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and CO, linkages
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Introduction: The biogeochemical processes underlying carbon cycling in Arctic
coastal systems are rapidly evolving due to intensified ice loss. (Aim) This study
examined the distinct contributions of dissolved organic carbon (DOC) and
particulate carbon from sea ice in Kongsfjorden, Svalbard (Methods) focusing
on the optical characteristics of coloured dissolved organic matter (CDOM) to
trace its fate.

Results: Our results reveal that sea ice melt delivers a complex mixture: specific
types of CDOM and a dominant load of total particulate carbon (TPC) that was
identified as being primarily particulate inorganic carbon (PIC). The fate of the
dissolved fraction was clearly traced by Gaussian decomposition.

Discussion: Sea ice delivered nitrogen-rich organic components, creating spatial
hotspots of aCDOMZ275 at the innermost site and of aCDOM330 at the outermost
site, with a strong correlation with CO,. At the surface, photodegradation breaks
down high-molecular-weight (HMW) (low S275-295) dissolved organic matter
(DOM) into low-molecular-weight (LMW) fractions (high S275-295). Below the
surface, microbial degradation further transforms this organic carbon, promoting
remineralisation processes and releasing dissolved inorganic carbon (DIC) and
CO,. Higher N:P and Si:P ratios and nutrients in these layers indicated enrichment
by meltwater (sea ice/glacial) and microbial organic matter (OM) degradation,
supported by shifts in CDOM spectral properties (SR, S275-295, and S350-400)
and higher CO,. In contrast, the PIC-dominated TPC pool was decoupled from
these biological transformations. Given the accelerating rate of Arctic warming,
the impacts of sea ice and glacial melting on carbon dynamics in fjords like
Kongsfjorden are likely to intensify, with potential positive feedback in the Arctic.
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dissolved organic carbon, total particulate carbon, coloured dissolved organic carbon,
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1 Introduction

Climate-driven changes in the Arctic are having profound and
far-reaching effects on the Earth system and the living beings that
depend on it (Rodven and Wilson, 2022). Arctic marine systems are
experiencing an increased land-water discharge, a trend that may be
exacerbated in the future due to climate warming (Pértner et al,
2019). This influx of freshwater runoff influences the overall
circulation in the Arctic Ocean, which can affect carbon and
nutrient cycles and fluxes (Carmack et al., 2016). Glaciated
environments emerge as focal points in the carbon cycle in polar
and sub-polar regions, playing an important role in maintaining
carbon balance (Lawson et al., 2014; Smith et al., 2017) and
sequestering high volumes of organic carbon (Milner et al.,, 2017;
Wadham et al.,, 2019). Fjords located at the nexus between glacial
and marine environments are important in mediating the flux of
particulate and dissolved carbon from glaciated landscapes to the
open ocean (Hopwood et al.,, 2019). Fjords have been identified as
hotspots of organic carbon sequestration. Compared to the ocean
global average, fjords’ burial rate per area could be much larger (e.g.,
a hundred times) (Seifert et al., 2019). Certain components of the
column, and as sources of readily available organic matter that
sustain aquatic food webs, affect light penetration in the water
column and facilitate the mobilisation and transportation of
pollutants by affecting the release and complex binding properties
(Khoo et al., 2022; Lund-Hansen et al., 2023).

The amount and composition of dissolved organic matter
(DOM) fluctuate across different locations and over time, affected
by its distance from source materials as well as the environmental
changes it undergoes (Coble, 2007; Helms et al., 2008; Hood et al.,
2015). Under certain conditions, processes like sorption, colloid
formation, and precipitation can shift DOM into the particulate
organic matter (POM) pool. Phytoplankton and other marine
microorganisms initially release organic carbon (OC) in the form
of easily degradable metabolites (Moran et al., 2022). The most
defining processes impacting DOM, both quantitatively and
qualitatively, are biodegradation and photodegradation in aquatic
systems (Mopper et al., 2015; Vecchio & Blough, 2002) (Table 1).
Both mechanisms can result in the transformation of DOM into
inorganic compounds, such as CO,, leading to its further removal
from the water column, as well as altering the chemical composition
of DOM (Hansen et al., 2016). Biodegradation and
photodegradation can transform DOM from larger molecules
[high molecular weight (HMW)] to smaller labile compounds
[low molecular weight (LMW)] that are then removed either by
the volatilisation of CO, or by rapid microbial consumption, or can
change labile compounds to HMW refractory material.

To better assess DOM, typically by measuring dissolved organic
carbon (DOC) concentration, it is crucial to have a better
understanding of its composition to understand its role in the
environment (Cantoni et al., 2020; Nebbioso and Piccolo, 2013;
Novak et al., 2022; Stein and Macdonald, 2004). Chromophoric
dissolved organic matter (CDOM), the coloured component of
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DOM, provides valuable insights into biogeochemical processes in
the open and coastal ocean (Matsuoka et al., 2015; Milner et al.,
2017). In contrast to Antarctica, where CDOM is scarce, the Arctic
Ocean is characterised by abundant CDOM primarily sourced from
large rivers (Milner et al., 2017). Matsuoka et al. (2015) showed that
76% of light absorption at 443 nm (top 2-m depth) in the Arctic is
due to CDOM and that changes in the spectral slope of CDOM
absorption (Scpowm) are driven by variations in bacterial production
and abundance (e.g., lower spectral slopes in some Arctic Ocean
water masses are linked to increased bacterial activity). They also
found that of the total non-water absorption at 443 nm, CDOM
remained independent of changes in chlorophyll g; that is, even
when chlorophyll a levels varied, the amount of light absorbed by
CDOM at 443 nm remained relatively constant. This observation
was made in both sea ice and surface waters. Pavlov et al. (2014)
highlighted the predominance of marine CDOM in Kongsfjorden’s
surface waters during summer and the generally low DOC
concentrations (below 90 pumol L™'). However, a more recent
study in the Barents Sea reported that acpon(440) and DOC are
relatively continuous from January to May, even during spring
blooms, peaking until summer (Sandven et al., 2023) (Equation 1).

Although sea ice melting may not be the main source of carbon,
it can produce specific types of CDOM, enriching the system with
different types of OC (Granskog et al.,, 2005). The Arctic sea ice
cover extends throughout the Arctic Ocean in winter and is
characterised by multi-year ice (MYI) and first-year ice (FYI),
with an average thickness of approximately 2 m. Due to warming
during the last decades (Portner et al,, 2019), the extent of MYT has
decreased and been replaced by FYI (Serreze & Stroeve, 2015).
During ice formation, the majority of CDOM from the water
(marine and glacial) column is expelled during the brine rejection
process. However, a small portion of CDOM may become trapped
in the ice and is eventually released back into the water column
when the sea ice melts (Matsuoka et al., 2012; Xie et al.,, 2014).
CDOM in sea ice was found to be two orders of magnitude higher
than in the adjacent water column in Baffin Bay in the Canadian
Arctic and up to four times higher than within sea ice brines in
Antarctica (Logvinova et al., 2016; Norman et al.,, 2011; Stein and
Macdonald, 2004). Further observations have reported that sea ice
can provide an additional input of DOM in these environments,
and CDOM can further contribute to the warming of sea ice by
absorbing shortwave visible radiation (380-760 nm) (Hill and
Zimmerman, 2016). DOM can also be photomineralised to
dissolved inorganic carbon (DIC), with subsequent outgassing of
CO, to the atmosphere (Belanger et al., 2006; Lonborg et al., 20205
Osburn and Stedmon, 2011; Stubbins et al., 2012).

Particulate inorganic carbon (PIC) in Svalbard waters originates
from two primary sources: biogenic material from calcifying
organisms and lithogenic minerals from glacial and terrestrial
runoff. The relative importance of these sources is seasonal, with
a peak in terrigenous carbonates during the summer melt, while
biogenic carbonates dominate for the rest of the year (Koziorowska
et al, 2017). Kongsfjorden, a well-studied fjord in Svalbard, is
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heavily influenced by freshwater and material inputs from both sea
ice and marine-terminating glaciers such as Kongsbreen and
Kronebreen. The geology of the surrounding region is rich in
carbonate-bearing rocks, including limestone (Streuff, 2013;
Fransson et al, 2020). As a result, glaciers are known to be a
significant source of total particulate carbon (TPC) and PIC, of
which the latter is delivered to the fjord as finely ground rock flour
(Gorlich, 1986; Forwick et al., 2010). Sea ice also plays a role in this
process, incorporating minerals like dolomite and calcite during the
freezing of glacial meltwater (Fransson et al., 2020). The cumulative
effect of these inputs is reflected in the fjord’s sediments, which
consist of a mixture of siliciclastic material, biogenic carbonates,
and clastic carbonates from glacial erosion, which in turn can
influence the fjord’s total alkalinity (TA) budget (D'Angelo et al.,
2018; Fransson et al, 2020). Meltwater profoundly affects the
marine inorganic carbon system. This carbonate system, which
consists of CO,, bicarbonate, and carbonate ions, governs seawater
pH and the ocean’s capacity to absorb atmospheric CO,. The
influence of meltwater on this system is twofold and complex. On
the one hand, the large volume of freshwater can dilute the high-
alkalinity seawater, reducing its buffering capacity. On the other
hand, as glaciers interact with the landscape, the meltwater becomes
enriched with dissolved minerals and PIC. TA measurements of
glacial discharge across the Arctic reveal a wide range (20 to 550
umol kg™'), with the highest values corresponding to greater
interaction between meltwater and carbonate-rich bedrock (e.g.,
Wadham et al., 2010; Fransson et al., 2015; Meire et al., 2016). The
dissolution of these minerals can therefore increase TA,
counteracting the dilution effect. Finally, meltwater also affects the
carbonate system indirectly, as the nutrients and stratification it
provides can fuel intense primary production, leading to the
biological uptake of DIC, lower pCO,, and thus higher pH.

Recognising the pressing need to monitor ocean carbon uptake
and storage, the Global Ocean Observing System (GOOS) considers
DOC, DIC, and associated physical properties as Essential Ocean
Variables (EOVs). Assessments of these EOVs are used to inform
policymakers. However, gaps exist in the role and variability of
carbon in coastal glaciated systems (Amon et al., 2024; Bhatia et al.,
2013; Lawson et al., 2014a; Mopper et al., 2015; Musilova et al.,
2017; Wadham et al., 2019). Research on CDOM in Arctic sea ice,
and more broadly on polar sea ice, remains sporadic (Barber et al.,
2015; Castellani et al,, 2022; Mundy and Meiners, 2021). Even
though sea ice is expected to continue decreasing in volume and
area, large uncertainties about its impact on DOM in coastal waters
remain. We hypothesise that sea ice meltwater introduces distinct
types of carbon into Kongsfjorden, influencing transformation
processes and modulating CO,, thereby impacting the coastal
Arctic carbon cycle.

This study has two main objectives: 1) to assess the influence of
sea ice on the carbon pool in an Arctic fjord and 2) to characterise
and, where applicable, link the optical and chemical properties of
DOM in an Arctic coastal environment to better understand carbon
cycling in these settings. We focus on identifying different types of
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CDOM, with an emphasis on spring when detection is most
feasible. As the year progresses, glacial meltwater may dilute
or obscure sea ice-derived carbon, making differentiation
more challenging.

2 Materials and methods

2.1 Study area

Field observations were conducted at Kongsfjorden during
spring, from 20 to 30 April 2023. Kongsfjorden is positioned
approximately 79°N, 12°E at Spitsbergen’s western coast, and it
stretches approximately 25 km long and 5 to 10 km wide (Svendsen
etal, 2002) (Figure 1). Kongsfjorden is home to numerous glaciers,
with roughly 80% of its drainage basin covered by ice (Kohler et al.,
2007). The fjord’s dynamics are strongly shaped by tidewater
glaciers such as Kronebreen and Kongsvegen at its head, as well
as Conwaybreen and Blomstrandbreen along its northeastern and
northern coasts. Notably, Kongsvegen and Kronebreen are
renowned for their high ice flux rates (Schuler et al., 2020), of
which Kronebreen has long been recognised as Svalbard’s most
dynamically calving glacier (Schellenberger et al., 2015; Sevestre
et al.,, 2015). Kongsfjorden is hydrologically linked to the North
Atlantic through the Kongsfjordenrenna, allowing warm Atlantic
water from the West Spitsbergen Current to flow in, which delays
winter sea ice formation. Atlantic water enters along the fjord’s
southern coast, mixing with meltwater and runoff, before exiting
through the northern side, partially via Krossfjorden. The wide fjord
entrance, along with its connection to Krossfjorden, enables ocean
swells from storms to reach the central fjord (Cottier et al., 2007;
Svendsen et al., 2002; Tverberg et al., 2019).

2.1.1 Seawater sampling and hydrography

Seawater sampling was carried out on board M/S Teisten (Kings
Bay) along a transect of five stations and depth profiles (0-25 m)
(Figure 1) spanning from waters in the inner part of the fjord
adjacent to sea ice and glacier front (KB5G) to the mid-part of
Kongsfjorden (at KB3) across Kongsfjorden. The Profiles of salinity,
temperature, fluorescence (chlorophyll a, NU), and turbidity (FTU)
in the water column were acquired at each station from surface to
bottom using a conductivity-temperature—pressure sensor (CTD
profiler Model SD204). A total of 20 water samples were collected
using a single Niskin bottle on a wire, repeated to cover four
different depths in the water column (0-25 m). TPC and DOC
water samples were filtered through pre-furnaced (450°C, 5 h) GF/
Fs (0.7 um) and CDOM samples through Whatman GF/F filters
(0.7 um). DOC and CDOM samples were stored in the dark at —20°
C in polypropylene sterile tubes for later analysis at the University
of Stirling. Samples for carbonate system parameters, including DIC
and TA, were collected in 250-mL borosilicate bottles following
established protocols (Dickson et al., 2007). To preserve the
samples, 50 pL of saturated mercuric chloride was added, and
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FIGURE 1

Map of the study area, Kongsfjorden, with marine water sampling points (blue circles) and sea ice core extraction sites (yellow triangles). Ny-Alesund
research station is indicated by an orange dot. The background image was acquired by the Sentinel-2 MSI on 23 April 2023. Data: Copernicus

Programme/ESA.

they were stored in the dark at 4°C until analysis at the Institute of
Marine Research in Tromse. Nutrient samples were collected in
20-mL High density polyethylene (HDPE) vials, frozen at —20°C,
and later analysed at the Institute of Marine Research in Bergen.

2.1.2 Sea ice sampling

Sea ice samples were collected on 20 and 23 April from two
distinct locations using a KOVACS ice corer (Mark II coring
system, inner diameter 9 cm) (Figure 1). Cores A and B were
obtained from sea ice within the northern region influenced by the
glaciers Kongsbreen and Conway, and Core C was collected from
the inner part and easternmost side of the study area, located near
the glacial front of Kongsvegen (Figure 1). Each core had
dimensions between 40 and 50 cm in length and 9 cm in
diameter and was segmented into four equal sections (top, II, III,
and IV) from top to bottom (IV). Each 10-cm section was thawed at
5°C in a dark room. Subsequently, all samples underwent filtration
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for TPC, DOC, and CDOM, after which they were stored frozen at
—20°C until further analysis at the University of Stirling.

2.2 Samples and data analyses

2.2.1 Coloured dissolved organic matter

CDOM absorbance was measured using a dual-beam
spectrophotometer Cary 4000 UV-Vis with Milli-Q water serving
as a reference. Spectral measurements were collected from 200 to
800 nm at intervals of 0.5 nm. Absorbance a(A) spectra were
transformed to the CDOM absorption coefficients, acpom(A)
(m™), as follows:

aCDOM (A) = 2.303 « a(A)/L (1)

where 2.303 is the natural logarithm of 10, a(A) is the corrected
spectrophotometer absorbance reading at a specific wavelength (),
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and L is the path length of the optical cell in meters (here 0.1 m).
The absorption spectra’s characteristics between 250 and 700 nm
were delineated by determining the exponential spectral slope
coefficient (S), following the methodology outlined by Stedmon
et al. (2001). An alternative approach proposed by Helms et al.
(2008) was also examined, which involved calculating slopes within
two different wavelength ranges (S,75 295 and Ssso_400) and their

ratio (Sr) (S275-295:S350-400)-

2.2.2 Dissolved organic carbon and total
particulate carbon

Samples for DOC were measured on an “enviro TOC
Elementar” analyser following the Total Inorganic Carbon (TIC)/
Total Carbon (TC)/ Total Nitrogen (TN) method. DOC was
calculated as Total Dissolved Carbon (TDC) — DIC = DOC. DOC
instrument detection limit was 0.10 mgC L™". An aliquot of the
sample was first injected into a sparger containing 1% phosphoric
acid (H5PO,) to purge the DIC, which was quantified as CO, by a
non-dispersive infrared (NDIR) detector. A second aliquot was then
injected into a high-temperature (750°C for seawater) combustion
furnace with a platinum catalyst, oxidising all TDC to CO, for
quantification using the NDIR detector. DOC was subsequently
calculated as the difference between TDC and DIC. For TPC, after
filtration, a smaller subsample of the filter was obtained using a
coring tool with an 8-mm diameter, ensuring a proportional
representation of the total filtered material. The dry mass of the
filter used for TPC was measured considering the volume filtered
and analysed using a Thermo Scientific NC-org “Flash smart”
elemental analyser; the detection limit for TPC was 0.0240 mgC
L%, The final mass of C for the triplicate core sections for each
sample was multiplied to account for the full surface area used by
the filter during filtration. To compute the total TPC concentration
per sample, the relationship between the full filter and core filter
areas was considered. Calibration curves for particulate C were
established using weighed solid standards (nicotinamide, 22.83% N
and 59.01% C; Hydrophobic Organic Carbon (HOC), 0.52% N and
7.45% C; NC soil, 0.21% N and 2.29% C; chalk soil, 0.32% N and
4.64% C), covering the full analytical range of our samples. The
resulting regressions showed excellent linearity (R> = 0.9996 for
both C and N), and replicate precision was better than 3% for C.

2.2.3 Inorganic nutrients and carbonate system
parameters

Inorganic nutrients, such as nitrite NO, : (NO,), nitrate NO3:
(NOs), phosphate PO, (PO,), and silicic acid Si(OH),: (Si), were
analysed using spectrophotometric methods following established
protocols (Grasshoff et al., 2009; Gundersen et al., 2022) at the
Institute of Marine Research in Bergen, Norway. In this study,
dissolved inorganic nitrogen (DIN) is defined as the sum of
dissolved nitrate and nitrite (DIN = NO, + NOs3). The analyser’s
performance was validated through routine measurements of
reference seawater from Ocean Scientific International Ltd., UK.
Precision based on triplicate analysis was 0.06, 0.04, 0.06, and 0.07
umol L! for NO,, NOs, POy, and Si, respectively. The lowest
detection limits were 0.06 pmol L! for NO,, 0.5 umol L7! for
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NO5", 0.06 umol L™ for PO,>", and 0.7 umol L™ for Si (OH),. DIC
was quantified using coulometric titration (Johnson et al., 1985)
with a Versatile Instrument for the Determination of Total
Inorganic Carbon and Titration Alkalinity (VINDTA 3C,
Marianda, Tulpenweg, Germany). Alkalinity (TA) was measured
using a VINDTA 3S (Marianda, Germany). The precision for both
TA and DIC was +2 pmol kg™', determined by replicate
measurements of a certified reference material (CRM). Accuracy
was ensured by comparing results against the CRM provided by A.
Dickson (San Diego, CA, USA). The input parameters for
calculating the full carbonate system—using the CO2SYS
program (Millero et al., 2006)—included AT, DIC, nutrients
(phosphate and silicic acid), salinity, pressure, and temperature.
This model calculated in situ pH, partial pressure of CO, (pCO,,
patm), bicarbonate (HCO3"), and CO, concentration (CO,, pmol
kg™") on the total hydrogen ion scale. The dissociation constant for
hydrogen sulphate ([HSO, ]) was taken from A. G. Dickson (1990),
while carbonate system constants were derived from Mehrbach
et al. (1973) as refit by A. G. Dickson and Millero (1987). Borate
concentrations were estimated following Lee et al. (2019).

2.2.4 Data analyses

The graphical software Ocean Data View was used to create x, y
plots and section profiles employing a weighted gridding to
interpolate the measurements spatially at each depth profile. A
Gaussian decomposition method was employed to model the
CDOM absorption spectra and determine specific absorptive
components. This method assumes that deviations, such as
shoulders and peaks, from a typical exponential pattern in the
absorption spectra are due to the significant presence of specific
compounds or structures (Massicotte and Markager, 2016).
Massicotte and Markager stated that this method offers a more
accurate estimation of the spectral slope than other modelling
techniques and eliminates issues related to choosing a wavelength
range. The decomposition was performed over the wavelength
range of 270-700 nm to capture all spectral characteristics using
the Asfit software (Omanovic et al., 2019). The statistical analysis of
the decomposed Gaussian components was conducted in Python.
To examine the relationship between parameters and the properties
of CDOM, Pearson’s method was employed to calculate Pearson’s
coeffcient in Python, and a Kruskal-Wallis test was applied to
define statistical differences throughout the marine stations. For
both methods, Pearson’s correlation and Kruskal-Wallis test, the
Python programming language was used.

3 Results
3.1 Water column properties

3.1.1 Hydrography and water mass composition
Water masses were identified by their temperature-salinity (T-
S) signatures following Svendsen et al. (2002). Distribution varied
markedly among the five stations (Figure 2; Table 2). At KB5G
(innermost), Local Water (LW) dominated the upper 25 m.
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FIGURE 2

Temperature and salinity plot for all depths (0-300 m) to identify water masses in Kongsfjorden during spring. The masses identified were Local Water (LW),
Arctic Water (ArW), and Winter Cooled Water (WCW). Water masses were calculated following Svendsen et al. (2002) and Cottier et al. (2005).

Between 10 and 5 m, the column transitioned through Arctic Water
(ArW) to Winter Cooled Water (WCW), before LW re-appeared at
the surface. At KB4, the surface layers consisted of LW underlain by
ArW at =50 m. At KB5, the profile was almost entirely ArW. At
KB5C (closer to glacier fronts), WCW occupied the full depth.
Transect measurements showed systematic freshening and cooling
from mid-fjord (KB3) to the glacier (Figures 3a, b). Salinity fell from
34.84 + 0.03 at KB3 to 34.20 at KB5G, while temperature declined
from 0.77°C + 0.12°C to -1.13°C at KB5C, confirming WCW
dominance in the inner basin. Turbidity peaked in the upper
10 m at KB3 (12.49 FTU) and KB3/4 (12.43 FTU) and dropped
sharply with depth (minimum 0.42 FTU at 25 m, KB3; Figure 3d).
Elevated turbidity at KB3/4 coincided with the highest surface
chlorophyll a fluorescence (2.49 NU; Figures 3¢, d). In contrast,
high turbidity near the glaciers (KB5C) was accompanied by very

low fluorescence (0.23 NU), indicating predominantly inorganic

particle input.

3.1.2 Nutrients and carbonate system variability
Detectable concentrations of NO, (>0.06 umol L") were found
at the inner fjord, and the highest NO, concentrations were
recorded at KB5 (0.09 umol L™, followed by KB5C and KB5G,
both with 0.08 pumol L™ (Table 3). NOj; varied between 8 and 10
umol L', with the lowest surface values at KB5G and KB3
(Table 3). The highest NO3 and Si values were observed below
25 m at KB3 and at the bottom near the glacier front at KB5C
(Table 3), which was opposite to the PO, distribution (Table 3). Si
had inverse concentrations compared to PO, with lower
concentrations at the inner fjord and higher at the mid-section of
the fjord (Figures 4e, f). TA and DIC showed a gradient of

TABLE 1 Coordinates, sampling dates, and parameters measured or calculated at each station.

Station Lat. ° N Lon.° E Date Parameters

KB3 78.951 11.944 24.04.2023 Hydrography, nutrients, DOC, TPC, CDOM, CO,, DIC, TA, pH
KB3/4 78.932 12.111 24.04.2023 Hydrography, nutrients, DOC, TPC, CDOM, CO,, DIC, TA, pH
KB4 78911 12.201 24.04.2023 Hydrography, nutrients, DOC, TPC, CDOM, CO,, DIC, TA, pH
KB5 78.897 12.202 23.04.2023 Hydrography, nutrients, DOC, TPC, CDOM, CO,, DIC, TA, pH
KB5¢ 78.892 12.341 23.04.2023 Hydrography, nutrients, CO,, DIC, TA, pH

KB5G 78.894 12.353 23.04.2023 Hydrography, nutrients, DOC, TPC, CDOM, CO,, DIC, TA, pH
A 78.976 12.353 20.04.2023 Sea ice core, DOC, TPC, CDOM

B 78.973 12.370 20.04.2023 Sea ice core, DOC, TPC, CDOM

C 78.874 12.466 24.04.2023 Sea ice core, DOC, TPC, CDOM

DOC, dissolved organic carbon; TPC, total particulate carbon; CDOM, coloured dissolved organic matter; DIC, dissolved inorganic carbon; TA, total alkalinity.
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concentrations with the highest mean at KB3 and the lowest at KB5
(Figure 4c; Table 3). The highest DIC and CO, values coincided
with the highest NO; and Si at KB5C and KB3 (Table 3). Finally, pH
indicated a clear gradient with the lowest mean values at KB3 (8.09),
increasing towards the inner section of Kongsfjorden, reaching the
highest mean at KB5 with 8.12 (Figure 4b).

The N:P ratio section (Figure 4g) revealed pronounced spatial
and vertical gradients along the fjord. In the inner fjord (0-2 km),
subsurface layers between 10 and 25 m exhibited the lowest N:P
ratios (~15.5-16.5). In contrast, the surface layers (0-5 m) in this

TABLE 2 Water mass characteristics.

Water mass AW Arw* TAW
Temperature (°C) | >3.0 -15<1.0 >1
Salinity (PSU) >34.9 34.30 < 34.80 >34.7

region displayed slightly elevated N:P ratios (17-18.5) towards the
mid-fjord (3-10 km); N:P ratios increased both with depth and
towards the surface, reaching peak values of 18-18.5, with distinct
local maxima (>18.5) observed at both shallow (5-10 m) and deeper
(>25 m) depths at the outermost stations. Vertically, the lowest N:P
ratios formed a subsurface minimum lens in the inner fjord,
whereas mid-fjord and outer stations were more vertically
homogeneous, with ratios consistently above 17. Similarly, the Si:
P ratio section (Figure 4h) showed clear spatial patterns. In the
inner fjord, subsurface Si:P ratios were the lowest (7.5-8.0) at 10-

WCW LW IW SW
<-=0.5 <1 >1.0 >1.0
>34.4 >34.4 34 <S§<347 <28-30

Adaptation suggested by Cottier et al. (2005). Atlantic Water: TAW, Transformed Atlantic Water; WCW, Winter Cooled Water; LW, Local Water; IW, Intermediate Water; SW, Surface Water;

ArW*, Arctic Water.

Frontiers in Marine Science

07

frontiersin.org


https://doi.org/10.3389/fmars.2025.1688237
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

92UBIDS dULIB Ul SI913UOI

80

640" UISISNUO.Y

TABLE 3 Overview of the mean values +/- standard deviation and the range (minimum and maximum) in the water column (0—25 m) for each station.

Station Salinity Fluo (Chla) T (FTU) NO; (umol/L) NOs (umol/L)  PO4 (umol/L)  Si (umol/L) CO; (umol/kg)  TA (umol/kg)  DIC (umol/kg)
Mean 34.84 + 0.03 0.77 £ 0.12 0.38 + 0.25 346 £521  0.06 £0.01 9+0.35 0.55 + 0.04 4.55 + 0.15 21.07 £ 0.53 2,312 +7 2,169 +9 8.09 £ 0.01
KB3 Min 34.80 0.57 0.14 0.42 0.05 8.44 0.51 4.30 20.51 2,302 2,158 8.07
Max 34.87 0.86 0.80 12.49 0.08 9.32 0.60 4.66 21.92 2,320 2,182 8.10
KB4 Mean 34.81 £ 0.01 0.63 + 0.01 1.07 + 0.87 353 +514  0.06 £0.01 9.22 + 0.40 0.54 + 0.05 4.47 +0.17 20.34 + 0.24 2,310+ 3 2,162 + 4 8.11 = 0.00
Min 34.79 0.62 0.13 0.54 0.05 8.54 0.47 4.18 20.01 2,307 2,157 8.10
Max 34.82 0.64 249 12.43 0.07 9.54 0.59 4.59 20.66 2,314 2,168 8.11
KB4 Mean 34.82 £ 0.01 0.51 £ 0.07 0.48 + 0.32 0.71 £0.03 = 0.07 £0.01 9.07 £ 0.30 0.56 + 0.03 4.52 +0.08 20.66 + 0.09 2,310 + 4 2,164 +3 8.10 = 0.00
Min 34.80 0.38 0.24 0.68 0.06 8.67 0.53 4.43 20.50 2,304 2,160 8.10
Max 34.84 0.55 1.03 0.75 0.08 9.36 0.60 4.59 20.73 2,316 2,169 8.10
KBS Mean 34.76 + 0.03 —-0.07 + 0.04 0.58 £ 0.27 292 +264  0.09 £0.01 9.20 £ 0.17 0.61 +0.03 4.32 +0.06 20.08 + 0.29 2,305 + 4 2,156 + 4 8.12 £ 0.01
Min 34.72 -0.12 0.22 1.30 0.08 9.05 0.55 423 19.69 2,301 2,152 8.11
Max 34.79 0.00 0.97 7.49 0.09 9.47 0.64 4.37 20.40 2,309 2,163 8.13
85 Mean 34.66 + 0.04 -0.92 £ 0.15 0.62 + 0.25 4.15+4.68  0.10 £ 0.01 9.23 + 0.65 0.53 + 0.04 4.50 + 0.26 21.06 + 1.04 2,307 £ 5 2,166 = 11 8.11 £ 0.02
C
Min 34.58 -1.13 0.23 1.36 0.09 8.22 0.47 4.13 19.55 2,301 2,152 8.09
Max 34.69 -0.70 0.94 12.25 0.11 9.99 0.59 4.84 22.37 2,312 2,180 8.14
KB5G Mean 3444 + 0.14 —0.45 + 0.22 0.44 +0.22 1.51 £ 0.07 = 0.08 = 0.00 8.76 £ 0.32 0.50 % 0.05 4.16 + 0.24 20.16 + 0.69 2,308 £ 5 2,161 +9 8.12 £ 0.01
Min 34.20 -0.70 0.14 1.43 0.07 8.25 0.43 3.85 19.28 2,301 2,149 8.11
Max 34.57 -0.17 0.68 1.60 0.08 9.14 0.57 4.51 21.18 2,314 2,174 8.15

TA, total alkalinity; DIC, dissolved inorganic carbon.
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FIGURE 4
Significant (p<0.05) correlation matrix for all parameters considered in this

20-m depth, coinciding with the N:P minimum. Surface Si:P values
were more variable, reaching 8.5-9.0 in isolated patches. In the mid-
fjord, Si:P ratios increased with depth, peaking above 9.0 in deeper
waters at mid-fjord and outer fjord stations. Surface Si:P values in
this area ranged from 8.0 to 8.5, remaining slightly elevated
compared to the innermost subsurface layers.

3.1.3 Organic carbon

DOC showed the mean highest concentration at the station most
influenced by oceanic waters (KB3) (3.66 mgC L™"), whereas TPC
showed the minimum mean values (0.25 mgC L™ at this station
(Figures 5a, b). At KB5, the mean concentrations for DOC were 0.501
and 0422 mgC L' for TPC. KB5G showed similar DOC and TPC
values to KB5 (Table 3). TPC had the minimum concentration (0.175
mgC L") at the outermost station (KB3), whereas the highest was at
KB5 (0.512 mgC L") and KB4 (0.047 mgC L") at the surface
(Figure 5b). Detectable TPC (0.028 mgC L™ was also found in the
shallow layers of KB5G (above 15 m), and DOC exhibited minimum
concentrations below the detection limit (0.100 mgC L") at KB5 (0-10
m) and KB3/4 (25 m), while the highest DOC values (3.66-7.43 mgC
L") were recorded at station KB3 between depths of 10 and 25 m
(Table 3). A spatial gradient in carbon partitioning was observed as
measured by the TPC: DOC ratio (Appendix 6). At the mid station
(KB3), TPC: DOC was consistently low, ranging from 0.04 to 0.13. In
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stations KB3/4 and KB4, TPC: DOC remained below 0.7. The highest
TPC: DOC was observed in the inner fjord at station KB5, where values
stayed consistently above 0.7 and approached 1.0, with a maximum of
0.99 at 5-m depth. This demonstrates a clear spatial trend, shifting from
low TPC relative to DOC at the mid-fjord to a near-equal balance
between TPC and DOC in the inner fjord. The highest DOC
concentrations coincided with high values of CO, at KB3
(Figures 4a, 5a).

3.1.4 Coloured dissolved organic carbon

The absorption of the coloured fraction of organic matter
showed the highest mean values of acpom(330) at KB3
(0.337 m™), followed by the innermost station (KB5G) with
0.269 m™'. Lower mean values were recorded at KB5 with
0.16 m™', followed by KB4. For acpom(275), the highest mean
absorption was found at KB5G (1.139 m™"), followed by KB3
(0.99 m™"), whereas KB5 had the smallest value with 0.721 m™
(Table 4). Spectral slopes (S;75.205 and Szso_s00) depicted the
lowest mean absorption at the mid and innermost stations (KB3
and KB5G, respectively) (Table 4). Additionally, KB5 showed the
highest mean value for S,;5 595 (0.034 m™') whereas station KB4
for S350_400 With 0.013 m™"'. The maximum mean value of Sy was
observed at KB3/4 (3.034 m ') and the minimum at the following
station (KB4) with 2.471 m™" (Table 4).
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FIGURE 5
Profile section of the marine transect for (a) DOC and (b) TPC in the upper 30 m. Black dots indicate the location and depth of water sampling.
DOC, dissolved organic carbon; TPC, total particulate carbon.

TABLE 4 OC, CDOM, slopes, and ratio overview in the water column (0—-25 m).

acpom330  acpom275 DOC TPC S275-205 S350-400
(m™) (m™) (mgC L™ (m™) (m™)
Mean 0.337 + 0.22 0.99 + 0.13 3.663 + 2.53 0.25 + 0.05 0.028 + 0.01 0.010 + 0.00 2.86 + 0.13
KB3 Min 0.203 0.890 1.954 0.175 0.013 0.005 2.640
Max 0.727 1.208 7.431 0.294 0.033 0.011 2,972
Mean 0.228 + 0.02 0.921 + 0.15 0.684 + 0.71 0.307 + 0.04 0.03 + 0.00 0.010 + 0.00 3.03 + 0.479
KB3/4 Min 0.199 0.663 0.100 0.251 0.028 0.007 2.686
Max 0.257 1.050 1.472 0.373 0.032 0.012 3.849
Mean 0.199 + 0.02 0951 +0.05 | 1.058 +0.37 0.308 + 0.8 0.032 + 0.00 0.014 + 0.00 2.47 + 0.40
KB4 Min 0.177 0.860 0.621 0.240 0.031 0.011 1.858
Max 0.238 0.995 1.465 0.427 0.033 0.017 2.879
Mean 0.160 + 0.05 0.722 + 0.13 0.404 + 0.31 0.442 + 0.04 0.034 + 0.00 0.012 + 0.00 2.87 + 0.30
KB5 Min 0.096 0.520 0.100 0.403 0.030 0.010 2.428
Max 0.230 0.876 0.701 0.512 0.037 0.015 3.240
Mean 0.269 + 0.02 1.044 + 0.09 0.904 + 0.09 0.327 + 0.5 0.028 + 0.00 0.010 + 0.00 2.90 + 0.13
KB5G Min 0.249 0.881 0.799 0.283 0.024 0.009 2.776
Max 0.297 1.139 0.989 0.397 0.030 0.011 3.124

OC, organic carbon; CDOM, coloured dissolved organic matter; DOC, dissolved organic carbon; TPC, total particulate carbon.
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3.2 Statistical analyses

A strong link was observed between DOM and its optical
properties. DOC was strongly, positively correlated with
acpom330 (r = 0.89) and moderately with acpom275 (r = 0.59).
Conversely, DOC showed a strong negative correlation with S,75 595
(r

acpom330 and acpom275 were strongly correlated (r

—0.74). The optical parameters were also tightly coupled:
0.89),
similar to S,75_295 and Sss0_400 (r = 0.71). Moreover, carbonate

system parameters were strongly inter-correlated: CO, exhibited a
near-perfect inverse relationship with pCO, (r = -0.98), whereas
CO, and DIC had a strong positive correlation (r = 0.87).
Furthermore, aragonite saturation state (WAr) correlated
positively with pH (r = 0.76) and negatively with CO, (r = —0.93).

DIN showed positive correlations with both PO, (r = 0.67) and
Si (r = 0.69). This signal was linked to the carbonate system: CO,
was positively correlated with both Si (r = 0.77) and DIN (r = 0.50),
and finally, there was a strong negative correlation between pH and
Si (r = -0.81). Dissolved carbon pools were also significantly linked.
DOC showed strong positive correlations with CO, (r = 0.75) and
DIC (r = 0.64) and a strong negative correlation with pH (r = —0.74).
This was supported by optical data, with acpom330 positively
correlating with CO, (r = 0.58) and S,75 595 negatively correlating
with CO, (r = —0.53). Contrastingly, TPC showed an opposing trend
to DOC. TPC was negatively correlated with CO, (r = —0.50) and
pCO, (r = —-0.56) and positively correlated with pH (r = 0.57).
Finally, physical parameters also showed significant correlations.
Salinity was positively correlated with Si (r = 0.56) and PO, (r =
0.44), but negatively with pH (r = —-0.67). Temperature showed a
strong negative correlation with NO, (r = -0.68).

Kruskal-Wallis tests (Appendix 5) identified significant
differences among stations (p < 0.05) for acpom275, acpom330,
CO,, DOC, and NO,. Differences in TPC (p = 0.056) and Sy75_595
(p = 0.050) were near the significance difference threshold but did
not reach it.

3.2.1 Spatial differences and carbon linkages in
the fjord system

At the mid-fjord station KB3, DOC reached 3.66 + 2.50 mg C
L™, and absorption at 330 nm (acpom330) was 0.33 + 0.20 m™, the
highest values recorded along the transect. These peaks occurred at
10-m depth together with the largest inorganic nutrient
concentrations except silicate (Figures 4f, 5a). Optical indices
indicated high-molecular-weight material: both S350 400 and Sy75_
205 were minima, while temperature, salinity, CO,, and pH shifts
were greater than those at the other stations (Figures 4a-f, 6¢). From
25 m to the surface, Sy declined steadily as CO, rose (Figures 4a, 6¢).
The innermost station KB5G showed the highest absorption at 275
nm (acpom275 = 1.04 £ 0.09 m™), matching the nitrogenous
chromophore signal observed at 270-275 nm in sea ice samples
(Figures 4a, 7). The surface waters there contained lower N (8.50
pmol L™, Si(3.85 pmol L™), and PO, (0.43 pmol L™ (Figures 4d,
¢, ). Both S350_400 and S,75 595 remained low, whereas Sp was
relatively high (Figures 6¢c—e).
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3.3 Sea ice

3.3.1 Distribution of DOC and TPC

Sea ice core data revealed a variable stratification in concentrations
of DOC and TPC (Table 5). Notably, DOC concentrations were the
highest at the bottom layer (0.69 mgC L") and the lowest at layers II
and TIT (0.226 mgC L' and 0.218 mgC L™, respectively). In contrast,
TPC exhibited a different distribution, with maximum concentrations
at the top layer (2.293 mgC L™!) and minimum at the bottom layer
(1254 mgC L.

3.3.2 CDOM

Sea ice acponm spectra showed characteristic shoulders within
the range of 260-400 nm (Figure 8a). CDOM at 275 nm showed the
highest absorption at the bottom layer with 1.27 m™" and acpom
(330) at the top layer with 0.78 m™'. In general, acpoym showed a
decreasing gradient from the top layer to layer III, while the bottom
layer showed an increase for both acpom275 and acpom330
(Appendix 2). Spectral slopes exhibited very low variations across
layers; however, S,75 595 showed a slight increase from the top to
layer II, followed by a decrease from layer IT to IV (Table 5). S350_400
showed a gradual decrease from the top to bottom layer (IV), with
maximum values at the top and minimum at the bottom (Table 5).
The Sy ratio also showed a clear decreasing trend from the top to the
bottom layer.

3.3.3 Gaussian decomposition of acpom in the
water column and the sea ice

The absorbing components resolved from each spectrum
showed a gradual increase in diversity throughout the marine
transect (Figure 7). Stations KB3, KB3/4, and KB4 exhibited the
fewest absorbing components (N = 4), followed by KB5 with five
and the innermost station (KB5G) with a total of seven. The analysis
indicated that marine water predominantly displayed peaks
corresponding to specific absorbing components within the range
of 273-390 nm. From mid-fjord (KB3) to the glacier front (KB5G),
the number of individual absorbing components decreased with
depth. The highest peaks were observed at the surface and at 10 m.
Interestingly, KB3 had the overall maximum peak height (0.28 m™"
at 294 nm) located at 10 m, followed by KB5G (0.18 m~' at 324 nm).
Overall, we identified a gradual shift in absorbing components
across the marine transect. At the inner stations, we observed a
higher number of absorption components towards smaller
wavelengths. In contrast, the absorbing components from KB3 to
KB4 were more homogeneous and situated at longer wavelengths
(Figure 7; Appendix 3).

With regard to sea ice absorbing components, our study found
10 absorbing components at the top layers (270, 271, 273, 330, 332,
366, 367, 417, 418, and 493 nm). The diversity of absorbing
components increased from layer I to layer IV, where the highest
number of components (N = 11) was identified. At the bottom
layer, a prominent peak was observed at 276 nm, and a constant
absorbing component was present in all layers at 273 nm (Figure 9).
At the top layer and layer II, four absorbing components peaked at
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~330, 332, 366, and 367 nm (Figure 9). Overall, sea ice absorbing
components shifted gradually from the top to the bottom layers
(Figure 9). The top layers displayed higher peaks, primarily located
at smaller wavelengths, whereas at deeper layers, lower peaks were
observed at longer wavelengths. In general, sea ice exhibited higher
peaks and greater variability of absorbing components compared to
the seawater samples, highlighting differences in qualitative CDOM
characteristics between these environments. In terms of acpom
slopes, all ice cores (A, B, and C) showed a constant decrease from
the top to bottom layers in S,75 295, S350 400, and Sg (Table 5).

4 Discussion

4.1 Water masses and organic—inorganic
carbon connections

Kongsfjorden spring hydrography was a mixture of LW, ArW,

and WCW, driven by glacial melt, sea ice runoff, and incursions of
the West Spitsbergen Current (Table 2; Fransson et al., 2015). Our

Frontiers in Marine Science

temperature-salinity analysis identified these three water masses
distinctly (Figure 2). Salinity fell from 34.84 + 0.03 at KB3 to 34.20
at KB5G, and temperature declined from 0.77°C + 0.12°C to —1.13°
C at KB5¢, documenting a clear LW — ArW — WCW sequence
along the transect. Turbidity and chlorophyll fluorescence further
delineated these regimes. In the LW/ArW transition at KB3/4, high
turbidity (12.5 FTU) coincided with elevated fluorescence (~2.5
NU), consistent with active phytoplankton production and the
subsequent photodegradation of organic matter at surface waters.
Contrastingly, at the inner fjord (>5 m), turbidity remained
elevated, while fluorescence dropped to ~0.23 NU, indicating
minimal primary production and a dominance of microbial
processing in the organic matter cycle backed up by high N:P and
CO, patches. Our data show that the latter is likely a consequence of
remineralisation: CO, concentration was significantly and
positively correlated with the key products of microbial
degradation, including DIN and Si (Figure 10). Furthermore, the
“high N:P” and “Si:P” ratios, which suggest enrichment by
meltwater (sea ice/glacial), were correlated with the optical
properties of organic matter (OM) (Figure 10). These correlations
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Profile section of the marine transect for (a) .cpomz7s, (B) acpomsso. (€) Sr, (d) Sz50-400, and (e) S275-295 in the upper 30 m.

(meltwater — CDOM properties — CO, production) suggest a
narrative for microbial OM degradation. Contrastingly, the TPC
pool was decoupled from this cycle, which showed no significant
correlation with any CDOM or spectral slope properties and was
negatively correlated with CO,, confirming that it was not part of
this biological transformation. Mixing intensified towards the inner
fjord, adding LW, ArW, and WCW layers, but the imprint of ice-
derived inputs on the fjord strongly horizontally stratified the
system. These hydrographic gradients were reflected in nutrient
and carbon distributions: at KB5G, fresh meltwater diluted salinity,
dissolved nutrients (DIN, POy, and Si), DIC, and CO, (Figures 3b,
4d-f). There, both chlorophyll a fluorescence (Appendix 1) and N:P
and Si:P ratios remained low (Figures 4g, h), confirming a dilution
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effect of CO, in areas highly influenced by ice (Figure 4a), rather
than by phytoplankton uptake as previously reported by Hopwood
etal. (2019) and Fransson et al. (2015), most likely due to a diluting
effect caused by sea ice/glacial melting, as supported by high N:P
and Si:P ratios. Additionally, a glacial plume was identified at the
subsurface of the inner fjord, coincident with Darlington et al.
(2015), who observed that the glacial meltwater plume in
Kongsfjorden influences a broader depth throughout the water
column, rising from the grounding line of tidewater glaciers at
approximately 60 m. These, explained further by Everett et al.
(2018), were glacial plumes that mixed the melted and salty waters
throughout the water column, decreasing the fresh signal of a glacial
plume as observed in our study (Figures 3a,b; Appendix 1).

TABLE 5 Sea ice chemical and absorption coloured dissolved organic carbon properties.

Parameters Top ] ] Bottom Mean Range
DOC (mgC L 0.433 0.238 0.218 0.691 0.390 + 0.25 0.110-1.088
TPC (mgC L 2.293 1.278 1.306 1.254 1.292 £ 0.51 1.254-2.293
acpom275 (m™) 0.988 0.831 0.667 1272 0.939 + 0.223 0.667-1.272
acpon330 (m™) 0.778 0.616 0.178 0.449 0.505 + 0.222 0.178-0.778
Sy75-205 (M) 0.021 0.023 0.021 0.018 0.021 + 0.002 0.018-0.023
S350_400 (M) 0.037 0.034 0.022 0.015 0.027 + 0.009 0.015-0.037
NY 1.345 1.160 0.759 0.577 0.960 + 0.306 0.577-1.345

DOGC, dissolved organic carbon; TPC, total particulate carbon.
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4.2 Carbon and CDOM patterns

The significant variability observed across the fjord is likely
driven by a combination of seasonal processes. The spring season
marks the beginning of sea ice thaw and pulses of glacial melt,
introducing cold water and terrestrial-derived carbon into the fjord
(Svendsen et al., 2002). Brogi et al. (2018) found DOC average
concentrations of 4.818 + 1.7 mgC L!in sea ice, whereas 1.321 +
0.42 mgC L' in seawater in spring, while Han et al. (2022) found
average concentrations of 0.804 + 0.08 mgC L' in surface waters
and slightly higher concentrations (0.816 mgC L") at subsurface
waters in the Arctic. Our results for sea ice showed much lower
concentrations of DOC than those reported by Brogi et al. (2018),
with a mean of 0.343 + 0.13, and seawater concentrations varied
significantly throughout the transect, with mean max values at the
outermost station (KB3, 3.66 + 2.19 mgC Lfl) to min values at one
of the innermost stations (KB5, 0.501 + 0 mgC Lfl).

Increases in light availability and stratification at the inner fjord
caused by melting during spring alter primary production, affecting
both DOC and TPC concentrations and distribution (Granskog
etal., 2015; Pavlov et al,, 2019). DOC concentrations were higher in
the mid-fjord throughout the column water, while inner stations
showed depleted DOC reservoirs (Figure 5a), likely due to winter
microbial mineralisation, mainly below 5 m, as previously observed
(e.g., Retelletti Brogi et al., 2019). An exceptionally high DOC
concentration of 7.431 mg/L was observed at KB3 (10 m). Such
concentrations are not unprecedented in Arctic coastal systems
during the spring freshet (e.g., Kohler et al.,, 2003; Holmes et al.,
2023; Cantoni et al., 2020). We interpret this as evidence of a local
hotspot of heterotrophic activity. Elevated concentrations of CO,
and PO, both products of OM decomposition, support this
interpretation. Moreover, low fluorescence and minimal turbidity
suggest that the observed signal was driven primarily by
decomposition rather than by in situ primary production.
Relatively low N:P and Si:P ratios further indicate a terrestrial
origin of the consumed OM. Together, these findings point to a
scenario in which terrestrial DOC was transported into a relatively
stable, marine-influenced location, creating a highly reactive site for
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microbial processing (Figures 4a, g, h, 5a). Inner stations (KB4,
KB5, and KB5G) exhibited high TPC concentrations (Figure 5b).
While TPC includes both organic (POC) and inorganic (PIC)
fractions, the particulate carbon fraction was found to be
decoupled from the fjord’s biological activity. Although measured
as TPC, our statistical analysis revealed its inorganic nature. TPC
showed no significant correlation with any indicators of
phytoplankton biomass (e.g., chlorophyll fluorescence and
nutrients). Instead, its distribution was significantly correlated
with pH and CO,, providing clear evidence that the pool was
dominated by PIC (Appendix 5). The nutrient-rich meltwater likely
fuelled biological responses early in spring during the sea ice brine
release, leaving behind depleted DOC and dead cells. At KB5G,
signals of sea ice-derived HMW OM were prominent at the surface,
reflected in high acpom(275), and low spectral slope values
(Figures 6a, c—e). Throughout the water column, evidence of
CDOM transformation (through both photodegradation and
microbial degradation) (Figures 6¢c—¢) was observed by differences
in spectral slopes (Figure 4), highlighting the role of sea ice and
glacial inputs in introducing specific types of carbon and
transforming it into bioavailable forms in the early freshet.

Higher S;75 295 and S3s0_400 Values are typically associated with
LMW DOM (Stedmon et al., 2000; Helms et al., 2008; Fichot et al.,
2012). The spectral slope ratio Sk has been widely used as a proxy
for the source of DOM. Specifically, lower values indicate a greater
contribution from terrestrial, HMW humic substances (Zhao et al.,
2024; Tzortziou et al., 2008; Helms et al., 2008). This ratio is highly
dynamic. It can increase due to microbial respiration and decrease
via photobleaching. Microbial activity is known to establish an
inverse relationship between Sy and spectral slopes (S,75 295 and
S350-400) (Helms et al., 2008; Moran et al., 2000; Vihitalo and
Wetzel, 2004). Our findings align with this principle, showing an
overall inverse trend between S3s0_400 and Sy (Figures 6¢, d, 10).
However, the relationship with S,75_ 595 was more complex, as mid
stations showed a positive trend and inner stations an inverse trend
below the surface (Appendix 7a, c). Furthermore, the observation
that Sy75_ 595 values were consistently higher than S;s0_409 during
spring suggests a predominantly marine, rather than terrestrial,
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origin (Helms et al., 2008). This pattern in the spectral slopes
further supports a non-terrestrial origin for the dominant DOM
components during this period.

The variability observed in this study is likely driven by the
interplay between the input of different DOM sources from sea ice
and glacial melt, and photodegradation by continuous sunlight
exposure during spring (Logvinova et al,, 2015). Microbial OM
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decomposition processes, evidenced in our study by the positive
correlation between DOC and DIC/pCO, (Appendix 5), also
contribute to variations in CO, levels, influencing OM
transformation routes within the system (Matsuoka et al., 2015,
Vihitalo et al., 2004, Del Vecchio and Blough, 2002). Given the
highly dynamic nature of Kongsfjorden in spring, with increasing
light availability due to the decrease in sea ice coverage and episodic
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meltwater pulses, these factors play a fundamental role in
controlling turnover pathways within the fjord (Table 6) (Mopper
et al,, 2015; Piquet et al., 2014).

4.3 Carbon and nutrient transformations
along the transect

The contrasting characteristics between KB5c and KB5
underscored the complex interplay between sea ice, glacial inputs,
and OM degradation processes. At KB5¢c, N and CO,
concentrations (at >5-m depth) were greater by comparison with
other stations, combined with decreasing temperature and
turbidity, a signature of the microbial remineralisation of DOM
sourced from mixed sea ice and glacial water (Figures 3a, d, 4a, d),
consistent with previous studies (e.g., Halbach et al., 2019; Hood
et al., 2009; Pelikan et al., 2019). In contrast, surface waters (<5 m)
at KB5 were likely dominated by a different process:
photodegradation. The evidence for this was the high S,75 595 and
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low S3s0_400 (Figure 6). This layer also contained high turbidity,
TPC, and high DIN, likely due to the influence of sea ice melt and
allochthonous materials susceptible to fast photodegradation
(Figures 3c, 4, 5b). No high CO, or DIC was observed, most
likely due to meltwater dilution. These findings align with
previous studies (Lonborg et al., 2020; Mopper et al., 2015) that
reported that photodegradation processes are mainly driven by the
availability of allochthonous rather than autochthonous OM on the
surface layer, as non-local OM has been shown to be more
susceptible to photodegradation.

The spatial distribution of CO, showed three hotspots of OC
transformation regimes in Kongsfjorden during our study
(Figure 4a). The first one, a zone of photomineralisation between
the surface and 5 m, was detected at KB5 by increasing S,75 595 and
Sr but decreasing S3so_s400 (Appendix 7a-c), a signal of
photomineralisation as previously reported by Helms et al.
(2008). This process can be traced to a specific source: HMW
OM from sea ice. Sea ice core data provided the “parent” signature
of this meltwater plume, which contained HMW DOM (S,75-
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595 = 0.021, S350_400). When this ice melts, it releases this
allochthonous HMW material into the surface water (e.g., at
KB5), where it is immediately exposed to sunlight. This exposure
drives the photomineralisation, breaking down the “parent” HMW
material (low spectral slopes) into “child” LMW fragments (higher
spectral slopes) (Table 5). This process breaks a3, causing the a,;s:
330 to jump from the parent value of ~1.86 to ~4.0 (3.84-4.39) in
the meltwater plume (Appendix 8). Additionally, the presence of
low N:P ratios (<16) but generally high nutrient concentrations in
this spot suggests a post-bloom setting where freshly generated
DOM went through a photomineralisation regime (Table 6,
Figures 4a, g). No increase in DIC/CO, was detected in this spot,
most likely due to the dilution effect.

The second hotspot regime, observed in deeper waters of the
innermost station (KB5G, >5 m), was characterised by elevated CO,
and DIC together with high nutrient ratios (N:P > 18, Si:P > 8.5)
and an inverse relationship between spectral slopes and Sy
(Appendix 7a-c). These features are consistent with microbial
remineralisation of DOM (Table 6, Figures 6g, h). The high
nutrient ratios and depleted PO, may reflect the combined eftects
of microbial nitrogen regeneration, together with the enriched Si
(Torres-Valdes et al., 2013) glacial plume input described for
Kongsfjorden (McCutcheon et al., 2021). A third CO, hotspot
was identified in shallow waters at the mid-fjord (KB3, 10 m),
representing the strongest microbial degradation regime with both
the highest acpom(275, 330) and CO, (Table 6 and Appendix 7d,e).
This zone was characterised by the lowest spectral slopes and Sg,
suggesting the presence of HMW DOM (Table 6 and Appendix 7a-
¢). The regimes described above show that CO, production in the
fjord is not a single process but is driven by different biogeochemical
pathways at different depths.

4.4 Absorbing components and sea ice/
glacial influence

Sea ice cores showed a constant decrease in spectral slopes from
top to bottom layers, indicating the gradual utilisation of LMW
DOM within the sea ice system, consistent with high microbial
activity rates reported by Piontek et al. (2021). Additionally,
Meiners and Michel (2017) found that microbial activity within

TABLE 6 Summary of key biogeochemical processes found in our study
and the combination of parameters used for their identification.

Process identified Key parameter signatures

Microbial regime Hotspot
(KB3, 10 m)

Lowest Sy75 295 + Lowest S350_400 + Lowest ayy5:
as30 + Highest as39 + Highest CO, + N:P > 16

Photodegradation High ay,5 + High S;75 295 + High Sg + Low S350-

OM from sea ice (surface) 400 + High N:P, Si:P + Lowest PO, + Lowest CO,

Post-bloom Microbial fuel
(KB5, 5 m)

Lowest as3 + Highest Sy75 505 + Highest a,75:a33
+ Lowest N:P/Si:P + Highest PO,

Low Sy75 295 + High CO, + Moderate values for

Subglacial plume (KB5G) all other parameters

Full combination of variables can be found in Appendix.
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the semi-enclosed sea-ice matrix plays a key role in marine surface
biogeochemistry by accelerating nutrient regeneration. More
recently, Tuerena et al. (2022) observed that in spring and
summer, this recycling increases the regenerated nitrogen in the
ice’s nutrient reservoir, which then alters surface-water nutrient
availability during ice-ocean exchanges. It is important to
acknowledge that specific absorption features in complex
environmental samples are not unique identifiers, as many
compounds can absorb at similar wavelengths. Therefore, we
interpret these features within the specific sea ice-influenced
biogeochemical context of the fjord to infer the likely nature of
the dominant chromophores. In our study, absorbing components
such as mycosporine-like amino acids (MAAs) and Extracellular
polymeric substance (EPS), typically associated with sea ice and
cyanobacteria, were observed near sea ice-influenced stations like
KB5G. We found the presence of absorbing peaks approximately
275 nm in sea ice (Figure 9, Appendix 3). While this signal can be
attributed to a variety of hydroxylated aromatic compounds, its
presence in our samples aligns with recent findings by Han et al.
(2022), who identified tyrosine-like (nitrogen-rich) DOM as
dominant in Kongsfjorden during spring. Additionally, a
characteristic two-shoulder peak was found approximately 330-
367 nm (Figure 9, top and II). This feature is strongly associated
with MAAs as previously reported by Carreto et al. (2005) and Xie
et al. (2014). These specific spectral signatures, along with other
absorbing components (between 275 and 360 nm), collectively
support the established role of sea ice in contributing unique OM
to the marine system (Figure 9) (Granskog et al., 2015; Pavlov
et al., 2014).

4.5 Stratification and ice-melt plumes in
carbon dynamics

We observed a strong horizontal gradient along the fjord,
together with a well-developed vertical stratification in the inner
basin caused by the spring melt of sea ice and glaciers (Fransson
et al,, 2016). This stratification was a key control on the fate of the
two distinct carbon pools delivered by the meltwater.

For the DOC pool, the stratification trapped the DOM in the
surface layer, prolonging its UV exposure. This intensified the
photochemical breakdown of HMW DOM into smaller, more
bioavailable fractions, as evidenced by the high spectral slopes in
these waters (Figures 3b, 4e) (Lee et al., 2021). For the TPC pool, the
strong stratification and the buoyancy of the meltwater plume may
have overcome the higher density of the particles, slowing the
export of TPC (dominated by PIC) (Figure 5b). This provides a
physical explanation for the elevated surface-water TPC observed at
the inner-fjord stations. Additionally, the non-significant (p > 0.05)
correlation in our study between TPC, Si, and Si:P indicates a non-
biogenic origin. For example, D'Angelo et al. (2018) found a higher
proportion of opal with respect to OC in spring samples,
characterised by high diatom export fluxes. The lack of a
significant correlation between TPC and either salinity or TA
suggests that the system is not governed by simple two-
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component mixing but by the complex interplay of multiple
freshwater sources with varying particle loads and biogeochemical
processes. Therefore, stratification had a dual and contrasting effect:
it created a surface highly reactive where DOM was rapidly
transformed, boosting its remineralisation as discussed by
previous studies (e.g., Hansen et al., 2016; Lawson et al, 2014;
Rickard et al., 2022; Vihitalo & Wetzel, 2004) while simultaneously
acting as a slow physical conveyor belt for PIC.

Our research demonstrates that sea ice plays essential roles in
shaping the carbon cycle in Kongsfjorden by the introduction of
specific DOC rich in nitrogenous compounds likely through a
mixture of sea ice and glacial melt as shown by the specific
absorption characteristics found by the Gaussian decomposition
(Figure 9), high acpom275 (Figure 4a), and TPC (PIC dominated)
(Figure 5b). This contribution is not unique in its chemical nature;
the TPC: DOC ratio within our sea ice samples averaged 4.8,
indicating a system dominated by particulate matter (Appendix
6). This is more than 10 times higher than the average ratio in the
ambient surface water (0.42), providing quantitative evidence that
sea ice delivers particle-rich material (D'Angelo et al., 2018). It is
important to highlight that most of the glacial meltwater in
Kongsfjorden has been observed to be subglacial, as registered by
How et al. (2017). As sea ice melts and glacial plumes are released,
they deliver mixed autochthonous and allochthonous materials in
the form of TPC and unique CDOM absorbing components
(Table 6; Figure 9). OM is rapidly transformed by
photodegradation on the surface and microbial degradation below
surface depths, driving the remineralisation of carbon and
nutrients, which fuel microbial communities. The latter was
further evidenced by characteristics suggesting microbial recycling
loop: processes driven by sea ice melt facilitate the availability of
labile DOC and contribute to DIC and CO, production, which is
then cycled back into the atmosphere or reincorporated into the
marine carbon pool (Lonborg et al., 2020).

As Arctic sea ice continues to decline and glacial meltwater
inputs increase (Parkinson and DiGirolamo, 2021), the dynamics of
CDOM and carbon cycling in fjords like Kongsfjorden will likely
shift (Logvinova et al., 2016). Our study contributes to this
understanding by demonstrating that these freshwater inputs
deliver two distinct and decoupled carbon pools: a biologically
reactive dissolved organic pool and a particulate inorganic pool.
Zhuo-Yi Zhu (2022) showed that the rising melt DOC flux from
Svalbard’s marine-terminating glaciers, coupled with its rapid
photodegradation in the offshore water column, is turning
adjacent fjords into net CO, sources, results that coincide with
the findings in this study. However, our work adds a critical layer of
complexity by identifying a co-delivered TPC (dominated by PIC)
load that is uncoupled from this biological cycle (non-biogenic),
likely from glacial rock flour and/or material trapped in sea ice. Our
study contributes to this understanding by highlighting the
interconnected roles of sea ice, photodegradation, and microbial
activity in the transformation of carbon in Kongsfjorden.

Future research must focus on quantifying the long-term
impacts of declining sea ice cover on the complex carbon cycle of

Frontiers in Marine Science

10.3389/fmars.2025.1688237

Arctic fjords. A key challenge will be to distinguish the fates of the
two distinct carbon pools delivered by meltwater. Advanced bio-
optical methods, like the CDOM absorbance spectroscopy used in
this study, are essential for recognising the relative contributions of
photodegradation and microbial degradation to the dissolved
organic carbon pool. Simultaneously, these monitoring efforts
must also quantify the flux and fate of the often-overlooked
particulate inorganic carbon and its role in regional alkalinity
budgets. Ultimately, combining traditional biogeochemistry with
continuous bio-optical monitoring will be critical for accurately
modelling the interplay between these different carbon pathways
and predicting the future of carbon fluxes in a rapidly
changing Arctic.

5 Conclusions

Our study demonstrates that sea ice and glacial melt drive
distinctly and decoupled biogeochemical pathways for carbon in
Kongsfjorden. Our results show that the influx of freshwater
delivers two fundamentally different carbon packages: a
biologically active dissolved organic pool and a non-biogenic
particulate inorganic pool. The first of these, the DOC pool, was
successfully traced using acpom. We identified sea ice as a rich
source of nitrogenous organic components, which created hotspots
of acpom275 at the sea ice-glacier front (Figure 1, KB5G). The
subsequent transformation of this DOM was governed by two
processes, which we identified using its spectral characteristics. In
stratified surface waters, photodegradation broke down HMW
(evidenced by low (S,75 295 and Sss0_499) into more bioavailable
LMW fractions (higher S,;5 595 and lower Ssso_490). Deeper in the
water column, microbial degradation was the primary processing
mechanism (Figure 4). The statistically significant correlation
(R* = 0.64, p = 0.005) observed between acpopm(330) and DIC/
CO, (Figure 10) suggests a dominance of the microbial pathway at
subsurface waters, leading to significant carbon remineralisation
(heterotrophic respiration fuelling CO, production). However, this
positive relationship is counterintuitive for the respiration process
(Sulzberger and Durisch-Kaiser, 2009), which would typically show
an inverse relationship as CDOM is consumed and DIC is
produced. This trend is possibly explained as a signature of
meltwater subsidy. The constant injection of meltwater from sea
ice and glaciers acts as a continuous, external source of OM-
enriched water. The mixing of this enriched meltwater (sea ice
and glacial plumes) into the fjord creates a spatial gradient:
locations strongly influenced by meltwater are higher in both
acpom(275) and TPC, as observed in our sea ice cores (DOC and
TPC concentrations) (Tables 5, 6) and the identified glacial plume
at the inner fjord (Figure 5b). Therefore, the observed positive
correlation is not a measure of respiration but rather reflects a
signature of how meltwater may feed the concurrent, spatially
linked input of OM and DIC/CO, precursors via meltwater. The
TPC pool was found to be generally dominated by PIC. This was
suggested by the lack of correlation between PIC and biological
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indicators (e.g., Figure 10; acpom275 and 330, chlorophyll a
fluorescence, and nutrients) and its strong relationship with key
parameters of the carbonate system, specifically pH and pCO,.

Understanding these decoupled transformations is critical for
local and regional carbon budgets. Mistaking the large, chemically
controlled PIC pool for biologically active organic carbon would
lead to a significant overestimation of the fjord’s role in the
biological carbon pump. Accurately predicting the future
trajectory of Arctic climate feedbacks, therefore, requires a clear
distinction between the separate fates of these dissolved organic and
particulate inorganic carbon pools.
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