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Abstract

Arctic fjords experience extremely pronounced seasonal variability and spatial heterogeneity
associated with changes in ice cover, glacial retreat and the intrusion of continental shelf’s
adjacent water masses. Global warming intensifies natural environmental variability on these
important systems, yet the regional and global effects of these processes are still poorly
understood. In the present study, we examine seasonal and spatial variability in Kongsfjorden, on
the western coast of Spitsbergen, Svalbard. We report hydrological, biological, and
biogeochemical data collected during spring, summer, and fall 2012. Our results show a strong
phytoplankton bloom with the highest chlorophyll a (Chla) levels ever reported in this area,
peaking 15.5 pg/L during late May and completely dominated by large diatoms at the inner fjord,
that may sustain both pelagic and benthic production under weakly stratified conditions at the
glacier front. A progressively stronger stratification of the water column during summer and fall
was shaped by the intrusion of warm Atlantic water (T > 3°C and Sal > 34.65) into the fjord at
around 100 m depth, and by turbid freshwater plumes (T < 1°C and Sal < 34.65) at the surface
due to glacier meltwater input. Biopolymeric carbon fractions and isotopic signatures of the
particulate organic material (POM) revealed very fresh and labile material produced during the
spring bloom (**C enriched, with values up to -22.7%. at the highest Chl a peak, and high in
carbohydrates and proteins content -up to 167 and 148 ug/L, respectively-), and a clear and
strong continental signature of the POM present during late summer and fall (**C depleted, with
values averaging -26.5 %o, and high in lipid content —up to 92 pg/L-) when freshwater melting is
accentuated. Our data evidence the importance of combining both physical (i.e. water mass
dominance) and geochemical (i.e. characteristics of material released by glacier runoff) data in

order to understand the timing, intensity and characteristics of the phytoplankton bloom in



Kongsfjorden, a continuously changing system due to sustained warming. In a scenario where
glacial retreat is predicted to increase the impacts of meltwater discharge and associated delivery
of organic and inorganic material to the surrounding waters, special attention is required in order

to predict the consequences for Arctic fjords and adjacent shelf ecosystems.

Keywords: Arctic, fjords, glaciers, organic matter, diatom bloom, carbon and nitrogen stable

isotopes

Regional index terms: Norway, Svalbard, Spitsbergen, Kongsfjorden



1. Introduction

Climate change is strongly affecting high latitude regions due to rapid alterations in the sea ice
cover, with consequences on local and global weather patterns and biogeochemical cycles
(Stroeve et al. 2005). On a regional and coastal scale, the effects of sea ice cover reduction in the
Arctic are strongly amplified by glacier retreat (Pritchard et al. 2009). Predictions are that warm-
ing and retreat of sea ice cover and glaciers will most likely involve shifts in-arctic marine eco-
system, from the predominance of benthic communities and bottom-feeding organisms (in a tra-
ditional ice abundant Arctic scenario where high biomass of algae are exported to the benthos) to
a living community more dominated by pelagic fish (in‘an ice-free scenario where light penetra-
tion stimulates pelagic blooms and zooplankton grazing) (Grebmeier et al. 2006, Kedra et al.

2015).

Poorly studied but singularly important are the effects of changes in the heterogeneous biogeo-
chemical material, incorporated in glaciers during different time scales (Hood et al. 2015), that is
being released in seawater due to increasing glacial melt (e.g. macro-nutrients, iron, organic mat-
ter, sediments, etc.). Glaciers are also known to be biologically active, containing microorgan-
isms that can produce or degrade organic compounds and sequester nitrogen from the atmos-
phere thus playing a potential key role in the carbon and nitrogen cycles (Telling et al. 2011,
Grzesiak et al. 2015). However many questions still remain on the origin, nature and fate of the
material released to the water column through increasing glacial melt, which is critical to under-
stand the mechanisms that sustain and/or threaten life in the surrounding ecosystem.

Glaciers from the west coast of Spitsbergen, the largest island of the high Arctic archipelago of

Svalbard (74 to 81° N, 10 to 35° E), are shrinking and retreating at rates ranging from 10 to 220



meters per year (Rachlewicz et al. 2007) with intrinsic consequences on ecosystem functioning
including marine productivity patterns and biogeochemical cycles (Doney et al. 2012). Glacial
retreat in this region is amplified by the influence of increased inflow of relatively warm Atlantic
Water (AW) through the Fram Strait and the Barent Sea (Schauer et al. 2004, Polyakov et al.
2005, Piechura and Walczowski 2009, Walczowski 2013). Atlantic water forms an intermediate
layer as it subducts below colder, fresher and less dense Arctic Waters (ArW). In Svalbard the
balance between relatively warm AW carried northwards by the West Spitsbergen Current
(WSC), cold ArW carried southward by the East Greenland Current (EGC) and recirculated to-
wards Svalbard, and freshwater continental inputs due to glacier ice melt can be a sensitive indi-
cator of environmental changes (Cokelet et al. 2008). As such, Svalbard fjords are particularly
suitable sites to study changes on ecosystem functioning related to glacier melting in a global
warming scenario (Svendsen et al. 2002).

The present study was conducted in Kongsfjorden, an open fjord on the West Spitsbergen Shelf,
influenced by relatively warm AW and retreating tidewater glaciers. In the last decades, the fjord
system has experienced increased summer and winter temperatures (Walczowski 2013), leading
to a drastic reduction in sea ice coverage during the winter (Hop et al. 2006, Skirbekk et al
2010), and a more maritime climate throughout the year. Increased heat flux into Kongsfjorden
resulting from AW inflow exerts a direct influence on the abundance, distribution and composi-
tion of the phytoplankton community (Wang et al. 2009, Hodal et al. 2012, Hegseth and
Tverberg 2013) and on the microbial food web of the pelagic realm (lversen and Seuthe 2011),
with direct trophic cascade effects on both the pelagic and benthic ecosystems (Kedra et al.
2012). In particular, Hegseth and Tverberg (2013) may have identified climate-related changes in

documenting a shift in phytoplankton bloom timing and duration as well as a change in commu-



nity composition compared to observations collected 20 years prior to 2006. However, a number
of studies from the last decade are inconclusive displaying high variations in bloom timing and
intensity (e.g. Hegseth and Tverberg 2008, Kubiszyn et al 2014).

Several aspects of physical changes on the marine system remain uncertain. Glacial run-off de-
creases the salinity of the upper water column, and enhances the transport of glacial material into
the inner fjord creating steep environmental gradients in the fjord system (e.g., Grotti et al. 2013;
Frankowski and Ziola-Frankowska 2014). Yet only scarce data exist on the role organic and
mineral glacier inputs play into Kongsfjorden ecosystem (Svendsen et al. 2002) making it diffi-
cult to predict bloom conditions.

In this study, we implemented a spatially and temporally explicit sampling strategy to provide
new information on hydrological, biological, and geochemical variability within the waters of
Kongsfjorden during 2012, a particularly warmand reduced-ice year in the entire Arctic (Hansen
et al. 2014, Krishfield et al. 2014, Hawkings et al. 2015). The first goal of this work was to char-
acterize seasonal hydrographic patterns within the fjord and seasonality in phytoplankton bio-
mass and community composition. This was done by measuring seasonal changes in tempera-
ture, salinity, stratification and nutrients, alongside quantification of phytoplankton community
composition and water mass distribution within the fjord. The second goal was to quantify and
characterize the magnitude and nature of the material occurring in the water column and identify
its potential sources. This was accomplished by examining a combination of biogeochemical in-
dicators such as chloropigments, carbon and nitrogen stable isotopic composition, optical proper-
ties, and analysis of the biopolymeric carbon fractions (proteins, lipids and carbohydrates).

To the best of our knowledge, this is the first integrative study that concurrently analyzes physi-

cal, geochemical and biological water column properties in a seasonal and spatial scale in



Kongsfjorden. It includes hydrographic patterns, biogeochemical descriptions and a detailed
analysis of the sources of organic matter. Our interdisciplinary work sheds light on the combined
impacts of increasing Atlantic water intrusion and glacier melt on the fjord ecosystem. Taken
together, these new insights will improve understanding of the potential effects of climate change
on Svalbard Arctic fjords that are important mixing zones between marine and terrestrial sys-

tems.
2. Materials and methods
2.1. Study site

Kongsfjorden is a medium-sized fjord on the northwest coast of Spitsbergen (79° N, 12° E,
Svalbard archipelago, see Fig. 1). This fjord is-oriented from south-east to north-west, and is 27
km long, varying in width from 4 km at its head to 10 km at its mouth (Svendsen et al. 2002).
The total fjord area was estimated-as 208.8 km? and the volume as 29.4 km? (Ito and Kudoh
1997). Water depth in the inner part of the fjord is relatively shallow (less than 100 m depth),
gets deeper at its central fjord basin, and reaches the deepest point (394 m) at the outer basin
where the fjord opens to the marine water masses across the West Spitsbergen Shelf. Rather than
a sill in the mouth, there is a prominent trench (Svendsen et al. 2002). The inner part is separated
from the main fjord by a chain of islands (Lovéngyane) and is seasonally influenced by
meltwater exports from four retreating tidewater glaciers (150 m y™, Svendsen et al. 2002). In
the absence of melting sea ice cover for the last decade (Kortsch et al. 2012) marine terminating
glaciers have become the main source of meltwater to Kongsfjorden (MacLachlan et al. 2007).

Although there are high inter-annual variability in the timing of onset of glacial melt, it usually



starts in April and peaks in July and discharges about 1 km® (which represents about 3.4% of the

total fjord volume) of freshwater into the inner and central fjord (Svendsen et al. 2002).

Bathymetry (m)
0 100 200 300 400

3 —

Figurel. Map of Svalbard (Norway) and Kongsfjorden, including the lo-

cation of sampled stations and the fjord’s bathymetry. Bathymetric data
were (obtained from the Norwegian Mapping Authority: Kartverket

(www.kartverket.no)

A summary of water mass properties of Kongsfjorden and the adjacent shelf appears in Table 1.
The relatively warm and saline AW is particularly pronounced during midsummer whereas the

colder and fresher ArW gradually replaces AW in the fjord through the fall and winter (Svendsen


http://www.kartverket.no/

et al 2002, Cottier et al. 2005). The mixing of AW and ArW in Kongsfjorden forms the
Transformed Atlantic Water (TAW), characterized by temperature and salinity properties distinct
from water in the core of WSC. During spring and early summer the air temperature increase and
freshwater from melting glaciers forms a layer of surface water (SW). That generates a vertical
stratification in the fjord basin. The front separating the fjord and shelf water weakens, allowing
the advection of Atlantic water types (AW and TAW) to penetrate into the fjord. Mixing between
SW and the underlying Atlantic water types produces a layer of intermediate water (IW). As a
consequence the fjord shifts from an ArW ti an AW (ArW) dominated system (Svendsen et al.
2002, Hop et al. 2006). The water column is well stratified in the summer. In fall and winter,
winter cooled water (WCW) is formed within the fjord with temperatures lower than 1°C and
close to freezing point. By the end of the winter, WCW remains relatively homogeneous within

the fjord, and can persist in the fjord basin throughout the year.

Characteristics
Water mass Abbreviation T (°C) Sal 6, (Kg/m?)
Surface Water SW >1 <34
Intermediate Water w >1 34 to 34.65
Transformed Atlantic Water TAW 1to3 > 34.65 < 27.92
Atlantic Water AW >3 > 34.65 <27.92
Arctic Water ArwW -15t01 34.3-34.8
Winter Cooled Water WCW <-05 34.4t0 35

Table 1. Abbreviations and characteristics of the water mass constituents of Kongsfjorden

and adjacent shelf. These domains are represented in the T-S diagram of Figure 3.



Primary production in Kongsfjorden is dependent on light, nutrient availability, stratification,
and mixing. The depth of the euphotic layer decreases from a maximum of 30 m at the fjord
entrance to 0.3 m in the turbid waters close to the glacier fronts. The summer season is
characterized by diverse phytoplankton communities, with more than 130 taxa recorded (Piwosz
et al. 2009). Dinoflagellates have been documented as the dominating microalgal groups in the
inner part of the fjord, while chrysophytes and diatoms dominate the middle and outer part,
respectively (Hop et al. 2002, Piwosz et al. 2009, 2015, Kubiszyn et al. 2014). Strong
environmental gradients in sedimentation and seasonal freshwater inputs induce large differences
in microbial and faunal community composition and abundance from the inner to outer fjord,
particularly for the benthos (e.g., Holte et al 1996, Holte and Gulliksen 1998, Wtodarska-

Kowalczuk et al. 2004, 2005, Bourgeois et al. 2016).

2.2. Sampling strategy

Sampling was conducted at three stations during three seasons in 2012, under the umbrella of
Effect of Climate Change On The Arctic Benthos ECOTAB program. Sampling periods included
spring (18th to-26th of May; ECOTABL), summer (1st to 9th of August; ECOTAB2) and fall
(2nd to 13th of October; ECOTAB3) campaigns. Stations were distributed along a gradient from
the inner-tidewater glacier to the ocean (Fig. 1). Inner-fjord (A) station (78°53.528 N, 12°28.413
E, 80 m deep) was located 1.4 km from the head of the fjord under the direct influence of the
tidewater glacier inputs. The middle-fjord (B) station (78°56.857 N, 11°55.587 E, 295 m deep)

was located midway between the tidewater glacier and the ocean. The outer (C) station

10



(78°59.074 N, 11°32.138 E, 305 m deep) was located 24 km from the head of the fjord, near the
fjord mouth.

Air temperature (Air T, °C) and downwelling incident photosynthetically active radiation (PAR,
W m?) were continuously acquired at the meteorological station of the nearby scientific village
of Ny-Alesund, using the equipment maintained by the Alfred Wegener Institute and Paul Emile
Victor (AWIPEV) polar and marine research base. Daily and fieldwork-period means of air tem-
perature and PAR were calculated using a one-minute resolution. A SeaBird® SBE XR-620
CTD system was deployed 21 times during the three fieldwork periods, always prior to every
biological and geochemical sampling. Water temperature (T, °C), salinity (Sal, S.I.) and
chlorophyll a fluorescence (Fluor, pg/L) were recorded in all depth profiles and used to analyze
the hydrological conditions of the fjord basin during the different sampling periods. In order to
validate the fluorescence data, a Spearman’s rank correlation was performed between the con-
centrations of chlorophyll a extracted from the discrete samples taken (Chla, pg/L) and the val-
ues recorded by the fluorometer (Fluor) (Fluor= 1.1 x Chla, r=0.99, N=30). Although we ob-
served the fluorescence measurements from the CTD sensor to be on average 0.053 pg/L lower
than Chla values measured from discrete samples, the two data sets did not show statistically
significant differences (Kolmogorov—Smirnov KS Test, p > 0.5). Therefore we consider Fluor
data equivalent to Chla data and express it in pg/L.

In addition, the buoyancy frequency, also known as the Briint-Vaiséla frequency, N® (s?), was

calculated according to the following equation:

N2 = _gd_p
pdz

where g is the gravity (9.81 m s?), p is the potential density (kg m™) and z the depth (m). N?

and computed using the function swN2() from the R oce package

11



(http://dankelley.qgithub.io/oce/) as a measure for the strength of stratification. In brief, positive

buoyancy indicates a stable water mass. High value of N? near the surface indicates a strong
stratification with a shallow mixed layer depth.

Discrete samples were collected per triplicate in GoFlo® bottles for biological and geochemical
analysis at each station during each sampling period. Three depths were sampled at Station A
(surface, maximum Chla fluorescence and bottom), while four depths were sampled at Stations
B and C (surface, maximum Chla fluorescence, intermediate and bottom). Water from each sam-
ple was analysed for: dissolved inorganic nutrients, to evaluate the nutrients available for prima-
ry production; chloropigments, to study biomass (Chla) and degradation pigment signatures
(pheopigments); phytoplankton identification and enumeration, to determine the phytoplankton
major groups; biogenic silica, to quantify silica cycling relative to diatom abundance; particulate
organic carbon and nitrogen, to quantify organic matter; protein, lipid and carbohydrate fractions
to evaluate the varying quality of organic matter for potential grazers and sediment deposition;
carbon and nitrogen stable isotopes (5**C and *°N), indicative of material source (i.e. terrestrial
vs marine); and optical properties of the dissolved organic carbon, as complementary information

on the organic carbon origin.
2.3. Analytical methods
2.3.1. Dissolved inorganic nutrients

Samples for nutrient analyses were filtered through 0.2 um Millipore® polycarbonate filters and
filtrates were stored frozen at -20 °C until analysis, except samples for silicate analyses that were
stored at 4 °C. Analysis were performed according to Aminot and Kérouel (2007). Briefly, nitrate

(NO3), nitrite (NO,), silicate (Si(OH),) and phosphate (PO,>) were analyzed by colorimetry on

12
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a Bruan and Luebbe® Autoanalyzer 3HR, while ammonium (NH;") was analyzed by
fluorimetry. Analytical precision for all analyses was 0.05 pmol/L. All reagents and standards
were prepared in acid-washed glassware, and standards were prepared with a nutrient-free artifi-

cial seawater matrix at the laboratory.

2.3.2. Chlorophyll a, pheopigments and biogenic silica

Samples for pigment and biogenic silica analyses were collected by gently filtering between 100
and 1000 mL of seawater from each sample. For pigments, Whatman® glass fiber filters (GF/F)
were used and kept frozen at -80°C in darkness. Once at the laboratory, the filters were placed in
tubes with a 90% acetone solution to extract pigments, and held for 24 h in darkness at 4 °C.
Samples were then measured on a Turner® Designs model 10-AU fluorometer before and after
acidification with 5% HCI to determine both chlorophyll a (Chla) and pheopigment (Pheo) con-
centrations. The ratio Chla/Pheo can be used as an indicator of algal cell degradation products
due to grazing pressure (since herbivores convert chlorophyll a to phaeopigments) and/or cell
senescence under poor growth conditions (Welschmeyer and Lorenzen 1985), Calibration was
performed with pure Chla standard (Parsons et al. 1984). For biogenic silica (B-SiO;), 0.2 um
Millipore® polycarbonate filters were used and kept frozen at -80°C. The silica on the filters was
then converted to orthosilicic acid using the soda hydrolysis method (Conway et al. 1977), as

modified by Paasche (1980) and determined spectrophotometrically (Ragueneau et al. 2005).

2.3.3. Phytoplankton counts

Water samples for phytoplankton community analysis were fixed in Lugol’s iodine solution and
cell counts were carried out using an inverted microscope following the method of Utermdhl

(1958). The organisms were counted and identified at 400x magnification, and phytoplankton

13



taxonomic groups were classified into i) diatoms; ii) dinoflagellates iii) cryptophytes, iv)
nanoflagellates, v) prymnesiophytes, and vi) other autotrophs (which includes euglenophytes and
dictyochophytes). A number of 400 individuals were systematically counted for the most abun-
dant species. Visible cell dimensions were measured at least for five individuals for each taxon.
Calculation of cell volume was obtained according to geometric forms and equations reported in

Hillebrand et al. (1999).

2.3.4. Total suspended material (TSM), particulate total nitrogen (PTN) and particulate or-

ganic carbon (POC)

Samples for TSM and PTN and POC analyses were collected by filtering between 150 and 500
ml of seawater from all stations and depths using 0.7 pm pre-ashed Whatman® GF/F filters.
These were kept frozen at -80°C until analysis. in the laboratory. TSM filters were freeze-dried
and then weighed. PTN and POC were analyzed with a Perkin-Elmer® CHN elemental analyzer.
Inorganic carbon (mainly in the form of carbonates) was removed from POC samples before
analysis by repeated addition of HCI 1 N, until no effervescence was observed (Schubert and
Nielsen 2000). Percentage of lithogenous inorganic particles was estimated as [(TSM-POM) x

100]/TSM, where POM=POC x 2 (Riley et al. 1970).
2.3.5. Cand N bulk and stable isotopic analysis.

Prior to the 8"3C-POC determinations, inorganic carbon was removed from Whatman® GF/F
filters using the same method as for POC described above.

Stable carbon (**C/**C) and nitrogen (**N/*N) isotopic ratios from the particulate material (5**C-
POC and 5™°N-PTN, respectively) were determined using a FlashEA 1112 Elemental Analyzer

combined with a Delta VV Advantage Isotopic Ratio Mass Spectrometer (Thermo Electron Corp.,

14



Germany). Isotopic results were expressed relative to Vienna PeeDee Belemnite (PDB) and at-
mospheric nitrogen (N5), for §**C and 8*°N respectively, in the conventional & unit notation (%o)
according to the following formula:

8 = [(Rsample/ Rstandara) — 1] X 10°,

where R = *C/*?C for carbon and R = *>N/*N for nitrogen in the sample, and Rsangara is the value

for the reference material. Precision was calculated on the basis of replicate analyses of the

standards (analytical error: SD), and was * 0.1%o for both §'*C and 5"°N.

2.3.6. Dissolved organic carbon (DOC) and chromophoric dissolved organic matter (CDOM)

DOC and CDOM samples were collected only during August and October. Collected seawater
was filtered through 0.2 um Millipore® polycarbonate filters. All glass material was previously
burned (450 °C, 4.5h). Samples for DOC were acidified with H3PO,4 until pH 1-2, and kept in the
dark at 4 °C until analysis by high temperature catalytic oxidation (HTCO) in the laboratory.
DOC Consesus Reference Material (CRM: 44-45 pmol C/L™* and 2 umol C/L™*) provided by D.
A. Hansell and Wenhao Chen (Univ. of Miami), were used to monitor the ultimate accuracy of
DOC concentration measurements. Samples for CDOM were stored at 4 °C and kept in the dark
until analysis. All'samples were measured with 10 cm pathlength quartz cuvettes, using Milli-Q
water as a reference on a Shimadzu dual beam UV-1800 spetrophotometer. Spectra were meas-
ured from 200 to 800 nm every 1 nm. The average absorbance value within the range 700-800
nm was subtracted from each absorbance scan to correct for scattering. Absorbance measure-
ments were transformed to absorption coefficients (m™) by multiplying by 2.303 and dividing by
the path length (0.1 m). The spectral slopes S;7s.295 and Szs-400 Were obtained from the regression

line of the Naperian logarithms of the absorption coefficients vs. wavelengths in the range of

15



275-295 and 350-400 nm, respectively. These ranges were chosen because the higher variability
in the slope (S) occurs in these two intervals. The Sg ratio calculated by dividing Sz75-295 by S3so-
400, Was used as a proxy to variations in the DOM molecular weight (Helms et al., 2008). Specif-
ic ultraviolet absorbance at 254 nm (SUVA2s4, L/(ugC m)) was derived dividing the absorption
coefficient at 254 nm by the DOC concentration. SUVAzs, is a useful parameter for estimating

the dissolved aromatic carbon content in aquatic systems (Weishaar et al. 2003).

2.3.7. Carbohydrate (CHO), Protein (PRT) and Lipid (LIP) fractions.

Colorimetric methods were used for measuring amounts of CHO, PRT and LIP within suspended
materials. Total carbohydrates (CHO) were determined according to the method of Dreywood
(1946), recovery by Brink et al. (1960), and expressed as glucose equivalent. Total proteins
(PRT) were extracted using sodium hydroxide (NaOH 0.1 N, 2h) and concentrations (expressed
in gamma globulin equivalents) were determined using the method of Bradford (1976). Total li-
pids (LIP) were extracted by direct elution with chloroform / methanol (2/1 v/v) and determined
according to the method of Barnes and Blackstock (1973).

Biopolymeric organic carbon (BP-C) fraction was defined as the sum of carbon equivalents of
total carbohydrates, proteins and lipids, using C-molar ratios of 0.4, 0.49 and 0.75, respectively

(Danovaro et al. 2001).

2.3.8. Data treatment and statistical analysis

Regardless of the analysis performed all samples were collected and analyzed in triplicates for
each depth/station sampled, except for the analysis of CHO, LIP and PRT where only one meas-
urement per depth was possible. The data analysis software JMP Statistics was used for statisti-

cal analyses. Correlations between the investigated variables were examined with parametric
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Pearson correlations. p-values below 0.05 are considered statistically significant. Table 2 shows
Pearson’s correlation coefficients between the variables investigated when statistical significance
was met. A linear regression (model I1) was performed to infer the equations from figures 6 and
1.

To summarize the vertical variability within the water column, data from each sampling station
was grouped in two distinct layers: ‘upper layer’ which includes the averaged data from depths
above and including the maximum Chla fluorescence (surface and maximum Chla fluorescence),
and ‘bottom layer’ which includes the averaged data from depths below the maximum Chla
fluorescence (intermediate and bottom). Mean + standard deviation values of main variables for

each layer are exhibited in tables 3 and 4.

3. Results

3.1. Meteorological and hydrological conditions

Seasonal mean air temperature values (winter: -6.2 + 4.7 °C; spring: -5.6 + 4.7 °C; summer:

50+ 1.3°C; fall: -2.6 + 6.3 °C) fell among model projections described in a recent study (see

figure 5 from Fgrland et al. 2011). For comparison, we used the median value of
Empirical/Statistical Downscaling (ESD) ensemble (the thick line from the mentioned figure)
that predicts local climate changes in Svalbard from the output of global and regional climate
models from the CMIP3 archive that used historical radiative forcings to 2000 and a range of
future emissions scenarios from 2001-2100 (Meehl et al. 2007). Summer and fall mean values
for 2012 were close to the median ESD value, while spring and winter mean values were both

higher than it by 2.8 and 4.2 °C, respectively. Thus 2012 appeared to be a warmer year than
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predicted from future greenhouse gas and aerosol emissions, displaying particularly high winter

temperatures. PAR values decreased gradually and seasonally during our sampling periods (Fig.

2B). They averaged 94 - 40 W/m? in May, reached its monthly maximum during June (with a
mean value of 112 -+ 33 (SD) W/m?), close to previous maximum irradiances recorded at Ny-
Alesund (Hanelt et al. 2001), and began to decrease in July to reach values averaging 49 - 21

W/m? in August, and 4 -+ 2 (SD) W/m? in October. There was a one=month time lag between

PAR maximum values, recorded in June, and maximum air temperature values, recorded in July.
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Figure 2. Monthly mean values, + standard deviations, of Air
Temperature (°C) and the Photosynthetical Active Radiation (PAR in
W/m?) in the Kongsfjorden for 2012. Grey bars indicate the three
sampling periods: Ecotab 1, during May; Ecotab 2, during August;
and Ecotab 3, during October, (Data from the AWIPEV station at Ny

Alesund).

A Temperature-Salinity (T-S) diagram displaying the water masses present during the three
sampling periods is shown in Figure 3. According to the definitions given by Cottier and co-
workers (2005), four water masses were identified in the fjord basin: SW, IW, TAW, and AW,
with characteristics summarized in Table 1. Vertical temperature, salinity, fluorescence and
buoyancy frequency variability from each sampling time and station is recorded in Figure 4. Low
temperature and high salinity values were observed in May, with relatively homogenous
conditions across the stations and low variability in the vertical compared to other seasons (T
ranging from 1.17 to 3.46 °C and salinity ranging from 34.64 to 35.11). Late May was mainly
and almost exclusively dominated by TAW with a small contribution of AW at shallow waters of
the outer station (Fig. 3 and 4), indicating that AW was entering Kongsfjorden and mixing with
the ArW remaining from the winter. Profiles collected in August and October indicated greater
water mass variability during these seasons alongside a strengthening of stratification as
indicated by the buoyancy frequency. Stronger stratification occured at shallow depths in August
and at deeper depths in October (Fig. 4). The stratification at shallow waters was due to

freshwater runoff from land and glaciers, creating SW that lowered the surface water salinity to
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values of 31.81 at the surface of the inner station in August. Mixing between SW and underlying
Atlantic water types (AW and TAW) produced IW (Fig. 3). The combination of Atlantic water
inflow and local freshwater runoff also caused complex hydrographic features in August, where
intrusions of warm and saline AW accentuated the temperature gradient enhancing stratification.
This phenomenon can be observed in the temperature-depth profile at around 100 m in both
middle and outer stations during summer (Fig. 4). In October the entire water column, at depths
greater than 100 m was homogeneously dominated by AW as revealed by temperatures higher
than 3°C prevailing in the water column below 20 m (Fig. 3). SW and IW were also present at
shallower depths (upper 20 m), although they showed higher salinity and cooler temperature than
those observed during August. In general, the water column appeared to be more stratified in
summer and fall compare to the spring as indicated by high values of the buoyancy frequency
(Fig 4.). One observes a stratification gradient that decrease with the distance from station A to

station B as the influence of fresh water decrease for all seasons.
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Figure 3. T-S diagram of vertical CTD profile data obtained in 2012 at Inner, Middle
and Outer stations during May (black circles), August (dark grey circles) and October
(clear grey circles). The data are superimposed on the water mass domains described in
the Introduction; Arctic Water (ArW); Transformed Atlantic Water (TAW), Atlantic

Water (AW); Intermediate Water (IW); and Surface Water (SW).
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Figure 4. Vertical profiles of Temperature (T, °C, black), Salinity (Sal, S.1., red),
Chlorophyl a (Chla, ug/L, green) and buoyancy frequency (N s, blue) during
May (upper panel), August (central panel) and October (lower panel) at the three
stations sampled. X-axis represents the distance to the fjord head so that data from
station A (inner-fjord, 80 m depth), station B (mid-fjord, 350 m water depth) and
station C (outer-fjord, 300m depth) are displayed at the left, mid and right panels

respectively. Note change of scale between panels.

3.2. Nutrients

All nutrients showed a variable distribution throughout the upper and lower water column in the
fjord (Table 3; see Table 1 and Figures 1 and 2.in Supplementary Material for additional detail).
Concentrations, in pmol/L, ranged between 0.37 and 10.81 for NO3, 0.03 and 0.36 for NO;,
0.12 and 2.86 for NH4*, 0.18 and 4.50 for Si(OH)s, and 0.05 and 0.66 for PO,>. Highest
concentrations of nitrate, silicate and phosphate were measured in May and minima were
measured in August. Reduced inorganic nitrogen (nitrite and ammonia) followed different
concentration patterns: highest concentrations of nitrite were found in October, and minimum
concentrations in May, while ammonia exhibited highest concentrations in August and the
lowest in ‘May (Table 3), opposite to seasonal patterns of nitrate, silicate and phosphate.
Ammonia significantly and linearly decreased with higher salinities (R?=0.16, P<0.05, Table 2),
particularly for salinity values lower than 34.5, corresponding to SW and IW masses (R?*=0.35,
n= 14, P<0.05). The linear correlation was lost for salinities higher than 34.5, corresponding to
AW and TAW masses. During the May spring bloom, all nutrients (except ammonia) linearly

and significantly decreased when Chla concentration increased (NO3z', R?= 0.76; NO,", R*=0.56;
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Si(OH),, R?=0.65; PO,*, R*=0.71, P <0.05 for all the relationships, Table 2). All nutrients
consistently increased with depth independently of the location within the fjord and the season
sampled, except for ammonia, which showed a significant decrease with depth during October.
Interestingly, nitrite also showed a strong decrease with depth in October. Si:N ratios, calculated
considering N as the sum of all dissolved inorganic nitrogen (DIN= [NOs7 + [NOs] + [NH*]),
statistically and significantly increased when salinity decreased (R*=0.55, P<0.001, Table 2).

Spatial variability in nutrient concentrations was lower than seasonal variability. However, the
outer fjord displayed higher nutrient concentrations than the inner and middle fjord, in both
upper and bottom layers, during the May spring bloom. A similar pattern was observed during
August and October but only with nitrate and phosphate at the bottom water layer. On the
contrary, ammonia and nitrite concentrations at the bottom layer decreased towards the outer

fjord during fall.

Chla B-SiO. Sal T NOs 31C CN DiatomAb  cryptophytes
ng/L ng/L S.1 °C pumol/L %o cell/L %
NOgz umol/L 0.76* M
NO; pmol/L 0.56* M
NH,* pmol/L 0.16* At
PO pmol/L 0.71* ™
Si(OH)s  umol/L 0.65% M 0.80%* M
Diatom Ab  cell/L 0.88%** ALL (0 7Q%** ALL
Si:N 0.55%** ALL
cell size pm® 0.23* ALt
TSM mg/L
POC mg/L 0.78** M
0.36** A&O
5 #C %o 0.68** M 0.44%* ASO
3\ %o 0.62* ™ 0.50* M
SUVA:  Li(ugC m) 0.33* AL 0.37% AL
S350-400 pm™ 0.35% At
Sr pum™ 0.39% A
BP-C % 0.30%* ALL
PRT pg/L 0.75%* AL
LIP % 0.18% AL

Table 2. Pearson’s correlation coefficients between the variables investigated when statistically

significant (P<0.05). Abbrebiated terms are Chlorophyll a (Chla), Biogenic Silica (B-SiO,),
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Salinity (Sal), Temperature (T), nitrate (NO3), Carbon isotopic ratio (5'°C), Carbon to Nitrogen
molar ratio (C:N), diatom abundance (Diatom Ab), nitrite (NO,), ammonia (NH,"), phosphate
(PO,), silicate (Si(OH)), Silica to Nitrogen molar ratio (Si:N), total suspended material (TSM),
particulate organic carbon (POC), Nitrogen isotopic ratio (5°N), specific UV absorbance at 254
nm (SUVA.s,), Spectral slope between 350-400nm (Ssso.400), Spectral slope ratio (Sg), Bio-
polymeric Carbon (BP-C), Proteins (PRT) and Lipids (LIP). * indicates correlations where P<0.05,
** indicates correlations where P<0.01 and *** indicates correlations where P<0.001. ™ indicates
correlations with data from May, “%° indicates correlations with data from August and October

and " indicates correlations with all data.

3.3. Fluorescence, Chla and pheopigments

CTD data recorded the highest fluorescence peak (>10 ug/L) during late spring (May) in the
surface layer of inner (7 m depth) and middle fjord (25 m depth) stations, reaching values 1.5
orders of magnitude higher than the maximum Chla fluorescence peaks recorded during August
and October (< 1ug/L) (Fig. 4). In agreement with the fluorescence probe, a massive maximum
Chla biomass peak was analytically measured during the phytoplankton bloom in May, with
concentrations reaching values up to 15.5 pg/L in the upper layers of the inner station (Table 3).
In August and October Chla maximum concentration measured in the inner fjord upper layer
drastically decreased to 0.2 pg/L, which corroborates the fluorescence data. Averaged Chla:Pheo
ratios from the upper layer were about 7, 4 and 2 times higher during May than August and
October values, for inner, middle and outer fjord stations, respectively (Table 3). These spatial
and temporal shifts reflect mainly the high contents of Chla in surface waters of the inner and

middle stations in May. The lower ratios (<1), particularly at depths higher than 200 m at the
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outer and middle stations during August and October, indicate higher contributions of

pheopigments related to Chla.

Station Chla Chla/Pheo NO .- NO - NH - PO Si(OH),, B-Sioz Total Abundance
ug/L umol/L pumol/L pumol/L pumol/L umol/L ng/L cell/L
May Inner upper 1553 9.81 1.00 0.05 0.12 0.14 0.45 2.72 1.710° * 8510°

bottom 267 + 215 536 £2.26 905 +148 016 +0.03 0.68 + 0.23 054 + 0.12 2.80 + 0.80 0.69 = 0.57 3010° + 1.410°
May Middle upper 12.08 5.55 0.37 0.03 0.16 0.05 0.18 222 1210° * 2310°

bottom 168 £ 23 215+ 27 720 +47 010+ O 088= 01 048 = 03 254 + 27 064 + 07 6310¢ + 7510
May Outer upper  2:32 2.63 4.81 0.07 1.90 0.33 1.83 0.76 4310° * 1.310°

bottom 035 + 04 089 + 09 1081+ 02 015+ 0 075+ 06 066 + 0 396 + 03 013 + 02 1910+ + 2210
Aug Inner  upper 022 = 011 124 =136 196 +2.13 0.17 £0.07 250 + 055 0.16 = 006 254 = 203 005 = 007 g

bottom 0.1 0.57 1.02 0.20 2.86 0.27 1.28 0.59 2.0102
Aug Middle upper 036 +0.10 131 +£046 054 +0.33 0.10 £0.03 1.71 £0.29 0.15 + 0.03 153 = 0.49 0.06 + 0.05 3910+
bottom 004 = 0 009 + 01 431+ 4 03103 257+024 051 + 03 450 0.22 1.6 10¢
Aug  Outer upper 052 +0.18 1.13 +0.06 0.88 0.05 0.93 0.11 0.72 0.15 5.6 10¢
bottom 0.07 £ 01 019 + 02 613 £53 030+ 02 227+013 051 £ 03 267 = 19 019 = 0 1.1 10¢
Oct  Inner upper 024 + 001 150 +028 218 +0.04 028 +0.06 170 +0.28 0.25 = 0.01 1.95 = 0.01 0.05 3.5 10
bottom 0.04 0.44 2.29 0.22 1.76 0.30 1.66 0.08 6.2 10°
Oct Middle upper 031 +003 128 £0.19 153 +£0.06 0.36 +0.25 1.62 +0.08 0.31 + 0.11 1.61 + 0.01 0.00 8.8 10¢

bottom 004 + 0 023+ 0 687 £42 015+02 056+ 05 052 + 02 323 + 16 003 £ 0 3.6 104
Oct Outer upper 0.48 + 0.02 1.31 £0.06 128 +045 (.17 £0.06 1.61 +0.47 0.39 + 0.19 155 + 0.34 0.10 + 0.01 4.7 10°
pottom 005 + 01 034 + 01 586 +57 0.11+01 084+ 11 048 + 03 288 + 21 037 £ 01 4110°

Table 3. Mean + standard deviation values measured, at the upper and bottom water layers, for
Chlorophyll a (Chla, pug/L), Chlorophyll a / Pheopigments (Chla/Pheo), nitrate (NO3’, umol/L), nitrite
(NO,, pmol/L), ammonia (NH4", pmol/L), phosphate (PO,*, umol/L), silicate (Si(OH)s, pmol/L),
Biogenic Silica (B-SiO,, ug/L), total phytoplankton cell abundance (cell/L), within each station (Inner,

Middle and Quter fjord) and for each sampling period (May, August and October).

3.4. Phytoplankton abundance, composition and distribution.

There was a pronounced difference in phytoplankton community between May, August and
October (Table 3 and Fig. 5). Maximum cell numbers (1.7 x 10° cells/L) were encountered in

May, at the upper layer of the inner fjord, coincident with the maximum peak of Chla. During
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the bloom the values decreased gradually towards the open edge of the fjord, and exponentially
with depth, with minimum values found at the bottom of the outer station (1.9 x 10* cells/L). On
a seasonal scale, cell counts decreased drastically in August (about six orders of magnitude for
the upper layer of the inner most station, and two orders of magnitude for middle and outer
stations), and increased again slightly in October (Table 3). Contrasting to late spring, higher
abundances were found in the upper layer of the outer fjord during summerand fall (5.6 x 10*

cells/L and 4.7 x 10° cells/L respectively).

The algal major groups also changed markedly between seasons and stations. In May, diatoms
represented more than 80% of the main phytoplankton groups at all stations, completely
dominating (> 98%) at the inner fjord (Fig. 5). They disappeared almost completely in summer
and autumn, causing a drop in biomass. Accordingly biogenic silica (B-SiO;) drastically
decreased in the upper 50 m from spring through summer and fall (Table 3). Diatom abundance
was positively correlated with Chla and B-SiO, values (R? = 0.88 and R* = 0.79 respectively,
P<0.001, Table 2) and B-SiO; significantly increased with a decrease in inorganic silicate during
the bloom (R* = 0.80, P-< 0.01, Table 2). August was characterized by very low cell numbers
especially at the inner fjord. The slight increase in phytoplankton cells during October consisted
mainly of nanoflagellates, dominating the inner fjord, and of cryptophytes and dinoflagellates
dominating the outer fjord (Fig. 5). The dominance of prymnesiophytes during August in ST A is
somehow over-represented in figure 5, as it corresponds to only a few number of cells (see Table
3). Cell size (um®) significantly decreased with increasing temperature (R?= 0.23, P<0.02, Table

2).
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Figure 5. Relative contributions (%) of diatoms, dinoflagellates,
cryptophytes, nanoflagellates, prymnesiophytes and other cells to the
total abundance of cells (cell/L) in the 3 stations sampled (A: inner-
fjord; B: mid-fjord; C: outer-fjord) at the three different seasons in

2012. Data have been averaged per station.

3.5. TSM and POC: elemental, isotopic and biochemical composition.

Total suspended material (TSM) showed, on average, higher concentrations in the inner fjord
(6.4 £ 3.1 mg/L) than in the middle and outer fjord (4.4 = 3.0 and 2.6 + 2.9 mg/L, respectively)
(Table 4). TSM significantly and linearly decreased with salinity for salinity values lower than

34.5, corresponding to SW and IW masses (R?*=0.53, n= 14, P<0.05). The linear correlation was
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lost for salinities higher than 34.5, corresponding to AW and TAW masses. On a seasonal basis,
loads were higher in May (ranging from 12.1 to 3.6 mg/L) and decreased to 9.0 - 0.5 and 4.6 —
1.0 mg/L in August and October, respectively. TSM values were generally higher in the upper
than in the bottom layers, but in October vertical differences became smaller (Table 4).
Particulate organic carbon and nitrogen contents (POC, PTN in mg/L) followed the same
seasonal pattern as TSM with higher averaged values in May (0.24 = 0.19 mg/L for POC and
0.04 = 0.03 mg/L for PTN) than in August (0.13 £ 0.06 mg/L for POC and 0.02 + 0.01 mg/L for
PTN) and October (0.08 £ 0.03 for POC and 0.02 + 0.01 for PTN) (Fig. 6). However, their
relative content to TSM (POC-% and PTN-%) was lower than 11% and 3%, respectively, and
exhibited a complex pattern with time and space (Table 4). The outer station was characterized
by POC and PTN-rich material, displaying values of POC > 9 % and of PTN > 1% in the upper
layer during both August and October periods (Table 4). On the contrary, the inner fjord showed
relatively high POC percentage values during May (3.01-4.48 %) which decreased in August and
remained low in October (around 1.6 %). There was a strong relationship between POC (mg/L)
and Chla (pg/L), during the spring bloom (R?*=0.78, P=0.002, Table 2). This relationship
weakened during August and October (R?= 0.36, P<0.01, Table 2).

POC and & *C-POC values were higher in May and seasonally decreased during August and
October. 5 **C displayed high variability in May, ranging from -27.7 to -22.7 %o. “*C depleted
values were the norm during summer and fall (averaging -26.5 £0.7). Seasonal variations were

larger than spatial variations for the inner and middle stations (Table 4).
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Station TSM PoC PTN C:N 5=C 5N CHO LIP PRO BP-C
mg/L % % %o %o ng/L no/L no/L %

May Inner upper 12.1 4.48 0.75 7.01 -23.2 19 84.9 84.1 148.3 314
bottom 44 * 0.8 301 +058 053 £0.17 682 +0.88 -247 + 08 -0.5 + 15 789 =948 47 = 67 04
May Middle upper 96 6.80 0.95 8.32 227 1.4 293.2 166.9 120.4 463

bottom 61 + 28 346 =+ 3 041 +04 1022 08 -254 + 17 -05 + 53 739 +494 682 = 56 195 +276 357

May Outer upper 82 4.53 0.79 6.72 -25.8 1.9 435 79.4 64.9 29.2
pottom 36 + 08 460 + 27 096 +07 599 11 -27.7 + 01 -3.0 + 13 1674 312 +306 572 52.1

Aug  Inner upper 9.0 + 09 153 +£0.03 027 £0.01 672 £0.09 -267 + 0.7 02 + 05 106 =+ 00 281 =+ 105 160 =+ 15 245 + 81
bottom 6.1 1.69 0.28 6.96 -26.0 11 16.1 26.0 85 29.2

Aug  Middle  upper 5.3 2.39 0.54 503 020 -27.1 =18 14 =+ 27 115 + 64 297 +123 346 =+ 39 413 +200
pottom  0-5 10.50 2.14 753 £26 -256 + 11 09 + 25 7.6 149 6.0 33.8

Aug  Outer upper 20 + 05 1088 +143 118 +0.22 1082 +0.60 -271 + 03 24 + 10 193 + 26 207 = 08 315 + 6.0 177 + 04
bottom 18 * 03 529 +£12 075+ 0 820 +15 -258 +23 -05 + 15 73 12 120 + 75 75 = 14 167 + 86

Oct Inmer  upper 46 = 12 179 £023 056 005 376 £0.80 -263 £ 05 05 10 16 92.0 121 845
bottom 31 154 0.76 2.36 -26.6 15 109 281 56 50.4
Oct Middle upper 21 + 05 502 +108 043 +0.27 1599 +7.09 263 + 00 21 + 07 25 45.4 59 363

pottom 36 = 23 252 +24 028 +£02 1012+ 13 -266 + 06 -04 £ 03 55 =+ 17 167 = 76 48 + 18 310 +199
Oct Outer upper 10 + 01 994 +058 147 +041 g27 +275 -271 + 02 01 + 11 116 19.2 25.8 325

bottom 15 + 03 556 + 2 126+ 1 626 +29 -264 £07 -02 + 10 84 =+ 25 117 =+ 22 56 + 39 4191 i 46

Table 4. Mean + standard deviation values measured, at the upper and bottom water layers, for Total
Suspended Material (TSM, mg/L), Particulate Organic Carbon fraction (POC, %), Particulate Total
Nitrogen fraction (PTN, %), Carbon (8"°C, %) and Nitrogen (5"°N, %o) isotopic ratios of POC and
PTN respectively, contents in Carbohydrates (CHO, ug/L), Lipids (LIP, pg/L), Proteins (PRT, pg/L),
and total of the Bio-polymeric Carbon fraction, within each station (Inner, Middle and Outer fjord)

and for each sampling period (May, August and October).

During the spring bloom in May, &**C linearly and significantly correlated with Chla (R?=0.68,
n=9, P<0.01, Figure 6, Table 2), with higher & *C in the upper layers of the inner and middle
stations (-23.2 and -22.7 %, respectively). During August and October, &**C values strongly and
significantly correlated with salinity (R?=0.44, n=21, P<0.01, Table 2), identifying & *3C depleted
material at lower salinities. This correlation gets stronger when only August values are
considered (R?=0.68, n=10, P<0.01). Means of nitrogen stable isotope ratios (8 **N) of PTN
varied between -3.0 %o and 2.4 %,. During the bloom in May & *°N significantly decreased with

increasing concentrations of nitrate (R?=0.62, n=9, P<0.05, Table 2) and increased with
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increasing values of § **C (R?=0.50, n=9, P<0.05, Table 2) (Fig. 7). 8*°N showed little variation

during summer and fall and displayed consistently low values, averaging 0.7 %o (+ 1.4 SD).
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Figure 6. Relationship between §'*C ratio (%) and Chla (ug/L) during May, (left panel), and
relationship between 8"C ratio (%) and salinity during August and October (right panel).
Stars, triangles and diamonds correspond to data from inner (ST A), middle (ST B) and outer
(ST C) fjord stations, respectively. The solid line in the left panel represents the fitted linear
equation 8°C (%0) =-26.5 (+ 0.5) + 0.3 (+ 0.1) Chla (ug/L), (R? = 0.68, P < 0.01), while the
solid line in the right panel from represents the fitted linear equation 8°C (%) = -44.0 (%
4.5) + 05 (+ 0.1) Sal, (R? = 0.44, P < 0.01). The shaded area in both panels represents the

confidence interval for each linear fit.
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Figure 7. Relationship between 3N ratio (%o) and nitrate concentration (NOs, pmol/L) (left
panel), and relationship between 8N ratio (%o) and 8"C (%), during the bloom in May.
Stars, triangles and diamonds correspond to data from inner (ST A), middle (ST B) and outer
(ST C) fjord stations, respectively. The solid line.in the left panel represents the fitted lineal
equation 8°N (%) = 3.1 (x1.2) - 0.5 (+ 0.1) NO3 (umol/L) (R?=0.62, P <0.05) 0.62, P <
0.01). The solid line in the right panel represents the fitted lineal equation 8N (%0) = 25.7
(+ 9.8) + 1.0 (+ 0.4) 8"°C (%0) (R* = 0.50, P < 0.05). The shaded area in both panels

represents the confidence interval for each linear fit.

For a detailed biochemical analysis of POC, the Biopolymeric carbon (BP-C) fraction together
with carbohydrate (CHO), lipid (LIP) and protein (PRT) concentrations are listed in Table 4.
Biopolymeric carbon fraction (BP-C/POC (%)) varied between 16.7 and 84.8 %, with the highest
variability observed during October (Table 4). It accounted, on average, for 33 % of total POC,
and was significantly negatively correlated with C:N molar ratios (R’= 0.30, P<0.01, Table 2).
The fraction of BP-C in the upper layer of the inner fjord changed from 31.4 and 24.5 % in
spring and summer, respectively, to 84.8 % in the fall. Summer exhibited the lowest percentages

of BP-C except for the upper layer of the middle station. The seasonal means of the
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carbohydrates and proteins showed higher concentrations (up to 293 pg/L for CHO and 148 ug/L
for PRT) during the spring bloom than in summer and fall (< 20 pg/L for CHO and < 35 for
PRT). LIP and PRT were always more abundant in the upper layers of each station.
Contrastingly CHO showed higher concentrations in the bottom layer of the inner fjord during
August and October (Table 4). Changes in the relative contribution of each biochemical class are
represented in Figure 8. CHO, PRT and LIP have a similar contribution in spring, while CHO
and PRT % tend to decrease seasonally thus increasing the % of LIP within the BP-C carbon
during August and October (Figure 8). Changes in PRT content was significantly positively
correlated with diatom cells abundance (R*= 0.75, P<0.01, Table 2). Changes in the percentage
of LIP was significantly positively correlated with the relative abundance of cryptophytes (R*=

0.18, P<0.05, Table 2).
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Figure 8. Relative contributions (%) of C-Lipids (C-LIP), C-Proteins (C-PRT) and C-
Carbohydrates (C-CHO) to the biopolymeric carbon, and the corresponding particulate organic
carbon (POC, in mg/L) in the 3 stations sampled (A: inner-fjord; B: mid-fjord; C: outer-fjord)
during the three different seasons in 2012. Data have been averaged per station. Error bars

correspond to the standard error (SE) of the averaged total BP-C.

3.6. Absorbance spectral slopes and SUVAs4 values.

Absorbance measurements and its derived spectral slopes were obtained-only during August and

October. Sy75.005 varied between 28.5 and 33.8 um'l (average 305 - 1.4 um‘l), while Ss3s0.400

values ranged between 13.1 and 19.3 um™ (average 15.8 == 1.5 um™). Both Su7s.205 and Saso-400

showed higher values during the summer. Changes in Sg were mainly driven by changes in Szso-
400, and varied between 1.6 and 2.2, with the lowest values in August. Ssso-400 and Sgdisplayed a
significant relationship with salinity, with Szso-400 decreasing and Sg increasing with increasing
salinities (R*=0.35, P<0.05 and R?=0.39, P<0.05, respectively, Table 2). SUVAsss, is routinely
used to assess dissolved organic matter sources in aquatic ecosystems and is often related to the
percentage of aromatic compounds (Stubbins et al 2008, Spencer et al. 2014), was significantly
negatively correlated with salinity and & **C-POC values (R?=0.33, P<0.05 and R?=0.37, P<0.05,

respectively, Table 2).
4. Discussion

4.1. Phytoplankton and nutrient dynamics related to hydrological conditions
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The mid-May phytoplankton bloom had record high concentration of cells at the upper waters of
the fjord inner-most station that was under the influence of glacial meltwater, as evidenced by
the low surface salinities (< 34.7) (Fig. 3 and Fig. 4) and substantial TSM discharge (Table 4).
The water, not yet stratified, was clear enough so that light availability in the water column
allowed phytoplankton to grow. Our results captured the bloom between the 18 and 21 of May
2012, consistent with observations from 2010, under a mixed water column dominated by the
TAW (Fig. 2 and 3). The bloom occurred when the incoming light was reaching its annual

maximum, air T was increasing at its highest rate (0.3 °C per day, Fig 2) and sea surface T

averaged 1.9 - 0.5 °C, similar to SST reported in the fjord by mid May 2010 when a strong

bloom (Chla ~ 10 pg/L) was also detected (Kubiszyn et al. 2014). The bloom we observed was
the strongest one ever reported in Kongsfjorden, peaking at 15.5 pug Chla/L and comparable to
the particularly dense bloom of 2006 (13 pg Chla/L, Hegseth and Tverberg 2013). Likewise
observed nitrate concentrations exceeded those reported elsewhere for Kongsfjorden (e.g. Hodal

et al. 2012; Hegseth and Tverberg 2013).

Shifts in the timing of the bloom in Kongsfjorden between mid April and the end of May have
been attributed to variability in sea ice cover and inflow of warm AW. Historically, when the
fjord was covered by ice in winter, the bloom used to take place in mid-late May when sea ice
started to melt (Eilertsen et al. 1989, Wictor et al 1999). Increased warming has left the fjord
mostly ice-free during the period from 2007-2016 with several studies predicting a shift to earlier
blooms (i.e. mid/late April) as observed in 2002, 2006 and 2008 (Hegseth and Tverberg 2008,
Iversen and Seuthe 2011, Hodal et al 2012, Piquet et al. 2014). However, blooms have also been

documented during mid/late May for 2003, 2004, 2007, 2010, 2012 and 2014 (Leu et al. 2006,
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Hegseth and Tverberg 2008, Kubiszyn et al. 2014, Van De Poll 2016, this study), and even
during late June for 2009 (Kubiszyn et al. 2014), making it difficult to identify a common bloom
timing under ice free conditions. The start of glacial melt water, likely driven by the increase of
both the air temperature and the heat from AW intrusion, may be shaping the time and location
of the bloom, as recently suggested (Van De Poll 2016). The intensity of the bloom in
Kongsfjorden has also shown high inter-annual variability ranging from very weak blooms with
Chla maximum peaks as low as 2ug/L in 2008 and 2009 (Kubiszyn et al. 2014; Piquet et al.
2014), to strong dense blooms with Chla peaking 13ug/L in 2006 (Hegseth and Tverberg 2013).
High variability in bloom timing over the last decade highlights the large uncertainties
surrounding the underlying forcing impacting bloom initiation and intensity in Kongsjorden.

During May, the significant decrease of nitrate, phosphate and silicate with increasing Chla

provides evidence for the consumption of nutrients during the phytoplankton growth, with N:P

ratios (NO3:PO,* balance) close to Redfield ratios (14 - - - ) and thus coupled to the

phytoplankton metabolic requirements. We observed a high seasonal variability of nitrate values,
in the bottom layer of the inner fjord, concurrent with changes in ammonia. High nitrate and low
ammonia concentrations were observed during the spring bloom (9 uM and 0.7 UM, respectively
at the bottom layer of the inner station), whereas those concentrations dropped down to 1-2 uM
for nitrate and build up to 2-3 uM for ammonia in August and October. We hypothesize that the
nitrate excess during the bloom could be due to the microbial nitrification of glacial ammonium
runoff, as it has been previously suggested for high nitrate concentrations in glacial meltwaters in
Kongsfjorden (Wynn et al. 2007). During August and October glacier meltwater input increased,

leading to accumulation of ammonia and low nitrate concentrations due to both the decrease in
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nitrification activity under non-bloom conditions and the consumption of available nitrate during
the bloom.

The inner station was close enough to the glacier front that it was likely affected by the glacially-
derived nutrients. The bloom we recorded occurred during a singular time, when the mixed and
non-stratified water column from pre-bloom winter conditions was disturbed by the first
subglacial meltwater input in May. Yet not enough glacial ice was melting that could generate
osmotic stress and prevent cell growth. Simultaneously not enough particulate material was
discharged to diminish light penetration and limit photosynthesis. Besides, subglacial discharge
induced the upwelling of nutrients (Lydersen et al. 2014). The supply of nitrate and silicate to
concentrations up to 9.05 and 2.80 pumol/L respectively (Table 3) likely triggered the marine
production and stimulated the diatom bloom. This may explain the diatom dominance (> 98%,
Fig 5) and the higher Chla values at the inner fjord compared to the outer fjord (Table 3), unlike
previous studies (e.g. Hodal et al. 2012, Hegseth and Tverberg 2013, Piquet et al. 2014). A
recent study, also performed during 2012 in Kongsfjorden (Bazzano et al. 2014), revealed the
glacial delivery of trace elements, such as potentially bioavailable iron that could have further
supported primary productivity during the bloom. A more detailed analysis of fjord and glacial
water mass distributions and circulation would be necessary in order to quantify the mechanisms
and specific contributions of the different types of meltwater influencing the nutrient fluxes and
bloom dynamics in the fjord system (Beaird et al. 2015).

Total cell abundance during the bloom revealed an outstanding contribution of diatoms over the
entire fjord (Fig.5), peaking in the upper layer of the inner and middle fjord (Table 3). The
associated increase in biogenic silicate and decrease in inorganic silicate with higher values of

diatom cells attested to the incorporation of inorganic silicate into opal frustules of diatoms. The
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bloom was dominated by genera Chaetoceros, Thalassiosira and Fragilaria (data not shown),
commonly found and already reported in high latitude blooms (e.g. Hodal et al. 2012; Hegseth
and Tverberg 2013). Consecutive low phytoplankton biomass periods, August and October, were
dominated by cryptophytes (e.g. Cryptomonas spp.), dinoflagellates (e.g. Gymnodinium spp.)
and nanoflagellates (Fig. 5), with total cell abundances increasing towards the outer fjord. Hence
there was a seasonal variation from large to small cells, simultaneous with the intrusion of
Atlantic waters and the increase in water column temperature (Fig. 4), especially in the middle
and outer fjord. Few cells of Cryptomonas and Gymnodinium, have been previously reported,
during the summer season, on the western Svalbard shelf (Owrid et al. 2000) and in freshwaters
in the vicinity of Ny-Alesund (Kim et al. 2011).

The increase in Si:N ratios, from a minimum value of 0.1 in May to a maximum of 0.7 in the
summer and fall, may explain the shift from diatom cells to smaller and non-siliceous
phytoplankton cells (Egge and Aksnes 1992). The significant increase in Si:N ratios with
decreasing salinity is consistent with a coupling between silicate availability and glacier run off.
The post-bloom conditions in August (with a strong decrease in air temperature and PAR, Fig. 2)
were characterized by large sub-glacial discharge from the inner tidewater glaciers, contributing
to the decrease in salinity in surface waters (Fig. 3 and Fig. 4) and to high sediment fluxes (max.
300 g m? d* in August, Lalande et al. 2016). The concomitant rise in water column turbidity and
stratification resulted in a decrease in light availability and increased in osmotic stress,
drastically reducing phytoplankton biomass and leading to very low Chla values (0.04-0.52 pg L
1y (Table 3, Fig. 4). Accordingly, high contributions of pheopigments relative to Chla after the
bloom were observed, with ratios close to one, indicating that most of the present

phytoplanktonic biomass was degraded, probably due to both pigment digestion by active
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zooplankton grazers (Lalande et al. 2016) and algal cell senescense under poor nutrient

conditions.
4.2. Nature and origin of total suspended material and particulate organic carbon

The concentration of total suspended material (TSM) in Kongsfjorden is well known to be
mainly a reflection of the glacier activity, which brings meltwaters and inorganic particles into
the fjord (Beszczynska-Mgller et al. 1997). Accordingly, TSM decreased whith increasing the
distance from the glacier front (R?=0.27, P<0.01). The highest concentrations of TSM were
observed in surface waters of the inner and middle part of the fjord during May, reaching a peak
of more than 12 mg/L of TSM at the inner fjord, similar to values previously observed in
Kongsfjorden during spring (Svendsen et al. 2002). As glacial meltwater was highest during
August and October, according to hydrography data, it is strange that we found the highest TSM
values in May. We believe that this was due to sampling constraints since water sampling was
performed using niskin bottles that allowed for the collection of surface waters only from 2-3
meters depth, likely underestimating the turbid fresh water layer, low in density, that spread into
the fjord within the upper 0-2 meters. Another explanation could be a seasonal transition from a
distributed to a-channelized subglacial drainage system (Bathia et al. 2013). Through the seasons,
the suspended material in the whole fjord basin, both at the upper and bottom layer, was mainly
composed of lithogenous inorganic particles (~ 90 %) eroded by glaciers and discharged by
melting freshwaters. The percentage of POC in TSM ranged between 1 and 12%, gradually
increasing when moving away from the glacier front (Table 4).

Changes in POC values during the bloom were strongly dominated by changes in Chla

concentration (see section 3.5.). This is consistent with most of the organic material being
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composed by fresh cells. However, during August and October the relationship between POC
and Chla was much weaker, indicating that sources other than phytoplankton biomass were
contributing to the production or delivery of POC during summer and fall. To better understand
the origin and nature of this material, isotopic signatures and their relationships with biotic and
environmental variables were examined. The high 8*3C values of POC during the bloom at the
upper layer of the inner and middle stations (Table 4) is consistent with a marine autochthonous
material supplied through primary production at the surface layers of the fjord. Accordingly,
8*3C was significantly positively correlated with Chla during the spring season (Fig. 6, left
panel), with the highest value of -22.7%o occurring at the peak of Chla concentration, which is
consistent with phytoplankton end-members commonly used (Schubert and Calvert 2001,
Winkelman and Knies 2005). Also during the bloom 8"°N-PTN values (ranging from -4.2 to 0.6
%o), concomitantly with Chla, decreased ‘with increasing nitrate concentrations (Fig. 7, left
panel). As phytoplankton tend to preferentially use light **N-NOs, such low &N ratios could
only be found in nitrate-rich waters, such as those sampled in this study. Accordingly 8N co-
varied with 8**C (Fig. 7, right panel), as a consequence of the phytoplankton bloom and the
concomitant use of<nitrate. During the post-bloom (August and October) §'*C values were
consistently depleted.in **C (ranging from -25.6 to -27.1 %) and strongly correlated with salinity
(Fig. 6, right panel) indicating the signature of **C-depleted POC material in fresher waters. This
indicates an input of terrigenous POC material coming from the turbid plumes of melting glacial
ice. Pelagic Arctic 8 *C-POC generally ranges between -26.5 and -22.0%. (Schubert and Calvert
2001, McMahon et al. 2006, Sereide et al. 2006, Tamelander et al. 2006a), which is similar to the
range of values observed during May (with the exception of the deep waters of the outer fjord).

However, very low & *C signatures and high seasonal variability (-30.5 %o in summer and -26.2
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%o In winter) have been previously documented in POC samples from Kongsfjorden by Kedra et
al. (2012) with no clear explanation on the origin of these *C depleted material.

We examine other water column processes that may shed light on the origin of this **C depleted
material present during all seasons, but especially during August and October. Copepods play an
important role in the Arctic food web and they are especially adapted to melt influenced
environments (Hop et al. 2011). However, they are characterized by *C values ranging from -
23.3 10 -22.7 %o (Sereide et al. 2006; Tamelander et al. 2006b), which are far from the §*3C-
depleted POC values found in August and October. Surface water concentrations of dissolved
CO,, largely controlled by seawater temperature could also be affecting 5'°C values of POC. In
accordance with Rau et al. (1989, 1991) who found a negative correlation between the §*C-POC
and water CO, concentration, and a positive correlation with water temperature, we may expect
lower §"3C values in POC in winter or in cold seasons compared to summer. However, the trend
observed in this study follows the inverse pattern with higher §*C values during spring (when
water temperature is lower) and lower values during summer and fall (when water temperature
increases). Thus neither copepods nor surface CO, concentrations can account for the depleted
13C-POC signature observed during August and October.

Terrestrial Cs-plants are also well-known to be relatively more depleted in **C. Kulinski et al.
(2014) recently reported 3**C values ranging from -35 %o to -24.9 %o for the terrestrial organic
matter of Kongsfjorden, mostly originating from soils, mosses and debris of land vegetation. The
supply of this terrestrial material into the fjord waters has never been considered very important
at Kongsfjorden as vegetation surface and biomass are scarce. However, the results observed
from changes in absorbance spectral slopes, effective tracers for the chemical characteristics and

origin of dissolved organic matter, suggest that terrestrial sources might be more important than

41



previously believed. Low Sg (1.7) and high Ssso.400 (19.3 pm™) values found at lower salinities
(31.8) are indicative of a bigger contribution of high molecular weight organic compounds more
common in terrigenous than marine material (Helms et al. 2008), and provide evidence of the
input of continental organic matter during the ice melting. Accordingly, more negative *3C-POC
values concur with higher Ssso.400 and lower Sg. At the same time SUV A5, values, a proxy to
estimate the dissolved aromatic carbon content in aquatic systems (Weishaar et al. 2003), were
higher at lower salinities and more depleted **C-POC values, suggesting an input of dissolved
aromatics with terrestrial material discharge from glaciers. Interestingly, Grzesiak and co-
workers (2015) recently reported an increase in the aromaticity of DOC sampled at the surface of
two Svalbard glaciers. Another plausible explanation for the **C-depleted values is the supply of
organic matter from eroded rocks and discharged with the melting freshwaters in summer, and
the occurrence of supra-glacial cryoconites that are also discharged into the fjord during the
melting seasons. The latter are granular sediment particles that accumulate on glacier surfaces
and are composed of mineral and biological material (Anesio and Laybourn-Parry 2012, Cook et
al. 2016). Although these structures are poorly understood, they have been identified as hotspots
for microbial activity (Edwards et al. 2011, Grzesiak et al. 2015). Recent work (Musilova et al.
2015) has revealed the inputs of microbes and organic matter through eolian transport and snow
to cryoconite holes at the Greenland ice sheet, with low §3C values (from -28 to -27 %), very
similar to the lower values identified in our study (Table 4, Fig. 6). Thus, the relatively depleted
3¢ values reported here provide ample evidence of an important and previously overlooked
continental source of organic matterial (e.g. land vegetation, eroded lithogenous material and/or
debris-enriched cryoconites) directly related with glacier run off. Our findings may also explain

the singular **C depleted organic matter previously reported during a summer season (Kedra et
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al. 2012). The primary origin of this organic carbon prior to being transported by the glacier still
remains unresolved.

The cryoconite hypothesis may in turn explain the consistently low 8*°N-PTN values recorded,
averaging 0.7 %o (£ 1.4 SD) during summer and fall. Indeed, nitrogen fixation (with values close
to 0%o) has been recently documented in cryoconite holes on Svalbard glaciers (Telling et al.
2011) and identified as an important process for supporting microbial growth in the middle to
late melt season, when concentrations of inorganic nitrogen are depleted. To date, more studies
have also found evidence of nitrogen fixation on Arctic glacier microbial aggregates (e.g. Telling
et al. 2012, 2014, Segawa et al. 2014). §"°N -PTN values around 0%, were also found by Kedra

et al. (2012) in shallow areas of Kongsfjorden exposed to freshwater loads from melting glaciers.
4.3. Coupling between biopolymeric carbon fractions and phytoplankton population changes

The negative and significant correlation of BP-C (%) with C:N molar ratios identified the BP-C
fraction as a good proxy for labile particulate organic matter, where higher proportions of BP-C
resulted in organic matter enriched in N, as in Fabiano et al. (1993). The site most affected by
seasonal changes in-the BP-C fraction was the upper layer at the inner fjord that was, in turn,
particularly influenced by high flows of **C-depleted POC and lithogenous material released by
melting glaciers. BP-C fraction at the glacier front peaked to 84.8% in October, with C:N ratios
around 3 (Table 4). This latter observation indicates that, even though there was very low
primary production and very low POC values in the glacier front during the fall, most of the POC
displayed a labile character. This is in accordance with the observed increase in total cell
abundance during fall compared to August, especially in the upper water layer of the inner fjord

(Table 3). The lower freshwater discharge and hence lower turbidity in the fjord during October,

43



compared to August, may have increased light penetration. This, together with the slight increase
in nutrients in the upper layer (NO*-, NO* and PO,*, Table 2) may have stimulated a subtle
production, not enough to create a bloom, because nutrient concentrations were still low, but
sufficient to provide a small amount of fresh biomass. The increase in dinoflagellates,
nanoflagellates and cryptophytes during fall (Fig. 5), suggest these phytoplankton groups are
well adapted to low nutrient concentrations (NO3;™ < 2.2 umol/L) and light conditions (PAR< 6
W/m?).

The dominance of carbohydrates and proteins during the spring bloom (Table 4, Fig. 8), and the
strong correlation between PRT content and diatom cell abundance suggests protein-rich cytosol
material associated with diatom cells. This is consistent with the presence of extracellular
proteins that have been reported from diatom-rich waters in the Antarctic (Raymond et al. 1994).
After the bloom in May a seasonal increase in the percentage of lipids coupled with a decrease of
both proteins and carbohydrates was observed at all stations (Fig. 8). The pigment ratio
(Chla/Pheo ~1) in the upper layers during summer and fall (Table 3) revealed significant grazing
pressure and/or diatom cell senescence conditions. These results, alongside observations of
sinking diatoms and a shift in phytoplankton community composition (diatoms were replaced by
a combination of dinoflagellates, nanoflagellates and cryptophytes), may have induced a shift in
the composition of the biopolymeric classes, as lipids reached its highest relative content (more
than 80% of BP-C) during the fall compared to values in spring (~40%) and summer (~50 %
respectively) (Fig. 8). The significant positive relationship between the percentage of LIP and the
relative abundance of cryptophytes suggests that this group may be playing a particularly
important role on the stock of lipids in the fjord. Understanding the dynamics on the lipid

reserves in the pelagic realm is important as available lipids are valuable high energy food for
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Arctic zooplankton (Falk-Petersen et al. 1990) that transfers energy upwards in the marine food
web to fish, sea birds and mammals foraging at the tidewater glacier fronts (Lydersen et al.

2013).

4.4. Concluding remarks and implications for climate change

We documented a massive diatom bloom in the glacier front of the inner fjord during spring-time
2012 with Chla concentrations reaching values as high as 15.5 pg/L. These observations stand in
contrast to previous studies, which have documented blooms in the middle and/or the mouth of
the fjord (e.g. Hegseth and Tverberg 2013). The combination of weak stratification, light
availability, and input of nutrients via glacial melt may have induced and favored this short and
intense biological production next to the glacier front. The observed bloom represents the most
favorable scenario for sustaining, on a seasonal scale, both pelagic (copepods, mammals and
seabirds) and benthic life, especially at the glacier front, further fueling ecosystem functioning.
The seasonal and spatial patterns observed in this study stand in contrast to previous work, which
have highlighted the high variability associated with bloom timing, intensity and phytoplankton
community composition. Warming is having an unprecedent impact on both Atlantic water
intrusion and glacier retreat, the combination of which are strongly affecting different water
properties (i.e. ‘water stratification, turbidity, nutrient concentrations) with consequences for
bloom patterns and dynamics. Our results point to the importance of considering not only the
consequences of Atlantic Water fluxes on phytoplankton bloom dynamics, but also the impact of
glacial melt on fjord nutrient concentrations. A more intense seasonal research effort is needed
across Kongsfjorden to better constrain the main critical environmental, hydrological and

geochemical factors driving the phytoplankton bloom.
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Our results demonstrated how the seasonal release of glacial melt supplied large amounts of
lithogenous material, concomitant with small amounts of organic material, that are mostly
deposited in the vicinity of the glacier front and partly exported to the mouth of the fjord
(Bourgeois et al. 2016). The isotopic composition of the POC present during glacier discharge
displays a clear continental signature. Besides ground rocks, the presence of cryoconites and
terrestrial organic matter deposited at the surface of the glacier could be an important source of
organic nutrients and biogenic organic carbon transported into the fjord with the supra-glacial
melting freshwater. However, glacial input of organic continental material in the numerous
Arctic fjords, such as Kongsfjorden in Svalbard, have previously been considered of secondary
importance and have rarely been studied (Svendsen et al. 2002). As cryoconites has been
recently recognized as an important component of the glacier and ice sheet biome, (e.g. Anesio
and Laybourn-Parry 2012), ecological and biogeochemical consequences of organic material
delivery to fjords and adjacent waters still needs to be explored.

The mass balance for Svalbard glaciers is currently negative and climate change predictions
suggest continued warming that will enhance glacial retreat, snow melting and glacial river
flows. Recent work ‘highlighted the importance of increased glacial meltwater input, including
delivery of essential nutrients and dissolved and particulate organic matter to the polar oceans
(Lawson et al. 2014, Hawkings et al. 2015). This may have consequences for bloom dynamics,
as well as provoke an increase of continental organic matter discharge. If blooms are intensified
with glacier melting it would provide an important negative climate feedback through its effect
on marine primary production and CO, drawdown (Meire et al. 2015). Furthermore, glacial
meltwater discharge in high Arctic fjords has been identifed as an important organic carbon input

to the marine system and burial into sediments (Smith et al. 2015). However, the supply of labile
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dissolved organic matter that could be respired by heterotrophic bacteria could counteract the
CO, drawdown. Thus we encourage future investigations to focus on the impacts of inputs from
glaciers on bloom dynamics, biogeochemistry and ecology of Arctic fjords and surrounding
waters. Ideally, future investigations in the Arctic will also overcome the gap between small-
scale (glacier front) / high-resolution (monthly), and large-scale (continental margin) / low-

resolution (annual) studies.
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Highlights 3-5 bullet points (max 85 characters, including spaces, per bullet point)

Glacier retreat is affecting the ecosystem dynamics of high arctic fjords

Seasonal and spatial environmental changes of Kongsfjorden were examined during 2012
The bloom dynamics and changes in the pelagic geochemistry were evaluated

A singular and strong diatom bloom was observed in May at the fjord glacier front
Isotopic data revealed very depleted organic material during high melting seasons
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