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Abstract

This study presents a comprehensive analysis of Fluorescent (FDOM) and Chromophoric (CDOM) Dissolved Organic
Matter in the southern Baltic Sea, enhancing our understanding of its composition, sources, and dynamics in a semi-
enclosed marine system. The Baltic Sea’s unique hydrography and strong freshwater inflow served as a natural
laboratory for investigating interactions between terrestrial and marine Dissolved Organic Matter (DOM).

We examined spatial and seasonal variations of CDOM and FDOM, using absorption and fluorescence spectroscopy
combined with parallel factor analysis (PARAFAC). Six fluorophore groups (C1-C6) were identified, with humic-like
components (C1-C3, C5) of terrestrial and marine origin dominating the FDOM composition. Protein-like components
(C4, C6) were more prominent in Open Waters (OW), particularly in late summer and fall. Humic-like fluorescence
intensity (I,) contributed 61-96% to total fluorescence (/). The total fluorescence intensity was much higher in the
Gulf and Coastal Waters, GCW than in the Open Waters (OW) of the Baltic Sea. The vertical distributions of FDOM
varied by region. In the Open Baltic Deep Waters (OBDW) the highest I;, values were observed near the bottom,
likely resulting from diffusion of DOM from sediments, and the lowest at the surface. In the Gulf of Gdansk Deep
Waters (GGDW) I;, was the lowest in the Baltic Sea Winter Water (BSWW). I, was the highest at the surface and the
weakest at the bottom, in both areas.

This study offers new insight into the spatial, seasonal, and vertical behavior of FDOM and underscores its sensitivity
to environmental conditions.
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to thousands of years. Advances in analytical techniques
have greatly improved our ability to resolve this continuum
and to elucidate the transformation pathways linking labile

1. Introduction

Dissolved Organic Matter (DOM) represents the largest
reservoir of organic matter in marine environments, ac-
counting for approximately 97% of the ocean’s organic
carbon, exceeding the carbon inventory contained within
oceanic biomass by more than 200 times (Han-
sell et al,, 2009). This carbon pool is comparable in magni-
tude to the amount of carbon contained within the Earth’s

work, the microbial carbon pump (MCP, Jiao et al,, 2010,

bial processes generate, transform, and sustain refractory
DOM, thereby contributing to its long-term persistence

and refractory DOM pools. Within this conceptual frame-

2011) provides a mechanistic explanation of how micro-

atmosphere and terrestrial vegetation (Hansell and Carl-
son, 2001; Hansell, 2013; Friedlingstein et al., 2025). DOM
is now understood as a heterogeneous continuum encom-
passing rapidly cycled labile fractions as well as long-lived
refractory components with residence times of hundreds

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

in the ocean’s interior. Recent analytical advances have
highlighted the dynamic continuum between these pools.
It is recognized that DOM plays an active and dynamic role
in carbon sequestration through microbial processes (Lgn-
borgetal,, 2020; Wagner et al,, 2020). The vast majority of
the ocean’s organic matter originates from autochthonous
production by photosynthetic autotrophic organisms in
the surface ocean (with a small contribution of chemosyn-
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thetic organisms within the ocean’s interior), and serves
as a substrate supporting vast heterotrophic prokaryote
populations within the entire marine environment (Jiao et
al,, 2010; Hansell, 2013). Most of the autochthonous DOM
is biogeochemically labile and quickly respired to CO,. The
terrestrial sources of DOM contribute to a relatively small
portion (approximately 2-3%) of the oceanic DOM pool
(Opsahl and Benner, 1997). However, this DOM fraction
constitutes a significant component near ocean margins
and semi-enclosed seas influenced by riverine outflows
(Lgnborg et al., 2024, 2025).

Chromophoric dissolved organic matter (CDOM), the
fraction of DOM that interacts with light, significantly influ-
ences the optical properties of natural waters. The CDOM
absorption spectrum is monotonic, featureless and de-
creases exponentially with increasing wavelengths (Jerlov,
1976). On a global scale, the mean relative contribution
of CDOM to the total absorption coefficient of seawater
exceeds 70% in the UV-A spectral range, and decreases
sharply to negligible values in the red spectral range
(<550 nm) (Nelson and Siegel, 2013). CDOM directly im-
pacts the penetration and spectral quality of light in the
water column, thereby influencing vertical heat distribu-
tion and indirectly affecting key processes such as primary
production, thermal stratification, and the exposure of ma-
rine life to ultraviolet radiation (Babin et al., 2003; Cahill
etal, 2023). The global distribution of the CDOM absorp-
tion coefficient at 325 nm, acpom(325), in surface waters
shows a distinct spatial pattern, with minimum values in
the subtropical gyres of the Atlantic, Pacific, and Indian
Oceans, and maximum values in the North Atlantic and
North Pacific (Nelson and Siegel, 2013). This spatial vari-
ability likely reflects differences in the age of water mass,
the ventilation rates, and the sources of CDOM. For exam-
ple, concentrations increase with depth, as photobleaching
is largely limited to the surface layer, especially in the sub-
tropical gyres. In contrast, deep waters, especially of the
Northern Pacific, contain higher levels of CDOM due to the
longer residence time of these waters and the lower ven-
tilation rates. acpom (325) is significantly correlated with
apparent oxygen utilization (AOU) in the deep Pacific and
Indian Oceans. This relationship suggests microbial pro-
duction of CDOM in the ocean interior, where oxygen con-
sumption by microbial respiration contributes to CDOM
accumulation (Nelson et al,, 2010). The global CDOM dis-
tribution points toward dynamic equilibrium between its
production, via, e.g., microbial activity in the deep ocean or
decaying phytoplankton biomass in surface waters - and
its photochemical degradation in the surface mixed layer
(Nelson et al., 2010; Nelson and Siegel, 2013). In continen-
tal margins and shelf seas, the inflow of freshwater, along
with its dilution and mixing with the adjacent marine wa-
ter, further regulates CDOM concentrations in these areas
(Stedmon et al., 2010; Stedmon and Nelson, 2015).

A fraction of CDOM, called Fluorescent Dissolved Or-
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ganic Matter (FDOM), has the inherent ability to emita frac-
tion of the absorbed energy as fluorescence. A fluorescence
spectroscopy technique called the Excitation Emission Ma-
trix (EEM), which involves measurements of emission spec-
tra at a series of successively increasing excitation wave-
lengths, enabled the identification of local fluorescence in-
tensity maxima occurring within characteristic excitation
and emission wavelength ranges that could be assigned to
broad classes of dissolved organic compounds constitut-
ing DOM (Coble, 1996). This technique has significantly
improved our understanding of the complex character-
istics of FDOM by allowing the classification of various
fluorophores based on their distinct excitation and emis-
sion peaks, which can be linked to terrestrial, marine, or
anthropogenic sources (Stedmon et al,, 2003). The appli-
cation of the multivariate statistical method, called Parallel
Factor Analysis (PARAFAC), for the objective interpreta-
tion of EEM spectra has significantly broadened our ability
to analyze these complex data sets, providing valuable in-
sights into DOM production, degradation, and distribution
in various marine environments (Jgrgensen et al., 2011;
Kowalczuk et al.,, 2013; Catala et al., 2016; Zabtocka et al.,
2025).

The Baltic Sea is a shallow, semi-enclosed sea with lim-
ited water exchange and high freshwater input, leading
to elevated concentrations of C/FDOM and a complex in-
teraction of physical and biogeochemical processes that
significantly influence its optical propert ies (Simis et al.,
2017; Kratzer and Moore, 2018). Although there are stud-
ies characterizing FDOM in the Baltic Sea water column
(Kowalczuk et al., 2005b), near bottom waters (Reader et
al,, 2019), surface microlayer (Drozdowska, 2007a,b; Droz-
dowska et al., 2018), and sea ice (Stedmon et al., 2007),
there is a lack of empirical studies on the temporal and
spatial variability of the qualitative and quantitative com-
position of FDOM, based on fluorescence spectroscopy and
multivariate statistical methods. This was the motivation
for the present study, which aimed to investigate histor-
ical, high-quality data sets containing original data col-
lected during multiyear hydrographic surveys conducted
by the Institute of Oceanology in the Baltic Sea between
2008-2013. The primary objectives of this research are:
(i) assess the composition of fluorescent dissolved organic
matter (FDOM) in distinct marine basins of the southern
Baltic Sea, using fluorescence spectroscopy and multivari-
ate statistical analysis (PARAFAC); (ii) characterize the
spatial variability of identified components at horizontal
and vertical dimension; (iii) evaluate the seasonal cycles
of identified FDOM components and calculated spectral
indices; (iv) examine the compositional transformation
of FDOM based on the distribution of spectral indices in
distinct water masses; (v) investigate the spatial and sea-
sonal variability of chromophoric dissolved organic matter
(CDOM), including absorption coefficients, spectral slope
coefficients and SUVA(254).
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2. Material and methods

2.1 The study area

The Baltic Sea (Figure 1) is a shallow and geologically
young semi-enclosed sea located in Northern Europe, con-
nected to the North Sea via the shallow and narrow Dan-
ish Straits. Its extensive drainage area results in a high
freshwater input, which, combined with limited water ex-
change with the North Sea, leads to elevated concentra-
tions of Chromophoric Dissolved Organic Matter (CDOM).
As aresult, the optical properties of the Baltic Sea waters
are highly influenced by the presence of riverine CDOM
(Kowalczuk, 1999).

In the southern Baltic Sea, located within the temper-
ate climatic zone, maximum freshwater inflow typically
occurs in March and April (Figure S1), coinciding with
the spring phytoplankton bloom (Figure S2). River runoff
(approximately 436 km? year™?; Leppiranta and Myrberg,
2009) carries high loads of DOM (3-3.96 TgC year™!) and
inorganic nutrients, which fuel the spring bloom. During
this period, light attenuation increases significantly. In
spring and summer, a density boundary is formed at the
thermocline layer, preventing the mixing of organic matter
(OM)-rich surface water with water below the thermocline.
In summer, the optical properties of Gulf and Coastal Wa-
ters are affected by periodic floods and local upwelling. In
winter, absorption and attenuation decrease as a result of
wind-driven vertical mixing, thermocline disappearance,
small biological activity, and reduced river runoff (Sagan,
1991, 2008; Olszewski et al., 1992; Kowalczuk, 1999). The
absence of thermal stratification allows the convective ver-
tical mixing in the water column to depths of 60-80 meters
(Lepparanta and Myrberg, 2009) where a permanent halo-
cline - a strong physical boundary, is formed. The halocline
inhibits vertical mixing between the oxygenated brackish
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surface layer (salinity of approximately 7-8), and the less
oxygenated (or even anoxic) and saltier deeper waters
(salinity ranging from 10 in northern Gotland to 22 in the
Arkona Basin; Schmidt et al,, 2021).

Below the halocline, absorption slowly increases to-
ward the sea bottom in the blue to green spectral bands.
The scattering, however, remains much higher compared
to overlying waters above the halocline, due to the resus-
pension of particles from bottom sediments and sinking
particulate matter produced in the euphotic zone during
phytoplankton blooms (Sagan, 2008). Below the perma-
nent halocline, a significant anomaly in CDOM distribution,
characterized by its elevated absorption (Kowalczuk et
al,, 2015), was observed. One potential source of the el-
evated CDOM concentrations observed in deep waters is
the release of dissolved organic matter from the sediments
pore water into the overlying water (Reader et al.,, 2019;
Loginova et al., 2024; Terzi¢ et al., 2024).

2.2 Sample collection and processing

2.2.1 Sample collection

Water samples were collected during 27 cruises conducted
over six consecutive years (2008-2013) on board the r/v
Oceania - an Institute of Oceanology Polish Academy of
Sciences (10 PAN) research vessel (Table S1). The water
samples were collected mainly from the Baltic Proper (with
the vast majority of samples collected in the southern part),
Pomeranian Bay, Szczecin Lagoon, and Gulf of Finland
(Figure 1, Table S1).

Water for all parameters was collected with a single
30-liter Niskin bottle deployed through the ship’s winch
system, into acid-washed 20 L canisters. Sampling depths
were selected based on the vertical distribution of hydro-
logical and biooptical properties in the water column (i.e.,
the thermohaline structure and phytoplankton abundance).

Figure 1. Location of sampling stations: left panel - all sampled stations, right panel - stations selected for detailed
analysis; in red: GCD (Gulf of Gdansk and Coastal Waters), in blue: OW (Open Waters), triangle: GGDW (Gulf of Gdansk
Deep Waters), reversed triangle: OBDW (Open Baltic Deep Waters).
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Water samples for CDOM, FDOM and DOC were collected
mainly from: the surface, the middle of the mixed layer, the
thermocline layer (if present), the subsurface chlorophyll a
maximum (if present), below the halocline (if present),
and near the seabed. The water samples for chlorophyll a
concentration measurements were collected mainly from
the surface water and from the maximum chlorophyll a
depth.

At all stations, vertical profiles of temperature and
salinity were measured with a Sea-Bird SBE 49 FastCAT
CTD probe (Sea-Bird Electronics, USA).

2.2.2 Sample processing

The water samples collected for CDOM, FDOM, and DOC
concentration measurements underwent a two-step filtra-
tion process. The seawater was first filtered through What-
man glass-fiber filters (GF/F, nominal pore size 0.7 um)
in order to remove large-size particles, and then through
acid-washed Sartorius 0.2 um pore size cellulose mem-
brane filters, to remove fine-size particles. All samples
were filtered into precombusted 40 mL amber glass vials
and stored at 4°C in the dark, which preserves DOM opti-
cal properties for several weeks (Stedmon and Markager,
2001). Samples for DOC were additionally acidified with
150 uL 0.1 M HCL.

2.2.3 CDOM absorption measurements
CDOM absorption of water samples was measured with
two spectrophotometers. In 2008-2010, spectral absorp-
tion was measured with a double-beam UNICAM UV4 100
spectrophotometer in the spectral range 200-700 nm with
1 nm resolution. In 2011-2013, spectral absorption was
measured with a double-beam PerkinElmer Lambda 650
spectrophotometer in the spectral range 240-700 nm with
1 nm resolution. Two lengths of quartz cuvettes were used
for the measurements: 0.05 m (UNICAM UV4 100 ) and
0.10 m (PerkinElmer Lambda 650). A comparison of mea-
surements from both spectrophotometers showed consis-
tent CDOM absorption values within the expected range of
instrument precision. All absorbance spectra were blank-
corrected using ultrapure water (Mili-Q) as a reference.
A baseline correction was performed by subtracting the av-
erage absorbance in the 650-700 nm region to remove po-
tential background offset. Measurements were conducted
at room temperature.

The CDOM absorbance, A(A1), spectra were transformed
to the CDOM absorption coefficient, acpom(4), using the
following equation:

acpom(?d) = 2.3034(2)/1 (1)

where A(A) is the absorbance, [ is the optical path length
in meters and the factor 2.303 is the natural logarithm of
10.

The slope coefficients of the CDOM absorption spec-
tra, S300—600, Were calculated for the 300-600 nm spectral

428

range (Kowalczuk et al., 2015) from Equation (2):

acpom(A) = acpom(Ae)e ~S* 40 + K (2)
where A4 is 375 nm, and K is a background constant of
the baseline shift resulting from the residual scattering by
fine size particle fractions, micro-air bubbles or colloidal
material present in the sample, refractive index differences
between the sample and the reference, or attenuation not
due to CDOM.

Equation (2) was implemented in the Matlab R2020 en-
vironment by adopting a nonlinear least-squares fit method
(Stedmon et al., 2000; Kowalczuk et al., 2006), with the
use of the Curve Fitting toolbox and the Trust Region algo-
rithm.

2.2.4 DOM fluorescence measurements and the PARAFAC
model

Fluorescent Excitation/Emission Matrices (EEM) of col-
lected water samples were measured with a Varian Cary
Eclipse spectrofluorometer in a 1 cm quartz cuvette. The
excitation spectral range was 240-500 nm with a 5 nm
increment. The emission signal was recorded in a 250-
600 nm spectral range with a 2 nm increment. The mono-
chromator measurement slots, for both excitation and emis-
sion, were set to 5 nm. The excitation energy of every sam-
ple was controlled by adjusting the electric voltage of the
xenon lamp to avoid saturation of the emission signal. In
general, the electric voltage on the xenon lamp was set at
1000V and reduced to 900 or 800 V for samples rich in
FDOM. The emission signal integration time was 0.25 s.
Milli-Q water was used as a reference. The EEMs were
calibrated and normalized against the Raman scatter emis-
sion peak of the MilliQ water sample (Murphy et al.,, 2010),
run on the same day and at the same excitation voltage
as the corresponding samples. Raman normalization was
performed using excitation at 350 nm and integrating the
emission signal over the 380-426 nm spectral range, which
reflects the closest measurable interval to the standard
381-426 nm range. CDOM absorption of the correspond-
ing water samples was used for inner filter correction. The
excitation and emission matrix spectra were processed us-
ing the drEEM toolbox implemented in the Matlab 2013R
environment, according to the procedures described by
Stedmon and Bro (2008) and Murphy et al. (2010, 2013).
The PARAFAC model was applied to a data array of 984
X 53 X 176 (samples X excitation X emission). The re-
sults were validated by split-half validation (Harshman,
1984) applied to independent subsets (S4C6T3 - Splits,
Combinations, Tests).

The PARAFAC model was run with a non-negativity
constraint.

2.2.5 DOC concentrations measurements
The concentrations of Dissolved Organic Carbon (DOC)
were measured in a HiPerTOC analyzer (Thermo Electron
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Corp., Netherlands). The method used was based on UV/
persulfate oxidation and NDIR (Non Dispersive Infra-Red)
detection of evolving CO, (Sharp, 2002). To remove the
residual dissolved CO,, each of the acidified samples was
purged with CO,-free synthetic air. The precision of the
measurement was determined from a triplicate analysis
of each sample. Quality control consisted of the regular
analysis of blanks, as well as accuracy checks based on
comparisons with the reference material supplied by the
Dennis Hansell Laboratory (University of Miami). The
methodology ensured satisfactory accuracy (average re-
covery 93.1% of the certified CRM value; n = 5) and preci-
sion characterized by a relative standard deviation (RSD)
of 2.5%.

2.2.6 Spectral indices

Based on measured DOM absorption and fluorescence
spectra, the following spectral indices were calculated to
describe DOM compositional properties:

(i) SUVA(254) - the carbon-specific absorption coeffi-
cient at 254 nm (Weishaar et al., 2003). This index
was calculated following Equation (3):

acpom(254) 3)
2.303xDOC

where: acpom(254) is a CDOM absorption coefficient
at 254 nm and DOC is a dissolved organic carbon
concentration and the factor 2.303 is the natural log-
arithm of 10.

SUVA(254) =

(ii) HIX - humification index, calculated according to
Zsolnay et al. (1999) (Equation (4)) as the ratio of
the emission spectrum (excited at 255 nm; integral
over the spectral range 434-480 nm, Z:Bg Igm, to
the integral of emission spectrum over the spectral
raB%%e 300-345 nm (excited at the same wavelengths)

345 lEm:
434
H Ig
HIX = — =380 = (4)
300
L 2:345 Igm

(iii) I,/Iy ratio calculated as the ratio of fluorescence in-
tensity of identified protein-like components to the
sum of fluorescence intensities of identified humic-

like components:

Ieat+1Ice

Ly/In = (5)
PIR ™ Tey +lca +1cs +cs

where I, represents the maximum fluorescence in-
tensities (Fmax) of the respective component from
C1 to C6 identified by the PARAFAC model at their
respective excitation/emission maxima. I, values
reflect the relative contribution of each component
to the total fluorescence signal, but do not represent
integrated EEM fluorescence. The spectral charac-
teristics and origins of these are given in Table S2.
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2.3 Statistical analysis

Statistical analysis was performed using SigmaPlot 15.0
and STATISTICA 13.0. The normality of the data distribu-
tion was assessed using the Shapiro-Wilk test. As all of the
data subsets deviated from a normal distribution, nonpara-
metric tests were applied. The Mann-Whitney U test was
used to evaluate differences between two groups (GCW,
OW), while Kruskal-Wallis ANOVA on ranks followed by
Dunn'’s post hoc test was used for multiple group compar-
ison (SW, BSWW, BW). A p-value < 0.05 was considered
statistically significant.

3. Results

Of the total 948 water samples collected during the study
period, 498 were collected in the Gulf of Gdansk, 350 in
open waters, 84 in coastal waters, 24 in the Szczecin La-
goon, 18 in the Pomeranian Bay, and 10 in the Gulf of Fin-
land. Taking into consideration a significantly smaller num-
ber of measurements, samples collected in the Szczecin La-
goon, Pomeranian Bay, and Gulf of Finland were used only
while performing the PARAFAC analysis and then were ex-
cluded from further analysis. The final database was then
divided into two subsets corresponding to the geographi-
cal boundaries of the Baltic Sea: Open Waters (OW) and
Gulf and Coastal Water (GCW), which consisted of Gulf of
Gdansk merged together with coastal waters. Previous
studies showed statistically significant differences in vari-
ability of selected inherent optical properties of seawater
between these two regions (Sagan, 1991; Olszewski et al.,
1992; Kowalczuk 1999; Kowalczuk et al.,, 1999, 2005a,b).
Therefore, in this study, the two regions were analyzed
separately to account for their contrasting optical charac-
teristics. The geographical location of the sampling sta-
tions is presented in Figure 1. In the entire available data
set, 70 stations with depths exceeding 60 meters were
selected to analyze the variability of DOM fluorescence
in the water column. At these stations (as shown in Fig-
ure 1), water samples were collected in vertical profiles.
This data subset was categorized into subsets according
to the location of the measurements: the Gulf of Gdansk -
Deep Waters (GGDW), and the Open Baltic - Deep Waters
(OBDW). Based on existing knowledge about the optical
properties of Baltic Sea water (Sagan, 1991; Olszewski et
al,, 1992; Sagan, 2008; Kratzer and Moore, 2018) and the
hydrographic characteristics of the water masses, samples
collected at various depths were classified into distinct
water masses: SW - surface water (from 0 to 30 m depth),
BSWW - Baltic Sea Winter Water (from 30 down to the
depth of the permanent halocline, approximately 60 m
depth), and BW - bottom waters located below the perma-
nent halocline (Section 3.6).

To provide a better measure of the central tendency
of the distribution and reduce sensitivity to extreme val-
ues, we mainly used the median and quantiles to describe
the seasonal and annual variability of optical characteris-
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Table 1. Minimum, maximum, median and 1stand 3rd quartiles of the physical properties of Baltic Sea water, chlorophyll a
concentration and optical properties of CDOM; N - no. of samples.

Salinity Temperature acpom(350) S300-600 Chla DOC
[°C] [m~] [nm™] [mg m~3] [umol L™1]
All data
Min-Max 0.4-15.7 0.2-19.7 1.32-11.60 0.014-0.029 0.06-46.12 206-712
Median 7.2 9.9 1.85 0.022 3.1 349
Q1,Q3 7.0,7.4 4.0,14.6 1.68, 2.29 0.021, 0.023 1.54,5.42 322,380
N 741 741 859 859 804 762
GCW
Min-Max 0.4-12.2 0.2-19.7 1.32-11.60 0.017-0.026 0.10-46.12 220-712
Median 7.1 10.5 2.05 0.022 3.89 355
Q1,Q3 6.8,7.4 3.9,15.2 1.76, 2.55 0.021, 0.022 1.76, 2.55 326,389
N 490 490 565 565 528 505
ow
Min-Max 6.4-5.7 0.2-18.3 1.33-4.73 0.014-0.029 0.06-12.66 206-471
Median 7.4 9.5 1.69 0.023 1.71 339
Q1,Q3 7.2,7.6 4.3,14.6 1.59,1.82 0.022,0.023 0.60, 3.13 313,367
N 251 251 294 294 276 257

tics. However, mean values and standard deviations will
also be reported to facilitate direct comparison with pre-
vious studies, as these metrics are commonly used in the
CDOM/FDOM literature.

3.1 Hydrological conditions

The sampling was carried out between 2008 and 2013,
from February to November, excluding the summer break
period (June to August), when the r/v Oceania was unavail-
able for scientific research on the Baltic Sea.

During the research, the median water temperature
was 10.0°C, with slightly higher values observed in GCW
(10.7°C) compared to OW (9.5°C); however, the difference
was not statistically significant. The median salinity mea-
sured for the entire data set was 7.2, with higher values
observed in OW (7.4) than in GCW (7.1) (Table 1). This
difference was statistically significant (p < 0.05), confirm-
ing distinct salinity regimes between the two regions. The
lowest salinity value (0.4) was recorded at the ZN2 station
(near the mouth of the Vistula River) in surface water (0 m).
Salinity in water samples collected below the permanent
halocline (below 40-80 m depth; Lepparanta and Myrberg,
2009) always exceeded 7.5.

3.2 DOC concentration

DOC concentration ranged from 206 pmol L™! to
712 umol L=, with lower values in open Baltic Sea wa-
ters and higher in GCW. The difference was statistically
significant (p < 0.05). The median DOC concentration for
the entire dataset was 349 umol L™! (Table 1). These val-
ues fell within typical Baltic Sea ranges and were elevated
compared to oceanic values, reflecting terrestrial input
and seasonal biological activity.

3.3 CDOM absorption

The spatial and seasonal distribution of CDOM in the south-
ern Baltic followed well-established pattern described by
Kowalczuk (1999) and Kowalczuk et al. (2005a,b, 2006).
The median CDOM coefficient at 350 nm, acpom(350), in
the analyzed dataset was 1.85 m~! and was higher in GCW
(1.97 m~1) than in OW (1.69 m~1) (Table 1). This differ-
ence was statistically significant (p <0.05). The CDOM
absorption slope coefficient, S39g9_g009, varied in a typical
range found in marine waters (Stedmon and Nelson, 2015)
from 0.014 nm™? in March to 0.029 nm™! in September,
both obtained for OW samples (Table 1). The median val-
ues of S300—g00: 0.022 nm™~?! in GCW, and 0.023 nm™* in
OW (Table 1), were significantly different (p < 0.05).

3.4 PARAFAC model and DOM fluorescence

Based on 984 measurements of dissolved organic matter
fluorescence excitation/emission matrices, the PARAFAC
model enabled the identification of six main groups of fluo-
rophores (C1-C6) in Baltic Sea waters. Figure S3 presents
the contour ploelden ring minimal route ts and the exci-
tation/emission spectra loadings of the identified compo-
nents, along with the split-half validation results. The exci-
tation/emission characteristics of these identified compo-
nents, along with their comparison to the peaks described
by Coble (1996) and other authors are listed in the Table S2
(OpenFluor database; Murphy et al., 2014b).

The qualitative composition of FDOM in the Baltic Sea
waters was predominantly comprised of terrestrial and
marine humic-like substances (C1-C3,C5). Component C1
(Agx/AEm 250(300) /400 nm) was a mixture of humic-like
substances of terrestrial (peak A - Coble, 1996) and marine
origin (peak M - Coble, 1996). Component C2 (Ag,/Agm
250(345)/418 nm) was a mixture of UV (peak A) and vis-
ible (peak C - Coble, 1996) humic-like substances. Com-
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Figure 2. Composition of DOM fluorescence excita-
tion/emission spectra in: whole data set (All data), Gulf of
Gdansk and Coastal Waters (GCW) and Open Waters (OW)
of Baltic Sea in years 2008-2013. Bar plots represent av-
erage fluorescence intensity of 6 identified components,
whiskers represents the standard deviation.

ponent C3 (Agy/Agm 260(375)/502 nm) was a mixture
of UV humic-like substances (peak A) and soil fulvic acid
(peak D - Stedmon et al., 2003).Component C5 (Ag,/Agm
250/418 nm) was a typical example of humic-like fluo-
rophores identified by Coble (1996) as peak A. Compo-
nents C4 and C6 corresponded to amino acids derivatives
in protein structures. Component C4 (Ag,/Agy, 285/
348 nm) had spectral characteristics similar to Trypto-
phan, and Component C6 (Agy/Agm 270/292 nm) resem-
bled spectral characteristics of Tyrosine.

The average composition of the FDOM components in
the GCW and OW regions and in the combined data set (‘All
data’) is presented in Figure 2. The average values of the
fluorescence intensities of the identified DOM components
were ranked for the whole data set as follows: Iy > I, >
Ic3 > Iy > Ics > Ice. The same compositional pattern was
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also found in two data subsets (GCW, OW). The statistical
datarelating to the fluorescence intensities of the PARAFAC
components (I¢1-I¢g) and the total fluorescence intensity
(Itot) in the entire data set and in the distinguished regions
are listed in Table 2. Higher average values of fluorescence
intensity were observed in the GCW data set, and lower in
the OW, for all components (C1-C6) and for I,,; and these
differences were statistically significant (p < 0.05).

3.4.1 Spatial and seasonal variation of DOM fluorescence
The range of variability of the total FDOM - fluorescence
intensity I, in the Baltic Sea, was from 0.528 to 4.374
R.U.,, with the average value of I;;; = 0.923 R.U,, and the
median value of I;,; = 0.719 R.U. (Table 2). However, the
range of variability in total FDOM fluorescence intensity
differed between the studied regions. In the GCW, the range
of variability of the I, was: 0.549 > I,,; (GCW) <4.374
R.U. and almost overlapped with the range of variability
determined for all data. The average value of the total fluo-
rescence intensity in the GCW was: I, = 0.996 R.U., with
the median of I, = 0.777 R.U. Such a wide range of I
variation in coastal and bay waters, expressed by a very
high value of the standard deviation (0.615 R.U.) and a high
value of the coefficient of variation (61.05%) is typical for
water bodies experiencing cyclical hydro-meteorological
phenomena. In the Baltic Sea, these fluctuations are asso-
ciated with the riverine hydrological cycle, particularly in
the Gulf of Gdansk and the coastal zone, where freshwater
inflows and wind-driven dynamic contribute to intensive
mixing of riverine with marine waters.

In 'contrast, the range of variability of the I, in the OW
within: 0.528 = I¢ow) < 2.420 R.U,, and was much nar-
rower compared to one found in the GCW. The observed
maximum oo value was 2.420 R.U,, almost half of those
in the GCW. In the OW, the minimum /i, ow) value (0.528

Table 2. Minimum, maximum, median and 1st and 3rd quartiles of fluorescence intensities of six identified components
and the total fluorescence intensity in whole data set and in Gulf and Coastal Waters (GG),) and Open Waters (OW) of

Baltic Sea; N - number of samples.

Icy [RU] Iz [RU] I3 [RU] Icq [RU] Ics [RU] Ice [RU] It [RU]
All data

Min-Max 0.155-1.263 0.115-1.765 0.080-1.017 0.031-0.380 0.027-0.400 0.000-0.415 0.528-4.374

Median 0.215 0.172 0.11 0.095 0.089 0.034 0.719

Q1,Q3 0.199, 0.262 0.152,0.128 0.099,0.142 0.086, 0.107 0.083,0.097 0.022,0.052 0.657,0.880

N 860 860 860 860 860 860 860
GCW

Min-Max 0.166 -1.263 0.116-1.765 0.080-1.017 0.031-0.341 0.027-0.400 0.000-0.415 0.549-4.374

Median 0.229 1.184 0.118 0.097 0.09 0.035 0.777

Q1,Q3 0.206, 0.286 0.161,0.263 0.104, 0.163 0.088,0.110 0.083, 0.099 0.023, 0.054 0.686,0.968

N 565 565 565 565 565 565 565
ow

Min-Max 0.155-0.818 0.115-0.570 0.080-0.359 0.062-0.380 0.034-0.354 0.000-0.318 0.528-2.420

Median 0.2 0.156 0.101 0.09 0.089 0.03 0.666

Q1,Q3 0.185,0.212 0.138,0.172 0.092,0.110 0.083,0.102 0.082, 0.095 0.020, 0.049 0.620,0.707

N 295 295 295 295 295 295 295
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R.U.) was also the lowest one observed in the entire data
set. The average and median values of the I, ow) were
much lower, Ii, owy = 0.7849 R.U. and [ owy = 0.666
R.U, respectively. The total fluorescence intensity of DOM
in open Baltic waters also exhibits lower variability
compared to GCW with a standard deviation of
0.41 R.U.

The highest average fluorescence intensity of compo-
nent C1, corresponding to humic substances of terrestrial
and marine origin, was observed in the GCW and amounted
t0 0.288 + 0.179 R.U,, while in the open waters of the Baltic
Seato 0.232+ 0.117 R.U. A similar spatial distribution of
mean fluorescence intensities was observed for compo-
nent C2, representing terrestrial and marine humic-like
substances, and component C3, corresponding to terres-
trial humic-like substances (values given in Table 2). In
contrast, the spatial distribution of the mean fluorescence
intensities for component C4, associated with protein-like
substances similar to tryptophan, and component C6, re-
lated to protein-like substances similar to tyrosine, and
humic-like component C5, was characterized by higher
values in OW and lower values in GCW. The mean fluo-
rescence intensities of components C4, C5, and C6 in OW
were: C4 - 0.109+0.064 R.U,, C5 - 0.102+ 0.061 R.U,,
C6 - 0.044 + 0.043 R.U,, compared to those found in the
GCW: C4 -0.103 £ 0.028 R.U.,, C5 - 0.094 + 0.031 R.U,, C6
-0.041 £+ 0.031 R.U, respectively.

The seasonal variability of total DOM fluorescence in
the GCW in the Baltic Sea (/,ccw)) was characterized by a
distinct pattern with a period of higher values
(Figure 3) that occurred in spring: March to April. The me-
dian Iy,¢Gcw) value in February was 0.719 R.U,, followed
by a slight increase in March (0.852 R.U.), and its maxi-
mum in April (0.884 R.U.). In May, there was a change
in the median /o (cw) to 0.810 R.U. The absence of mea-
surements in June and July makes it difficult to determine
when the first part of the cycle ends. In September, the
median /i, (gew) decreased further (0.735 R.U.), reaching
its minimum in October (Iy,¢cwy = 0.706 R.U.). In Novem-
ber, there was observed slight increase in the median total
DOM fluorescence in GCW (Iiogewy = 0.762 R.U.). The dif-
ferences between the first and second part of a year were
statistically significant.

The annual cycle of the first three components (C1 to
C3) (Figure S4) in GCW corresponded to the annual cycle of
the total DOM fluorescence in GCW. Fluorescence intensi-
ties of each of these components were characterized by an
increase in median values from the beginning of the year
to April, followed by a sharp decline in May. In October,
there was a slight increase in median fluorescence inten-
sity of components C2 and C3. The median value of the
component C1 fluorescence intensity remained similar in
September and October. In November, a minimum was ob-
served in the median values of the fluorescence intensities
of components C1 to C3. The differences were statistically
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significant between the first and second part of a year. The
annual cycle of variability of the fluorescence intensity of
component C5, corresponding to terrestrial humic-like sub-
stances, differed from the fluorescence intensity variability
of components C1 to C3 (Figure S4). It showed a steady
increase in the median value of I¢5 from February until
May. In September, then there was a noticeable drop of I 5
median value to a similar level as observed in March (no sta-
tistically significant differences). Similarly to components
C2 and C3, there was a slight increase in the median fluo-
rescence intensity of component C5 in October, followed
by another decrease in November to the lowest level in the
year (Figure S4). The annual cycle of the humic-like com-
ponents in the bay and coastal waters of the Baltic Sea
(Inewy = Icaeewy + Tez@eewy + c3ewy + Lescew)) (Fig-
ure 3) exhibited higher values from March to May, with
the maximum in March (1.005 R.U.). In the second half of
ayear, Iy cw) declined significantly. The minimum I, gew)
value was observed in February (0.577 R.U.). The annual
cycles of fluorescence intensity of the protein-like com-
ponents C4 and C6 were significantly different from each
other (Figure S4). The annual variation in the median
fluorescence intensity for component C4 featured a maxi-
mum in the median fluorescence intensity in April. From
September there was a gradual decrease in the median
fluorescence intensity of component C4, reaching its mini-
mum in November. The variability of the median fluores-
cence intensity of the protein-like component C6, over the
course of the year, was different from the variability of
the other components. The local maximum in the median
fluorescence intensity of component C6 was observed in
March. In April, there was a decrease, and a minimum
was observed in May (0.028 R.U.). In September, there
was another local maximum, and in October, it reached
its minimum in the annual cycle (0.027 R.U.), and then
it was subsequently increasing in November. The annual
cycle of the protein-like components in GCW of the Baltic
Sea (Ip(GCW) = IC4—(GCW) + IC6(GCW) (Figure 3) was charac-
terized by a maximum median fluorescence intensity in
March (0.176 R.U.), followed by lower values during the
next months, until it increased again in September (0.164
R.U.) and dropped again to the minimum in October (0.125
R.U.). In November there was an increase of I,(gcw), to the
avalue of 0.153 R.U.

The seasonal variability of the total DOM fluorescence
in the open waters of the Baltic Sea (Ii,tow)) is shown in
Figure 3. Changes in the fluorescence intensity variability
over the course of a year in OW were minor. The high-
est median of I;oow) was observed in March (0.682 R.U.)
and the lowest in October (0.650 R.U.). The median val-
ues of total fluorescence intensity in other months were
as follows: April - 0.677 R.U., May - 0.670 R.U., Septem-
ber - 0.650 R.U. Only the differences between March and
September and March and October were statistically sig-
nificant. The median of fluorescence intensity of compo-
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Figure 3. Monthly aggregated total dissolved organic matter fluorescence intensity (I;,.), fluorescence intensity of
protein-like components (I,,), and fluorescence intensity of humic-like components (/) over six years in GCW and OW
of the Baltic Sea. Median values are marked with the red solid line, mean values are marked with the black solid line,
10th and 90th percentiles are marked with the whiskers, and25 th and 75th percentiles with the box. Dots represents

outliers. Note different y-axes scales.

nent C1 in OW decreased slightly from March (0.207 R.U.)
to September (0.189 R.U.) (Figure S4). Similarly, the me-
dian fluorescence intensity of component C2 was also high-
est in March (0.162 R.U.). On the other hand, the respec-
tive median values of fluorescence intensity of component
C3 and C5 reached their maxima in May (I¢3ow) = 0.105
R.U, Icsowy = 0.094 R.U.). Conversely, in September, the
respective median values of fluorescence intensity of all
humic-like components (C1-C3, C5) were at their mini-
mum (ICI(OW) =0.189 RU, Icz(ow) =0.139 RU, IC3(0W) =
0.095R.U,, I¢c50wy = 0.086 R.U.) (Figure S4). The annual cy-
cle of the humic-like components in the open waters of the
Baltic Sea (Incowy = Ic1cowy * Iczcowy +Iesowy +1csowy)
(Figure 3) exhibited monthly fluctuations with the highest

value in March (0.564 R.U.), and the lowest in September
(0.517 R.U.). The differences between the first and sec-
ond part of a year were statistically significant (p < 0.05).
Component C4 exhibited the highest median value of the
fluorescence intensity in May (0.091 R.U.), and the lowest
in October (0.086 R.U.). Furthermore, the median value
of the component C6 fluorescence intensity reached maxi-
mum in September (0.040 R.U.) and two minima in March
and October (0.028 R.U.) (Figure S4). The annual cycle
of the protein-like components in the open waters of the
Baltic Sea Up(OW) = IC4(0W) + IC6(OW) [Figure 3) was char-
acterized by two maxima, in September (0.137 R.U.) and
in March (0.135 R.U.) and a minimum in May (0.114 R.U.).
Differences between the medians of all six components
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were statistically significant between the first and second
part of a year.

3.5 Spatial and annual distribution of the HIX index,
I,/1, ratio, and a carbon specific absorption coef-
ficient, SUVA(254)

The range of variability in the HIX values determined for

the entire data set contained within 2.154 and 17.688, with

amedian of 4.074 (Table 3). In GCW, the values of HIXgcw)
were between 2.339 and 17.668, nearly identical to the
range determined for all data. The HIX(gcw) median value
was 4.271. In contrast, the range of variability in HIXow,
values was significantly smaller, and contained from 2.154

06
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to 5.885. The HIX(ow) median value was 3.803.

The annual variability in the HIX(gcw) values in GCW
showed two periods of elevated values (Figure 4). The first
increase in median HIXcw) values was observed in March
(4.275) and reached a maximum in April (4.821). In May,
there was a decrease in the median HIX(gcwy to 4.583. The
annual HIXcwy minima were noted in February (3.634)
and in September (3.718). The low HIX value indicated a
lower saturation of DOM with polyaromatic compounds.
The annual cycle of the median HIX(ow, values showed
a pattern similar to that observed in GCW - the highest
HIXow) value was recorded in April (4.116) and the lowest
in September (3.456).
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Figure 4. Monthly aggregated dissolved organic matter fluorescence intensity of protein-like to humic-like components
ratio (I, /1), Humification Index (HIX) and carbon specific absorption coefficient (SUVA(254)) over six years in GCW
and OW of the Baltic Sea. Median values are marked with the red solid line, mean values are marked with the black
solid line, 10th and 90th percentiles are marked with the whiskers, and 25th and 75th percentiles with the box. Dots

represents outliers. Note different y-axes scales.
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Table 3. Minimum, maximum, median and 1st and 3rd
quartiles of fluorescence intensities of carbon specific
absorption coefficient (SUVA(254)), Humification Index
(HIX) and dissolved organic matter fluorescence inten-
sity of protein-like to humic-like components ratio (I, /1),
in whole data set and in Gulf and Coastal Waters (GG),
and Open Waters (OW) of Baltic Sea; N - number of
samples.

SUVA(254) [m? gC™1] HIX Ip/In
All data
Min-Max 1.027-5.828 2.154-17.688 0.038-0.631
Median 1.701 4.074 0.213
Q1, Q3 1.548, 1.898 3.612,4.664 0.178,0.267
N 761 859 860
GCW
Min-Max 1.027-5.828 2.339-17.688  0.038-0.637
Median 1.757 4.226 0.202
Q1, Q3 1.596,1.967 3.754,5.054 0.165, 0.245
N 504 564 565
ow
Min-Max 1.160-4.047 2.154-5.885 0.130-0.641
Median 1.592 3.799 0.225
Q1, Q3 1.488, 1.746 3.434,4.222 0.192,0.264
N 257 295 295

Based on the conclusion of the study by Kowalczuk et al.
(2013), the ratio of the sum of the fluorescence intensity of
protein-like FDOM components to the sum of the fluores-
cence intensities of humic-like FDOM components, Ip/lh,
was used as an indicator of the presence of autogenic DOM.
The range of I, /I, values determined for the entire data
set was 0.038 to 0.641, with a median value of 0.213. The
variability of I, /I, values differed significantly across the
studied regions (p < 0.05). In GCW, the range of I,, / Incew
was from 0.038 to 0.637 with a median of 0.202. The range
of I, /Incow) in OW was greater than in GCW, and it was
shifted toward higher values (from 0.130 to 0.640). The
median I,/ Ipow, value was 0.225.

The annual cycle of I, /I gcw; values in GCW exhibited
an opposite cycle compared to the annual cycle of HIX(gcw
(Figure 4). The median I, /I cwy value in February was
0.244. In March, the median value decreased to 0.207,
reaching the annual minimum in April (0.174). In May,
the median I, /I, gcw) increased slightly in May to a value
of 0.178. The median I, /Iy cw) value reached its annual
maximum in September (0.249). The median I, /Iy ccw),
declined to 0.196 in October and to 0.186 in November (no
statistically significant difference between those two).

The annual cycle of I, /I, ow) observed in the open wa-
ters of the Baltic Sea, was similar to observed in GCW. In
March, there was the lowest median value of I, /I ow)
- 0.208. Elevated I, /I ow) median values were also ob-
served in following spring months, in April (0.218) and
May (0.215), showing no statistically significant deviation
from the March median (Figure 4). In September, the me-
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dian L, /I ow) value reached its maximum (0.259).

The SUVA(254) index is correlated with the number of
aromatic rings in DOM molecules (Weishaar et al., 2003).
The observed range of SUVA(254) values in the Baltic Sea
was between 1.027 and 5.828 m? gC~1, with a median of
1.701 m? gC~! (Table 3). In the GCW, the range of
SUVA(254)ccw) variability overlapped with one reported
for the entire data set. The median SUVA(254)cw) was
1.757 m? gC~*. The range of variability of SUVA(254) ow,
values in OW was smaller, between 1.160 and
4.047 m? gC~'. The median SUVA(254)w) was 1.592
m? gC~1. The annual cycle variability of the median SUVA
(254) Gewy values was characterized by stability in the win-
ter and spring months (Figure 4, Table 3). The median
SUVA(254) gcwy values in March (1.740 m? gC~*, April
(1.739 m? gC~1) and May (1.788 m? gC~1) did not show
a statistically significant difference (p > 0.05). This situa-
tion indicated a very strong influence of terrestrial DOM
on the FDOM composition. In September; a statistically
significant (p < 0.05) decrease in median SUVA(254) cw)
value to 1.673 m? gC~! was observed, followed by a subse-
quent increase in October (1.786 m? gC~1). The median
SUVA(254) cw) reached its maximum value in November
(1.990 m? gC™1).

In the open Baltic Sea, the SUVA(254)ow) underwent
dynamic fluctuations throughout the year. The most sig-
nificant changes were observed in the first half of the year.
There was a relatively high median SUVA(254)ow,) ob-
servedin March (1.647 m? g C™1), and there was a decrease
in April (1.857 2 gC™1) followed by an increase in May
(1.444 2 gC~1) and September (1.612 2 gC™1), reaching
the annual maximum in October (1.703 2 g C™1). All differ-
ences were statistically significant (p < 0.05).

3.6 Environmental variables controlling the variability
of FDOM

The DOM fluorescence intensity depends on the amount
of energy absorbed by CDOM. The existence of a linear
relationship between the light absorption coefficient of
CDOM (acpom(4)) and the total fluorescence intensity of
DOM (I;,) has been well documented (Ferrari and Tassan,
1991; Ferrari and Dowell, 1998; Kowalczuk et al., 2005a,b,
2010). The regression analysis between acpom(350) and
I+ calculated for our data set, confirmed a close, linear
relationship between those parameters with a very high
correlation coefficient, R = 0.97 (Figure 5). Such a close
linear relationship between acpon(350) and I, allowed
the use of DOM fluorescence measurements as a proxy of
CDOM absorption level in the Baltic Sea. Further analysis
revealed that the strong relationship between acpom(350)
and I, results from the presence of “humic-like” fraction
in FDOM mixture (Figure 5).

Regression analysis between the total fluorescence in-
tensity of DOM and salinity revealed a significant corre-
lation (R = —0.90), particularly in the mixed layer from
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Figure 5. Distribution of total dissolved organic matter fluorescence intensity (I,;), fluorescence intensity of humic-like
components (I,), and fluorescence intensity of protein-like components (I,) in relation to light absorption by CDOM

(acpom(350)). Color bar shows sampled depth.
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Figure 6. Distribution of total dissolved organic matter fluorescence intensity (I,;), fluorescence intensity of humic-like
components (), and fluorescence intensity of protein-like components (/) in relation to salinity. Color bar shows

sampled depth.

the surface to 30 m deep, with salinity below 7.5. This
indicates that the mixing of freshwater with marine wa-
ter is a key factor influencing the distribution of FDOM
in the southern Baltic Sea. An even stronger inverse cor-
relation with salinity showed the humic-like fraction of
DOM (1) (R = —0.91) (Figure 6). In water samples col-
lected from areas where salinity is 7.5 or higher, and at
depths greater than 30 m, there was only a slight decrease
in both, total (R = —0.32) and humic-like (R = —0.56) DOM
fluorescence intensity with increasing salinity (Figure 6).
Analysis of the relationship between fluorescence inten-
sity of protein-like components and salinity (Figure 6),
together with results from previous studies (Kowalczuk
etal, 2015; Reader et al,, 2019; Terzi¢ et al., 2024; Logi-
nova et al,, 2024), suggests that protein-like components
in the Baltic Sea originate primarily from autochthonous
sources such as phytoplankton blooms and microbial activ-
ity. Unlike humic-like fluorescence, I did not show a clear

relationship with salinity below 7.0, indicating that its dis-
tribution was mainly driven by local biological production
rather than the mixing process. At higher salinity (>7.5),
microbial transformation of DOM and sediment-related
inputs may also contribute to the observed variability. The
correlation between fluorescence intensity of component
C4, I 4, and chlorophyll a concentration (Figure 7, Table 4),
described by a power function, although weak (R = 0.45),
indicated that component C4 was formed locally through
phytoplankton activity or degradation. Similarly, Terzi¢
etal. (2024) reported a comparable yet stronger relation-
ship (R = 0.77) between a;;1(676) (an optical proxy to es-
timate chlorophyll a concentration; Roesler and Barnard,
2013) and FDOM-Ch3 (the fluorescence intensity of the
protein-like fraction of FDOM) in surface waters of the
Baltic Sea. The negative correlation (R = —0.84) between
the Humification Index (HIX) and salinity found in the
mixed layer (salinity below 7.5) of the Baltic Sea (Figure 8)
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Figure 7. Distribution of the fluorescence intensity of the
protein-like component C4, IC4, in relation to chlorophyll
a concentration (Chla).
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Figure 8. Distribution of the Humification Index (HIX) in
relation to salinity. Color bar shows sampled depth.

was an evidence that DOM delivered to its environment
had typically a high molecular weight and was enriched in
aromatic structures - characteristics that are associated
with higher HIX values (Zsolney et al., 1999; Huguet et
al,, 2009) - which decrease during water masses mixing.
In the water below pycnocline, HIX values remained rela-
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tively stable and showed no clear correlation with salinity
(R = 0.011) (Figure 8) suggesting that the humification
process in deeper layers was less influenced by salinity gra-
dients. Minor fluctuations in HIX may result from the input
of organic matter from sediments or its microbial trans-
formation, enriching FDOM with humic-like components
(Kowalczuk et al,, 2015; Loginova et al., 2024).

3.7 Vertical variability of DOM fluorescence in the

Gulf of Gdansk and the Open Baltic waters
To characterize hydrographic and optical conditions on the
vertical scale, the distributions of median values of salinity,
temperature, acpom(350), and S3g0_g00, in distinct water
masses occurring in the Gulf of Gdansk and the open Baltic
Sea deep stations (GGDW and OBDW, respectively) are
presented in Figure 9 and Figure 10.

The lowest salinity (6.4) in the data set was recorded
in the surface water (SW) of the Gulf of Gdansk (GGDW),
attributed to the mixing of freshwater of the Vistula River
with seawater. In GGDW, salinity values increased with
depth, reaching a median of 10.4 in the Bottom Water
(BW). The respective water masses in the OBDW data sub-
set were more saline. The salinity median values were:
S = 7.3inthe SW, S = 7.4 in the Baltic Sea Winter Water
(BSWW), and S = 10.8 in the BW, due to longer distance
from freshwater source and easier penetration of more
saline water from the Danish Straits (Figure 9). The dif-
ferences in salinity across depth layers were statistically
significant in both regions.

The median values of the temperature (Figure 9) re-
flected the intensity of thermodynamic processes at the
Baltic Sea surface. The highest median temperature and
the broadest range of temperature fluctuations were ob-
served in the surface layer in both GGDW (T = 10.9°C) and
OBDW (T = 11.0°C) stations. This variation was linked to
the seasonal heating of the sea surface layer due to the ab-
sorption of solar radiation, and its cooling due to the emis-
sion of long-wave thermal radiation. The BSWW, which is
controlled by the convective mixing of surface water with
deeper layers during winter, exhibited the smallest range
of variability in temperature. The median temperature in
BSWW was 3.1°C in GGDW, and 3.5°C in OBDW. In the deep
waters of the southern Baltic Proper (OBDW), the median
temperature (T = 5.2°C) was approximately 1.0°C higher
than in the GGDW. In both areas, temperature differences
between layers were statistically significant.

The vertical distribution of acpon(350) exhibits dis-
tinct patterns in GGDW and OBDW (Figure 10). In the
GGDW, the highest values of acpon(350), were observed
in surface waters (1.81 m~1), decreasing in the Baltic Sea
Winter Water (acpom(350) = 1.65 m™1) and the Bottom
Water (acpom(350) = 1.65 m™1). In OBDW, the median
value of acpom(350) in the Bottom Water was 1.65 m™1,
followed by a slight increase in the BSWW (acpom(350) =

1.68 m~1) and then a small decrease in the SW (acpom
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Figure 9. Median distribution of salinity and temperature in different water layers in the Gulf of Gdanisk Deep Waters
(GGDW) and the Open Baltic Deep Waters (OBDW). Median values are marked with the solid line, mean values are
marked with the dashed line, 10th and 90th percentiles are marked with the whiskers, and 25th and 75th percentiles
with the box. SW - Surface Water, BSWW - Baltic Sea Winter Water, BW - Bottom Water.

(350) = 1.63 m™1). However, in this region, the differences
between layers were statistically insignificant. The ver-
tical distributions of S3g_goo in both GGDW and OBDW
exhibited the opposite vertical distribution compared to
acpom(350) (Figure 10), having the lowest median val-
ues in BW, and the highest in BSWW (GCWD) and in SW
(OBWD). Significant differences were found between SW
and BW in both areas, and between SW and BSWW in
OBDW.

The box plots presented in Figure 11 show the aver-
age fluorescence intensities, and standard deviations, of

the identified components in various hydrographic water
masses. The graph revealed a notable degree of similar-
ity, indicating a relatively consistent composition of FDOM
throughout the examined areas of the Baltic Sea. In this
composition, humic-like components are predominant. In
contrast, protein-like components contributed less to the
total fluorescence intensity. The arrangement of these com-
ponents remains uniform across the selected regions and
the various vertical layers of water, with only slight varia-
tions in the values of individual components within specific
regions and water masses.
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Table 4. Regression analysis of the selected parameters.

Dependent Independent Condition(s) Equation R N

Tior acpom(350) - Ior = 0.342 X acpom(350) +0.078 0.97 822

Ih aCDOM(350) - Ih, = 0.330XaCD0M(350)—0.036 0.98 822
. Salinity < 7.5 _ .

Tiot Salinity Depth <30 m Iyor = —0.471 X Salinity + 4.102 0.95 598
. Salinity > 7.5 _ .

) (9 Salinity Depth > 30 m Itor = —0.010 X Salinity + 0.768 0.44 70
- Salinity < 7.5 _ -

In Salinity Depth <30 m I, = —0.455 X Salinity + 3.847 0.95 602
. Salinity > 7.5 _ - -0.13 124

In Salinity Depth > 30 m Iot = —0.002 X Salinity + 0.565

HIX Salinity Salinity < 7.5 HIX = —1.460 X Salinity — 0.904 —-0.90 626

HIX Salinity Salinity > 7.5 HIX = 0.030 X Salinity +4.028 0.12 76

S300-600 HIX - S300—600 = 0.011 X exp(—0.107 X HIX) + 0.015 0.71 845

Ica Chla - Ica = 0.09 X Chla®77 0.44 771

Figure 12 presents the vertical distribution of median
values of fluorescence intensities of the first three compo-
nents: C1, C2, and C3, in the GGDW and the open Baltic
Sea (OBDW). There were noticeable differences between
these two regions: in the GGDW, the median values of flu-
orescence intensities of the humic-like components were
higher compared to the OBDW. In the gulf and coastal wa-
ters of the Baltic Sea, a slight decrease in the median of
fluorescence intensities values of components C1 through
C3, was observed in the BSWW (I¢qcepw) = 0.204 R.U,,
[CZ(GGDW) =0.160 RU, IC3(GGDW) =0.105 RU), followed by
a statistically significant (Kruscal-Wallis test, p < 0.01) in-
crease in these values in BW for components C2 (I¢zggpw) =
0.179 R.U.), component C1 (I¢1cepw) = 0.206 RU.) and
component C3 (I¢3gepw) = 0.112 R.U.). However, it should
be noted that for components C1 and C3, the differences
between the water layers were not statistically significant,
while for C2, a significant variation was observed only be-
tween the BW and BSWW layers. A different pattern was
observed in the vertical distribution of the median fluores-
cence intensity values for components C1, C2, and C3 in
the open waters of the Baltic Sea. In this region, the lowest
median values of the fluorescence intensity for these com-
ponents was observed in the surface layer, (Ic10ppw) =
0188 RU, ICZ(OBDW) = 0139 RU, 1C3(OBDW) = 0095 RU),
with an increase in the BSWW (I¢1oppw) = 0.206 R.U,,
[CZ(OBDW) = 0.155 RU, IC3(OBDW) = 0.101 RU), and the
highest values in BW ([Cl(OBDW) =0.204 RU, ICZ(OBDW) =
0.176 R.U,, Ic3¢0Bpw) = 0.109 R.U.). The difference in I¢;
between BSWW and BW layers was not statistically sig-
nificant, and similarly, no significant differences were ob-
served for components C2 and C3 between SW and BSWW.
The vertical distribution of median values of the fluores-
cence intensity of the protein-like components C4 and
C6, and the humic-like component C5, exhibited distinct

pattern, as shown in Figure 13. In both regions, GGDW
and OBDW, median fluorescence intensity values of C4,
I¢c4, corresponding to tryptophan, consistently decreased
with depth, showing the highest values in SW (I¢4copwy =
0.096 R.U,, Icgoppw)y = 0.091 R.U.) and the lowest in BW
(IC4(GGDW) =0.082 RU, IC4(OBDW) =0.077 RU) Between
BSWW and BW layers, no statistically significant differ-
ences were found. A similar trend was observed for the
vertical distribution of the median fluorescence intensity
values of C5, I¢5, with a substantial decrease in the BW
layer. In the OBDW region, this decrease was statistically in-
significant. The vertical distribution of the median fluores-
cence intensity values of C6, I ¢, corresponding to tyrosine,
varied between the GGDW and OBDW. In the GGDW, the
highest median fluorescence intensity of C6, was observed
in SW, (I¢g(cepwy = 0.028 R.U.), then slightly decreased in
BSWW (IC6(GGDW) =0.027 RU) and BW (IC6(GGDW) =0.024
R.U.) but those differences were not statistically significant.
In the OBDW, the highest median fluorescence intensity
of C6, was observed in SW (I¢opw) = 0.035 R.U.), fol-
lowed by a decrease in the BSWW (I¢goppw) = 0.027 R.U),
and then a slight increase in the BW (I¢60ppw) = 0.028
R.U.). Only the difference between SW [ BW layers was
statistically significant.

The vertical median distribution of total fluorescence
intensity, I, in the Gulf of Gdansk deep stations showed a
distinctly different pattern compared to one the open Baltic
deep stations (Figure 14). In the GGDW, surface waters
exhibited the highest median I, (Iiorcepwy = 0.731 R.U.)
accompanied by a wide range of variability. As depth in-
creased, there was a reduction in the median I,y cgpw) (but
statistically insignificant) accompanied by a tightening of
its variability range. In the OBDW, the median /,ogpw),
in surface water (Iy,¢oppw) = 0.648 R.U.) was comparable
to Iior(oBpw) median values observed in Baltic Sea Winter
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Figure 10. Median distribution of acpom(350) and S3g¢_60p in different water layers in the Gulf of Gdansk Deep Waters
(GGDW) and the Open Baltic Deep Waters (OBDW). Median values are marked with the solid line, mean values are
marked with the dashed line, 10th and 90th percentiles are marked with the whiskers, and 25th and 75th percentiles
with the box. SW - Surface Water, BSWW - Baltic Sea Winter Water, BW - Bottom Water.

Water (Iioroppwy = 0.649 R.U.). Both medians were statis-
tically lower than the one for Bottom Water (/otopw) =
0.665 R.U.). The range of variability of I;,oppw), in the
OBDW was significantly smaller compared to the waters
of the GGDW, particularly in surface water.

The humic-like components, predominantly contribut-
ing to the total fluorescence intensity of DOM, displayed a

vertical distribution of the median of fluorescence inten-
sity I, that closely followed the I, distribution, in both
research areas (Figure 14). In the GGDW’s surface waters,
humic-like substances show highest values (I cepw) =
0.575 R.U.), with the fluorescence intensity decreased in
BSWW (I, cepw) = 0.561 R.U.) and increased again in the
BW (Incepwy = 0.563 R.U.). In the OBDW the highest me-
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Figure 11. Composition of DOM fluorescence excitation/emission spectra in: Selected data set (70 stations), Gulf of
Gdansk Deep Waters (GGDW) and Open Baltic Deep Waters (OBDW) in years 2008-2013. Bar plots represent average

fluorescence intensity of 6 identified components, whiskers represents the standard deviation.
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Figure 12. Median distribution of fluorescence intensity values of three identified by PARAFAC humic-like components:
C1, C2, and C3 in different water layers in the Gulf of Gdansk Deep Waters (GGDW) and the Open Baltic Deep Waters
(OBDW). Median values are marked with the solid line, mean values are marked with the dashed line, 10th and 90th
percentiles are marked with the whiskers, and 25th and 75th percentiles with the box. SW - Surface Water, BSWW -
Baltic Sea Winter Water, BW - Bottom Water.
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Figure 13. Median distribution of fluorescence intensity values of identified by PARAFAC one humic-like component: C5,
and two protein-like components: C4, and C5 in different water layers in the Gulf of Gdarisk Deep Waters (GGDW) and
the Open Baltic Deep Waters (OBDW). Median values are marked with the solid line, mean values are marked with the
dashed line, 10th and 90th percentiles are marked with the whiskers, and 25th and 75th percentiles with the box. SW -
surface Water, BSWW - Baltic Sea Winter Water, BW - Bottom Water.
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the Open Baltic Deep Waters (OBDW). Median values are marked with the solid line, mean values are marked with the
dashed line, 10th and 90th percentiles are marked with the whiskers, and 25th and 75th percentiles with the box. SW -
Surface Water, BSWW - Baltic Sea Winter Water, BW - Bottom Water.
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Figure 15. Median distribution of the sum of fluorescence intensity of identified protein-like components to the sum
of fluorescence intensities of identified humic-like components ratio, L /I, and humification index, HIX: in different
water layers in the Gulf of Gdanisk Deep Waters (GGDW) and the Open Baltic Deep Waters (OBDW). Median values are
marked with the solid line, mean values are marked with the dashed line, 10th and 90th percentiles are marked with
the whiskers, and 25th and 75th percentiles with the box. SW - Surface Water, BSWW - Baltic Sea Winter Water, BW -

Bottom Water.

dian value of the humic-like substances was observed in
BSWW (I 0ppw) = 0.561 R.U.), a slightly lower in BW
(Incospwy = 0.549 R.U.) and the lowest (I, oppw) = 0.513
R.U.) in surface waters. The vertical distribution of fluores-
cence intensity median values of the identified protein-like
components, I, followed a similar trend in both GGDW and
OBDW. These values were higher in SW (I, gepwy = 0.126
R.U.,, L,oppw) = 0.127 R.U.) and systematically decreased
with depth, indicating substantial shift in the qualitative
composition of DOM across different Baltic Sea regions.

Figure 15 presents the vertical distribution of median
values of the I, /I, ratio and HIX index in GGDW and OBDW.
In the GGDW, the highest median of I, /I, (I,/Inepw) =
0.228) was observed in the BSWW and the lowest in the
bottom water (1, /Incepw) = 0.196). The OBDW showed
a slightly different pattern with the highest L, /I, values in
surface water (I, /Inoppw) = 0.253) and the lowest in bot-
tom water (I, /Inopw)y = 0.205). The HIX index displayed
an inverse trend to the I,/ in both regions.
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4. Discussion

Published measurements from the Baltic Sea and Danish
Straits demonstrate that defining the range of variability of
acpom(4) and S(A — 4y) is challenging (Kowalczuk, 1999;
Stedmon et al,, 2000; Hgjerslev and Aas, 2001; Kowalczuk
etal, 2006; Berthon and Zibordi, 2010; Harvey etal., 2015).
This challenge arises from the heterogeneity of the data
presented. acpom (4) coefficient is presented in the above
publications at various wavelengths, while the S(1 — 4;)
coefficient in different wavelength ranges. When focus-
ing on one reported wavelength, acpom(375) values range
from around 1 m~? in open Baltic Sea waters, and around
0.8 m~1 in the Great and Little Belts and the Sund (Stedmon
etal., 2000). The highest values of acpom(375) exceeded
10 m™?! in southern Baltic Sea low-salinity estuarine wa-
ters (Kowalczuk et al., 2006) decreasing linearly with in-
creasing salinity. The spectral slope S;_; is influenced
by the relative contribution of the two main fractions of
CDOM: humic and fulvic acids (Carder et al., 1989), and
is modified by the photodegradation and microbial trans-
formation of DOM. During exposure to solar radiation, the
CDOM absorption coefficient decreases, and the spectral
slope coefficient increases (Moran et al., 2000; Vahatalo
and Wetzel, 2008). Changes in the S(1 — 1) are also influ-
enced by the physical mixing of water masses of different
optical properties (Stedmon and Markager, 2003; Xie et
al,, 2012). Therefore, during the transport of water from
terrestrial to marine environment, along the increasing
salinity gradient, the S;_;, values increased.

Previous studies in the Baltic Sea region and adjacent
estuaries highlighted the complexity and heterogeneity
of FDOM composition and sources (Stedmon et al., 2003,
2007; Kowalczuk et al., 2005b; Reader et al., 2019; Logi-
nova et al,, 2024). These studies demonstrated that FDOM
distribution follows salinity gradients and is influenced by
both terrestrial and autochthonous sources. For example,
Stedmon et al. (2003) identified five distinct FDOM com-
ponents in the Horsens Fjord estuary, most of which were
of terrestrial origin, while Stedmon et al. (2007) observed
differences in the contribution of humic- and protein-like
fractions between Gulf of Finland, Bothnian Bay and Dan-
ish Straits. Similarly, Kowalczuk et al. (2005a,b) found
that protein-like fluorophores increase in relative inten-
sity with salinity in southern Baltic waters. Our findings
are consistent with this general pattern. We observed a de-
creasing contribution of humic-like substances with in-
creasing salinity, while the absolute abundance of protein-
like components did not show a clear salinity-dependent
trend (Figure 6). However, their relative significance in-
creased in more saline waters due to the concurrent de-
cline in humic-like fluorescence. This supports the previ-
ously described salinity-driven shift from terrestrial-
dominated to autochthonous DOM fluorescence signatures,
although the protein-like fluorescence itself does not ex-
hibit a distinct salinity-driven gradient. However, our data
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extend these observations by quantifying this shift using
spectral indices (e.g., HIX, SUVA(254), I, /I,) and by provid-
ing seasonal and vertical resolution across distinct water
masses of the Baltic Sea.

Presented data set indicated a predominant contribu-
tion of humic-like substances of terrestrial and marine-
terrestrial origin to the qualitative composition of the mix-
ture of organic compounds forming FDOM within the south-
ern Baltic Sea. The influence of local sources of FDOM in
the form of autochthonous production of protein-like flu-
orophores becomes apparent further offshore and away
from the sources of terrestrial organic matter inflow. Open
water exhibits a higher proportion of biologically derived
components (C4 + C6) compared to GCW. We observed that
the increase in the fluorescence intensity of protein-like
components was much smaller than the overall decrease
in total FDOM fluorescence. This pattern is consistent with
previous observations from the Baltic Sea (Kowalczuk et
al,, 2005b). That also aligns with the general trend of in-
creasing significance of protein-like substances in marine
and oceanic waters, especially those distant from the influ-
ence of freshwater inputs (Murphy et al., 2008; Kowalczuk
etal, 2009).

The spectral indices, HIX and SUVA(254), and the I, /I,
ratio, are appropriate tools for analyzing the sources and
transformation processes of FDOM in the Baltic Sea waters.
An increase in the proportion of humic acids, character-
ized by a large number of aromatic rings, in the FDOM
mixture expands the spectral range of interactions of the
FDOM mixture with electromagnetic radiation, simulta-
neously shifting the maximum intensity of fluorescence
toward longer wavelengths (Zsolnay et al., 1999). In our
study, HIX was characterized by a wide range of variabil-
ity, from values below 3, typical for waters dominated by
biologically derived DOM, to values indicating a large pro-
portion of land-derived DOM (>15) (Huguet et al., 2009).
This wide range of variability is typical for waters with
salinity <7 (Huguet et al., 2009). Figure 16 shows the
distribution of S3p9_600 as a function of HIX and salinity.
Low S300-600 Values were associated with low salinity and
high HIX, typical for DOM of riverine origin (Zsolnay et al.,
1999, Huguett et al,, 2009). A decrease in HIX values in
waters with higher salinity corresponded with an increase
in S390_600 values. The observations confirm the relation-
ship between the CDOM absorption spectral slope coef-
ficient and the qualitative composition of DOM in terms
of aromaticity (Carder et al., 1999). The statistical rela-
tionship between HIX and S30¢.¢00 Was approximated by
a non-linear, exponential, inverse proportional function
characterized by high correlation and determination coef-
ficients (R = 0.71, Table 4), although the data show a con-
siderable dispersion. The variability results from regional
differences in DOM sources, transformation processes, and
environmental conditions. A similar relationship between
these spectral indices was described in the Atlantic Ocean

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100



1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

Seasonal and spatial variability of Fluorescent Dissolved Organic Matter in the southern Baltic Sea

Salinity

0.015

23/28

Salinity
6 =175

15
54 i

= =125

-

= 10

7.5

SUVA(254) [m#/gC]

2.5

Ocoan Data View

Figure 16. Distribution of the CDOM absorption slope coefficient, S3¢_g00 and the carbon specific absorption coefficient,
SUVA(254), in relation to the Humification Index (HIX). Color bars show salinity of the samples.

by Kowalczuk et al. (2013).

Areas characterized by low HIX values are generally
associated with areas of high I, /I, values (Huguet et al,,
2009; Kowalczuk et al., 2013),whereas high HIX values
combined with low I, /I, ratios clearly indicate the domi-
nance of the humic-like substances in the FDOM pool. The
spatial variability of both indices in the Baltic Sea is con-
sistent with observations from other marine and oceanic
basins. In the Baltic Sea, the spatial variability of HIX and
L, /I, reflects distance from the freshwater sources, peri-
ods and regions of enhanced biological production, and
the extent of FDOM transformation and degradation (e.g.
Terzi¢ et al., 2024). In the GGDW, higher HIX values and
lower I, /I, values were observed compared to those found
in OBDW (Figure 15). Apart from spatial variability, both
described indices exhibited seasonal variability. In the
GCW, a twofold increase in the median values of the HIX
was observed from February (minimum) to April, while
I, /1, showed the opposite pattern with maximum values in
February and minimum in April. These changes coincided
with periods of enhanced freshwater inflow and spring
phytoplankton blooms, indicating an increased dominance
of the humic-like fraction in the FDOM pool (Huguet et al.,
2009; Kowalczuk et al.,, 2013). A similar seasonal variabil-
ity of the HIX was observed by Huguet et al. (2009) in the
Gironde River estuary (southwestern France) in waters
with salinity <15, where the increase in HIX values also co-
incided with the periods of intensified river discharge. Itis
important to note that the spring decline in I, /Iy, reflected
a shift in the relative composition of the FDOM pool rather
than a reduction in the absolute abundance of protein-
like fluorophores. This slight increase in I, /I, observed in
May suggests that, following the spring runoff peak, locally

produced autochthonous DOM begins to contribute more
visibly to the protein-like fraction. The comparison of the
annual cycle of total DOM fluorescence with the seasonal
variability of the Vistula River discharge (Figure S1) and
with the annual dynamics of chlorophyll a (Figure S2) fur-
ther indicates that the GCW fluorescence regime is jointly
shaped by terrestrial DOM inflow and by local FDOM pro-
duction associated with phytoplankton and cyanobacterial
blooms. In the open Baltic waters, the stability of I, /I ow
medians in the first months of the year coincided with the
similarly stable values of total fluorescence. This suggests
that autochthonous DOM production in winter and early
spring was in near-equilibrium with the inflow of terres-
trial DOM, maintaining a relatively constant FDOM com-
position despite seasonal changes in hydrological forcing.
The increase in I, /I ow in late summer and early fall was
likely driven by intensified autochthonous DOM produc-
tion during cyanobacterial blooms. Post-bloom transfor-
mation and reworking of this organic matter may further
contribute to the accumulation of both protein-like and
newly formed humic-like FDOM, as previously noted for
Baltic and temperate coastal systems (Stedmon and Mark-
ager, 2005).

The vertical distribution of fluorescence intensities
of humic-like and protein-like components in GGDW and
OBDW stations reflected intensities of various processes
shaping the qualitative composition of FDOM across differ-
ent water layers. In the GGDW, the inflow of terrigeneous
dissolved organic matter from the Vistula River (Figure S1)
significantly increased I;,; and I, in the surface waters. The
constant inflow from the Vistula River catchment area com-
pensated the decrease of I,,; and I;, intensities in this layer,
due to photochemical processes and dilution of freshwater
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through mixing with marine water. In the surface layer of
the OBDW the decrease in I;,; and I, resulted mainly from
photochemical reaction, as the dilution effect was less pro-
nounced due to less intensive mixing. The prolonged wa-
ter retention time in this region, coupled with a generally
lower absorption and higher transparency of the waters,
favor the accumulation of FDOM degradation products in
the mixed layer (Terzi¢ et al., 2024). Experiments and ob-
servations showed that humic-like substances are very
susceptible to photochemical decomposition (Grzybowski,
2000; Stedmon et al., 2007), resulting predominantly in
dissolved organic compounds with low molecular weight
and spectral characteristics of excitation and emission flu-
orescence similar to the identified protein-like substances.
Another factor contributing to the accumulation of low
molecular weight DOM was the autochthonous production
by the autotrophic protist community. Studies in Arctic
and Baltic Sea waters conclusively demonstrated that an
increase in phytoplankton biomass directly contributes
to the pool of protein-like substances in the mixed layer
(Yamashita et al.,, 2007; Makarewicz et al., 2018). Terzic¢ et
al. (2024) reported a statistically significant relationship
(R=0.77) between a;4(676) and FDOM-Ch3 (the fluores-
cence intensity of the protein-like fraction of FDOM) in
surface waters of the Baltic Sea. A similar dynamic was
found in the Baltic Sea surface waters, where a statistically
significant correlation was observed between CDOM ab-
sorption coefficient and the concentration of chlorophyll a
(Kowalczuk et al., 2006; Meler et al., 2018). The cumulative
effect of phytoplankton production, photochemical and mi-
crobial degradation of the humic-like fraction enhanced
by mixing of seawater and freshwater, leads to an increase
in I, which is particularly noticeable in the surface layer
of the Baltic Proper.

Winter convective mixing leads to vertical homogeniza-
tion of concentrations of optically active components in
the marine water column, coinciding with the decline in
phytoplankton activity in the surface layer and a seasonal
reduction’in freshwater inflow into the Baltic Sea. This pro-
cess results in reduction of magnitude of the coefficients
describing optical properties of seawater (Sagan, 2008;
Kratzer and Moore, 2018). As a consequence, a decrease
in the fluorescence intensities of humic-like substances,
I, was observed in the GGDW stations, while a slight in-
crease was recorded in the OBDW, both within the Baltic
Sea Winter Water layer. This modest increase in I;, within
the BSWW may result from microbiological transforma-
tions of DOM, leading to an increased concentration of
FDOM components with spectral characteristics resem-
bling humic-like substances (Terzi¢ et al., 2024). Further-
more, the isolation of BSWW from the biological and pho-
tochemical processes occurring in the surface layer results
in a reduction in the concentrations of protein-like com-
ponents, serving as substrates for the growth of micro-
heterotrophs. The Baltic Sea Deep Water originates from
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surface waters of the Danish Straits that are transported
into the deeper parts of the basin during periodic inflow
events. The higher temperatures observed below the per-
manent pycnocline, compared to those observed below
the overlying BSWW, reflect long-term shifts in the inflow
regime. In recent decades, the frequency of major winter
inflow events has decreased, while irregular baroclinic in-
trusions of saltier and typically warmer Kattegat waters
have become more common, resulting in warming the deep
layer. In contrast, the waters entering the GGDW through
the Stupsk Channel lose heat while mixing with the over-
lying water masses, leading to lower temperatures in this
region. These waters, characterized by significantly lower
DOC concentrations and lower CDOM light absorption co-
efficients, show a linear decrease in both parameters with
increasing salinity (Stedmon et al., 2007; Osburn and Sted-
mon, 2011). Therefore, the optical characteristics of the
Baltic Sea’s deep waters should reflect those prevailing in
the Danish Straits, adjusted for the corresponding salinity
levels. Our data indicated an increase in the fluorescence
intensity of humic-like components in deep waters, ex-
ceeding levels observed in BSWW, despite higher salinity.
Studies by Kowalczuk et al. (2015) and Terzi¢ et al. (2024)
demonstrated that in anoxic deep waters, the diffusion of
DOM from seabed sediments leads to an increase in humic-
like fluorescence and elevated acpon (350). These studies
also showed that microbial processes in oxygen-depleted
bottom waters can reduce the fluorescence intensity of
protein-like DOM, Ip. Together, these mechanisms alter
the qualitative composition of DOM in deep waters. With
increasing depth, the proportion of humic-like substances
in FDOM increases, as reflected by a decrease in the L, /I,
ratio, particularly evident in the OBDW. Deep waters are
further enriched in saturated polycyclic dissolved organic
compounds, which is supported by higher HIX values and
an increase in the CDOM absorption spectrum slope coeffi-
cient.

5. Conclusions

Our comprehensive six-year study in the southern Baltic
Sea, has provided significant insights into the spatial and
seasonal variability of Fluorescent Dissolved Organic Mat-
ter. The application of parallel factor analysis (PARAFAC)
has enabled the identification of six distinct FDOM compo-
nents of terrestrial and marine origin and revealed consis-
tent spatial patterns driven largely by the riverine input
from the Vistula River.

Our results confirm the importance of freshwater in-
flow in shaping the distribution of allohthonous DOM, es-
pecially in coastal areas and during spring. In contrast,
open waters showed a more balanced DOM composition
and seasonality, with protein-like substances becoming
relatively more abundant later in the year. Vertical profiles
further indicate the enrichment of the bottom waters of
the open Baltic in humic-like components, while the sur-
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face layer near the river mouth remained enriched due
to constant input riverine water, balancing its loss due to
photodegradation.

The findings underscore the role of DOM in modulat-
ing the optical and biogeochemical properties of semi-
enclosed seas such as the Baltic. The strong coupling be-
tween hydrological conditions, DOM origin, and its spectral
properties demonstrates the sensitivity of the system to
both natural and anthropogenic changes.

Our findings highlight the utility of optical methods
and PARAFAC modeling in characterizing DOM sources
and dynamics. Future studies should focus on long-term
monitoring programs and further explore links between
DOM composition, microbial activity, and carbon cycling.
Such efforts are essential for understanding and predict-
ing the role of coastal and marginal seas in global carbon
budgets under changing environmental conditions.
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