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Meltwater discharge from tidewater glaciers impacts the adjacent marine environment.
Due to the global warming, tidewater glaciers are retreating and will eventually
terminate on land. Yet, the mechanisms through which meltwater runoff and subglacial
discharge from tidewater glaciers influence marine primary production remain poorly
understood, as data in close proximity to glacier fronts are scarce. Here, we show that
subglacial meltwater discharge and bedrock characteristics of the catchments control
the phytoplankton growth environment inside the fjord, based on data collected in close
proximity to tidewater glacier fronts in Kongsfjorden, Svalbard from 26 to 31 July 2017. In
the southern part of the inner fjord, glacial meltwater from subglacial discharge was rich
in fine sediments derived from erosion of Devonian Old Red Sandstone and carbonate
rock deposits, limiting light availability for phytoplankton (0.6 mg m~3 Chl a on average,
range 0.2-1.9mg m~3). In contrast, coarser sediments derived from gneiss and granite
bedrock and lower subglacial discharge rates were associated with more favourable light
conditions facilitating a local phytoplankton bloom in the northern part of the inner fiord
with mean Chl a concentration of 2.8mg m=2 (range 1.3-7.4mg m~—2). In the northern
part, glacier meltwater was a direct source of silicic acid through weathering of the
silica-rich gneiss and granite bedrock. Upwelling of the subglacial freshwater discharge
plume at the Kronebreen glacier front in the southern part entrained large volumes of
ambient, nutrient-rich bottom waters which led to elevated surface concentrations of
ammonium, nitrate, and partly silicic acid. Total dissolved inorganic nitrogen transported
to the surface with the upwelling of the subglacial discharge plume has a significant
potential to enhance summer primary production in Kongsfiorden, with ammonium
released from the seafloor being of particular importance. The transition from tidewater
to land-terminating glaciers may, thus, reduce the input of nutrients to the surface layer
with negative consequences for summer productivity.
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INTRODUCTION

High latitude regions are undergoing rapid and considerable
alterations due to climate change (IPCC, 2014). One of the
most evident consequences of long-term climate warming is the
retreat of glaciers. On the archipelago of Svalbard, located in
the European high Arctic (74-81°N, 10-35°E), over 57% of the
land area is covered by glaciers (Nuth et al., 2013). In recent
decades, the retreat of glaciers has accelerated (Kohler et al.,
2007; @stby et al., 2017) due to increasing summer temperatures
(Nordli et al, 2014). At the west coast of Spitsbergen, the
largest island of the archipelago, an increased prevalence of warm
Atlantic Water (AW) displacing cold coastal water has caused
an expedited melting of tidewater glaciers, which terminate
directly into the sea (Schauer et al., 2004; Blaszczyk et al., 2009;
Walczowski et al., 2017). These glaciers modify the hydrography
and biogeochemistry of fjords through meltwater runoff (Straneo
et al,, 2011; Bartholomaus et al., 2013; Meire et al., 2016b; Kanna
et al, 2018; Cape et al, 2019) and offer important foraging
areas for seabirds, seals, and white whales (Lydersen et al,
2014; Urbanski et al., 2017; Everett et al., 2018). The continuing
retreat of tidewater glaciers, which will eventually terminate
on land, is expected to have negative consequences for fjord
circulation, productivity, and commercial fisheries (Meire et al.,
2017; Torsvik et al., 2019), emphasising the need to improve our
understanding of biological-physical coupling in partly or fully
glaciated fjords.

Kongsfjorden, located on the west coast of Spitsbergen
(Figure 1), has many tidewater glaciers and has been nearly
sea ice free since 2011 (Pavlova et al., 2019). Meltwater from
tidewater glaciers represent the main freshwater source to the
fjord (Pramanik et al., 2018). Other sources are snow melt,
precipitation, groundwater discharge, and runoff from rivers,
which are fed by melting snow and glacier ice (Cottier et al,
2005). The meltwater inflow generally starts in June, peaks in
July-August and ends around September (Darlington, 2015). The
glacier meltwater and associated sediment particle load create
strong freshwater and turbidity gradients from the inner to the
outer part of the fjord (Svendsen et al, 2002; Pavlov et al,
2019). This meltwater-induced gradient influences the growth
environment of primary producers (Piquet et al., 2014; van de
Poll et al,, 2016; Calleja et al., 2017; Hegseth et al., 2019).

The transport of glacier meltwater into the marine
environment depends on the position of the glacier terminus
and its geomorphology (Syvitski et al., 1987; Syvitski, 1989;
Motyka et al., 2003). Land-terminating glaciers discharge their
meltwater into the sea via surface runoff from rivers, whereas
meltwater from tidewater glaciers enters the fjord mainly by
subglacial discharge below sea level. Tidewater glaciers melt
along their front where the ice is in contact with warmer fjord
water (Schild et al., 2018) and this melt is amplified by local
meltwater plumes, which transport large volumes of meltwater
from sub- or englacial drainage systems into the fjord (Syvitski,
1989). When subglacial low-density water enters the fjord at the
base of the glacier, it rises towards the surface, entraining large
volumes of ambient fjord water (Morton et al., 1956; Holland
and Jenkins, 1999) and can lead to a continuous upwelling of

nutrients (Meire et al., 2017). Glacier ice and meltwater itself can
also be direct sources of nutrients (Hodson et al., 2005; Fransson
etal,, 2015; Meire et al., 2016a). The mineralogical characteristics
of the particles eroded by the glacier and contained within the
meltwater runoff depend on the lithology of the underlying
bedrock (Smith, 1978; Ashley, 2002; Hodder et al, 2007).
Chemical weathering can enrich glacier meltwater in silicic acid
(Meire et al., 2016a), phosphate and nitrate (Hodson et al., 2005),
whereas elevated ammonium concentrations can result from
microbial degradation of organic matter within the snowpack
and glacier ice, or particle-bound ammonium (Kumar et al.,
2016). Ammonium concentrations, therefore, do not only
depend on the bedrock-glacier interactions in contrast to silicic
acid (Hodson et al., 2005; Wynn et al., 2007).

Knowledge on the influence of tidewater glaciers on fjord
production and nutrient dynamics has only recently emerged
(Meire et al., 2017; Hopwood et al, 2018) and we still lack
data from close proximity to glacier fronts to better understand
the mechanisms and underlying dynamics. By combining ship-,
land- and helicopter-based sampling close to tidewater glaciers
(from metres to kilometres distance to the glacier fronts), we
studied light, inorganic nutrient and phytoplankton dynamics
in Kongsfjorden, Svalbard, during the summer melt season.
In this way, we aim to improve our understanding of the
effects of freshwater discharge from tidewater glaciers in an
high-Arctic fjord ecosystem. This knowledge is urgently needed
given the rapid retreat and transformations of tidewater glaciers
in Kongsfjorden and around the globe. We expected glacier
meltwater discharge to impact phytoplankton production in
the fjord through (1) reduced ambient light levels caused by
high suspended matter content close to the glacier fronts and
(2) nutrient fertilisation away from the glacier fronts, either
directly through meltwater discharge or indirectly through
subglacial discharge-induced upwelling when sediment particles
have settled.

METHODS
Study Area

Kongsfjorden is located on the west coast of the Svalbard
archipelago (79°N, 11-12°E) and extends over a length of 20 km
with width ranging from 4 to 10km (Svendsen et al., 2002;
Figure 1). Kongsfjorden is about 350m deep at the mouth
and becomes gradually narrower and shallower towards the
interior, with typical depths <100 m for areas east of the research
settlement Ny-Alesund. At the fjord entrance, a sill is only
partially present, thus allowing exchange of intermediate and
deep fjord waters with offshore water masses comprising warm,
saline AW of the West Spitsbergen Current and cold, less saline
Arctic waters flowing northwards along the Spitsbergen shelf
(Cottier et al., 2005). The islands Lovéneyane create a shallow
sill (about 20 m average depth) towards the inner glaciated basin,
with the greatest basin depth (95 m) located on the southern side
of Kongsfjorden. There are four tidewater glaciers in the inner
part of Kongsfjorden: Kongsvegen, Kronebreen, Kongsbreen,
and Conwaybreen (Figure 1). Kronebreen and Kongsvegen
drain through a shared terminus which is around 70 m deep.
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Kronebreen currently occupies about 70% of the glacier width
at the terminus (Sund et al., 2011), and together these glaciers
form the largest terminus in Kongsfjorden. The terminus of
Kongsbreen is divided into a northern branch (Kongsbreen
North) and southern branch (Kongsbreen South). Though
described as tidewater termini, it should be noted that large
parts of Kongsbreen South as well as Conwaybreen are resting
on exposed bedrock above the water line. Of these glaciers, the
largest runoft volume drains through the terminus of Kronebreen
with 0.9 km? in 2017, while Kongsvegen, Kongsbreen South,
Kongsbreen North, and Conwaybreen released 0.4, 0.04, 0.2, and
0.1 km?, respectively, in 2017 (Pramanik et al., 2018; see also
Supplementary Methods).

The northern and southern glacier catchments differ in the
bedrock composition: carbonate bedrock together with Devonian
Old Red Sandstone deposits (stratigraphic units 1 and 2 in
Figure 1) dominate in the southern basin with phyllite and
quartzite (unit 6) as minor components, whereas metamorphic
and granitic rocks (mica schist, quartzite, and minor marble,
units 4 and 5) likely make up most of the bedrock in the northern
basin (Dallmann, 2015).

Sample Collection
Samples were collected during the “Glacier front” expedition with
RV Lance between 26 to 31 July 2017 in Kongsfjorden. Sampling
stations were clustered based on their similar hydrography and
distance to glacier fronts as: Northern Glacier Zone (NGZ;
close to the termini of Conwaybreen and Kongsbreen North),
Southern Glacier Zone (SGZ; close to the shared terminus of
Kronebreen and Kongsvegen), Inner Zone (IZ; stations in the
inner fjord area, more distant to glaciers), and Outer Zone (OZ;
stations further out in the fjord; Figures 1, 2). The sampling was
performed along transects perpendicular to the glacier fronts and
across the gateways of the SGZ and NGZ (Figure 2).
Biogeochemical variables such as nutrients, Chl g,
phytoplankton and suspended matter were sampled from
RV Lance at stations located between 0.03 and 36 km from the
glacier fronts and by helicopter in close proximity to the glacier
fronts. On board the ship, water samples were collected with
Niskin bottles mounted on a rosette sampler equipped with a
CTD (conductivity-temperature-depth, Sea-Bird Electronics,
Bellevue, WA, USA), photosynthetically active radiation (400-
700 nm, PAR; Spherical underwater Quantum Sensor Li-193,
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respectively. Mean values are given for non-compositional parameters in each box. See Table 1 for mean values, ranges, and standard deviations.

LI-COR Biosciences) and fluorescence (WETStar, Sea-Bird
Electronics) sensors. The sampling depths ranged between 0 and
55m in the Inner and Glacier zones and down to 100 m in the
Outer Zone. Sampling depth intervals were 0, 1, 5, 10, 25/30, 50,
and 100 m depending on bottom depths and Chl a maxima. From
helicopter, sampling was done by means of a Hydro-Bios CTD
rosette at 33 m distance to the Kronebreen and 93 m distance
to the Conwaybreen front. The rosette sampler equipped with
a CTD and 8 Niskin bottles was attached 5m above a 500kg
counterweight, which was connected to a line of 100 m length.
Sampling was conducted by lowering the counterweight to the
bottom and then pulling up slowly (1 m s~!) while the helicopter
itself was well above the glacier. Surface runoff from terrestrial
glacial meltwater rivers was collected ashore into containers,
transferred to the ship and immediately processed on board. To
determine the ammonium concentration in sediment pore water,
sediment cores were retrieved using a UWITEC gravity corer

(©10cm) at three stations with varying distances to the glacier
front in the SGZ (locations shown on Figure 2 as yellow circled

red dots).

Sample Processing

To determine total suspended matter, water samples of varying
volume of 0.05-1.75L (depending on the amount of suspended
particles), were filtered through 25 mm diameter, pre-weighted
and pre-combusted (at 450°C for 12h) Whatman GF/F filters
(GE Healthcare, Little Chaltfont, UK). After filtration, filters
were dried in an oven at 60°C for ~24h and stored at room
temperature afterwards. Suspended matter was determined by
weighing the filters on a Sartorius Quintix scale (Sartorius,
Gottingen, Germany) and subtracting the weight of the initial
combusted blank filter. For Chlorophyll a (Chl a) analysis, water
samples were filtered through 25 mm diameter Whatman GF/F
filter. Afterwards, Chl a was extracted in 5 mL 100% methanol for
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atleast 12 h at 5°C in darkness and, then, measured with a Turner
Designs AU10 fluorometer (Turner Designs, California, USA) at
room temperature. The fluorometer was calibrated using Chl a
standard from Anacystis nidulans algae (Sigma Aldrich C6144;
Knap et al., 1996). The influence of the high sediment load near
the glacier fronts on the fluorometer readings was examined by
filtering nine samples through 0.2 um GF/F filters with a syringe.
No major effect of the sediment on Chl a concentration was
found (mean change of 0.095 mg m~ in Chl a).

One phytoplankton sample per station from 1, 5, or 10m
depth was examined for its taxonomic composition (see Table S1
for depth distributions among zones). Samples were transferred
into 200 mL brown glass bottles and preserved with an aldehyde
mixture (final concentration for glutaraldehyde was 0.1% and
for hexamethylenetetramine-buffered formaldehyde 1%; Tsuji
and Yanagita, 1981). The samples were stored in a cold (5°C)
and dark place until analyses conducted at the Institute of
Oceanology, Sopot, Poland. Depending on the phytoplankton
and sediment density in the sample, a volume of 10-50 mL was
settled in Utermohl sedimentation chambers (Hydro-Bios, Kiel,
Germany) for 48 h. Cells were counted and identified to lowest
possible taxonomic level using an inverted Nikon Ti-S light
and epifluorescence microscope at 100-600 x magnifications
depending on the size of the organisms examined following
Andersen and Throndsen (2003). All organisms were counted
in transects and only when the number of cells was below

Density
21 22 23 24

SW

Potential temperature (°C)

Zone
e Outer

4 Inner
27. south
North

26 28 30
Practical salinity

FIGURE 3 | Temperature-salinity diagram of CTD data for each zone. Water
mass classification is according to Cottier et al. (2005). Water mass type
abbreviations: SW, Surface Water; IW, Intermediate Water; AW, Atlantic Water;
TAW Transformed Atlantic Water. Dashed lines represent runoff mixing line
(subglacial and supraglacial meltwater discharges, near horizontal, towards
0°C and 0 salinity) and submarine meltwater mixing line (formed through
melting along the glacier front, near vertical towards —90°C and O salinity;
Mankoff et al., 2016).

400-500 across bottom chamber surface, they were counted
in the whole chamber. Phytoplankton taxa were grouped into
higher taxonomic units: flagellates of non-determined taxonomic
affinity, dinoflagellates, diatoms and others (Figure 2). Detailed
species and group abundances are shown in Table S3.

Subsamples for nutrient analyses were collected in 20 mL
acid-washed scintillation vials, fixed with 0.2mL chloroform
and stored at 4°C until processing (Hagebo and Rey, 1984).
The concentrations of nitrite, nitrate, phosphate, and silicic acid
were determined spectrophotometrically with a modified Skalar
autoanalyser (Skalar Analytical Instruments, Breda, Netherlands)
at wavelengths of 540, 540, 810, and 810 nm, respectively.

Subsamples for ammonium were collected into 10mL
Falcon polypropylene tubes and analysed immediately on
board. Concentrations were measured spectrophotometrically
in triplicates as described by Solorzano (1969), with colour
development at 50°C in a water bath over 1h. For ammonium
blanks, Milli-Q water was used. The detection limit was
0.09 mg m~ and the precision of analyses 2.0%. A high turbidity
in the water samples, particularly in the glacier plume, can
affect the spectrophotometer readings. Therefore, samples were
filtered through 0.2 pm syringe filters before addition of reagents.
Sediment pore water was collected (5-10 mL) with rhizons of
0.2 wm pore size attached to a syringe (Seeberg-Elverfeldt et al.,
2005). Pore-water samples <10 mL were topped up with Milli-Q
water to obtain a sample volume of 10 mL for all measurements,
which was accounted for in the calculation of ammonium
concentrations. Since ammonium concentrations were very high
in pore water, samples were diluted 10x and measured using a
1 cm instead of a 5 cm cuvette.

Light Measurements

The euphotic depth was calculated as 0.1% of surface irradiance
derived from the rosette-attached PAR sensor (QCP-2300-HP;
Biospherical Instruments). The 0.1% threshold was chosen over
1% since many phytoplankton species can cope with 0.1%
of incident PAR, especially when adapted to more turbid,
brackish environments. Planar downwelling spectral irradiance
E4 (M) was measured with a factory calibrated RAMSES ACC-
VIS spectroradiometer (TriOS Mess- und Datentechnik GmbH,
Rastede, Germany) in the wavelength range 320-950 nm. The
spectroradiometer was attached to a metal frame and lowered
to the water with a ship crane several metres away from the
ship to avoid shading from the ship. Measurements were done
with a vertical resolution of ca. 1 m, and on the sunny side of
the vessel in case of clear sky conditions, at selected stations
along the transect (Table S4). The pressure sensor was calibrated
to air pressure at sea level prior each cast. A mean of Eyg
(PAR) measurements that fall within the euphotic zone depth
is presented for each glacier front (NGZ and SGZ). The mean
euphotic depths were 4.5 and 2 m with ranges of 0-12.7 and 0.3-
5.2m for NGZ and SGZ, respectively. Photosynthetically usable
radiation (PUR) indicates the irradiance in the PAR range that
is usable for the algae based on their specific spectral absorption
characteristics. Eq (PUR) was calculated using the same depth
ranges as used for Eg (PAR) following equation 8 in Morel et al.
(1987) and by using a typical low-light acclimated Euglenophytes
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absorption spectrum (Johnsen and Sakshaug, 2007, their Fig. 2A,
pigment group 8) because of high abundance of Eutreptiella sp.
in our samples.

The diffuse attenuation coefficient Kg4 (PAR) (m~!) was
calculated (equation 5.2 in Kirk, 2011) on average between 2
and 3.5m depth for NGZ and 1 and 3 m depth for SGZ stations
(exact depth range [Table S4] depending on measurement depths
at each station and vertical extent of reliable measurements):

1 E4(PAR,z1)
n
Ed (PAR, Zz)

Ky (PAR,z1,23) =
) — 21

where E4 (PAR, z;) and E4 (PAR, z) represent the downwelling
irradiance at respective depths z; and z, (m).

Calculation of Ammonium Fluxes
To obtain rough estimates of ammonium fluxes across the
sediment-water interface FicK’s first law of diffusion was used

and corrected for interference with sediment according to
Boudreau (1997):

dc

—bD.; —
(bseddx

Jsed =
where J.4 is the flux (umol NH4 m~2 h™!), ¢ the sediment
porosity, D,y the diffusion coefficient for sediments, dC the
difference in concentration of ammonium in pore water across
dx—the change in sediment depth. Since sediment porosity (¢)
was not measured in our study, the reference value of 0.44 (0-
10 cm core depth) was used, measured by Sevilgen et al. (2014) in
Kongsfjorden. Temperatures measured at the sampling locations
closest to the sea floor by the CTD were 5.8, 5.2, and 3°C,
respectively. Therefore, the diffusion coefficient in sediments
was calculated using the molecular diffusion coefficient for
ammonium in seawater (Dgw) at 5°C (Schulz and Zabel,
2006) and the tortuosity. The tortuosity describes the degree of
deviation of the pathway a molecule must take around particles,

TABLE 1 | Physical and biological variables (range, mean, SD) measured in the four designated zones in Kongsfijorden (Figure 2).

Variable Northern glacier zone Southern glacier zone Inner zone Outer zone
Range Mean (+SD) Range Mean (+SD) Range Mean (+SD) Range Mean (+SD)
PHYSICAL
Mixed layer depth (m) 1.0-5.0 1.9 (£1.5) 1.0-9.9 1 (£3.1) 1.0-2.0 1.3 (+£0.6) 1.0-2.0 1.5 (+0.6)
Salinity <5m 32.4-33.9 33.4 (£0.4) 32.5-34.0 33.7 (+0.3) 33.3-34.2 33.7 (+0.5) 34.7-349  34.9(+0.02)
Temperature (°C) <56m 3.25-4.06 3.61 (£0.26) 4.41-5.25 4.90 (+£0.24) 4.10-5.55 4.66 (+£0.78) 3.62-3.85 3.75 (£0.11)
Suspended matter (g m~3) surface 8.8-42.5 26.2 (£9.1) 27.0-95.8 49.2 (£21.1) 9.3-27.3 15.4 (+£10.3) 14.2-16.8 15.5 (£1.1)
Euphotic depth (0.1 % of surface Eq4 2.5-13.3 9.1 (£2.9) 1.1-6.4 2.9 (+1.5) 4.4-9.2 7.4 (+£2.6) 17.6-34.5 21.2 (£7.5)
(PAR); m)
Eq4 (PUR) (umol photons m—2 s=1) 0.02-157.9  18.5(£32.3)  0.01-35.2 5.3 (+9.2)
Eq (PAR) (umol photons m—2 s~ 1) 0.1-369.9  50.1(£79.9)  0.04-84.0  13.4 (+£22.2)
Ky (PAR) (m~1) 0.5-1.0 0.7 (£0.2) 1.1-4.6 2.5(+1.3)
BIOLOGICAL
Chla (mg m~3) surface 1.3-7.4 8 (+1.6) 0.2-1.9 0.6 (£0.3) 0.5-1.7 1(+0.6) 0.6-1.9 1.2 (£0.6)
Chl a max. depth (m) 0-30 1(+8.2) 1-10 6.4 (+3.8) 1-5 3.7 (2.3 0-30 8 (+14.7)
Fluorescence (RFU) surface 0.66-3 1.90 (+0.68) 0.35-1.08 0.61 (+0.20) 0.70-1.66 1.25 (£0.49) 1.34-2.07 1.68 (+0.32)
Phytoplankton abund. (cells L) 192-1189 705 (£312) 4-91 22 (£21) 127-1097 572 (£490) 305-641 449 (£169)
Phytoplankton comp. flagellates 94-100 97 (+2) 43-100 75 (£17) 56-100 83 (+23) 57-74 64 (+7)
Dinoflagellates 0-6 3(£2) 0-57 9 (£21) 1-40 5 (£21) 20-35 30 (£7)
Other 0-1 0 (+0) 0-40 6 (+9) 0-4 1(42) 5-7 6 (£1)
Number of species 4-19 12 (£5) 2-19 7 (£5) 6-44 23 (£19) 51-59 56 (+4)
NUTRIENTS
NH, (mmol m~3) surface bottom 0.5-1.6 0 (+0.4) 1.2-3.0 7 (x£0.4) 0.7-1.3 1(+0.3) 0.4-0.9 6 (£0.2)
0.7-2.4 7 (£0.7) 1.6-3.0 4 (£0.4) 1.7-35 7 (£0.9) 1.1-1.5 3 (+£0.2)
NOg (mmol m~3) surface bottom 0.14-1.74 1.15 (£0.39) 0.24-1.60 1.14 (+0.29) 0.02-1.49 0.99 (+0.84) 0.05-0.39 0.18 (+£0.15)
0.80-2.71 1.98 (+0.45) 1.02-2.66 1.92 (+0.54) 0.93-3.11 2.03 (+1.09) 1.99-2.74 2.39 (+0.35)
Si(OH)4 (mmol m~3) surface bottom 2.87-4.06 3.32 (+£0.33) 1.72-3.47 2.78 (+£0.46) 0.95-4.46 2.92 (+£1.79) 0.90-1.20 1.07 (£0.13)
2.28-3.32  2.83(+0.28)  1.68-2.90  2.48(+0.29)  1.70-3.61 272 (£0.96)  1.63-2.82  2.21(+0.52)
PO4 (mmol m’s) surface bottom 0-0.13 0.08 (+0.03) 0-0.19 0.14 (£0.04) 0.11-0.14 0.13 (£0.01) 0.29-0.34 0.12 (£0.02)
0.03-0.24 0.17 (£0.06) 0.09-0.40 0.25 (+0.07) 0.20-0.32 0.26 (£0.06) 0.35-0.41 0.32 (+0.03)

“Surface” implies the 0-10 m water layer and “bottom” the water layer from 25 to 90 m. Ranges of each zone are derived by the mean of respective depth ranges. See Figure 2 for

relative differences among zones.
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since the diffusion in sediment cannot follow a straight course as
defined for the diffusion coefficient in free solutions. To estimate
the tortuosity, we used the equation discussed in Schulz and
Zabel (2006), based on Boudreau (1997):

Dgw
Dsed =
1—21In¢

Nutrient Entrainment Rates and Primary

Production Estimates

Buoyant plumes of subglacial meltwater discharge entrain
ambient seawater as they rise (Morton et al., 1956), thus
providing a mechanism for deep, nutrient rich waters to be
transported rapidly to the surface. In order to estimate the
potential primary production that can be sustained by subglacial
discharge-induced nutrient upwelling in Kongsfjorden, as done
in Meire et al. (2017), the plume entrainment rates were modelled
on the basis of subglacial meltwater discharge rates and plume
dynamics at Kronebreen for 2017 using PyPlume (Everett,
2018; see Supplementary Methods sections Modelling of Glacier
Runoft Rates and Modelling of Plume Entrainment Rates for
details). The nutrient upwelling was calculated by multiplying the
mean dissolved inorganic nitrogen (DIN; including ammonium,
nitrate and nitrite) and nitrate concentrations of 7.1 and 4.2
mmol m— (bottom water > 50 m, 0.7-3.3km distance to
Kronebreen glacier front), respectively, by the upwelling volume
driven by the plume. The upwelling volume from the nutrient
sampling date (27 July 2017) was used, due to the lack of
seasonal nutrient data in close proximity to the glacier front.
Nitrogen concentrations were converted to carbon using the C:N
ratio of 7.7 for the Svalbard region (Tamelander et al., 2013).
Subsequently, areal production was calculated from the total
new production and the Kongsfjorden area (242 km? based on
2017’s glacier front positions) and compared to the literature
to evaluate the potential of the subglacial discharge-induced
nutrient upwelling to fuel primary production in Kongsfjorden.

Data Analysis

To account for the vertical variability within the water column,
data from each station were grouped into two different depth
layers: surface layer (0-10 m) and bottom layer (25-90 m).
Statistical analyses were performed using R (R Core Team, 2019).
A significance level of p < 0.05 was applied in all statistical
tests, with p-value corrections for multiple comparisons when
needed. Multiple comparisons were performed using the
max-t method described in Herberich et al. (2010), which
was designed for heteroscedastic and unbalanced datasets.
Multiple comparisons were computed for raw values using
the multcomp (Hothorn et al., 2008), multcompView (Graves
et al,, 2015), and sandwich (Zeileis, 2006) R packages and are
expressed as letters. The letters are organised alphabetically
and differing letters indicate statistically significant difference
between zones (Figures2, 7, S§7). A graphical overview of
explanatory variables (water type and depth, suspended matter,
euphotic depth as well as phytoplankton community parameters,
Figure 2) was compiled using maximum average values for

zones as a scaling parameter for each explanatory variable. Raw
values used in the computation of the graphical overview of
Figure 2 and throughout the study of Chl a, phytoplankton
abundance and phytoplankton community composition are
presented in Supplementary Material (Figure S6), in addition
to the performed principal component analysis (PCA, see
Supplementary Material, section Phytoplankton Community
Analysis and Figure S§5). Chl a data were log-transformed for
Spearman’s correlations with nutrients.

The Brunt-Viisili-frequency (N2), a measure of surface-layer
stratification, was calculated with the oce package (Kelley and
Richards, 2018). For the mixed layer depth, the maximum value
of N? was used. To separate the different water masses within
the study area (Figure 3), stations were classified according to
Cottier et al. (2005) as follows: internal water masses such as
Surface Water (SW), external water masses such as AW, and
waters of mixed origin Transformed Atlantic Water (TAW), and
Intermediate water (IW). The water types Local water and Arctic
water (T < 1°C) were only present at a few stations and were
therefore not considered further.

Data used in the study are available through the Norwegian
Polar Data Centre (doi: 10.21334/npolar.2019.56c2cd62).
Shapefiles used for maps (Figures 1, 2) were obtained from the
Norwegian Polar Institute (http://geodata.npolar.no).

RESULTS
Physical Environment
Important differences between physical and biological

parameters among zones are summarised in Figure2 and
a more detailed overview of the main parameters used in
this study is given in Table 1 (see also Figures S1, S7-S9 for
vertical water column profiles including Chl a, suspended
matter, nutrients, salinity and temperature). The water mass
composition differed across the four zones (Figures2, 3).
Deeper waters were composed of Atlantic water types (AW
and TAW), which generally became fresher and cooler towards
the inner fjord. Inflow of Atlantic water types mainly followed
the southern shore towards the SGZ, where remnants of deep
fjord water can be observed, whereas inflow to the NGZ
contained mostly mixed water masses (Figure 3). SW and IW
were predominantly warmer in the NGZ than in the SGZ, and
gradually disappeared towards the outer fjord. In Figure 3,
dashed lines illustrate the gradients of mixing with runoff
(subglacial or supraglacial meltwater discharge) and submarine
meltwater (formed through melting along the glacier front) and
reflect their relative proportions (Mankoff et al., 2016). Mixing of
SW and IW in the SGZ showed a tendency to follow the gradient
of the subglacial discharge mixing line, indicating that subglacial
discharge may be the dominant source of freshwater in this zone.
In contrast, mixing in the NGZ was closer to the gradient of
the meltwater mixing line, suggesting a stronger influence of
submarine melting, likely due to the comparably lower volumes
of subglacial discharge. The main subglacial discharge plume
outflow at the SGZ was clearly visible as red-brownish water
colour (Supplementary Video). The plume was detected in
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FIGURE 4 | Surface (<10m) Chlorophyll a (mg m=3; left panels) and suspended matter (g m=3; right panels) concentrations in the Northern Glacier Zone (upper

the upper 14m of the water column at 33 m distance from
the glacier front as indicated by the sharp decrease in salinity
and temperature at the northernmost glacier front station at
Kronebreen (Figure S2).

The two glacier zones differed in suspended matter
contribution, with higher mean suspended matter loads at
the main outflow area in the SGZ compared to the NGZ (46
and 28 g m~3, respectively; Table 1, Figures 2, 4). The highest
suspended matter concentration (96g m~>) was measured at
the northernmost Kronebreen station, matching the position
of one of the major subglacial discharge plumes. Suspended
matter concentrations had a mean concentration of 14g m™>
in the IZ and OZ. Suspended matter characteristics in the 1Z
were, however, largely influenced by the SGZ glacier subglacial
discharge plume as indicated by the red-brownish water colour.
Water colour was clearly different between the SGZ and NGZ
(Figure 5), likely due to the differences in sediment load and
bedrock geology of the catchments (Figure 1): we observed a

red-brownish colour in the SGZ, while the NGZ had a milky
green colour.

The differences in suspended matter load and characteristics
between the NGZ and SGZ were also reflected in diffuse
attenuation coefficients, euphotic depths and downwelling
irradiance levels (Table 1, Figures 2, 6). The diffuse attenuation
coeficient, Ky (PAR), was higher in the SGZ compared to the
NGZ (2.5 and 0.7 m~!, respectively; for multispectral light
attenuation values, K4 (1), see Table S4). Consequently, the mean
euphotic depth (as 0.1% of surface irradiance) was 3m in the
SGZ compared to 9m in the NGZ. The mean downwelling
planar irradiance measured in the PAR range at depths within
the euphotic layer was lower in the SGZ compared to the NGZ
(13.4 and 50.1 wmol photons m~2 s~1, respectively; Table 1, see
Figure S3 for vertical profiles of downwelling planar irradiances).
Also, Eq (PUR) was lower in SGZ than in NGZ. Further, the
light quality differed between the SGZ and NGZ (Figure 5).
Spectral irradiance measurements at 2 m depth at the innermost
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(495-570nm), and yellow (570-590 nm) wavelengths, respectively.

FIGURE 5 | Contrasting water colouration in the Southern Glacier Zone (A) and Northern Glacier Zone (B, photo shows Conwaybreen glacier front), due to different
sediment loads and characteristics (photos: Laura Halbach). Normalised spectral irradiance Eg () at 2 m water depth at 685 m distance to Kronebreen (C) and at
375m distance to Conwaybreen (D) (Eq4 (PAR) 0.1 and 48.2 umol photons m=2s1, respectively) with maximum downwelling irradiance in red (620-750 nm), green

500 600
Wavelength (nm)

800

stations show maximum downwelling irradiance in the red (620-
750 nm) and green/yellow (495-570/570-590 nm) wavelengths in
the SGZ and NGZ, respectively, consistent with the varying water
colour (Figure 5). Despite higher mean suspended matter loads,
the euphotic depth in the NGZ did not differ from that in the
1Z, reflecting the effect of differences in sediment characteristics
on light penetration (Figures 2, 6). The mixed layer depth was
deeper than the euphotic depth in the SGZ and shallower in the
NGZ (Figure 6).

Nutrients

Surface nitrate, silicic acid, and ammonium concentrations
were elevated in the inner fjord zones and decreased towards
the mouth of Kongsfjorden (Figures 7A,C,D, left panels). In
contrast, surface phosphate concentrations did not demonstrate
a clear trend with distance from glacier fronts (Figure 7B, left
panel). All nutrient concentrations were generally higher in AW
than in SW (Figure 7, right panels). Phosphate and ammonium
concentrations were higher in SGZ compared to NGZ, while
silicic acid concentrations had the opposite pattern (Figure 7,
mid panels). All nutrient concentrations generally increased
with water depth, except for silicic acid (Table 1). Nutrient
measurements from terrestrial glacial meltwater rivers revealed
silicic acid concentrations of 5-12.5 mmol m~* and phosphate
concentrations of 0.02-0.18 mmol m~> (Table 2, Figure 7, mid

panels). Nitrate and ammonium concentrations were in a similar
range (0.4-2.3 and 0.7-1.7 mmol m~3, respectively).

Ammonium concentrations reached 3 mmol m~> at 50 m
water depth in the SGZ. Sediment pore-water at the SGZ
had elevated ammonium concentrations at the sediment-water
interface (6-31 mmol m™3) and concentrations increased
with sediment depth (Figure S4). Moreover, there was a
positive flux of ammonium at the sediment-water interface,
which increased with increasing distance to the glacier front
(3, 18, and 34pumol m~2 d~! at 0.69, 1.82, and 3.42km
distance, respectively).

In SW, nitrate, phosphate and ammonium showed a positive
relationship with salinity irrespective of glacier zone (Figure 8).
In contrast, silicic acid showed a negative relationship with
salinity in SW, pointing to glacier melt water that has been
in contact with silica-rich bedrock as an important source for
silicic acid.

Phytoplankton Biomass, Abundance and

Community Composition

Spatial differences in Chl a concentration, a proxy of
phytoplankton biomass, among zones are displayed in Figure 4
and summarised in Figure 2. Chl a concentrations in the surface
layer (0-10m) were highest in the NGZ (mean 2.3mg m3)
followed by the 1Z and OZ (1.1 and 0.9 mg m™3, respectively),
and lowest in the SGZ (0.6 mg m~; Table 1). A phytoplankton
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FIGURE 6 | Euphotic (A) and mixed layer (B) depths along transects
perpendicular to the glacier fronts in Kongsfjorden. The thick line indicates
local polynomial regression fit.

bloom dominated by Eutreptiella sp. and Pyramimonas sp.
was found in close proximity to the glacier front in the NGZ
(Chl @ maxima of 4.7 and 10.6mg m~> at 1 and 5m depth,
respectively). Chl a fluorescence measurements made in situ
(with the CTD-mounted fluorometer) confirmed the trend of a
higher phytoplankton biomass in the NGZ compared to the SGZ.

Chl a concentration generally echoed the trends in
phytoplankton abundance, but the IZ and OZ did not
significantly differ from the NGZ despite significant differences
in Chl a concentrations (Figure2). NGZ and SGZ differed
significantly in phytoplankton abundance and biomass (Chl a).
In terms of abundance, the phytoplankton community
was dominated by indetermined flagellates followed by
dinoflagellates. The contribution of dinoflagellates gradually
increased towards outer Kongsfjorden. Diatoms were nearly
absent in the glacier front zones (mean abundance 0.25 x
10% cells L™!; Figure 2; Table $2) but had considerably higher
abundance in the IZ and OZ (mean abundance 5.7 x 103
cells L™1). At the species level, the NGZ and SGZ were clearly
separated from the IZ and OZ as revealed by PCA (Table S3,
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FIGURE 7 | Nutrient concentrations in relation to distance from glacier (left
panels), comparison among zones (mid panels) and among water types (right
panels). Left and mid panels represent nutrients sampled between 0 and 10m.
The black line in left panels indicates local polynomial regression fit. The panels
on the right include all depths from Southern and Northern Glacier Zones, with
water masses as in Figure 3. (A) nitrate, (B) phosphate, (C) silicic acid, and
(D) ammonium. Letters on right panels indicate pairwise permutation test
results: differing letters indicate significantly different nutrient concentrations
between zones. The crossbars indicate mean values and box margins
bootstrapped 95% confidence intervals. Points represent values for

individual samples.

Figure S5). Distance from glaciers best explained (R? = 0.74) the
community gradient along the fjord (Table S3). Gymnodinium
sp. 10-20 wm, Prorocentrum cordatum, Pyramimonas sp., and
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Eutreptiella sp. were more abundant in the NGZ, and to some
extent also in the SGZ, than further out in the fjord (Table S2).
On the other hand, Prorocentrum minimum, Gymnodinium
galeatum, G. gracilentum, Phaeocystis pouchetii, among many
other species, were more abundant in the outer stations than
towards the glaciers. The number of phytoplankton species
was higher in the IZ and OZ compared to the glacier front
zones (Table S2).

All nutrients, except for silicic acid, showed a significant
negative correlation with Chl a. Ammonium and phosphate had
the strongest negative correlation (R = —0.54, p < 0.001 and R
= —0.4, p < 0.001, respectively), followed by nitrate (R = —0.22,
p < 0.05).

Estimated Primary Production Sustained
by Subglacial Discharge-Induced
Nutrient Upwelling

The proportional volume of water entrained into the subglacial
discharge plume varied depending upon the discharge, with
lower discharges entraining comparatively higher fractions of

TABLE 2 | Nutrient and total suspended matter concentrations in terrestrial glacial
meltwater rivers in the Northern Glacier Zone (NGZ) and in the Southern Glacier

deep water. The mean entrainment rate of 8.3 x 10® m?® day~!
was generally up to three times higher than the discharge rate
2.7 x 10® m® day™!, during 2017. Since data on bottom water
nutrient content were only available for 27 July 2017, we used
that day’s entrainment rate of 33 x 10® m? day~! at a discharge
rate of 11 x 10% m? day ™!, which yielded upwelling fluxes of 24 x
10* and 14 x 10* mol N day~! for dissolved inorganic nitrogen
(DIN) and nitrate, respectively (Table2). The bottom water
nitrate and ammonium concentrations used in our calculations
are within the range of previous own measurements during
July 2013-2017 within 3.4-9.8 km distance from the Kronebreen
glacier front. The estimated upwelling fluxes could subsequently
sustain primary production rates of 91 and 54 mg C m~2 day ™!
using DIN and nitrate as nitrogen sources, respectively, and a
phytoplankton C:N ratio of 7.7. Obtained primary production
estimates are representative for the summer melt season when
discharge and entrainment rates are close to their maximum
(from early July and end of July-mid August; maximum discharge
rates were observed in mid-July). Note that seasonal variations in
bottom water nitrate concentrations, as shown by Calleja et al.
(2017), in addition to variable light conditions and stratification,
are not considered in these estimates.

Zone (SG2).
62 DISCUSSION
Variable NGZ west NGZ east SGZ . . . .
The geology of glacier catchments and glacier discharge influence
Suspended matter (g m~%) 9,669 61 n/a  local light and nutrient regimes and, thus, phytoplankton
surface 5 production in glaciated fjords (Figure9). In Kongsfjorden,
NH (mmol m 3) 0.71 1.73 Va  glacier meltwater itself, after having been in contact with silica-
gloogH(mmoI ml ) 5 122'35 ;'; 054 rich bedrock, can be a direct source of silicic acid (section
i mmol m~ . . . . K .
(OF)a ( 3 ) Glacier Meltwater as a Direct Source for Nutrients), while
PO4 (mmol m™*) 0.02 0.06 0.18 . . . .
nutrients contained in AW or ammonium released from the
See Figure 2 for stream locations. “n/a” indicates that data was not available. seafloor (section Nutrient SUPplY bY Atlantic Water and Release
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FIGURE 9 | Schematic illustration of the major tidewater glacier and bedrock characteristics that control phytoplankton growth conditions in inner Kongsfiorden
during summer. Four tidewater glaciers are surrounding the inner fiord basin: Conwaybreen, Kongsbreen (only northern branch shown), and Kronebreen-Kongsvegen.
Conwaybreen grounded at or slightly below the waterline delivers meltwater mainly through surface runoff (riverine discharge) and submarine melting. There, glacier
meltwater is rich in silicic acid through glacial-driven bedrock erosion. In contrast, buoyant subglacial discharge plumes at Kronebreen-Kongsvegen and to minor
extent also at Kongsbreen North entrain large volumes of ambient, nutrient-rich deeper waters. Thereby, phosphate, nitrate and silicic acid contained within Atlantic
Water entering the inner fjord basin along the southern shoreline and ammonium being released locally from the seafloor, are transported to the surface. Differences in
meltwater discharge rates and bedrock geology lead to high suspended matter loads in the Southern Glacier Zone and, thus, limiting phytoplankton growth. In the
Northern Glacier Zone, lower suspended matter loads and different sediment characteristics create more favourable light conditions (deeper euphotic zone), enabling
a flagellate-dominated phytoplankton bloom in 2017. The bloom was likely fuelled by nutrient advection from the southern towards the northern fiord zone.

from the Sea Floor) are brought to the surface by upwelling acid concentrations with ambient fjord water having lower
of nutrient-rich bottom waters initiated by subglacial discharge  concentrations. In addition, the difference in silicic acid in the
(section Subglacial Discharge-Induced Upwelling of Nutrients).  inner fjord compared to the outer fjord likely reflects silicic acid
Differences in bedrock geology and meltwater discharge rates  input by glacier meltwater at the head of Kongsfjorden. Our
between the SGZ and NGZ were reflected in varying suspended  findings are in line with the study by Fransson et al. (2015)
matter loads and contrasting light regimes (section The Influence ~ showing high silicic acid concentrations in close proximity to
of Glacier-Driven Bedrock Erosion and Nutrient Upwelling on  glaciers in Tempelfjorden, Svalbard. Further, our results are
Phytoplankton Growth). In the SGZ, phytoplankton abundance  consistent with the studies by Azetsu-Scott and Syvitski (1999),
was reduced due to light limitation, whereas, in the NGZ, more ~ Meire et al. (2016a), and Kanna et al. (2018) showing elevated
favourable light conditions facilitated a flagellate-dominated silicic acid concentrations in glacier ice (9.14 and 4.7 mmol m 3,
phytoplankton bloom. Upwelled nutrients at the Kronebreen  former two studies, respectively) and proglacial rivers in fjords
glacier front in the SGZ could potentially sustain primary  of Greenland (latter two studies). Due to our sampling during
production rates up to 24% of mean summer primary the post bloom period and low abundance of diatoms, we suggest
production previously measured in Kongsfjorden, highlighting  dilution as the main factor influencing silicic acid values, while
the importance of nutrient-rich seawater entrainment by  biological processes seemed to have played a minor role.

subglacial discharge for summer primary production. Moreover, we found that the silicic acid content of glacier

. . meltwater is dependent on the underlying bedrock type. In our
Glacier Meltwater as a Direct Source study region, silica-rich bedrock is present in both the NGZ
for Nutrients and SGZ, but in the latter catchment, carbonate bedrock is

Our results confirm that glacier discharge can have both direct ~ the dominant type (Figure 1), which might explain the higher
and indirect effects on nutrient dynamics in the fjord. We silicic acid concentration in the NGZ. Through contact with
found that glacier meltwater can be a direct source of silicic ~ silica-containing bedrock, glacier meltwater can be enriched in
acid, as indicated by its high concentrations in low-salinity  silicic acid and transported into the fjord by either subglacial
SW and terrestrial glacial meltwater rivers. The decrease of  discharge or surface runoff by meltwater rivers (Aciego et al.,
silicic acid with increasing salinity in both SGZ and NGZ  2015).In addition to bedrock lithology, the enrichment of glacier
reflects the dilution of glacier meltwater containing high silicic =~ meltwater with silicic acid through rock weathering is also
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dependent on the extent of a subglacial drainage system and
ice bedrock interaction time. The high variation in silicic acid
concentrations in the meltwater stream samples likely reflects
different conditions for silicic acid enrichments due to varying
bedrock lithology and glacier drainage characteristics, which was
previously shown by Meire et al. (2016a). Our results suggest
that the mechanisms of silicic acid input to the fjord by glacier
meltwater discharge are comparable between Greenland fjords
(Meire et al., 2016a) and Kongsfjorden, despite the much larger
silicic acid input from the Greenland ice sheet.

In contrast to silicic acid, glacier meltwater was likely only
a minor source for nitrate, ammonium and phosphate, as these
were found in moderately low concentrations in terrestrial
meltwater rivers. Due to the uptake of nitrate, ammonium and
phosphate by the flagellate-dominated bloom in the NGZ, the
relationship of these nutrients with salinity in this part of the
fjord cannot be used as a robust indicator for the nutrient content
of meltwater (Figure7). In the SGZ, where phytoplankton
biomass was low, the positive relationship between these nutrient
concentrations with salinity confirms the low input by glacier
discharge. The low ammonium content in glacier meltwater has
already been shown by Wynn et al. (2007) for Midtre Lovénbreen
in Kongsfjorden (<0.52 mmol m~3), while the study by Hodson
et al. (2005) points to a high inter-annual variability in nitrogen
fluxes for the same glacier. Microbial nitrification can influence
ammonium levels in seawater, on glacier ice surfaces or runoff on
short timescales and adds to the uncertainties in deciphering the
effect of glaciers on ammonium availability. Further, the ability
of ammonium to adsorb onto the mineral matrix of particles,
particularly clays (Hodson et al., 2005; Schulz and Zabel, 2006;
Kumar et al., 2016), potentially contributes to the prevailing
variability in ammonium concentrations. We cannot rule out
that the removal of sediment particles through filtration prior to
the measurements could have contributed to the relatively large
variability in ammonium concentrations in our study.

Nutrient Supply by Atlantic Water and

Release From the Sea Floor

The higher concentrations of nitrate, phosphate, and to some
extent silicic acid in the deeper AW waters in the fjord compared
to SW, indicate that advection of AW into Kongsfjorden
represents a substantial source for these nutrients that can
subsequently be transported to the surface through upwelling.
The elevated ammonium concentrations in the bottom layer and
positive flux at the sediment-water interface point to the sea floor
as a major source for local ammonium release. Ammonium in
sediments usually originates from microorganisms using organic
material for respiration under anoxic conditions and excretion
by benthic organisms (Christensen et al., 1987; Maksymowska-
Brossard and Piekarek-Jankowska, 2001). Fluxes of ammonium
vary spatially and temporally in response to terrigenous runoff,
phytodetritus deposition, and varying bacterial respiration
rates (Maksymowska-Brossard and Piekarek-Jankowska, 2001;
Gihring et al., 2010). This variation might explain the difference
between the ammonium flux from water into the sediments
(i.e., negative) measured in Kongsfjorden with incubation

experiments by Gihring et al. (2010) and the flux out of
the sediments calculated in this study. Increasing ammonium
concentrations with water depth in front of Kronebreen were
also found by van de Poll et al. (2016) reaching 1.4 mmol m~—>
close to the sediment surface and support the fluxes estimated in
this study. In addition, the seasonal study by Calleja et al. (2017)
also showed increasing ammonium concentrations with water
depth for the station closest to Kronebreen for May, August, and
October with values of 0.7, 2.9, and 1.76 mmol m~2, respectively.

Subglacial Discharge-Induced Upwelling

of Nutrients

Upwelling of bottom waters was likely the main pathway for
the supply of nitrate, phosphate, and ammonium in inner
Kongsfjorden. The mixing of the water masses adjacent to the
subglacial plume is reflected by the increased mixed layer depth
close to the glacier front (Figure 6). The highly turbid subglacial
outflow at the Kronebreen terminus (Supplementary Video),
drives the upwelling of bottom waters in Kongsfjorden, in
addition to wind-induced upwelling (Cottier et al., 2010;
Sundfjord et al., 2017). The relative importance of plume- vs.
wind-induced upwelling (e.g., Meire et al., 2016b; Sundfjord et al.,
2017; Meslard et al., 2018) could not be determined, but results
from runoft and entrainment models show that the entrainment
rate through subglacial discharge-induced upwelling at the
Kronebreen terminus was on average three times higher than
the subglacial discharge of meltwater. Thus, high amounts of
nutrients are carried from depth to the surface (23 x 10*
mol DIN day~! using discharge rates from July, Table 3).
Subglacial discharge at Kongsbreen North (e.g., Schild et al,,
2018) will likely also drive a nutrient upwelling along its front.
In contrast, most of Conwaybreen and Kongsbreen South are
grounded at or only slightly below the waterline and have
considerably lower volumes of subglacial discharge. They deliver
the meltwater mainly through surface runoft (riverine discharge)
and submarine melting and do not replenish surface nutrients
through upwelling.

Comparison of Nutrient Upwelling in Kongsfjorden
and Godthabsfjord, Greenland

Similar data to that obtained in Kongsfjorden are available for
Kangiata Nunata Sermia (KNS), a Greenlandic glacier draining
into Godthabsfjord. The deep water in Godthabsfjord is more
nutrient rich with ~9 mmol m~? nitrate at 150 m depth (Meire
et al,, 2017) compared to ~6 mmol m~> at 70 m depth in front
of Kronebreen. Discharge rates are also considerably higher at
KNS, with peak summer discharges around 800 m> s~! (Slater
et al.,, 2017) compared to 250 m* s~! at Kronebreen. However,
KNS has a much deeper terminus than Kronebreen, such that
Slater et al. (2017) estimated that a discharge of 50 m3 57! is
required for a plume to reach within 5m of the surface, whereas
our results show that for Kronebreen discharges of only 4 m? s~!
will reach the upper 5m. Observations of plumes at KNS and
Kronebreen support this: Slater et al. (2017) observed a single
intermittent plume at the terminus of KNS for fewer than 50
days over the melt season; while at Kronebreen, How et al.
(2017) observed multiple plumes almost constantly for ~100
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TABLE 3 | Potential primary production (PP) rates sustained by nutrient upwelling-induced by subglacial discharge at Kronebreen. Modelled entrainment rates relate to
sampling of nutrients on 27 July 2017. For nitrate (NO3) and dissolved inorganic nitrogen (DIN) concentrations, a mean of all Kronebreen stations at >50 m water depth
was converted to uM carbon using the C:N ratio of 7.7 for Svalbard (Tamelander et al., 2013).

Subglacial discharge Entrainment rates N source Upwelling flux PP % of PP
(x108 m3 day—1) (x10% m3 day—1) (x10% mol N day~1) (mg C m~2 day~1) measured
11 33 NO3 14 54 19 (4-223)

DIN 24 91 32 (7-379)

The mean PP rates measured in July in Kongsfiorden of 289 mg C m day™! was used to calculate the percentage share of obtained PP estimates (range 24-1,249mg C m~2 day™’;
for sources see section The Influence of Glacier-Driven Bedrock Erosion and Nutrient Upwelling on Phytoplankton Growth, last paragraph,).

days. Therefore, while the nitrate upwelling rate of 14 x 10*  resulting in a deeper euphotic zone. The euphotic depth was
mol N day ™! calculated for Kronebreen is smaller than the 40~  located at 7 m on average in the NGZ, well below the mixed layer
400 x 10* mol N day~! estimated for Godthabsfjord by Meire  depth, enabling phytoplankton to stay within the euphotic zone.
et al. (2017), over the course of a season, the difference between  The spatial match of low suspended matter loads and high Chl a
the nutrient input of Kongsfjorden and Godthébsfjord glaciers  levels (Figure 4), suggests that light limitation was a key factor
may not be as large. However, data necessary to fully understand  controlling phytoplankton growth in the inner fjord zones.
this seasonal variability are currently not available. In addition, Growth of the flagellate-dominated bloom community was
the local release of ammonia at the seafloor and subsequent likely limited by ammonium and phosphate, as indicated by
upwelling seems to be an important component in Kongsfjorden,  the strong negative correlations with Chl a, and dependent
which has not been reported for Greenland glacier systems. on the indirect input of these nutrients by adjacent tidewater
glaciers. In fact, model simulations revealed that circulation

- - at the surface flows from the southern towards the northern
The Influence of Glacier-Driven Bedrock basin of Kongsfjorden (Sundfjord et al.,, 2017; Torsvik et al,

Erosion and Nutrient Upwelling on 2019). Therefore, advection of upwelled nutrients towards the
Phytoplankton Growth location of the bloom in the NGZ likely sustained the bloom,
Differences in glacier-driven bedrock erosion had a strong  while suspended matter loads were reduced along the way since
impact on local light regimes and thus phytoplankton growth  coarser sediments are deposited within the first km of the glacier
conditions (Figure 9). By comparing contrasting glacier fronts,  terminus (Meslard et al., 2018). Interestingly, higher Chl a
we showed that phytoplankton biomass is strongly reduced at  concentrations for the northern than for the southern shore of
very close proximity to the glacier front depending on the  Kongsfjorden have been reported in Hegseth et al. (2019) for the
bedrock composition in the catchments and the architecture of  area close to the IZ, supporting the surface advection of nutrients
the subglacial drainage system. In the SGZ, the subglacial melt  from the SGZ towards the NGZ. In the OZ, ammonium and
water was rich in fine-grained suspended matter derived from  nitrate concentrations were lowest among all zones (mean of 0.6
layered, “soft” bedrock types as carbonate and Devonian Old  and 0.18 mmol m~3, respectively), likely limiting phytoplankton
Red Sandstone deposits (stratigraphic units 1 and 2 in Figure 1),  growth despite the beneficial light conditions.
hence limiting light available for phytoplankton. The mixed layer Our results are consistent with the results of van de Poll et al.
depth in the SGZ was located below the euphotic depth (mean of ~ (2018) showing stronger nutrient limitation in the central part
3m), hence keeping phytoplankton partly below the layer with  of Kongsfjorden (corresponding to OZ in this study) compared
enough light available for photosynthesis. The light limitation  to the inner part. The trend of generally higher Chl a levels
was reflected in the low Chl a levels and low phytoplankton  in the inner fjord basin compared to the outer fjord zone was
abundances, despite moderately high nutrient concentrations. previously described for Kongsfjorden by Calleja et al. (2017) and
In contrast to the SGZ, more favourable light conditions  Hegseth and Tverberg (2013) for May. Later in the season during
enabled a local phytoplankton bloom with a mean Chl a  August, Chl a concentrations and phytoplankton abundance
concentration of 2.8 mg m~> in the NGZ. Maximum Chl a  showed the opposite trend (Calleja et al., 2017). However, the
concentrations of 10.6 and 6.7mg m™> Chl a were observed  spatial variability in Chl a levels and phytoplankton abundance
at a distance of 0.1 and 1.9km from the Conwaybreen glacier  in the inner fjord basin revealed in this survey, was likely missed
front, respectively. There, the bedrock consisting of metamorphic by the other studies due to the use of a single transect covering
rocks such as gneiss, granite (stratigraphic unit 5 in Figure 1)  only few stations in the southern glacier basin of Kongsfjorden.
and mica schist (stratigraphic unit 4) tends to be harder and A flagellate-dominated phytoplankton community is typical
more resistant to glacial erosion compared to the layered, “soft”  for Kongsfjorden during summer (Piwosz et al., 2009; Piquet
bedrock types in the SGZ catchment (Elverhei et al, 1980). et al, 2010; Hodal et al., 2012, Hegseth et al., 2019), while the
Grains originating from this bedrock type are also coarser and ~ dominance of Eutreptiella sp. in the bloom at the NGZ seems to
heavier, thus they will likely be deposited within closer distance  be a rather local phenomenon close to the glacier front, which
from the glacier front than fine-grained sediments (Meslard  is consistent with species of this genus known to dominate in
et al,, 2018). Consequently, less suspended matter was entrained  brackish waters (Olli et al., 1996).
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Recent studies have demonstrated that tidewater glaciers
sustain high phytoplankton production throughout summer in
Greenland fjords and coastal waters (e.g., Juul-Pedersen et al.,
2015; Arrigo et al., 2017; Meire et al., 2017). In Svalbard, studies
have shown that the inflow of glacier meltwater influences the
timing, community composition, and location of phytoplankton
blooms (Piquet et al., 2014; van de Poll et al., 2016) but we
still lack information whether an increased meltwater runoff
and subglacial discharge also sustains higher primary production
during summer. The nutrient budget revealed that our primary
production estimate, sustained by the upwelled nitrate and
DIN, could contribute 19 and 32%, respectively, to the mean
primary production rates of 289 mg C m~? day’1 measured in
Kongsfjorden during July (range: 24-1,249mg C m™2 day ™!,
values obtained from Eilertsen et al., 1989; Hop et al., 2002;
Piwosz et al., 2009; Iversen and Seuthe, 2011; all hourly measured
rates were corrected by a factor 0.76 since the daily mean
production rate is 76% of noon rates shown in Hop et al.
(2002) based on measurements by S.-A. Wingberg and K.
Gustavson). The higher DIN-based primary production estimate
was a result of the elevated ammonium concentrations near
the glacier front. In Kongsfjorden, data on primary production
are limited and have a low seasonal resolution (Hegseth
et al.,, 2019). The few available measurements, however, show
generally lower assimilation rates during summer than spring
and suggest that the build-up of biomass is constrained by
low nutrient levels and, close to the glacier front, low light
availability. Nitrogen is the limiting nutrient in the Arctic
during summer (Codispoti et al., 2013), and ammonium is in
fact the preferred nitrogen source for phytoplankton (Raven
et al., 1992; Glibert et al., 2016). Thus, the substantial supply
of ammonium to the surface by subglacial discharge-induced
upwelling likely stimulates primary production in the fjord.
Our results, hence, highlight the importance of considering
ammonium when investigating phytoplankton dynamics as a
function of glacier proximity, particularly in shallow fjords
such as Kongsfjorden, where ammonium may be released
locally from the sea floor. The nutrients supplied by tidewater
glaciers through subglacial-induced upwelling can promote
phytoplankton blooms downstream of the glacier fronts.

CONCLUSIONS

The rapid retreat of tidewater glaciers and increasing meltwater
discharge calls for a comprehensive understanding on how
the antagonistic effects of light attenuation by glacier-
derived sediments and fertilisation by nutrient input impact
primary production in the adjacent marine ecosystem. Our
results demonstrate the important role of tidewater glaciers
in controlling the phytoplankton growth environment in
Kongsfjorden. We show that differences in bedrock geology and
subglacial discharge rates are the dominant factors controlling
the light regime and nutrient dynamics in close proximity to
glacier fronts. The substantial inorganic nutrient supply to the
surface, through subglacial discharge-induced upwelling, may
fuel primary production further downstream once sediment

particles have settled out of the euphotic zone. In Kongsfjorden,
subglacial discharge plumes reach the euphotic zone despite
relatively low discharge rates and ammonium plays a particularly
important role due to shallow grounding lines.

The transition from tidewater to land-terminating glaciers
reduces water exchange rates in the inner fjord areas, which
results in an enhanced stratification during summer months due
to the removal of subglacial plume discharge (Torsvik et al,
2019). This might eventually lead to a lower carrying capacity of
the marine ecosystem in glaciated fjords. For future studies we
encourage measurements of seasonal and interannual primary
production and bottom water nutrients, including ammonium,
to fully assess the fertilising effect of subglacial discharge by
tidewater glaciers in Kongsfjorden.
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