to 3.1:1 at
50 m, and levels around 1.8-1.9:1 below sill depth
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(Table 3). Native bacteria from the Raunefjord were
found to have C:O ratios within the range 2.8-5.1:1
(Fagerbakke et al. 1996).

Interestingly we found that the depletion of NH,*
over the whole water column during upwelling
in March (Fig. 4) coincided with evenly distrib-
uted and high particulate N, and low particulate
C and P (Fig. 6), resulting in a mean water column
(5-1220 m) C:N:P ratio of 34:30:1 (C/N=1.1) (data
not shown). However, NO;~ was the only inorganic
nutrient significantly linked to the composition of
particulate elements in the water column (Fig. 7d) but
considering the complex relationships between NH,*
and NO;™, and clay particles (Cho et al. 2010), there
is reasons to believe that the amount of inorganic N
present in the fjord could influence the C:N ratio. This
corresponds well with the findings of Winkelmann
and Knies (2005), who concluded that low C:N ratios
(but higher than in our study) of marine surface sedi-
ments along the coast of Spitsbergen could be due to
high inorganic N (70% of the total N). Low C:N ratios
have also been reported from marine surface waters
of the Canadian Arctic under the dominance of heter-
otrophic microbes (Crawford et al. 2015). Also, high
P concentrations relative to C is characteristic for
aquatic bacteria (Chrzanowski and Kyle 1996). Con-
sequently, in our study, none of the particulate C:N:P
annual means at specific depths (Table 3) were close
to the oceanic Redfield ratio (106:16:1). When aver-
aging over both time and depth, however, the particu-
late N:P ratio became equal to Redfield (16:1), while
the C:P and C:N ratios only reached 55:1 and 3.4:1,
respectively (Table 3). Together, these facts sug-
gest contribution from heterotrophic microbes, faster
microbial decomposition of C and P than N, and the
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presence of N enriched inorganic particulate matter,
such as clay. It could also be due to inorganic particle
formation mechanisms related to redox and N-trans-
formations processes at the sediment—water interface.

Particulate elements, sorted according to con-
centration, can roughly be grouped into sur-
face: C-O-N-Si-Ca-Na-Cl-P-S and bottom:
Fe-Mg—-Mn-K-Zn—-Cu affiliation (Fig. 6). C-Ca-P-
S tended to be negatively correlated with salinity
and positive with temperature (Fig. 8, shown for C
and S), while Fe-Mn-Mg-K was not correlated but
showed highest concentrations at salinities and tem-
peratures typical for AW (Fig. 8, only shown for Fe).
O-N-Si—Zn—Cu concentrations, on the other hand,
seemed to be high in both AW and colder/warmer
brackish water, and consistently low for salinities
between 30 and 33 (Fig. 8, shown for N, Si and Cu).
Concentrations of particulate Na and Cl were inde-
pendent of salinity, while weakly positive correlated
with temperature (data not shown). Based on mean
values of particulate Na and CI a molar Na/Cl ratio
of 0.4 is obtained (Table 1), which is lower than for
sea-salt (0.85), but agrees well with marine bacteria
from the Raunefjord, where the ratio varied between
0.1 and 0.6 (Heldal et al. 2012).

Elements in the stable bottom layer
(800-1220 m) had higher numbers of strong cor-
relations (r?) than at shallower depths, 16 with
?>0.9 and 66 with 0.4<r’<0.9 (Table 4), sug-
gesting strong connection with microbial commu-
nities and sediments (Storesund et al. 2017). The
upper layer (5-50-200 m), on the other hand, is
exposed to rapid shifts in environmental conditions
including horizontal advection, thereby giving the
microbial community less time to degrade avail-
able particulate matter, and consequently low cor-
relation between elements, r2>0.9 only for C—Ca,
C-S and Mg-Cl (Table 4). However, the high cor-
relation between Si- and Ca-Mg-Na—K, indicates
an additional contribution from the inorganic/
inert fraction of the SPM, including clay (Bar-
ton and Karathanasis 2002; Barrén and Torrent
2013). Taking all depths into account, it emerges
that the strongest elemental correlations r>>0.9
were obtained for C-Ca and C-S, probably related
to calcite (CaCO;) and organosulfur producing
microorganisms, such as coccolithophorids with
CaCOj; coccoliths and dimethylsulfoniopropionate
(DMSP) metabolism, other types of phytoplankton

and bacteria with DMSP metabolism, and particu-
late sulfur-containing lipids (GaSparovi¢ et al. 2018;
Gebser et al. 2020). In accordance with this Ca was
also correlated with the organic elements O, C, N, P
(t?>0.43), and S (1?>0.71). The tendency of high
correlations between S and the trace metals Fe, Cu
and Zn (all taking part in red-ox reactions) in the
basin water (Table 4) could be caused by release of
metal sulfide particles from the anoxic clay/organic
sediments at the bottom (Skei et al. 1996).

Particulate Si had its maximum at 1220 m, but
also high values at 5 m occurred during spring—sum-
mer both years, while Ca was high only at 5 m dur-
ing summer 2013, and relatively low at depths below
(Fig. 6, Table 1). Diatom blooms are major contribu-
tors to the annual primary production in Norwe-
gian fjords and based on previous studies (Erga and
Heimdal 1984; Paasche and Erga 1988; Erga 1989;
Erga et al. 2005) it can be calculated that diatom and
coccolithophorid (dominated by Emiliania huxleyi)
blooms in Norwegian fjords with cell numbers > 10°
cells L™}, periodically can contribute with> 1.3 uM of
particulate Si and > 0.4 uM of particulate Ca (Paasche
1980, 2002; Erga 1989; Fagerbakke et al. 1994).
These high levels compared with total elemental Si
and Ca values (Fig. 6) emphasize the importance of
marine silicate- and carbonate producing microbiota
as potential sources of particulate Si and Ca in fjord
sediments (Aarseth 1997; Paetzel and Dale 2010;
Faust et al. 2017). The relatively close relationship
between Si and the organic components O, C, N, P
(?>0.41) (Table 4) point towards a significant con-
tribution from biogenic silicate. However, as biogenic
silicate (Si0,-n(H,0)) dissolves slowly, Si is regen-
erated at greater depths than N and P (Liebes 1992).
When averaging over time and depth we obtained a
particulate Si:P ratio of 3.6:1 (Table 3), which com-
pares well with earlier findings in the Raunefjord
(Erga et al. 2017). Our data showed a high correlation
between Si and -Mg, -K, -Ca, -O in the basin water
(800-1220 m), r*>0.71, compared with the upper
part of the water column (5—200 m) where correla-
tions were lower, r>>0.29 (Table 4), which fits well
with the vertical distribution of clay particles (Mg-,
K-, Ca-Si0O,), quantitatively the most important ter-
restrial particles drained into the western Norwegian
fjords (Aarseth 1997).

The annual means of particulate Fe, Mn, Mg and
K stoichiometry relative to P increased steadily with
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Fig. 8 Relationship
between particulate ele-
ments (UM) and salinity,
and temperature (°C) in

the Sognefjord during the
period 27 June 2012 — 31
July 2013. Vertical lines in
the bottom panel, dashed
for salinity and dotted for
temperature, indicate value
range for the different water
types: Atlantic water (AW);
salinity > 35, Coastal water
(CW); salinity 33-34.99,
Fjord water (FW); salinity
30-33, and Brackish fjord
water (BFW); salinity < 30.
Due to overlap in the tem-
perature range for the vari-
ous water types, only the
range for AW; 7.34-8.20 °C
is shown
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Table 4 Correlation matrixes of different elements (mol) in seston from upper layer (5-50-200 m) (n=27), bottom layer (800—
1220 m) (n=17), and whole water column (5-50-200-800-1220 m) (n=44) in the Sognefjord from June 2012 to July 2013

Upper layer (5-50-200 m)

C N P Si Ca (6] Fe Mn Zn S Cu Cl Mg Na K
C 1.00
N 0.61 1.00
P 0.70 0.45 1.00
Si 0.75 0.41 0.54 1.00
Ca 0.92 0.61 0.46 0.73 1.00
(0) 0.67 0.79 0.40 0.57 0.74 1.00

Fe -019 -019 -031 0.16 -0.03 0.03 1.00

Mn -0.35 005 -037 -0.14 -0.14 0.16 0.78 1.00

Zn 0.41 0.73 0.28 0.21 046 052 -026 -0.05 1.00

S 0.96 0.59 0.79 0.70 079 0.62 -023 -040 0.30 1.00

Cu 0.05 0.49 0.05 0.11 0.15 0.74 0.22 0.49 0.28 0.06 1.00

Cl 0.31 0.05 0.30 0.49 022 0.15 012 -0.16 -0.03 041 -0.01 1.00

Mg 0.61 0.37 0.75 0.74 0.48 0.51 0.25 0.02 0.10 0.69 026 0.53 1.00

Na 0.51 0.21 0.62 0.66 033 0.27 007 -0.23 0.04 0.63 0.04 089 0.77 1.00

K 0.12 0.07 0.52 0.29 0.08 0.15 0.27 0.24 0.12 0.16 0.21 032 052 047 1.00
Bottom layer (800-1220 m)
C N P Si Ca (6] Fe Mn Zn S Cu Cl Mg Na K
C 1.00
N 0.40 1.00
P 0.82 0.71 1.00
Si  0.71 0.51 0.85 1.00
Ca 0.71 0.43 0.83 0.99 1.00
(0] 0.61 0.77 0.89 0.71 0.67 1.00
Fe 094 0.39 0.77 0.57 0.56 0.56 1.00
Mn 0.18 —0.06 0.25 0.45 0.45 0.13 0.03 1.00
Zn  0.79 0.61 0.72 0.49 0.44 048 0.84 —0.06 1.00
S 0.95 0.37 0.86 0.71 0.71 0.69 093 0.19 0.71 1.00
Cu 0.60 0.75 0.80 0.55 0.52 094 0.59 —0.10 0.46 0.66 1.00
Cl  0.05 —-0.17 0.12 0.08 0.07 0.05 0.19 —0.05 0.04 0.27 -0.01 1.00
Mg 0.75 0.49 0.89 0.99 0.97 0.74 0.63 0.46 0.50 0.78 0.59 0.16 1.00
Na 0.75 0.30 0.80 0.84 0.81 0.59 0.69 0.35 0.57 0.82 046 0.53 088 1.00
K 0.70 042 0.85 0.96 0.95 0.72 0.55 0.50 0.43 0.74 0.54 0.19 097 0.87 1.00

Whole water column (5-50-200-800-1220 m)

C N P Si Ca O Fe Mn Zn S Cu (1 Mg Na K
C 1.00
N 0.55 1.00
P 0.72 0.45 1.00
Si 0.55 0.42 0.43 1.00
Ca 091 0.54 0.48 0.50 1.00
O 0.53 0.76 0.38 0.64 0.56 1.00
Fe 0.05 0.14 -0.01 045 —-0.03 038 1.00
Mn -016 -0.05 -0.15 0.30 -0.10 0.13 0.27 1.00
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Table 4 (continued)

Whole water column (5-50-200-800-1220 m)

Zn 0.25 0.56 0.18 0.40 020 048 0.71
S 0.95 0.54 0.79 0.57 0.77 0.56 0.17
Cu 0.04 0.52 0.06 0.37 0.07 0.82 0.52
Cl 0.30 0.00 0.29 0.29 022 0.09 0.04
Mg 0.34 0.35 0.42 0.88 024 0.62 0.60
Na 0.46 0.24 0.54 0.74 028 0.41 043
K 0.12 0.18 0.39 0.66 0.06 0.43 0.47

0.15 1.00

—0.12 0.27 1.00

0.18 045 0.12 1.00

-0.14 -0.05 040 -0.06 1.00

0.47 0.44 0.46 0.52 0.24 1.00

0.16 0.33 0.61 024 0.74 0.77 1.00
0.42 035 0.22 043 021 0.80 0.65 1.00

Regressions values are given as 12, bold shadowing means r>>0.4 and underline r>>0.9. Significance levels are 5% and based on
Two-tailed P values (P <0.05). Values not significant on a 5% level (P>0.05) are written in italic

depth from 5 to 1220 m depth (Table 3), which indi-
cates a deep-water enrichment of these elements. The
observed annual averages of K (0.015-0.057 puM)
and Mg (0.039-0.103 pM) through the water col-
umn (Table 2) are within the range of other western
Norwegian fjords (Price and Skei 1975; Erga et al.
2017). K and Mg play an important role in osmoregu-
lation of marine archaea and bacteria (Martin et al.
1999; Heldal et al. 2012). We found an overall stoi-
chiometric relationship for K:Mg:P of 0.37:0.71:1,
which is approximately 10 times higher than values
measured in the eastern tropical North Atlantic (Lam
et al. 2012), indicating a strong contribution from ter-
rigenous materials in the fjords. In acidic soil, which
is very common in the Norwegian coastal landscape,
conditions are known to facilitate exchange of K*,
Ca’* and Mg** (Behera and Shukla 2014). Annual
means of particulate Si increased by depth below sill
due to sinking diatom frustules and clay particles.
The strong increase in Mn concentrations towards the
bottom (Fig. 6, Table 2), could be due to resuspension
of clay particles and MnO, rich sediments driven by
advection. Another possibility is Mn reduction in the
sediments, followed by diffusion of Mn?* and reoxi-
dation in bottom waters, consistent with relatively
constant and high Mn concentrations, and elevated
Mn/Fe ratios in bottom water. According to Van-
dieken et al. (2012), such sediments are common in
Skagerrak, and contain acetate-oxidizing manganese-
reducing bacteria. Our value range of Mn, 4-225 nM,
compares well with that of SPM in the shallow south-
ern North Sea, which is under influence of large riv-
erine discharges (Nolting 1986).

Both particulate Cu and Zn were highest in the
basin layer (Fig. 6, Table 2). Again, the binding
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properties of clay particles, known to adsorb both Cu
and Zn (Sdiri et al. 2014), could explain the higher
levels in the SF. However, averaging over an annual
cycle at all depths, the stoichiometric relationships of
seston Cu and Zn relative to P show a less pronounced
pattern regarding vertical variations (Table 3). Rela-
tive high ratios also above sill depth point towards
release from anthropogenic sources, which is consist-
ent with previous findings of riverine discharges of
Cu and Zn into Norwegian coastal waters (Skarbgvik
et al. 2017). In addition, Cu is used as an antibacterial
agent in aquaculture (Grefsrud et al. 2018), which is
common in the SF.

Conclusions

Large freshwater discharges during snow melting in
May-July led to a more brackish upper layer, which
together with strong out-fjord winds strengthened the
estuarine circulation. Below sill depth (170 m), vari-
ations in salinity and temperature were small, with
Atlantic water (AW) (salinity >35.00) dominating
and temperatures >7.33 °C at all depths, and oxygen
saturation values never lower than 68.2% (Febru-
ary at 1220 m), revealing adequate supply of oxygen
rich AW. Replacement of bottom water with offshore
AW was driven by wind regulated upwelling, in
June-July 2013 reaching depths shallower than 50 m.
Conditions for recycling of Si appeared to be favour-
able within the fjord basin (200-1220 m), revealed
by a nutrient N:Si:P (molar) ratio of 8.6:28.4:1 (N/
Si=0.3), a factor of 6 lower N/Si ratio than in adja-
cent offshore AW. Microbiota constituted an impor-
tant part of the seston, showing a close connec-
tion between prokaryote and viral abundances, with
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seasonal variations most pronounced in the surface
water and least in the basin water. Fluctuations in
the microbial biomass was linked to seasonality and
depth, but also associated with freshwater-terrestrial
inflows. In addition to these drivers, elemental com-
position of seston could be linked to upwelling of
bottom water and terrestrial inputs. In general, the
relationship between abundance of microorganisms
and particulate elements appeared to be stronger
than with dissolved elements. High concentra-
tions of particulate C—O-N-Si—Ca—Cl-Na-P-S and
Fe-Mg-Mn-K-Zn—Cu were found most frequently
towards the surface and bottom layer, respectively.
Irrespective of concentrations there were much higher
numbers of strong correlations between elements in
the bottom layer than the surface layer due to sta-
ble conditions at depth, while above sill there was
rapid shifts in environmental conditions. None of
the particulate C:N:P (molar) annual means at spe-
cific depths were close to the classic Redfield ratio
(106:16:1). At 5 m the annual means of particulate
N/P and C/N were 8.4 and 6.5, respectively, while at
depth (50-1220 m) N/P were on scale 3 times higher
(21-31) and C/N 3 times lower (1.6-2.6), suggesting
alternative N-sequestration mechanisms. High corre-
lations between Si- and C-N-P-Mg—K-Ca-O below sill
indicate contribution from both clay particles and dia-
toms. Overall high correlation between Ca-C and S-C
were likely related to calcite (CaCO;) and organosul-
fur producing microorganisms. The strong increase
in Mn concentrations towards the bottom could be
due to resuspension of clay particles and MnO, rich
sediments driven by advection. Another possibility is
Mn reduction in the sediments, followed by diffusion
of Mn?* and reoxidation in bottom waters, consist-
ent with elevated Mn/Fe ratios in bottom water. The
general tendency of high correlations between S- and
the trace metals Fe-Cu—Zn in the basin water was
probably related to release of metal sulfide particles
from the anoxic clay-organic sediments, whereas rela-
tive high Cu and Zn concentrations above sill depth
point towards release from anthropogenic sources,
which could be both industrial plants and aquacul-
ture. Based on annual means at specific depths ses-
ton elemental stoichiometry (molar) were within the
ranges: C37.65N8.4.31P1S13.7,Cay 4 509 5 35Fe 2 ;M
10,04-2.8Z00.13-0.850.19-0.42CU0.02-0.19C0.84-3.4Na 35
1.1ME029_1.6Ko 1409, giving the overall average:
CssN6P1Si5 6Ca; 40,6Fe) 74Mng 5,700 335 2, Cug o5Cl

172 6sMg( 71Ky 37 It should be noted that the over-
all average gives N/P consistent with Redfield. As far
as we are aware such deep water multielement rela-
tionships are novel for coastal areas and has value
as reference far beyond its geographical area. It is to
be expected that climate changes, such as increased
precipitation and ice melting will lead to enhanced
effluxes of PM and freshwater to the coastal regime,
resulting in over representation of inorganic particles,
deteriorating light climate, and stronger stratification
due to reduced surface salinities.
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