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• The seasonal variability of DOM proper-
ties in an Arctic fjord was studied.

• DOM features were related to physical
chemical and biological fjord character-
istics.

• Mycosporine-like amino acids were
identified in April but not in October.

• A marked difference in FDOM was ob-
served in the two seasons.

• The FDOMproperties in April are driven
by melting ice.
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The Arctic Ocean is undergoing drastic changes due to the effects of climate change. Arctic fjords are preferred
systems to study these changes as they respond quickly to variations in ocean, land and atmosphere conditions.
In this study, we investigated for the first time the seasonal variability of dissolved organic matter (DOM) prop-
erties and its origin in an Arctic fjord, which allows for an assessment of the future potential effects of climate
change in this environment. We conducted an integrated analysis of the concentrations, optical properties (ab-
sorption and fluorescence), and molecular size distributions of DOM in two seasons (October 2017 and April
2018) and in eight to ten stations in Kongsfjorden (Svalbard) along with the related environmental parameters
such as chlorophyll-a, inorganic nutrients, particulate organic carbon (POC), temperature, and salinity. Our re-
sults showed that, in both seasons, the DOM in the fjord was predominately of autochthonous origin with a sea-
sonally variable terrestrial input. The dissolved organic carbon (DOC) concentrations were consistently higher in
October than in April at each station. Fluorescence spectroscopy revealed a marked seasonal variability depend-
ing on theDOM fluorophore types and size fractions. In October, humic-like and tryptophan-like substanceswere
dominantwhereas in April, tyrosine-like compounds represented, on average, 58% of the DOM fluorescence. This
study points out the key role of spring sea ice melting in determining the DOM properties of the fjord in spring.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The effects of climate change on the global oceans are already per-
ceptible (Howes et al., 2015; Poloczanska et al., 2016; Saba et al.,
2016) with the rapid warming of the Arctic Ocean that causes a drastic
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reduction in multiyear sea ice (IPCC, 2014; Overland and Wang, 2013).
These effects are likely to alter the physical and chemical properties of
the water masses and, in general, the marine ecosystem. However,
they are not yet fully understood (Kortsch et al., 2015; Rosenblatt and
Schmitz, 2016; Underwood et al., 2019).

The importance of Arctic fjords is well recognized as they represent
the link between the land and the ocean, and they are subjected to in-
tense seasonality with respect to the formation and melting of sea ice,
snow, and glaciers. Due to their characteristics, these fjords show a
fast response to variations in ocean, land and atmospheric conditions
(Cottier et al., 2005; Svendsen et al., 2002). In the Svalbard Archipelago,
the influence of Atlantic, Arctic and freshwater inputs on thewest coast
of Spitsbergen make the fjords in this area very sensitive indicators of
such environmental changes (Cottier et al., 2005, 2010).

For these reasons, a number of investigations have been conducted
to characterize this area and to examine the changes in a hope to ulti-
mately relate them to climate change. Many previous studies have fo-
cused on the oceanographic conditions and water masses (Cottier
et al., 2005, 2010; Divya and Krishnan, 2017; Noufal et al., 2017;
Svendsen et al., 2002), as well as on phytoplankton (Calleja et al.,
2017; Hegseth and Tverberg, 2013). Recently, Iversen and Seuthe
(2011) highlighted the importance of the microbial community in the
functioning of one of these fjords on west Spitsbergen, Kongsfjorden.
The functioning of themicrobial food web is strictly related to the qual-
ity and concentration of organic matter (Logue et al., 2016; Osterholz
et al., 2016). The importance of the links between organic carbon, the
microbial food web, and the autotrophic organisms in the Arctic fjord
ecosystem has been demonstrated and their variations have been
discussed in relation to seasonality and the hydrological conditions
(Calleja et al., 2017; Iversen and Seuthe, 2011). Moreover, some studies
revealed the close associations of dissolved organic matter (DOM) con-
centration and properties in Arctic fjordswith other biological and envi-
ronmental parameters such as microbial community, phytoplankton,
and inorganic nutrients (Holding et al., 2017; Osterholz et al., 2014;
Pavlov et al., 2014). Considering the strong seasonal variability in the
fjordwith respect to the hydrological and biological conditions, a similar
variability in DOM composition and origin can be inferred. Unfortu-
nately, previous studies have focused almost exclusively on either the
spring or summer period, and, thus, failed to demonstrate the inter-
seasonal variability. To the best of the authors' knowledge, a rigorous
comparison between the properties and the origins of DOM between
different seasons in this fjord has not been previously published.

With this background, this study aims to contribute to filling an im-
portant knowledge gap by exploring the seasonal variation of DOM
properties. The main goals of the study, therefore, are (1) to investigate
the concentration, optical and molecular size properties of DOM
(i.e., absorption, fluorescence, and molecular size distributions) in
spring and autumn (April and October, respectively) in Kongsfjorden
(Svalbard); and (2) to relate them to other environmental parameters
including hydrological conditions, chlorophyll-a, and nutrients so as to
develop a fact-based perspective on the future of this climate-change-
sensitive area.

2. Materials and methods

2.1. Studied area

Kongsfjorden is a 27 km long and 4–10 kmwide fjord on the north-
west coast of Spitsbergen (Fig. 1a). The depth ranges from b100m in the
interior to a maximum of 394 m in the outer parts. Five tidewater gla-
ciers are present in the inner part of the fjord and their seasonal melting
affects the fjord between April and July. This fjord receives a low terres-
trial input and is alternately dominated by Arctic and Atlantic waters as
dictated by the season. Amore detailed description of the characteristics
of the fjord can be found in Cottier et al. (2010) and the reference
therein.
2.2. Sampling

Surface seawater samples were collected from a depth of ~1.0 m in
Kongsfjorden (Svalbard Archipelago) in October 2017 and April 2018.
Samples were collected from 10 different stations covering the entire
fjord (Fig. 1a). Due to the presence of sea ice in the inner extremity of
the fjord, stations 3 and 6were not sampled in April 2018, and the loca-
tion of stations 2 and 4 were slightly moved with respect to the same
stations in October 2017 (white dots in Fig. 1a). Profiles of salinity and
temperature were obtained with a CTD (SD204, SAIV A/S, Norway).
The samples were collected using a 10-liter Niskin bottle and immedi-
ately transferred to the marine laboratory for processing.

2.3. Samples treatment and analytical measurements

Samples for chlorophyll-a (Chl-a) concentration were filtered
through 0.7 μm pore size filters (Whatman, GF/F) and the filters were
frozen until analysis. Chl-a was extracted in 90% acetone for 24 h at 4
°C (Parson et al., 1984), and quantified using a pre-calibrated Turner De-
signs model 10-AU fluorometer.

Inorganic nutrients (nitrates, phosphate, silicate) were measured
using a four-channel continuous Auto-Analyzer (QuAAtro, Seal Analyti-
cal). The precisions for the NO3

–, PO4
3−, and Si(OH4)measurements were

± 0.14, ± 0.02, and ± 0.28 μmol L−1, respectively.
For the analysis of particulate organic carbon (POC), the samples

were poured from the Niskin bottle into amber polyethylene bottles.
Known volumes (500 mL – 1 L) of seawater were filtered onto pre-
combusted Whatman GF/F filters (47 mm) under gentle vacuum (b
0.1 MPa). The filters were stored at −80 °C until the analysis. Before
POC analysis, the filters were freeze-dried and exposed to HCl fumes
for 24 h in a desiccator to remove inorganic carbon. POC concentrations
were measured with a CHN elemental analyzer (vario MACRO cube, El-
emental, Germany). Acetanilidewas used as a standard. The precision of
these measurements was ±4%.

Samples for DOM were filtered through pre-combusted GF/F filters
and stored at 4 °C until analysis (within 1month from the timeof collec-
tion). Dissolved organic carbon (DOC) and total dissolved nitrogen
(TDN) were quantified by using a total organic carbon analyzer
(Shimadzu TOC-VCPH)with an analytical reproducibility of b2%. The re-
liability of themeasurementswas checked by dailymeasurement of the
DOC Consensus Reference Material (CRM, Hansell, 2005). Dissolved in-
organic nitrogen (DIN) was measured by using a Quaatro Autoanalyzer
(QuAAtro, Seal Analytical). Dissolved organic nitrogen (DON) was then
calculated as the difference between TDN and DIN.

The absorption spectra were recorded between 230 and 700 nm at a
0.5 nm interval using a Shimadzu UV-1800 UV spectrophotometer. The
absorption coefficient at 254 nm (a254) was calculated according to the
following equation:

aλ ¼ Aλ � 2:303ð Þ=l

where Aλ represents the absorbance at wavelength λ, and l, the
pathlength (0.01 m).

The specific ultraviolet absorption (SUVA254) was calculated by di-
viding the a254 by the DOC concentration (Weishaar et al., 2003).

Fluorescence excitation-emission matrices (EEMs) were scanned
with a Hitachi F-7000 fluorescence spectrophotometer (Hitachi Inc.,
Japan) for an excitation wavelength range of 220 and 500 nm (every
5 nm) and an emission wavelength range of 280 and 550 nm (every
1 nm). Post-acquisition data treatment of the EEMs (i.e. blank subtrac-
tion and Raman normalization) and Parallel factor analysis (PARAFAC)
were carried out in MATLAB (R2017a) using the drEEM toolbox
(Murphy et al., 2013). The EEMs were normalized by the integrated
Raman band of Milli-Q water according to Lawaetz and Stedmon
(2009) so that fluorescence intensities are reported in Raman Units
(R.U.). The validation of the PARAFAC model was made by visual



Fig. 1. Study area and water masses identification. (a) Map of the study area and the sampling stations. The circles, squares and triangles represent the inner, central and outer fjord,
respectively. (b) θ-S diagram for all the stations. The empty circles designate samples collected in October 2017 and full black circles denote samples collected in April 2018. The red
circles represent the surface samples. The dotted frames identify the water masses (Cottier et al., 2005): Surface Water (SW), Intermediate water (IW), Atlantic water (AW), Local
Water (LW), and Winter cooled water (WCW). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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inspection of the residuals, split half analysis, and percentage of
explained variance (98.95%). Specific fluorescence intensity (Ftot*)
was calculated by dividing the total fluorescence intensity of each
sample (sum of the fluorescence of each component) by its DOC con-
centration. The Ftot* provides information on the changes in the com-
position of the fluorescent DOM as an intrinsic metric (Korak et al.,
2014).

DOM molecular size distribution was obtained by a high-
performance liquid chromatography system (S-100, Knauer, Berlin,
Germany) equipped with an organic carbon detector (OCD) and a size
exclusion column (250 mm × 20 mm, TSK, HW 50S, Toso, Japan)
(Huber et al., 2011). For each of the two sampling periods, three repre-
sentative samples (stations 1, 7 and 10) were chosen for the size exclu-
sion chromatography-OCD (SEC-OCD)measurements. The assignments
and the quantification of the different size fractions (biopolymers,
N10 kDa; humic substances, ~1 kDa; building blocks, 300–500 Da; and
low molecular weight, b350 Da) were made using a built-in software
and the procedure described in a previous report (Huber et al., 2011)
(Fig. S1).
2.4. Statistics

To test the significance of the differences between the two seasons
and between different areas within the fjord (inner, central and outer
fjord), the Kruskal-Wallis test was performed using the R software. Dif-
ferences were considered significant for p ≤ 0.05.
3. Results

In the present study, the 10 stations sampled (8 in April) have been
divided into three areas: the outer fjord (stations 9 and 10), the central
fjord (stations 5 to 8), and the inner fjord (stations 1 to 4). It is notable
that, despite its physical location inside the fjord, the characteristics of
station 5 (i.e., bottom depth and θ-S properties) were similar to the sta-
tions categorized as the central fjord.
3.1. Temperature and salinity

The potential temperature (θ) in the fjord ranged between ~3 and 7
°C in October and between ~1 and−1.5 °C in April (Fig. 1b). The salinity
ranged between 33 and 35 in October, whereas a narrower range,
34.1–34.8, was observed in April (Fig. 1b). According to their θ-S prop-
erties and following the classification proposed by Cottier et al.
(2005), five different water masses were identified (dashed boxes in
Fig. 1b). In October, the Surface Water (SW, T N 1 °C, S b 34) occupies
the first 25–50 m of the water column, while the Intermediate Water
(IW, T N 1 °C, 34.00 b S b 34.65) was found between 25 and 50 and
75m depth. Thewater column below 75m is characterized by the pres-
ence of the warmer and more saline Atlantic Water (AW, T N 3 °C, S
N 34.65). In April, twowatermasses were dominant. TheWinter Cooled
Water (WCW, T b -0.5 °C, 34.4 b S b 35.0) occupies the entire water col-
umn in the shallow inner part of the fjordwhere themaximumdepth is
b60m(Stations 1, 2 and 4) and thefirst ~10mat station 10. In the rest of
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Fig. 2. Average concentrations of chlorophyll-a in the inner (I), central (C), and outer
(O) regions of the fjord in the two seasons. Error bars represent the standard deviations
of the stations in each area.
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the fjord, themajority of the water column is characterized by the pres-
ence of the Local Water (LW, −0.5 b T b 1.0 °C, 34.30 b S b 34.85).

3.2. Chlorophyll-a and inorganic nutrients

The concentration of chlorophyll-a ranged between 0.01 and
0.15 mg m−3 in October and between 0.03 and 0.09 mg m−3 in April
(Fig. 2). This difference was, however, not significant (p= 0.72). In Oc-
tober, the concentration in the inner fjord is, on average, 4 times lower
than those of the central and outer fjord, whereas in April, the difference
between the three regions was not significant.

The concentrations of inorganic nutrients were higher in April than
in October (p = 0.0004, Fig. 3). Total nitrate (NO2

− + NO3
−) ranged be-

tween 0.57 and 3.57 μM in October (average 1.78 ± 0.82 μM), and be-
tween 7.07 and 7.92 μM in April (average 7.41 ± 0.29 μM). Si(OH)4
ranged between 1.53 and 2.00 μM in October (average 1.76 ± 0.18
μM), and between 4.35 and 4.85 μM in April (average 4.56 ± 0.15
μM). PO4

3− ranged between 0.06 and 0.16 μM in October (average 0.12
± 0.03 μM), and between 0.60 and 0.64 μM in April (average 0.63 ±
0.01 μM). No significant differences were found between the inner, cen-
tral and outer fjord for each season (p N 0.05).

3.3. Organic matter concentrations and properties

The concentrations of both DOC and DON were significantly higher
in October than in April (p = 0.0004 for DOC, p = 0.0008 for DON,
Fig. 4). DOC ranged between 82 and 112 μM in October (average 96.4
± 9.5 μM), and between 37 and 77 μM in April (average 59.4 ± 12.7
μM). Spatially, higher DOC values were observed in the central fjord in
October (p = 0.03), whereas in April there were no significant differ-
ences between the three categorized regions. DON ranged between 8
and 13 μM in October (average 10.1 ± 1.3 μM), and between 2 and 9
µ

µ

Fig. 3. Average concentrations of nitrate, phosphate, and silicate in the inner (I), central (C),
deviations of the stations in each area.
μM in April (average 5.7 ± 2.5 μM). Unlike the spatial variation of DOC
(in April), differences in DON were not observed between the three re-
gions in both seasons. The carbon to nitrogen ratio (C:N) was calculated
as the ratio of DOC to DON. TheDOC:DON valueswere highly variable in
both seasons, changing between 6 and 13 in October and between 6 and
30 in April (Table S1) but the seasonal or regional differences were not
significant. However, it is worth noting that the highest values were ob-
served at stations 1 and 2 in April (i.e., 30 and 15, respectively, Table S1).

The POC seasonal and regional trends were different from those of
DOC. In October, it ranged between 11 and 30 μM (average 15.7 ± 6.1
μM), showing significantly higher concentrations in the inner fjord.
The POC concentrations in April were higher (p = 0.004), ranging be-
tween 21 and 25 μM (average 23.6 ± 1.5 μM), but no regional differ-
ences were observed.

TheDOMabsorbance spectra showed different features between the
two seasons (Fig. 5). In October, the spectra showed a featureless expo-
nential decrease at increasing wavelengths, typical of open sea DOM. In
April, on the other hand, two shoulders, at 270 nm and at 330 nm, were
observed in some of the samples (Fig. 5). Neither between the two sea-
sons nor between the three regions of the fjord were the values of the
absorption at 254 nm (a254) statistically different although the highest
a254 values were observed in April at stations 1, 4, and 10 (Table S1).
SUVA254 values were significantly higher in April (7.05 ± 4.47) than
in October (1.96 ± 0.32). The differences between the three regions
were not significant. However, the highest SUVA254 values were ob-
served in April at stations 1, 4, and 10 (Table S1).

The elaboration of the fluorescence EEMs with PARAFAC validated a
4-componentmodel (Fig. S3). The identification of the components and
the attribution of their characteristics to specific fluorophore groups
were performed by (i) matching them with the spectra in the Open
Fluor database (Murphy et al., 2014), and (ii) comparing the excitation
and emission maxima with published components not present in the
database (Table S3). Component 1 (C1tyr; Ex/Em, 270/304) and compo-
nent 3 (C3trp; Ex/Em 275/338) showed the spectral characteristics typ-
ical of protein-like substances. In particular, C1 was attributed to
tyrosine-like compounds (Chen et al., 2018; Coble, 2007; D'Andrilli
et al., 2019; Kowalczuk et al., 2013; Woods et al., 2011), whereas C3
was interpreted as tryptophan-like compounds (Asmala et al., 2018;
Cawley et al., 2012; D'Andrilli et al., 2019; Jørgensen et al., 2011;
Nimptsch et al., 2015). Component 2 (C2h; Ex/Em, b250,320/455) and
component 4 (C4mh; Ex/Em 295/405) showed the typical spectral fea-
tures of humic-like substances. Compared to C4mh, C2h had the excita-
tion and emission maxima at longer wavelengths. These
characteristics have usually been explained by the presence of recalci-
trant, terrestrial humic-like materials (Chen et al., 2017; D'Andrilli
et al., 2019; Derrien et al., 2018; Retelletti Brogi et al., 2018; Wünsch
et al., 2018a; Yang et al., 2019). The spectral characteristics of C4mh

with the maxima at lower wavelengths have been attributed to the
so-called microbial humic-like compounds. These compounds have
been defined as a type of humic-like substances that have been re-
elaborated in situ by the microbial community (Lapierre and Del
µ

and outer (O) regions of the fjord in the two seasons. Error bars represent the standard
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Fig. 4.Average concentrations of particulate organic carbon (POC), dissolved organic carbon (DOC) andnitrogen (DON) in the inner (I), central (C), and outer (O) regions of the fjord in the
two seasons. Error bars represent the standard deviations of the stations in each area.
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Giorgio, 2014; Søndergaard et al., 2003; Woods et al., 2011; Wünsch
et al., 2018b; Yang et al., 2019).

The DOM fluorescence showed a substantial difference between the
two seasons. In April, the total fluorescence was on average ~15 times
higher than in October (average total fluorescence: 0.12 ± 0.05 R.U. in
October and 1.18 ± 1.92 R.U. in April) although no regional differences
were observed in both seasons. Similar to SUVA254, the highest values
were observed in April at stations 1, 4 and 10 (Table S1). Besides the dif-
ference in the intensity of the fluorescence between the two seasons, a
marked discrepancy was also observed in the relative contribution of
the components (Fig. 6). In October, a large fraction of the fluorescence
is represented by the terrestrial humic-like compounds (C2h, 46.2 ±
9.8%), followed by the tryptophan-like (C3trp, 39.3± 11.6%), the micro-
bial humic-like (C4mh, 9.2 ± 1.5%), and the tyrosine-like (C1tyr, 5.3 ±
5.7%) components. In contrast, in April, the tyrosine-like components
(C1tyr) represented ~ 58 ± 20% of the total fluorescence, followed by
the tryptophan-like (C3trp, 17.8 ± 8.2%), the microbial humic-like
(C4mh, 13.5 ± 6.0%), and the terrestrial humic-like (C2h, 10.6 ± 9.8%)
components. In general, the results found in April relative to those in
October can be summarized as a significant increase in C1tyr, a signifi-
cant decrease in C2h and C3trp, and a minor variation in C4mh.

In April, a good correlation was found between a270 (or a330) and
C1tyr (R2 = 0.98, p = 0.0001 for a270; R2 = 0.92, p = 0.0001 for a330,
Fig. S4). The correlations of the two absorption coefficients (i.e., a270
and a330) with C3trp (R2 = 0.90, p = 0.0003 for a270; R2 = 0.63, p =
0.002 for a330) were less strong than those with C1tyr (Fig. S4). There
were no significant correlations with the other fluorescent components
or any other measured parameters. Such good relationships between
the absorption coefficients and the protein-like components were not
observed for the samples collected in October.
Fig. 5. Absorbance spectra of DOM sampl
Due to the large variability of the DOC concentrations among the
samples (or seasons), the molecular size fractions identified by the
SEC-OCD are presented as percentages of total DOC (Table S1). Among
the identified size fractions, the biopolymer (BP) fraction, the largest
size fraction, was the least abundant, representing only 3–4% and
1–2% of DOC in October and April, respectively (Fig. 7). The size fraction
of humic substances (HS) was more abundant in October, ranging be-
tween 23 and 33% (average 29%) of total DOC relative to 16 to 25% (av-
erage 20%) in April (Fig. 7), which agreed well with the previous result
of total DOM fluorescence. The so-called building blocks (BB) represent
small sized humic substances and are, thus, thought to be the byproduct
from the breakdown of HS. These compounds represented 9–15% (aver-
age 12%) and 5–13% (average 8%) of total DOC in October and April, re-
spectively. The low molecular weight (LMW) fraction was the most
abundant in both seasons. In April, however, the LMW showed a higher
percentage of DOC (60–71%, average 66%) compared to October
(49–65%, average 55%). This fraction contains small sized compounds
derived from the degradation of the larger molecules and may indicate
the strong activity of the microbial community in breaking down high
molecular weight compounds into smaller compounds (Penru et al.,
2013; Retelletti Brogi et al., 2018).

4. Discussion

4.1. Spring versus autumn: contrasting fjord characteristics

The θ-S properties of the fjord waters clearly indicate the control of
different hydrological conditions between the two seasons, in agree-
ment with previous studies (Cottier et al., 2005, 2010; Noufal et al.,
2017; Svendsen et al., 2002). In October, a good stratification of the
es in April (left) and October (right).
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water masses was observed throughout all the fjord sites (Fig. S2 a and
b), with the colder and less saline SW in the surface and the denser IW
and AW underneath. In April, in stark contrast, a well-mixed water col-
umnwas observed (Fig. S2 c and d). However, the temperature and sa-
linitywere different between the inner fjord and the central/outer fjord.
The inner fjord water column and a small thin layer on the surface at
station 10 were characterized by colder and less saline WCW, whereas
in the rest of the fjord, the temperature and salinity were higher
(Fig. S2 c and d). This spatial difference in April can be attributed to
the partial melting of the sea ice and glaciers due to spring warming
that contributes fresher and colder waters. The inner part of the fjord
is characterized by the presence of five tidewater glaciers and, in April
2018, the inner extremity of the fjord and some coastal regions (i.e.
close to station 10) were still occupied by sea ice.

The very low concentration of chlorophyll-a in both periods implies
a low primary production. In good agreementwith the low chlorophyll-
a, the inorganic nutrients in April were observed in high concentrations,
suggesting a pre-bloom condition in which nutrients are yet to be uti-
lized. This high concentration of nutrients in April can be attributed to
the remineralization processes occurring during winter mediated by
the heterotrophic microbial community (Iversen and Seuthe, 2011), to
the supply of nutrients from melting glaciers (Calleja et al., 2017), and
to the mixing of the water column that allows the input of nutrients
from deeper waters. Meanwhile, the lower concentrations of nutrients
in October imply a condition in which the nutrients consumed during
the previous bloomhave not been replaced yet.Moreover, the stratifica-
tion of the water column prevents the supply of nutrients from deeper
waters. The concentrations of chlorophyll-a and nutrients were
Fig. 7. Relative proportions of the four different size fractions of DOM in the two seasons
(average of the three samples measured for each season is presented). BP =
Biopolymers (MW N 10 kDa), HS = Humic Substances (MW ~ 1 kDa), BB = Building
Blocks (MW 300–500 Da), LMW = Low molecular weight (MW b 350 Da).
consistent with the results reported by Iversen and Seuthe (2011) in
Kongsfjorden in pre-bloom condition and in autumn (March and Sep-
tember, respectively, in their study).

Such seasonal differences were also reflected in the concentration of
POC. The higher POC observed in April can be explained by the input of
melting glaciers. These results are in good agreement with the study
published by D'Angelo et al. (2018) that reported the fluxes and the
composition of particles in Kongsfjorden over a period of 6 years. The
authors observed a higher abundance of POC in spring versus winter.
Moreover, in spring, most of the POC was found to originate from
newly produced phytoplankton cells, whereas during the winter
months, POC was mainly constituted by terrestrial OM.

4.2. Seasonal variation of DOM concentration and properties

The marked seasonal differences were well reflected in DOM con-
centration and composition. Briefly, in October, higher concentrations
of DOC and DON, but lower presence of UV-absorbing (or CDOM) and
fluorescent DOMwere observed. The DOMfluorescencewas dominated
by the humic-like (C2h) and tryptophan-like (C3trp) components in the
season. In April, however, a lower DOC concentration was observed in
correspondencewith the predominance of the tyrosine-like component
(C1tyr). Moreover, the absorption spectra of some samples in April ex-
hibited distinctive peaks at 270 and 330 nm.

The higher concentrations of LMW and autochthonous FDOM com-
ponents (C1tyr + C3trp + C4mh) and the low DOC:DON ratios in both
seasons indicate the prevalence of the compounds produced in situ
rather than terrestrialmaterials. This is consistentwith the very low ter-
restrial input in this area compared to the rest of the Eurasian Basin
where the terrestrial DOM is dominant (Anderson and Amon, 2015;
Gonçalves-Araujo et al., 2016; Stedmon et al., 2011a). The higher DOC
concentration in October can be attributed to an accumulation of the
DOC released/produced during the spring and summer by phytoplank-
ton and microbial community. Regarding these observations, it is wor-
thy to note that a previous study by Iversen and Seuthe (2011)
reported similar results. These authors suggested that the DOC that ac-
cumulated during spring and summer might serve as a carbon reserve
for the microbial community in winter.

On the other hand, the lower DOC in April suggests that the winter
reserves have been consumed and that the microbial community has
mineralized a part of this DOM into inorganic nutrients, which would
reach their maximum concentrations before the spring phytoplankton
bloom. The CDOM absorption shoulder at 330 nm reflects the presence
of mycosporine-like amino acids (MAAs) (Vernet and Whitehead,
1996).Whereas the peak at 270 nmhas been attributed to the presence
of MAAs precursor and nucleic acids (Granskog et al., 2015) and in gen-
eral has been related to the presence of algal DOM (Granskog et al.,
2015; Müller et al., 2013; Wozniak and Dera, 2007). MAAs are water-
soluble compounds with aMW b400 Da, which are produced by phyto-
plankton, bacteria, cyanobacteria, and algae in stress conditions, in par-
ticular, as sunscreen protection (Cockell and Knowland, 1999; Oren and
Gunde-Cimerman, 2007; Řezanka et al., 2004). It is not surprising that
these compounds are likely to be produced in this period of the year
(i.e., April) with approximately 20 h of sunlight per day (versus 5 h
per day in October). The presence of these compounds in Kongsfjorden
was previously reported and their variability has been related to the
phytoplankton composition (Ha et al., 2012). In stations where these
peaks were more evident, the fluorescence of C1tyr and C3trp were ex-
ceptionally higher (i.e., station 1, 4 and 10). The good correlations
found in April between the absorption coefficients (i.e. a270 and a330)
and the protein-like components (C1tyr and C3trp) suggest that the
MAAs (a330) and algal DOM (a270) significantly contributed to the
DOM tyrosine-like fluorescence, and therefore tomost of the DOM fluo-
rescence in April. It is noteworthy that these signals were more evident
for the stations close to the melting sea ice, a good correlation was in-
deed found between a330 and salinity (Spearman rank correlation, p
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= 0.042, Rho = −0.75). The close intercorrelations between the
highest values of C1tyr and C3trp, the MAAs/algal DOM absorbance sig-
nals, and the melting ice suggest that most of these compounds might
derive directly or indirectly from the melting ice itself. Several studies
have reported the presence of MAAs in the sea ice and their significant
contribution to UV absorption (Arrigo and Thomas, 2004; Fritsen et al.,
2011; Granskog et al., 2015; Norman et al., 2011; Uusikivi et al., 2010).
Moreover, an accumulation of protein-like compounds within the ice
has been observed and attributed to the activity of the algal and micro-
bial ice community (Granskog et al., 2015; Müller et al., 2011; Retelletti
Brogi et al., 2018; Stedmon et al., 2011b). Granskog et al. (2015) sug-
gested that although the sea ice melting may not be the supplier of
CDOM, it can be responsible for the production of specific types of
CDOM, which include some light-absorbing compounds produced
within the ice (e.g. MAAs). Such an explanation is consistent with the
pronounced differences in fluorescent components and in the shape of
absorption spectra between the two seasons (i.e. the presence of two
shoulders at 270 nm and 330 nm in April) in the present study. Mean-
while, the higher Ftot* values (i.e. total fluorescence normalized by
DOC, Table S1) in April versus October indicate that the DOMmolecules
found in April are intrinsically more fluorescent.

The marked seasonal dissimilarity in the fluorescence of C2h and
C3trp may be the result of the complex operation of several factors.
First, the higher C2h fluorescence in October, in agreementwith a higher
abundance of the HS and BB fractions, may be explained by a hypothesis
regarding the contribution of POC degradation. The decoupling in the
concentration between POC andDOC (i.e., low POCbut highDOC) in Oc-
tober suggests that POC degradation may partially contribute to the
higher DOC. Since in this period most of the POC is attributed to terres-
trial OM (D'Angelo et al., 2018), it is reasonable to infer that the POC
degradation, which releases DOC would increase the content of humic
substances rather than fresh materials. Moreover, humic substances
are known to be easily photodegraded (Cory et al., 2007; Liu et al.,
2010; Osburn et al., 2009), and, therefore, their fluorescence is likely
to be lower in April under high irradiation. The higher irradiation can
also partially explain the reduction of C3trp in April. Mayer et al.
(1999) have shown that tryptophan-like compounds aremore sensitive
to photodegradation than tyrosine-like compounds. Secondly, the
strong linear relationship between C3trp and a270 implies that this com-
ponent is partially affected by ice melting. Previous studies revealed the
fundamental role of the microbial community, fueled by DOM, in the
functioning of the Kongsfjorden ecosystem in all seasons (Iversen and
Seuthe, 2011). Due to the strong interconnection between themicrobial
community and DOM, it can be assumed that the variations in abun-
dance and activity of the microbes in different seasons may also affect
the changes of the DOM properties. The lower activity of the microbial
foodweb reported by Iversen and Seuthe (2011) in autumn (September
in their case) can be explained by the higher percentage of humic-like
compounds. On the other hand, a higher bacterial production observed
in spring by Iversen and Seuthe (2011) might be attributed to an in-
crease of labile compounds from sea ice melting.
4.3. Implications for expected future changes in DOM inputs

Multi-year monitoring of oceanographic conditions (2–3 years)
showed a progressive warming of the fjord and an increasing Atlantic
Water intrusion (Divya and Krishnan, 2017; Noufal et al., 2017;
Tverberg et al., 2019). This warming is expected to result in: 1) an accel-
eration of seasonal sea icemelting (Divya and Krishnan, 2017); 2) an in-
creased melting rate and retreat of the glaciers (Hanna et al., 2009;
Luckman et al., 2015); and 3) an enhancement of the stratification of
the water column. The increase in glacier melting and an increase in
winter precipitation (Førland et al., 2011) are likely to bring more sedi-
ments, and, therefore, POC from the land (D'Angelo et al., 2018). Both
the increased particle fluxes, which reduce photosynthetic active
radiation (PAR) penetration, and the enhanced stratification preventing
the upwelling of nutrients will affect (i.e. reduce) primary production.

By reflecting the results from the present study against the backdrop
of the anticipated effects of climate change as mentioned above, some
hypotheses can be suggested. First, it is possible that the increased gla-
ciermelting and POC fluxeswill increase the humic-likematerials in the
fjord. Second, a reduced primary production likely leads to a decrease in
autochthonous DOM during and after spring phytoplankton bloom.
Moreover, two different future scenarios can be presented concerning
the possible effect of ice melting on DOM. Some studies anticipated
the increase in autochthonous and bioavailable DOM due to an increase
in sea ice melting (Underwood et al., 2019), which agrees with our re-
sults that highlighted the importance of sea ice DOM in producing
protein-like compounds. However, other recent studies reported a de-
crease in the formation of seasonal sea ice in this area (Arntsen et al.,
2019; Isaksen et al., 2016). This reduction may, on a longer time scale,
drastically limit the input/production of these labile compounds. Due
to the strong dependence of the microbial community on the amount
and quality of DOM (Logue et al., 2016; Osterholz et al., 2016), these ex-
pected variations in DOM properties with the progress of warming
might ultimately have critical effects on the microbial loop, which will
in turn most likely affect the upper trophic levels.

5. Conclusions

The results of this study confirmed previous findings that the fjord is
dominated by autochthonousmaterials and receives very low terrestrial
inputs.Marked differences inDOMoptical propertieswere observed be-
tween the two periods, whichwas greater than and opposite to the var-
iation inDOC. Through the analysis of the absorption spectra of CDOM, it
was possible to identify the presence of unique compounds produced in
situ as sunscreen (i.e. mycosporine-like amino acids). These results
highlighted the key role of spring sea icemelting, and to aminor extent,
glacier melting, in shaping the DOM optical properties of the fjord, and,
presumably, DOM bioavailability. The close link between DOM and ice
melting suggest that Arctic DOM dynamics and composition could be
highly affected by future climate change, which is predicted to drasti-
cally reduce the sea ice formation/cover in the future.

In this context, more research effort should be invested to predict
the effect of a reduced pulse of organic matter driven by the decline in
the sea ice through in situ experiments and models based on an exten-
sive spatial and temporal sampling scheme to characterize DOM in
these Arctic fjords.
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