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INTRODUCTION nutrients (Meire et al., 201)7 Glacier ice and meltwater itself can
also be direct sources of nutrientd@¢dson et al., 2005; Fransson
High latitude regions are undergoing rapid and considerablest a|., 2015; Meire et al., 20)68he mineralogical characteristics
alterations due to climate changéPCC, 201). One of the of the particles eroded by the glacier and contained within the
most evident consequences of long-term climate warmingeés t meltwater runo depend on the lithology of the underlying
retreat of glaciers. On the archipelago of Svalbard, located pedrock Gmith, 1978; Ashley, 2002; Hodder et al., 9007
the European high Arctic (74—-8N, 10-35E), over 57% of the Chemical weathering can enrich glacier meltwater in silagiz
land area is covered by glaciefsuth et al., 2013 In recent  (Meire et al., 201§aphosphate and nitrate{odson et al., 2005
decades, the retreat of glaciers has acceleratedi¢r et al., whereas elevated ammonium concentrations can result from
2007; Dstby et al., 20)due to increasing summer temperatures microbial degradation of organic matter within the snowpack
(Nordli et al., 201} At the west coast of Spitsbergen, theand glacier ice, or particle-bound ammoniunKmar et al.,
largestisland of the archipelago, anincreased prevalenvearaf  2019. Ammonium concentrations, therefore, do not only
Atlantic Water (AW) displacing cold coastal water has causedepend on the bedrock-glacier interactions in contrast tizisi
an expedited melting of tidewater glaciers, which terminateycid (Hodson et al., 2005; Wynn et al., 2007
direCtIy into the Sea$Chaue|’ et al., 2004; B|aSZCZyk et al., 2009; Know]edge on the in uence of tidewater g|aciers on fjord
Walczowski et al., 20).7These glaciers modify the hydrography production and nutrient dynamics has only recently emerged
and biogeochemistry of fjords through meltwater runc{raneo  (Meire et al., 2017; Hopwood et al., 201dnd we still lack
etal., 2011; Bartholomaus et al., 2013; Meire et al., 20Em&K data from close proximity to glacier fronts to better undersia
et al,, 2018; Cape et al., 2)1&nd o er important foraging the mechanisms and underlying dynamics. By combining ship-,
areas for seabirds, seals, and white whalegl€rsen et al., |and- and helicopter-based sampling close to tidewater glgcier
2014; Urbanski et al., 2017; Everett et al., 30TBe continuing  (from metres to kilometres distance to the glacier fronts), we
retreat of tidewater glaciers, which will eventually temate studied light, inorganic nutrient and phytoplankton dynarsic
on land, is expected to have negative consequences for fjoigl Kongsfjorden, Svalbard, during the summer melt season.
circulation, productivity, and commercial sheries/gire etal., In this way, we aim to improve our understanding of the
2017; Torsvik et al., 20),%emphasising the need to improve our e ects of freshwater discharge from tidewater glaciers in an
understanding of biological-physical coupling in partly orljul high-Arctic fijord ecosystem. This knowledge is urgentlgded
glaciated fjords. given the rapid retreat and transformations of tidewater e
Kongsfjorden, located on the west coast of Spitsbergein Kongsfjorden and around the globe. We expected glacier
(Figure 1), has many tidewater glaciers and has been nearlyeltwater discharge to impact phytoplankton production in
sea ice free since 201R&ylova et al., 20)9Meltwater from the fjord through (1) reduced ambient light levels caused by
tidewater glaciers represent the main freshwater sourcé¢o t high suspended matter content close to the glacier fronts and
fiord (Pramanik et al., 20)8 Other sources are snow melt, (2) nutrient fertilisation away from the glacier fronts, edth
precipitation, groundwater discharge, and runo from rivers directly through meltwater discharge or indirectly thrdug
which are fed by melting snow and glacier iceoftier et al., subglacial discharge-induced upwelling when sediment dastic
2005. The meltwater in ow generally starts in June, peaks inhave settled.
July-August and ends around Septembea(lington, 201%. The
glacier meltwater and associated sediment particle loadtere METHODS
strong freshwater and turbidity gradients from the innerttee
outer part of the fiord Gvendsen et al., 2002; Paviov et al.Study Area
2019. This meltwater-induced gradient in uences the growth Kongsfjorden is located on the west coast of the Svalbard
environment of primary producersHiquet et al., 2014; van de archipelago (7N, 11-12E) and extends over a length of 20 km
Poll et al., 2016; Calleja et al., 2017; Hegseth et al.).2019 with width ranging from 4 to 10km $vendsen et al., 2002
The transport of glacier meltwater into the marine Figure 1). Kongsfjorden is about 350m deep at the mouth
environment depends on the position of the glacier terminusand becomes gradually narrower and shallower towards the
and its geomorphology Syvitski et al., 1987; Syvitski, 1989;interior, with typical depths< 100 m for areas east of the research
Motyka et al., 2008 Land-terminating glaciers discharge their settlement Ny-Alesund. At the fjord entrance, a sill is only
meltwater into the sea via surface runo from rivers, whesea partially present, thus allowing exchange of intermediate and
meltwater from tidewater glaciers enters the fjord mainly b deep fjord waters with o shore water masses comprising warm,
subglacial discharge below sea level. Tidewater glaciefs msaline AW of the West Spitsbergen Current and cold, less saline
along their front where the ice is in contact with warmer fjor Arctic waters owing northwards along the Spitsbergen shelf
water Schild et al., 20)8and this melt is ampli ed by local (Cottier et al., 2006 The islands Lovéngyane create a shallow
meltwater plumes, which transport large volumes of meltwatesill (about 20 m average depth) towards the inner glaciatethbas
from sub- or englacial drainage systems into the fjoBg\(itski, ~with the greatest basin depth (95 m) located on the southeata si
1989. When subglacial low-density water enters the fjord at theof Kongsfjorden. There are four tidewater glaciers in theeinn
base of the glacier, it rises towards the surface, entrgitirge  part of Kongsfjorden: Kongsvegen, Kronebreen, Kongsbreen,
volumes of ambient fjord water\{orton et al., 1956; Holland and Conwaybreen Rigure 1). Kronebreen and Kongsvegen
and Jenkins, 199%nd can lead to a continuous upwelling of drain through a shared terminus which is around 70 m deep.

Frontiers in Marine Science | www.frontiersin.org 2 May 2019 | Volume 6 | Article 254


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

Halbach et al. Tidewater Glaciers Control Phytoplankton Dynamics

FIGURE 1 | Kongsfjorden, Svalbard, with bedrock geological units relvant for this study: carbonate (1), Old Red Sandstone (2), anble (3), mica schist (4), gneiss and
granite (5) phyllite, and quartzite (6). Stratigraphic agdor the units are given in parentheses: (C/H) Carboniferous/Permian; (PaC S)D PrecambrianC Silurian,
(D)D Devonian. Arrows indicate currents based oriHop et al. (2019) blue shows deep fjord water, and white surface water. Geolgical map is based on data from the
Norwegian Polar Institute Dallmann, 2015.

Kronebreen currently occupies about 70% of the glacier widtlsample Collection
at the terminus Sund et al., 20)1and together these glaciers Samples were collected during the “Glacier front” expeditidth w
form the largest terminus in Kongsfjorden. The terminus of RV Lancebetween 26 to 31 July 2017 in Kongsfjorden. Sampling
Kongsbreen is divided into a northern branch (Kongsbreerstations were clustered based on their similar hydrograpiy a
North) and southern branch (Kongsbreen South). Thoughdistance to glacier fronts as: Northern Glacier Zone (NGZ;
described as tidewater termini, it should be noted that éarg close to the termini of Conwaybreen and Kongsbreen North),
parts of Kongsbreen South as well as Conwaybreen are resti8guthern Glacier Zone (SGZ; close to the shared terminus of
on exposed bedrock above the water line. Of these glaciers, tKronebreen and Kongsvegen), Inner Zone (IZ; stations in the
largestruno volume drains through the terminus of Kroned®n  inner fjord area, more distant to glaciers), and Outer Zon&(O
with 0.9 kn? in 2017, while Kongsvegen, Kongsbreen Southstations further out in the fjordFigures 1, 2). The sampling was
Kongsbreen North, and Conwaybreen released 0.4, 0.04r@2, performed along transects perpendicular to the glacier fronts a
0.1 kn?, respectively, in 2017P¢amanik et al., 201&ee also across the gateways of the SGZ and NG@re 2).
Supplementary Methody Biogeochemical variables such as nutrients, Cal
The northern and southern glacier catchments di er in the phytoplankton and suspended matter were sampled from
bedrock composition: carbonate bedrock together with Déann RV Lanceat stations located between 0.03 and 36 km from the
Old Red Sandstone deposits (stratigraphic units 1 and 2 iglacier fronts and by helicopter in close proximity to the glacie
Figure 1) dominate in the southern basin with phyllite and fronts. On board the ship, water samples were collected with
quartzite (unit 6) as minor components, whereas metamorphidiskin bottles mounted on a rosette sampler equipped with a
and granitic rocks (mica schist, quartzite, and minor masbl CTD (conductivity-temperature-depth, Sea-Bird Electranic
units 4 and 5) likely make up most of the bedrock in the nortiner Bellevue, WA, USA), photosynthetically active radiation (400
basin Qallmann, 201» 700 nm, PAR; Spherical underwater Quantum Sensor Li-193,
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FIGURE 2 | Overview of sampling locations and major differences amonthem. Red dots indicate ship or helicopter-based sampling stions, yellow circle locations
where sediment cores were collected, and blue dots samplindgrom terrestrial glacial meltwater rivers originating fno land-terminating glaciers. Waf e charts are
arranged in 10  10% grid with each cell representing 1% of maximum average \fae for a variable across all zones for all boxes except the tsand last one, which
are scaled to mean value within each zone (i.e., represent eaposition). Polygons bound the stations within each zone. fe satellite photo in the background obtained
on 31 July 2017 from Sentinel-2 (https://scihub.copernicuseu/) shows the water colour during sampling. Suspended maer and Chla values were averaged for the
upper 10 m for each station. Other variables represent valgefor the entire sampling range (0 m-bottom). Numbers in brdceets after waf e-chart headers indicate
number of replicates and letters indicate multiple compasbns test results: differing letters indicate statistichl signi cant differences between zones for each variable,
respectively. Mean values are given for non-compositionglarameters in each box. SeeTable 1 for mean values, ranges, and standard deviations.

LI-COR Biosciences) and uorescence (WETStar, Sea-Bir@@10cm) at three stations with varying distances to the gtacie
Electronics) sensors. The sampling depths ranged betweed 0 ainont in the SGZ (locations shown oRigure 2 as yellow circled
55m in the Inner and Glacier zones and down to 100 m in thered dots).

Outer Zone. Sampling depth intervals were 0, 1, 5, 10, 25/30, 50

and 100 m depending on bottom depths and @mhaxima. From  Sample Processing

helicopter, sampling was done by means of a Hydro-Bios CTNo determine total suspended matter, water samples of varying
rosette at 33m distance to the Kronebreen and 93 m distanosmlume of 0.05-1.75L (depending on the amount of suspended
to the Conwaybreen front. The rosette sampler equipped witlparticles), were ltered through 25 mm diameter, pre-weighted
a CTD and 8 Niskin bottles was attached 5m above a 500 kand pre-combusted (at 45Q for 12 h) Whatman GF/F lters
counterweight, which was connected to a line of 100 m length(GE Healthcare, Little Chaltfont, UK). After Itration, lers
Sampling was conducted by lowering the counterweight to thevere dried in an oven at 6€ for 24h and stored at room
bottom and then pulling up slowly (1 m &) while the helicopter temperature afterwards. Suspended matter was determined by
itself was well above the glacier. Surface runo from temiak  weighing the Iters on a Sartorius Quintix scale (Sartorius,
glacial meltwater rivers was collected ashore into coefan Gottingen, Germany) and subtracting the weight of the it
transferred to the ship and immediately processed on boaed. Tcombusted blank Iter. For Chlorophyk (Chl a) analysis, water
determine the ammonium concentration in sediment pore watersamples were lItered through 25 mm diameter Whatman GF/F
sediment cores were retrieved using a UWITEC gravity coretter. Afterwards, Chlawas extracted in 5 mL 100% methanol for
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atleast 12 h at 5 in darkness and, then, measured with a Turner400-500 across bottom chamber surface, they were counted
Designs AU10 uorometer (Turner Designs, California, USA) atin the whole chamber. Phytoplankton taxa were grouped into
room temperature. The uorometer was calibrated using @hl higher taxonomic units: agellates of non-determined taxomic
standard fromAnacystis nidulanalgae (Sigma Aldrich C6144; a nity, dino agellates, diatoms and othersKigure 2). Detailed
Knap et al., 1996 The in uence of the high sediment load near species and group abundances are showrainle S3
the glacier fronts on the uorometer readings was examingd b~ Subsamples for nutrient analyses were collected in 20 mL
Itering nine samples through 0.8m GF/F Iters with a syringe. acid-washed scintillation vials, xed with 0.2mL chlorofor
No major e ect of the sediment on Ch&a concentration was and stored at 4C until processing lagebg and Rey, 1984
found (mean change of 0.095 mg rhin Chl a). The concentrations of nitrite, nitrate, phosphate, and silacid
One phytoplankton sample per station from 1, 5, or 10 mwere determined spectrophotometrically with a modi ed Skala
depth was examined for its taxonomic composition ($able S1  autoanalyser (Skalar Analytical Instruments, Breda, Nedineis)
for depth distributions among zones). Samples were tranderreat wavelengths of 540, 540, 810, and 810 nm, respectively.
into 200 mL brown glass bottles and preserved with an aldehyde Subsamples for ammonium were collected into 10mL
mixture (nal concentration for glutaraldehyde was 0.1%dan Falcon polypropylene tubes and analysed immediately on
for hexamethylenetetramine-bu ered formaldehyde 1%uji  board. Concentrations were measured spectrophotometyicall
and Yanagita, 1991 The samples were stored in a cold @ in triplicates as described b$olorzano (1969)with colour
and dark place until analyses conducted at the Institute oflevelopment at 5CC in a water bath over 1 h. For ammonium
Oceanology, Sopot, Poland. Depending on the phytoplanktoblanks, Milli-Q water was used. The detection limit was
and sediment density in the sample, a volume of 10-50 mL was09 mg m 2 and the precision of analyses 2.0%. A high turbidity
settled in Utermohl sedimentation chambers (Hydro-BioselKi in the water samples, particularly in the glacier plume, can
Germany) for 48 h. Cells were counted and identi ed to lowest ect the spectrophotometer readings. Therefore, samples were
possible taxonomic level using an inverted Nikon Ti-S light Itered through 0.2mm syringe Iters before addition of reagents.
and epi uorescence microscope at 100-600magni cations Sediment pore water was collected (5-10mL) with rhizons of
depending on the size of the organisms examined followin@.2mm pore size attached to a syringegeberg-Elverfeldt et al.,
Andersen and Throndsen (20Q3All organisms were counted 2005. Pore-water samples10 mL were topped up with Milli-Q
in transects and only when the number of cells was belowvater 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 végi h
in pore water, samples were diluted 1@nd measured using a
1cminstead of a5 cm cuvette.

Light Measurements

The euphotic depth was calculated as 0.1% of surface irraglianc
derived from the rosette-attached PAR sensor (QCP-2300-HP;
Biospherical Instruments). The 0.1% threshold was chosen ov
1% since many phytoplankton species can cope with 0.1%
of incident PAR, especially when adapted to more turbid,
brackish environments. Planar downwelling spectral iresutie

Ey (I') was measured with a factory calibrated RAMSES ACC-
VIS spectroradiometer (TriOS Mess- und Datentechnik GmbH,
Rastede, Germany) in the wavelength range 320-950nm. 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 selectedrsdati
along the transecflgble S4. The pressure sensor was calibrated
to air pressure at sea level prior each cast. A mean pf E
(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 @sabl

FIGURE 3 | Temperature-salinity diagram of CTD data for each zone. Weit
mass classi cation is according to Cottier et al. (2005) Water mass type
abbreviations: SW, Surface Water; IW, Intermediate Water; AWtlantic Water;

TAW Transformed Atlantic Water. Dashed lines represent roff mixing line radiation (PUR) indicates the irradiance in the PAR range that
(subglacial and supraglacial meltwater discharges, neardnizontal, towards is usable for the algae based on their speci c spectral absorpti
0 C and 0 salinity) and submarine meltwater mixing line (forrdehrough characteristics. (E(PUR) was calculated using the same depth

melting along the glacier front, near vertical towards 90 C and 0 salinity;

Mankoff et al, 2016, ranges as used folyEPAR) following equation 8 inviorel et al.

(1987)and by using a typical low-light acclimated Euglenophytes
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absorption spectrumJohnsen and Sakshaug, 20ihéir Fig. 2A,
pigment group 8) because of high abundancéafreptiellasp.

in our samples.

The diuse attenuation coe cient kK (PAR) (m 1) was

calculated (equation 5.2 iiirk, 2011 on average between 2

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

and 3.5m depth for NGZ and 1 and 3 m depth for SGZ stations

(exact depth rangelpble S4depending on measurement depths

at each station and vertical extent of reliable measureg)ent

Kq.PAR 21,25/ D

1

Eq(PAR z1)

In

71 E4(PARZ)

where F (PAR, 2) and g (PAR, 2) represent the downwelling
irradiance at respective depthsand 2 (m).

Calculation of Ammonium Fluxes

JsedD # Dsed

dc

dx

where Leqis the ux (mmol NHgz m 2 h 1), # the sediment
porosity, Dgeg the di usion coe cient for sediments, & the

di erence in concentration of ammonium in pore water across
dx—the change in sediment depth. Since sediment porogiy (
was not measured in our study, the reference value of 0.44 (0—
10 cm core depth) was used, measuredbyilgen et al. (2014
Kongsfjorden. Temperatures measured at the sampling latstio
closest to the sea oor by the CTD were 5.8, 5.2, an@€,3
respectively. Therefore, the diusion coe cient in sediments
was calculated using the molecular diusion coe cient for
ammonium in seawater Qsyw) at 5C (Schulz and Zabel,
To obtain rough estimates of ammonium uxes across the200§ and the tortuosity. The tortuosity describes the degree of
sediment-water interface Fick's rst law of diusion was alse deviation of the pathway a molecule must take around partjcles

TABLE 1 | Physical and biological variables (range, mean, SD) meagut in the four designated zones in KongsfjordenHigure 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 4.1(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) 34.7-34.9  34.9( 0.02)
Temperature (C)<5m 3.25-406 361( 0.26) 4.41-525  4.90( 0.24)  4.10-555  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) 14.2-16.8 155( 1.1)
Euphotic depth (0.1 % of surface g 2.5-13.3 9.1( 2.9) 1.1-6.4 29( 15) 4.4-9.2 7.4 ( 2.6) 17.6-34.5 21.2( 7.5)
(PAR); m)
Eq (PUR) fmol photons m 2g l) 0.02-157.9 18.5( 32.3) 0.01-35.2 5.3(9.2)
Eq (PAR) frmol photons m 2s l) 0.1-369.9 50.1 ( 79.9) 0.04-84.0 13.4( 22.2)
Kg (PAR) (m 1) 0.5-1.0 0.7 (0.2 1.1-4.6 25( 1.3)
BIOLOGICAL
Chla(mg m 3) surface 1.3-74 2.8(1.6) 0.2-1.9 0.6 ( 0.3) 0.5-1.7 1.1( 0.6) 0.6-1.9 1.2( 0.6)
Chla max. depth (m) 0-30 6.1(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 1) 192-1189 705 ( 312) 4-91 22( 21) 127-1097 572 ( 490) 305-641 449 ( 169)
Phytoplankton comp. agellates 94-100 97 ( 2) 43-100 75 ( 17) 56-100 83 ( 23) 57-74 64 (7)
Dino agellates 0-6 3(2) 0-57 19( 21) 1-40 15( 21) 20-35 30(7)
Other 0-1 0( 0) 0-40 6(9) 0-4 1(2) 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,4 (mmol m 3) surface bottom 0.5-1.6 1.0( 0.4) 1.2-3.0 1.7 ( 0.4) 0.7-1.3 1.1( 0.3) 0.4-0.9 0.6 ( 0.2)
0.7-2.4 1.7( 0.7) 1.6-3.0 2.4 (0.4) 1.7-35 2.7( 0.9) 1.1-15 1.3(0.2)
NOz (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) (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 2.72 ( 0.96) 1.63-2.82 2.21( 0.52)
PO, (mmol m 3) 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 layerrém 25 to 90 m. Ranges of each zone are derived by the mean of respective depth raeg. See Figure 2 for

relative differences among zones.
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since the di usion in sediment cannot follow a straight coei@s zones as a scaling parameter for each explanatory variable. Ra
de ned for the di usion coe cient in free solutions. To estirate  values used in the computation of the graphical overview of
the tortuosity, we used the equation discussedSirhulz and Figure 2 and throughout the study of Chh, phytoplankton
Zabel (2006)based orBoudreau (1997) abundance and phytoplankton community composition are
presented inSupplementary Material (Figure S§, in addition
to the performed principal component analysis (PCA, see

DeeqD _ Dsw Supplementary Materia) section Phytoplankton Community
1 2In# Analysis andFigure S5. Chl a data were log-transformed for
. . . Spearman's correlations with nutrients.
Nutrient Entrainment Rates and Primary The Brunt-Vaisala-frequency @), a measure of surface-layer
Production Estimates strati cation, was calculated with the oce packagel(ey and

Buoyant plumes of subglacial meltwater discharge entraifRichards, 2018 For the mixed layer depth, the maximum value
ambient seawater as they ris&iqrton et al., 195§ thus of N2 was used. To separate the di erent water masses within
providing a mechanism for deep, nutrient rich waters to bethe study areaRigure 3), stations were classi ed according to
transported rapidly to the surface. In order to estimate theCottier et al. (2005)s follows: internal water masses such as
potential primary production that can be sustained by subglaci Surface Water (SW), external water masses such as AW, and
discharge-induced nutrient upwelling in Kongsfjorden, amd  waters of mixed origin Transformed Atlantic Water (TAW), d@n

in Meire et al. (2017the plume entrainment rates were modelled Intermediate water (IW). The water types Local water and isrct
on the basis of subglacial meltwater discharge rates andeplunwater (T< 1 C) were only present at a few stations and were
dynamics at Kronebreen for 2017 using PyPlunieve(rett, therefore not considered further.

2018 seeSupplementary Methodsections Modelling of Glacier ~ Data used in the study are available through the Norwegian
Runo Rates and Modelling of Plume Entrainment Rates forPolar Data Centre (doi: 10.21334/npolar.2019.56c2cd62).
details). The nutrient upwelling was calculated by multiptythe ~ Shape les used for mapgigures 1 2) were obtained from the
mean dissolved inorganic nitrogen (DIN; including ammoniy  Norwegian Polar Institute (http://geodata.npolar.no).

nitrate and nitrite) and nitrate concentrations of 7.1 and24

mmol m 3 (bottom water > 50 m, 0.7-3.3km distance to

Kronebreen glacier front), respectively, by the upwellinpme RESULTS

driven by the plume. The upwelling volume from the nutrient . .

sampling date (27 July 2017) was used, due to the lack ShySical Environment _ o
seasonal nutrient data in close proximity to the glacier fron Important dierences between physical and biological
Nitrogen concentrations were converted to carbon using@tly ~ Parameters among zones are summarisedFigure 2 and
ratio of 7.7 for the Svalbard regiorTgmelander et al., 20.3 @& more detailed overview of the main parameters used in
Subsequently, areal production was calculated from thel totdis Study is given inTable 1 (see alsdrigures S1 S7-S9 for
new production and the Kongsfjorden area (242 %based on vertical wat_er colum_n_ proles including Chla, suspended
2017's glacier front positions) and compared to the literatur Matter, nutrients, salinity and temperature). The water mas
to evaluate the potential of the subglacial discharge-ieduc COMposition diered across the four zonesrigures2 3).

nutrient upwelling to fuel primary production in Kongsfjorden ~Deeper waters were composed of Atlantic water types (AW
and TAW), which generally became fresher and cooler towards

Data Analysis the inner fjord. In ow of Atlantic water types mainly folloveke

To account for the vertical variability within the water cohn, ~ the southern shore towards the SGZ, where remnants of deep
data from each station were grouped into two di erent depthfiord water can be observed, whereas inow to the NGZ
layers: surface layer (0—10 m) and bottom layer (25-90 myontained mostly mixed water massésgure 3. SW and IW
Statistical analyses were performed usingRRCore Team, 20)9  were predominantly warmer in the NGZ than in the SGZ, and
A signi cance level ofp < 0.05 was applied in all statistical gradually disappeared towards the outer fjord. Figure 3
tests, withp-value corrections for multiple comparisons when dashed lines illustrate the gradients of mixing with runo
needed. Multiple comparisons were performed using thdsubglacial or supraglacial meltwater discharge) and suin@a
max-t method described irHerberich et al. (201Q)which ~ meltwater (formed through melting along the glacier frontjca
was designed for heteroscedastic and unbalanced dataségsect their relative proportionsiianko etal., 201§. Mixing of
Multiple comparisons were computed for raw values usingSW and IW in the SGZ showed a tendency to follow the gradient
the multcomp Hothorn et al., 2008 multcompView Graves Of the subglacial discharge mixing line, indicating thalvglacial

et al., 201} and sandwich Zeileis, 2006R packages and are discharge may be the dominant source of freshwater in thigzo
expressed as letters. The letters are organised alphalyeticAh contrast, mixing in the NGZ was closer to the gradient of
and diering letters indicate statistically signi cant dirence the meltwater mixing line, suggesting a stronger in uende o
between zonesF{gures2 7, S7). A graphical overview of submarine melting, likely due to the comparably lower volsme
explanatory variables (water type and depth, suspended mattef, subglacial discharge. The main subglacial discharge plume
euphotic depth as well as phytoplankton community parameterqyut ow at the SGZ was clearly visible as red-brownish water
Figure 20 was compiled using maximum average values focolour (Supplementary Vided. The plume was detected in
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FIGURE 4 | Surface ( 10 m) Chlorophylla (mg m 3 left panels) and suspended matter (g m3; right panels) concentrations in the Northern Glacier Zongipper
panels) and Southern Glacier Zone (lower panels) in Kongsfilen.

the upper 14m of the water column at 33m distance fromred-brownish colour in the SGZ, while the NGZ had a milky
the glacier front as indicated by the sharp decrease inigalin green colour.
and temperature at the northernmost glacier front station at The di erences in suspended matter load and characteristics
Kronebreen Figure S3J. between the NGZ and SGZ were also re ected in diuse
The two glacier zones diered in suspended matterattenuation coe cients, euphotic depths and downwelling
contribution, with higher mean suspended matter loads airradiance levelsTable 1, Figures 2 6). The di use attenuation
the main out ow area in the SGZ compared to the NGZ (46coe cient, K4 (PAR), was higher in the SGZ compared to the
and 289 m 3, respectivelyTable 1, Figures 2 4). The highest NGZ (2.5 and 0.7 m?, respectively; for multispectral light
suspended matter concentration (96g ) was measured at attenuationvalues,(l ), se€Table S§. Consequently, the mean
the northernmost Kronebreen station, matching the positioneuphotic depth (as 0.1% of surface irradiance) was 3m in the
of one of the major subglacial discharge plumes. Suspend&f>Z compared to 9m in the NGZ. The mean downwelling
matter concentrations had a mean concentration of 14g®m planar irradiance measured in the PAR range at depths within
in the 1Z and OZ. Suspended matter characteristics in the 12he euphotic layer was lower in the SGZ compared to the NGZ
were, however, largely in uenced by the SGZ glacier sullac (13.4 and 50.tmol photons m #'s 1, respectivelyTable 1, see
discharge plume as indicated by the red-brownish water aolouFigure S3for vertical pro les of downwelling planar irradiances).
Water colour was clearly di erent between the SGZ and NGZAIso, & (PUR) was lower in SGZ than in NGZ. Further, the
(Figure 5), likely due to the dierences in sediment load and light quality di ered between the SGZ and NGZigure 5).
bedrock geology of the catchmentSigure 1): we observed a Spectral irradiance measurements at 2m depth at the innermost
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FIGURE 5 | Contrasting water colouration in the Southern Glacier ZongA) and Northern Glacier Zone B, photo shows Conwaybreen glacier front), due to different
sediment loads and characteristics (photos: Laura Halbacgh Normalised spectral irradiance f (I ) at 2 m water depth at 685 m distance to Kronebreen(C) and at
375m distance to Conwaybreen(D) (Ey (PAR) 0.1 and 48.2mmol photons m 2 's 1, respectively) with maximum downwelling irradiance in re620~750 nm), green
(495-570 nm), and yellow (570-590 nm) wavelengths, respegely.

stations show maximum downwelling irradiance in the red@2 panels). Nitrate and ammonium concentrations were in a simila
750 nm) and green/yellow (495-570/570-590 nm) waveletigths range (0.4—2.3 and 0.7-1.7 mmol Fyrespectively).
the SGZ and NGZ, respectively, consistent with the varyingwa  Ammonium concentrations reached 3 mmol m at 50m
colour (Figure 5). Despite higher mean suspended matter loadswater depth in the SGZ. Sediment pore-water at the SGZ
the euphotic depth in the NGZ did not di er from that in the had elevated ammonium concentrations at the sediment-wate
1Z, re ecting the e ect of di erences in sediment charactdits interface (6-31 mmol m®) and concentrations increased
on light penetration Figures 2 6). The mixed layer depth was with sediment depth Kigure S4. Moreover, there was a
deeper than the euphotic depth in the SGZ and shallower in thpositive ux of ammonium at the sediment-water interface,
NGZ (Figure 6). which increased with increasing distance to the glacier front
(3, 18, and 34mol m 2 d ! at 0.69, 1.82, and 3.42km
distance, respectively).
Nutrients In SW, nitrate, phosphate and ammonium showed a positive
Surface nitrate, silicic acid, and ammonium concentrasion relationship with salinity irrespective of glacier zoriggure 8).
were elevated in the inner fjord zones and decreased toward#® contrast, silicic acid showed a negative relationshighwi
the mouth of Kongsfjorden Rigures 7A,C,0 left panels). In salinity in SW, pointing to glacier melt water that has been
contrast, surface phosphate concentrations did not demaustr in contact with silica-rich bedrock as an important source fo
a clear trend with distance from glacier frontBigure 7B, left  silicic acid.
panel). All nutrient concentrations were generally highe AW .
than in SW Eigure 7, right panels). Phosphate and ammonium Phytoplankton Biomass, Abundance and
concentrations were higher in SGZ compared to NGZ, whilkCommunity Composition
silicic acid concentrations had the opposite patteFiglre 7, Spatial dierences in Chla concentration, a proxy of
mid panels). All nutrient concentrations generally incredse phytoplankton biomass, among zones are displayeBigure 4
with water depth, except for silicic acidlgble I). Nutrient —and summarised ifrigure 2 Chla concentrations in the surface
measurements from terrestrial glacial meltwater rivergesged layer (0-10m) were highest in the NGZ (mean 2.3mg3n
silicic acid concentrations of 5-12.5 mmol fhand phosphate followed by the IZ and OZ (1.1 and 0.9 mg ™ respectively),
concentrations of 0.02—0.18 mmol i (Table 2 Figure 7, mid  and lowest in the SGZ (0.6 mg r; Table 1). A phytoplankton
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bloom dominated byEutreptiella sp. and Pyramimonassp. z e o o M &1
was found in close proximity to the glacier front in the NGZ o ] L
(Chl a maxima of 4.7 and 10.6mg m at 1 and Sm depth, P RO 5\“;3?\“;)
respectively). Chh uorescence measurements made situ ) ) VNSO
(with the CTD-mounted uorometer) con rmed the trend of a Distance from glacier (km) zone Water
hlgher phytoplankton plomass inthe NGZ Compared tothe SG:Z' FIGURE 7 | Nutrient concentrations in relation to distance from glaei (left
Chl a concentration generally echoed the trends in panels), comparison among zones (mid panels) and among wateypes (right
phytoplankton abundance, but the [Z and OZ did not| panels). Left and mid panels represent nutrients sampled tiween 0 and 10 m.
signi cantly di er from the NGZ despite signi cant di erences The black line in left panels indicates local polynomial regssion t. The panels
. : . . on the right include all depths from Southern and Northern @ctier Zones, with
II’! C.hl a co_ncentranons Elgure 2) NGZ and _SGZ di ered water masses as inFigure 3. (A) nitrate, (B) phosphate, (C) silicic acid, and
signi Cantly in phytoplankton abundance and biomass (%] . (D) ammonium. Letters on right panels indicate pairwise permation test
In terms of abundance, the phytoplankton community| results: differing letters indicate signi cantly differemutrient concentrations
was dominated by indetermined agellates followed by between zones. The crossbars indicate mean values and box mgins
dino agellates. The contribution of dino agellates graaily bootstrapped 95% con dence intervals. Points represent vales for
. . . individual les.
increased towards outer Kongsfjorden. Diatoms were nearly™®"'®® SamPies

absent in the glacier front zones (mean abundance 0.25
1C® cells L 1; Figure 2 Table S3 but had considerably higher
abundance in the 1Z and OZ (mean abundance 5.710°  Figure S§. Distance from glaciers best explain&d D 0.74) the
cells L 1). At the species level, the NGZ and SGZ were clearlgpommunity gradient along the fiordTable S3. Gymnodinium
separated from the 1Z and OZ as revealed by PQAb{e S3  sp. 10-20mm, Prorocentrum cordatupPyramimonassp., and

Frontiers in Marine Science | www.frontiersin.org 10 May 2019 | Volume 6 | Article 254



Halbach et al.

Tidewater Glaciers Control Phytoplankton Dynamics

Eutreptiellasp. were more abundant in the NGZ, and to somedeep water. The mean entrainment rate of 8.3.0° m3 day !

extent also in the SGZ, than further out in the fjordiable S2.

was generally up to three times higher than the discharge rate

On the other hand,Prorocentrum minimum Gymnodinium 2.7 10 m3 day 1 during 2017. Since data on bottom water
galeatum, G. gracilentuniPhaeocystis pouchetamong many nutrient content were only available for 27 July 2017, we used
other species, were more abundant in the outer stations thathat day's entrainment rate of 33 10 m3 day ! at a discharge
towards the glaciers. The number of phytoplankton speciemte of 11 10° m3day 1, which yielded upwelling uxes of 24
was higher in the 1Z and OZ compared to the glacier front10* and 14 10" mol N day ? for dissolved inorganic nitrogen

zones Table S2.

(DIN) and nitrate, respectivelyTable 2. The bottom water

All nutrients, except for silicic acid, showed a signi cant nitrate and ammonium concentrations used in our calculaton
negative correlation with Crd. Ammonium and phosphate had are within the range of previous own measurements during

the strongest negative correlatioRD 0.54,p < 0.001 andR
D 0.4,p< 0.001, respectively), followed by nitraRe) 0.22,
p< 0.05).

Estimated Primary Production Sustained
by Subglacial Discharge-Induced
Nutrient Upwelling

The proportional volume of water entrained into the subglacia

July 2013-2017 within 3.4-9.8 km distance from the Kronebreen
glacier front. The estimated upwelling uxes could subseqlyent
sustain primary production rates of 91 and 54 mg C fday !
using DIN and nitrate as nitrogen sources, respectively, and
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

discharge plume varied depending upon the discharge, witfates were observed in mid-July). Note that seasonal vanisin

lower discharges entraining comparatively higher fracsicof

TABLE 2 | Nutrient and total suspended matter concentrations in tegstrial glacial
meltwater rivers in the Northern Glacier Zone (NGZ) and inglSouthern Glacier
Zone (SGZ).

Variable NGZ west NGZ east SGZ

Suspended matter (g m 3) 9,669 61 n/a
surface

NH, (mmol m 3) 0.71 1.73 nla
NOg (mmol m 3) 23 1.2 0.4
Si(OH) (mmol m 3) 12,5 6.9 5

PO, (mmol m 3) 0.02 0.06 0.18

See Figure 2 for stream locations. “n/a” indicates that data was not available.

bottom water nitrate concentrations, as shown ®ylleja et al.
(2017) in addition to variable light conditions and strati catig
are not considered in these estimates.

DISCUSSION

The geology of glacier catchments and glacier dischargesince
local light and nutrient regimes and, thus, phytoplankton
production in glaciated fjords Kigure 9). In Kongsfjorden,
glacier meltwater itself, after having been in contact veilica-
rich bedrock, can be a direct source of silicic acid (section
Glacier Meltwater as a Direct Source for Nutrients), while
nutrients contained in AW or ammonium released from the
sea oor (section Nutrient Supply by Atlantic Water and Release
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FIGURE 9 | Schematic illustration of the major tidewater glacier andddrock characteristics that control phytoplankton growthconditions in inner Kongsfjorden
during summer. Four tidewater glaciers are surrounding thaner fjord basin: Conwaybreen, Kongsbreen (only northerbranch shown), and Kronebreen-Kongsvegen.
Conwaybreen grounded at or slightly below the waterline dlers meltwater mainly through surface runoff (riverinestiharge) and submarine melting. There, glacier
meltwater is rich in silicic acid through glacial-driven bdrock erosion. In contrast, buoyant subglacial discharge pimes at Kronebreen-Kongsvegen and to minor
extent also at Kongsbreen North entrain large volumes of anient, nutrient-rich deeper waters. Thereby, phosphate, tiiate and silicic acid contained within Atlantic
Water entering the inner fjord basin along the southern sheline and ammonium being released locally from the sea oor,ra transported to the surface. Differences in
meltwater discharge rates and bedrock geology lead to highsspended matter loads in the Southern Glacier Zone and, thydimiting phytoplankton growth. In the
Northern Glacier Zone, lower suspended matter loads and di#rent sediment characteristics create more favourableght conditions (deeper euphotic zone), enabling
a agellate-dominated phytoplankton bloom in 2017. The bloon was likely fuelled by nutrient advection from the southertowards the northern fjord zone.

from the Sea Floor) are brought to the surface by upwellingicid concentrations with ambient fjord water having lower
of nutrient-rich bottom waters initiated by subglacial disarge  concentrations. In addition, the di erence in silicic acid the
(section Subglacial Discharge-Induced Upwelling of Nutisgn inner fjord compared to the outer fjord likely re ects silicacid

Di erences in bedrock geology and meltwater discharge ratemput by glacier meltwater at the head of Kongsfjorden. Our
between the SGZ and NGZ were re ected in varying suspendeddings are in line with the study byFransson et al. (2015)
matter loads and contrasting light regimes (section Thaience showing high silicic acid concentrations in close proximity t
of Glacier-Driven Bedrock Erosion and Nutrient Upwelling on glaciers in Tempelfjorden, Svalbard. Further, our results a
Phytoplankton Growth). In the SGZ, phytoplankton abundanceconsistent with the studies byizetsu-Scott and Syvitski (1999)
was reduced due to light limitation, whereas, in the NGZ, mor Meire et al. (2016a)and Kanna et al. (20183howing elevated
favourable light conditions facilitated a agellate-damted  silicic acid concentrations in glacier ice (9.14 and 4.7 mmo?,
phytoplankton bloom. Upwelled nutrients at the Kronebreenformer two studies, respectively) and proglacial rivers ard§
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 primarythe postbloom period and low abundance of diatoms, we suggest
production previously measured in Kongsfjorden, highligigti dilution as the main factor in uencing silicic acid valueshile
the importance of nutrient-rich seawater entrainment bybiological 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 con rm that glacier discharge can have both dire the dominant type Eigure 1), which might explain the higher
and indirect e ects 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 silicisilica-containing bedrock, glacier meltwater can be ergétin
acid, as indicated by its high concentrations in low-s#jini silicic acid and transported into the fjord by either subgédci
SW and terrestrial glacial meltwater rivers. The decredse discharge or surface runo by meltwater riveréiego et al.,
silicic acid with increasing salinity in both SGZ and NGz 2019. In addition to bedrock lithology, the enrichment of glacie
re ects the dilution of glacier meltwater containing higilisic =~ meltwater with silicic acid through rock weathering is also
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dependent on the extent of a subglacial drainage system amdperiments byGihring et al. (2010)and the ux out of
ice bedrock interaction time. The high variation in silicgcid  the sediments calculated in this study. Increasing ammniu
concentrations in the meltwater stream samples likely resectconcentrations with water depth in front of Kronebreen were
di erent conditions for silicic acid enrichments due to vang  also found byvan de Poll et al. (2016paching 1.4 mmol m3
bedrock lithology and glacier drainage characteristidgctvwas close to the sediment surface and support the uxes estimated i
previously shown byMeire et al. (2016a)Our results suggest this study. In addition, the seasonal study ®ylleja et al. (2017)
that the mechanisms of silicic acid input to the fjord by glaci also showed increasing ammonium concentrations with water
meltwater discharge are comparable between Greenlandsfjordepth for the station closest to Kronebreen for May, August a
(Meire et al., 201§zand Kongsfjorden, despite the much larger October with values of 0.7, 2.9, and 1.76 mmol3yrespectively.
silicic acid input from the Greenland ice sheet.
In contrast to silicic acid, glacier meltwater was likelyiyon Subglacial Discharge-Induced Upwelling
a minor source for nitrate, ammonium and phosphate, as thesef Nutrients
were found in moderately low concentrations in terrestrialupwelling of bottom waters was likely the main pathway for
meltwater rivers. Due to the uptake of nitrate, ammonium andthe supply of nitrate, phosphate, and ammonium in inner
phosphate by the agellate-dominated bloom in the NGZ, thekongsfijorden. The mixing of the water masses adjacent to the
relationship of these nutrients with salinity in this part 4fe  subglacial plume is re ected by the increased mixed layertdept
fjord cannot be used as a robust indicator for the nutrienttent  close to the glacier fronfjgure 6). The highly turbid subglacial
of meltwater Figure7). In the SGZ, where phytoplankton outow at the Kronebreen terminus Supplementary Video,
biomass was low, the positive relationship between theséentit  drives the upwelling of bottom waters in Kongsfjorden, in
concentrations with salinity con rms the low input by glacie addition to wind-induced upwelling Cottier et al., 2010;
discharge. The low ammonium content in glacier meltwates haSundfjord et al., 2007 The relative importance of plume- vs.
already been shown by/ynn et al. (2007jor Midtre Lovénbreen  wind-induced upwelling (e.gMeire et al., 2016b; Sundfjord et al.,
in Kongsfjorden € 0.52 mmol m 3), while the study bydodson  2017; Meslard et al., 20)L€ould not be determined, but results
et al. (2005points to a high inter-annual variability in nitrogen from runo and entrainment models show that the entrainment
uxes for the same glacier. Microbial nitri cation can in ugce  rate through subglacial discharge-induced upwelling at the
ammonium levels in seawater, on glacier ice surfaces or mmo  Kronebreen terminus was on average three times higher than
short timescales and adds to the uncertainties in deciplgetfie  the subglacial discharge of meltwater. Thus, high amourfits o
e ect of glaciers on ammonium availability. Further, the légi  nutrients are carried from depth to the surface (23 10t
of ammonium to adsorb onto the mineral matrix of particles, mol DIN day ! using discharge rates from Julffable 3.
particularly clays flodson et al., 2005; Schulz and Zabel, 2006subglacial discharge at Kongsbreen North (eSghild et al.,
Kumar et al., 201% potentially contributes to the prevailing 2019 will likely also drive a nutrient upwelling along its front.
variability in ammonium concentrations. We cannot rule out |n contrast, most of Conwaybreen and Kongsbreen South are
that the removal of sediment particles through Itration prito grounded at or only slightly below the waterline and have
the measurements could have contributed to the relativelged  considerably lower volumes of subglacial discharge. Thiyede
variability in ammonium concentrations in our study. the meltwater mainly through surface runo (riverine disatge)
and submarine melting and do not replenish surface nutrients

Nutrient Supply by Atlantic Water and through upwelling.

Release From the Sea Floor Comparison of Nutrient Upwelling in Kongsfjorden

The higher concentrations of nitrate, phosphate, and to somand Godthabsfjord, Greenland

extent silicic acid in the deeper AW waters in the fijord comphre Similar data to that obtained in Kongsfjorden are availdiole

to SW, indicate that advection of AW into Kongsfjorden Kangiata Nunata Sermia (KNS), a Greenlandic glacier draining
represents a substantial source for these nutrients that canto Godthabsfjord. The deep water in Godthabsfjord is more
subsequently be transported to the surface through upwellingwutrient rich with 9 mmol m 3 nitrate at 150 m depthNleire

The elevated ammonium concentrations in the bottom layet an et al., 201Ycompared to 6 mmol m 3 at 70 m depth in front
positive ux at the sediment-water interface pointto the semr  of Kronebreen. Discharge rates are also considerably higher a
as a major source for local ammonium release. Ammonium irKNS, with peak summer discharges around 800sm' (Slater
sediments usually originates from microorganisms usirgpoic et al., 201y compared to 250 rhs 1 at Kronebreen. However,
material for respiration under anoxic conditions and exawat KNS has a much deeper terminus than Kronebreen, such that
by benthic organismsQhristensen et al., 1987; Maksymowska-Slater et al. (2017&stimated that a discharge of 50°ra 1 is
Brossard and Piekarek-Jankowska, 206luxes of ammonium required for a plume to reach within 5m of the surface, whereas
vary spatially and temporally in response to terrigenous runo our results show that for Kronebreen discharges of only*4nt
phytodetritus deposition, and varying bacterial respirationwill reach the upper 5m. Observations of plumes at KNS and
rates (Vlaksymowska-Brossard and Piekarek-Jankowska, 200Kronebreen support thisSlater et al. (20179bserved a single
Gihring et al., 201)) This variation might explain the di erence intermittent plume at the terminus of KNS for fewer than 50
between the ammonium ux from water into the sediments days over the melt season; while at Kronebreldny et al.
(i.e., negative) measured in Kongsfjorden with incubation(2017)observed multiple plumes almost constantly fol00
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TABLE 3 | Potential primary production (PP) rates sustained by nuémt upwelling-induced by subglacial discharge at Kronebren. Modelled entrainment rates relate to
sampling of nutrients on 27 July 2017. For nitrate (N§) and dissolved inorganic nitrogen (DIN) concentrations, a@an of all Kronebreen stations at 50 m water depth
was converted to mM carbon using the C:N ratio of 7.7 for SvalbardTamelander et al., 2013.

Subglacial discharge Entrainment rates N source Upwelling ux PP % of PP

( 105 m3day 1) ( 108 m3day 1) ( 10* molNday 1) (mgCm 2day 1) measured

11 33 NO3 14 54 19 (4-223)
DIN 24 91 32 (7-379)

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

days. Therefore, while the nitrate upwelling rate of 1410*  resulting in a deeper euphotic zone. The euphotic depth was
mol N day ! calculated for Kronebreen is smaller than the 40-ocated at 7 m on average in the NGZ, well below the mixed layer
400 10" mol N day ! estimated for Godthabsfjord byleire  depth, enabling phytoplankton to stay within the euphotic zone.
et al. (2017)over the course of a season, the di erence betweemhe spatial match of low suspended matter loads and higheChl
the nutrient input of Kongsfjorden and Godthabsfjord glasie levels Figure 4), suggests that light limitation was a key factor
may not be as large. However, data necessary to fully understacontrolling phytoplankton growth in the inner fjord zones.
this seasonal variability are currently not available. dtligion, Growth of the agellate-dominated bloom community was
the local release of ammonia at the sea oor and subsequefikely limited by ammonium and phosphate, as indicated by
upwelling seems to be an important component in Kongsfjordenthe strong negative correlations with Clal and dependent
which has not been reported for Greenland glacier systems.  on the indirect input of these nutrients by adjacent tidewate
glaciers. In fact, model simulations revealed that cirtata
: : at the surface ows from the southern towards the northern
The !n uence of C_;IaC|er-Dr|v_en Bedrock basin of Kongsfjorden Jundfjord 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,
Di erences in glacier-driven bedrock erosion had a strongwhile suspended matter loads were reduced along the way since
impact on local light regimes and thus phytoplankton growthcoarser sediments are deposited within the rst km of the gaci
conditions Figure 9). By comparing contrasting glacier fronts, terminus (Vieslard et al., 20)8 Interestingly, higher Chla
we showed that phytoplankton biomass is strongly reduced atoncentrations for the northern than for the southern shafe
very close proximity to the glacier front depending on theKongsfjorden have been reportedtitegseth et al. (2019¢r the
bedrock composition in the catchments and the architecture oarea close to the 1Z, supporting the surface advection of ants
the subglacial drainage system. In the SGZ, the subglaetl mfrom the SGZ towards the NGZ. In the OZ, ammonium and
water was rich in ne-grained suspended matter derived fromnitrate concentrations were lowest among all zones (medh6f
layered, “soft” bedrock types as carbonate and Devonian Oland 0.18 mmol m?, respectively), likely limiting phytoplankton
Red Sandstone deposits (stratigraphic units 1 andRgoure 1),  growth despite the bene cial light conditions.
hence limiting light available for phytoplankton. The mixegér Our results are consistent with the resultsvein de Poll et al.
depth in the SGZ was located below the euphotic depth (mean ¢2018)showing stronger nutrient limitation in the central part
3m), hence keeping phytoplankton partly below the layer withof Kongsfjorden (corresponding to OZ in this study) compared
enough light available for photosynthesis. The light lifida  to the inner part. The trend of generally higher Callevels
was re ected in the low Chk levels and low phytoplankton in the inner fjord basin compared to the outer fjord zone was
abundances, despite moderately high nutrient concentnatio previously described for Kongsfjorden byalleja et al. (201 @nd

In contrast to the SGZ, more favourable light conditionsHegseth and Tverberg (201fér May. Later in the season during
enabled a local phytoplankton bloom with a mean Chl August, Chla concentrations and phytoplankton abundance
concentration of 2.8mg n? in the NGZ. Maximum Chla  showed the opposite trendC@lleja et al., 20)7However, the
concentrations of 10.6 and 6.7 mg thChl a were observed spatial variability in Chia levels and phytoplankton abundance
at a distance of 0.1 and 1.9km from the Conwaybreen glacién the inner fjord basin revealed in this survey, was likelpseaid
front, respectively. There, the bedrock consisting of metgrhic by the other studies due to the use of a single transect cayerin
rocks such as gneiss, granite (stratigraphic unit Srigure 1)  only few stations in the southern glacier basin of Kongsfgard
and mica schist (stratigraphic unit 4) tends to be harder andA agellate-dominated phytoplankton community is typical
more resistant to glacial erosion compared to the layereaft™s for Kongsfjorden during summerRiwosz et al., 2009; Piquet
bedrock types in the SGZ catchmeritl(erhgai et al., 1990 et al., 2010; Hodal et al., 2Q12egseth et al., 20)9while the
Grains originating from this bedrock type are also coarsedt andominance ofEutreptiellasp. in the bloom at the NGZ seems to
heavier, thus they will likely be deposited within closertali€e be a rather local phenomenon close to the glacier front, which
from the glacier front than ne-grained sedimentsvigslard is consistent with species of this genus known to dominate in
et al., 2013 Consequently, less suspended matter was entraindatackish waters@lli et al., 1995
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Recent studies have demonstrated that tidewater glacieparticles have settled out of the euphotic zone. In Kongs§ard
sustain high phytoplankton production throughout summer in subglacial discharge plumes reach the euphotic zone despite
Greenland fjords and coastal waters (eJgwll-Pedersen et al., relatively low discharge rates and ammonium plays a partibula
2015; Arrigo et al., 2017; Meire et al., 2R1A Svalbard, studies important role due to shallow grounding lines.
have shown that the in ow of glacier meltwater in uences the The transition from tidewater to land-terminating glaciers
timing, community composition, and location of phytoplankton reduces water exchange rates in the inner fjord areas, which
blooms @iquet et al., 2014; van de Poll et al., 20b@t we results in an enhanced strati cation during summer monthsed
still lack information whether an increased meltwater runo to the removal of subglacial plume dischargeoisvik et al.,
and subglacial discharge also sustains higher primary ptagluc  2019. This might eventually lead to a lower carrying capacity of
during summer. The nutrient budget revealed that our primarythe marine ecosystem in glaciated fjords. For future studies
production estimate, sustained by the upwelled nitrate an@&ncourage measurements of seasonal and interannual primary
DIN, could contribute 19 and 32%, respectively, to the meamproduction and bottom water nutrients, including ammonium,
primary production rates of 289mg C nd day ! measured in to fully assess the fertilising e ect of subglacial discharge b
Kongsfjorden during July (range: 24-1,249mg C%day 1, tidewater glaciers in Kongsfjorden.
values obtained frontilertsen et al., 1989; Hop et al., 2002;

Piwosz et al., 2009; lversen and Seuthe, Zallhourly measured AUTHOR CONTRIBUTIONS

rates were corrected by a factor 0.76 since the daily mean
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