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Reduced sulfur species in a marine euxinic environment
of Rogoznica Lake - Dragon Eye, Croatia

Sarah Matesa’, lva Dominovi¢', Marija Margus' and Irena Ciglenecki”

'Ruder Boskovic Institute, Division for Marine and Environmental Research, Zagreb, Croatia

Abstract: Rogoznica Lake (RL) - Dragon Eye is a unique, eutrophic marine lake on the eastern Adriatic coast. The lake ex-
hibits seasonal variations between stratified and anoxic holomictic conditions. Under stratified conditions, RL shows typi-
cal euxinic features characterized by an euxinic hypolimnion (< 8 meters deep in recent years) with a relatively high total
concentration of reduced sulfur species (RSS;.:). These species are mainly present in the form of sulfides, non-volatile RSS
(RSS,,) attributed to elemental sulfur (S°), and polysulfides (S,*). The concentration of RSS,,;, particularly the RSS,,, and S,%,
varies seasonally depending on the physicochemical conditions in the water column, i.e. the position and stability of the
chemocline and the entire water column, expressed by the Schmidt Stability Index (SSI), as well as the light intensity reach-
ing this layer. In the summer months, when stratification is the strongest, the concentrations of the RSS,,, in and below the
chemocline are generally higher. In addition, the highest concentrations of S, (up to 90 uM of polysulfidic S°) are detected
during this period. This increase is related to a more intense microbial activity of phototrophic purple sulfur bacteria (PSB),
which then reach maximum abundance due to the increased temperature and maximum light intensity. Typically, the high-
est concentrations of S, are found below the chemocline. Long-term data indicate that the concentration of RSS,,, at the
chemocline and 1 m below it depends on the hydrostatic stability of the water column and shows periodic changes. This
contrasts with the previously recorded trend of increasing RSS,. in the anoxic monimolimnion.
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Sazetak: REDUCIRANE VRSTE SUMPORA U MORSKOM EUKSINSKOM OKOLISU ROGOZNICKOG JEZERA - ZMAJEVOG
OKA, HRVATSKA. Rogoznicko jezero (R)) - Zmajevo oko je jedinstveno, eutrofno morsko jezero na isto¢noj obali Jadrana
koje sezonski varira izmedu stratificiranih i holomikti¢nih anoksi¢nih uvjeta. U stratificiranim uvjetima, jezero ima tipi¢na
euksinska svojstva kada je donji sloj (u zadnje vrijeme obi¢no < 8 m dubine) karakteriziran relativno visokom koncentracijom
ukupnih reduciranih sumpornih specija (RSS;) i to uglavhom u obliku sulfida, nehlapljive frakcije RSS,,, koja se pripisuje
prisutnosti elementarnog sumpora (S°) i polisulfida (S,%). RSS., posebno RSS,, i S,Z, variraju sezonski, ovisno o fizi¢ko-
kemijskim uvjetima unutar vodenog stupca, tj. poloZaju kemokline, njezinoj stabilnosti te stabilnosti cijelog vodenog stupca
(izraZenog pomocu Schmidtovog indeksa stabilnosti, SSI), kao i intenzitetu svjetlosti koji dopire do kemokline. Tijekom
najizrazenije stratifikacije u ljetnim mjesecima, koncentracije RSS,,, u kemoklini i ispod nje obi¢no su vise. Takoder, u ljet-
nim mjesecima pri viSim temperaturama, kada je i najvedi intenzitet svjetlosti Sto doprinosi intenzivnoj mikrobioloskoj ak-
tivnosti fototrofnih ljubicastih sumpornih bakterija (PSB), utvrdena je i prisutnost najvisih koncentracija S,> (do 90 uM
polisulfidnog S°) s maksimumom ispod kemokline. Dugoro¢ni podaci RSS,,, u sloju kemokline i 1 m dublje, pokazuju ovisnost
o stabilnosti vodenog stupca, ukazujuéi na periodi¢ne promjene, za razliku od koncentracija RSS,: za koje je ranije pokazan
porast u monimolimnionu na dugorocnoj skali.

Kljucne rijeci: reducirane sumporne specije; elementarni sumpor; polisulfidi; dugoro¢ni podaci; morsko euksinsko jezero

INTRODUCTION bility. It can be incorporated into organic matter (OM) or

transformed into colloidal sulfur (Sg(s)) based on water

Sulfate reduction is a crucial biochemical process
that regulates the redox state of seawater. It produces
volatile sulfides (mainly as HS-), which dominate the
concentration of reduced sulfur species (RSS) in euxinic
environments (Jorgensen et al., 1982; Bura-Naki¢ et al.,
2009; Matesa et al., 2024). Other RSS, such as elemen-
tal sulfur (S°), thiosulfate (S,03%), and sulfite (SOs%),
act as intermediates in the biogeochemical sulfur cycle
(Helz, 2014). Dissolved elemental sulfur (Sg(aq)), a
non-volatile RSS fraction, typically occurs in low con-
centrations due to its hydrophobic nature and low solu-
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column conditions (Bura-Naki¢ et al., 2009).

An euxinic environment, characterized by oxygen-
free conditions with free hydrogen sulfide in the water
column, can form under highly stratified conditions.
This type of marine environment, often referred to as
the Canfield Ocean (Meyer and Kump, 2008), typically
consists of an upper oxic layer with intense primary pro-
duction and a lower anoxic layer rich in sulfur species
(Jorgensen et al., 1979; Ciglenecki et al., 2005; 2017
and references therein). A layer with distinct proper-
ties can develop at the boundary between these layers,



Matesa et al.

marked by abrupt changes in physicochemical, redox,
and biochemical parameters (Zadereev et al., 2017). The
position and thickness of the chemocline can vary with
environmental conditions and influence the distribution
and dynamics of RSS (Avetisyan et al., 2019).

In the chemocline, high biochemical and microbial
activity drives numerous oxidation-reduction processes.
Partially reduced sulfur compounds formed by sulfate
reduction can be converted to more stable oxidation
states such as sulfide, elemental sulfur, and sulfate (Jor-
gensen et al., 1979; Barbash and Reinhard, 1989; Over-
mann et al., 1996). Changes in pH and redox conditions
directly influence sulfur speciation in the chemocline,
while temperature, light intensity, and microbial activity
exert indirect effects (Stumm and Morgan, 1996).

Chemoautotrophic and photoautotrophic microor-
ganisms in the chemocline oxidize sulfide to biological
sulfur (S°), which is hydrophilic due to adsorbed organic
polymers, and thus more soluble than inorganic sulfur
(Kleinjan et al., 2003). Under anoxic conditions, sulfur
is present in forms such as inorganic polysulfides (S,*),
polythionates, organic polysulfides, and organic poly-
sulfanes (Helz, 2014). S,*, along with HS-, accounts for
most of RSS,,; in euxinic waters, with zero-valent sulfur
from S,>contributing to RSS,,, (Bura-Naki¢ et al., 2009;
Matesa et al., 2024).

Polysulfides (S,*) play a crucial role in biogeo-
chemical processes: they buffer zero-valent sulfur activ-
ity, form pyrite, transform OM in sediments, and form
strong complexes with metals (Helz et al., 2014). S.*
can be formed by sulfide oxidation, the reaction between
sulfide and elemental sulfur, or the reduction of elemen-
tal sulfur (Kleinjan et al., 2003). In aqueous sulfide-
containing solutions, S° dissolves into S,> (Giggenbach,
1972; Boulegue, 1978; Kleinjan et al., 2003; Kamyshny
et al., 2004; Helz, 2014). Biological sulfur is a crucial
source for S,* formation (Kleinjan et al., 2003, 2005;
Findlay, 2016). In addition, layers of bacteria of the
Chromatiaceae family protect Chlorobiaceae from O,,
to which they have almost no tolerance. In return, they
can provide extracellular elemental sulfur that reacts
abiotically with sulfides to form polysulfides, which
may be used immediately by members of the Chromati-
aceae family (Kushkevych et al., 2021).

Electroanalytical methods (EM) are widely used to
monitor RSS in natural waters, including volatile (main-
ly HS") and non-volatile RSS (mainly elemental S°, and
polysulfidic S°) (Ciglenecki et al., 2014). Differential
pulse voltammetry (DPV) is effective for the detection
of polysulfidic sulfur in highly concentrated electrolyte
solutions (Kariuki et al., 2001). Recently, Matesa et al.
(2024) applied this method for the detection of poly-
sulfidic sulfur in the euxinic marine environment of Ro-
goznica Lake (RL) on the Adriatic coast. The RL can
be considered as a natural laboratory for studying RSS
biogeochemical cycles and redox chemistry in stratified
seawater column (Helz et al., 2011; Kamyshny et al.,
2011; Ciglenecki et al., 2017, and references therein).
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RL is characterized by the perennial thermohaline
stratification (Fig. 1A), which promotes chemical strati-
fication that allows permanent anoxia and RSS accumu-
lation in its shallow euxinic monimolimnion (below 8
meters depth, maximum depth 14 meters) (Cankovi¢
et al., 2019; Dominovi¢ et al., 2023). The chemocline
depth has become shallower since 1996, with increas-
ing volumes of deoxygenated water enriched with RSS
(Dominovi¢ et al., 2023) and organic matter (Simonovi¢
et al., 2023). Long-term trends show increasing tem-
peratures (Cankovi¢ ez al., 2019) and decreasing salinity
(Mifka et al., 2022; Dominovi¢ et al., 2023), which af-
fects water column stability and the stratification inten-
sity (Ciglenecki et al., 2015; Dominovi¢ et al., 2023).

In recent years, abrupt breaks in stratification have
occurred frequently (1997, 2011, 2016, 2020, 2021),
leading to anoxic holomictic conditions throughout
the water column (Fig. 1B) and impacting the biol-
ogy and biogeochemistry of the RL (Krsini¢ et al.,
2000; Ciglenecki et al., 2017; Margus et al., 2023).
These unique characteristics of RL provide an opportu-
nity to study RSS speciation and dynamics using EM
(Ciglenecki et al., 1996, 2014; Ciglenecki and Cosovié,
1997; Bura-Naki¢ et al., 2009; Matesa et al., 2024).
Therefore research focus of this paper lays on the dis-
cussion of long-term data on RSS,,, mainly attributed
to S’ formed by polysulfide decomposition (Bura-Naki¢
et al., 2009), and recent direct measurements of poly-
sulfidic S° equivalents of S,> (MateSa et al., 2024). The
RSS,,, were discussed as a function of different physico-
chemical parameters measured in the RL water column
(temperature, salinity, dissolved organic carbon (DOC),
particulate organic carbon (POC), surface-active sub-
stances (SAS), RSS, and the hydrostatic stability of the
lake water column). Exploring the dynamics of RSS in
RL enhances our understanding of sulfur biogeochemis-
try in euxinic environments, offering valuable insights
into redox processes, microbial activity, and environ-
mental transformations within stratified aquatic systems,
including marine ecosystems, which are anticipated to
expand further in response to climate change.

MATERIALS AND METHODS
Study site

Rogoznica Lake (RL) (Fig.1), also known as Dragon
Eye (43°32° N, 15°58’ E), is a small marine lake located
on the central Croatian coast of the Adriatic Sea, with
a surface area of 9,904 m? (Panda, 2020). This unique
euxinic environment is characterized by alternating an-
oxic holomictic and meromictic conditions (Ciglenecki
et al., 2017). The strong and stable stratification of the
water column, based on different densities and chemi-
cal properties of the water layers, is one of the most im-
portant characteristics of this lake. Most of the time, the
water column is stratified into an upper oxic layer and
a lower anoxic layer rich in RSS, nutrients and organic
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Fig. 1. A map of Rogoznica Lake (middle panel) accompanied by photos and vertical profiles of the lake's water column
displayed on the left and right. These illustrate: the chemocline and the euxinic layer enriched with RSS during stratified
conditions in spring (A) and the holomictic mixing of the water column in autumn (B).

matter (Ciglenecki et al., 2015) (Fig. 1A). A pink-colored
chemocline (thickness up to 50 cm) forms seasonally at
the boundary between oxic and anoxic layers. The chem-
ocline is characterized by a dense population of purple
phototrophic sulfur bacteria, PSB, and, in some cases,
even a large abundance of green sulfur bacteria (GSB)
was confirmed (Pjevac et al., 2015; Cankovié¢ er al.,
2017, 2019), as the main biological source of S. Under
euxinic conditions, this S°of biological origin can be dis-
solved by HS- into nucleophilic polysulfides, S,* (Klein-
jan et al., 2003, 2005; Findlay, 2016). The stratification
and mixing of the water layers are directly influenced by
meteorological conditions, especially the surface heat
flux, air temperature, rain, surface runoff (including tid-
ally driven exchange of water through porous karst) and
strong wind (Ciglenecki et al., 2015; Dominovié et al.,
2023, 2024). The small size and physically stable nature
of the lake water column allow research into spatial and
temporal variability on a small scale as well as long-term
processes (Ciglenecki et al., 2006, 2017).

A wide concentration range of RSS (nM — mM) can
be found in the RL water column including organic and
inorganic dissolved and colloidal sulfur species, making
this environment an ideal location for testing and devel-
oping methods to characterize and specify different RSS
(Bura-Naki¢ et al., 2009; Ciglenecki et al., 2014; Matesa
et al., 2024). At the same time, the lake provides a great
opportunity to study the microbial diversity that controls
the biogeochemical cycling of sulfur (Cankovié et al.,
2017, 2019, 2020).

Sampling and analyses

During sampling, physico-chemical parameters,
temperature (T), dissolved oxygen (O,) and salinity (S)

were measured in situ with a CTD probe from the sur-
face to the bottom (12 m). In addition, T, S, O,, and light
intensity automatic data loggers have been positioned in
different layers of the RL water column from 2019 to
2021, with a data acquisition frequency of one hour.
Samples of the RL water column have been taken at
different seasons of the year since 1996. Sampling was
always carried out at the same location at the central po-
sition in RL (Fig. 1) with Niskin bottles (5 L) or by a div-
er at depths 0f 0, 2, 5,7, 8,9, 10 and 12 meters. Samples
for RSS analysis were always taken first to prevent oxi-
dation and to maintain anoxic conditions in the samples.
The RSS concentration was determined by electro-
chemical methods using a three-electrode system of the
automated 663 VA Stand Metrohm electrode with mer-
cury (Hg) as the working electrode, an Ag/AgCl (3M
KClI) as a reference and a graphite rod as a counter elec-
trode. The measurements were carried out in a deoxy-
genated electrochemical cell (purged with N;), in undi-
luted samples from the oxic layer and, due to the high
RSS concentration, in diluted samples from the anoxic
layer as already described (Ciglenecki et al., 1996, 2005,
2014; Margus et al., 2015; Bura-Nakic et al., 2009).
The total concentration of RSS (RSS,,) was deter-
mined by linear sweep (LSV) and/or by cathodic strip-
ping voltammetry (CSV) from the initial deposition po-
tential £y, =-0.2 V (vs. Ag/AgCl) by negative scanning
to the final potential £, = -1.6 V with an accumulation
time z, = 0 - 120 s (Ciglenecki et al., 1996, 1998, 2014;
Ciglenecki and Cosovi¢, 1997; Bura-Nakié et al., 2009;
Margus et al., 2015). The non-volatile fraction of RSS
(RSS,,,) was determined by adding HCI to the sample
to achieve a pH of about 2 and flushing out the volatile
fraction by flowing N, into the sample in the cell. Af-
ter the pH was brought back to the original value with

9



Matesa et al.

NaOH, the measurements were repeated and the results
obtained in this way corresponded to the RSS,, concen-
tration, which was attributed to the presence of S, in-
cluding polysulfidic S° (Matesa et al., 2024).

Polysulfidic sulfur (S%ysufdic) equvivalent of S >
has been determined by differential pulse voltammetry
(DPV) without accumulation in the potential range from
E=-0.8Vto-1.2V in recently studied samples since
2019 as described in detail in Matesa ef al. (2024).

Organic matter (OM) concentrations, represented as
DOC and POC, were determined using sensitive high-
temperature catalytic oxidation (HTCO) as previously
described (Dautovi¢ et al., 2012, 2017). The surface
active fraction of OM (surface active substances, SAS)
as the most reactive fraction of DOM, and DOC rep-
resenting different OM hydrophobicity, was determined
by a.c. voltammetry (Cosovié and Vojvodi¢, 1982, 1998;
Ciglenecki et al., 2023).

The hydrostatic stability of the water column can be
expressed by the Schmidt Stability Index (SSI; J m™),
which indicates the energy required to bring the water
column from a stratified to a uniform state (Idso, 1973).
The SSI values were calculated in the same manner as in
the work of Dominovi¢ et al. (2023).

Correlation analyses were performed in Origin 8
software (OriginLab) using the Pearson correlation
method, which tells whether relationships are statis-
tically significant (depending on the p-value; in this
study, we used p < 0.05), and provides information on
the strength of such relationships (correlation) with the
Pearson coefficient, », whose range can be between -1
(indicating a perfect negative correlation) and +1 (indi-
cating a perfect positive correlation). The strength of the
correlation is expressed as a function of r: for a very
weak correlation, r is from £0.25 to &+ 0.50; a good cor-
relation means 7 is from +0.50 to +£0.75; and a very good
and excellent correlation is indicated by r being from
+0.70 to + 1.00 (Udovici¢ et al., 2007).

RESULTS

Temporal and spatial dynamics of RSS in the RL
water column as a function of physicochemical
parameters

The vertical distribution of physico-chemical param-
eters such as T, S, density (o7), light intensity, and dis-
solved O, concentration, which influence the stability of
stratification and the occurrence of holomixia, and have
a strong impact on RSS concentration and speciation, is
shown in Fig. 2 for different water column conditions:
stable stratification in May 2019; weak stratification in
July 2020; and anoxic holomictic conditions in October
2020. In addition to these basic factors, other param-
eters, including OM components of DOC and POC are
plotted alongside RSS and polysulfide concentrations.
Measured values for RSS including RSS,, and poly-
sulfidic S° are given in Table 1.
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In May 2019, the surface temperature of RL was
20.7 °C, while the temperature below the surface, at a
depth from 2 to 6 m, was higher (23 °C). At the chemo-
cline, the temperature dropped to 17 °C (Fig. 2A, yel-
low full circles). This temperature trend corresponds to
a change in salinity, with the halocline at 10 m depth
(Fig. 2A, yellow circles). Consequently, ot differences
between the 0-9 m and 10-12 m layers (Aot = 2.55 kg/
m?) are evident, with the highest o1 value of 22.97 kg/
m?® at 10 m depth (Fig. 2B, yellow circles). The oxygen
concentration varied from 9.22 mg/L at the surface to
a maximum value of 21.5 mg/L at 7 m depth. At the
chemocline, between 8 and 9 m depth, the oxygen con-
centration dropped to 0 mg/L, leading to hypoxic and
anoxic conditions at greater depths (Fig. 2B, yellow
full circles). As a result, the total RSS concentration in-
creased from 8§ m to 12 m, with a peak concentration
of 700 uM as shown in Fig. 2C (yellow full circles).
Below 9 m, polysulfides were detected with a maximum
concentration of 60 uM S° quisdic at 11 m depth (Fig.
2C, yellow circles). During this period, the DOC was
highest at the surface (3.83 mg/L) as shown in Fig. 2D
with yellow full circles, while the POC was lowest at 2
m depth (0.40 mg/L) and increased with depth, reaching
a maximum of 3.29 mg/L at 10 m depth before decreas-
ing (Fig. 2D, yellow circles).

In July 2020, the surface temperature of RL was 27.3
°C, and gradually decreased to 21 °C at 10 m depth (Fig.
2A, cyan full triangles). Salinity remained fairly con-
stant (35.2 + 0.3) as shown in Fig. 2A (cyan triangles).
Density differences between layers (Fig. 2B, cyan trian-
gles) were lower than in 2019 (Aot = 1.90 kg/m3), in-
dicating reduced stability of the RL water column, with
higher o7 at 12 m (o = 25.4 kg/m?®) compared to 2019.
Oxygen concentrations were the highest in the surface
layer (9.40 = 0.2 mg/L) but dropped to hypoxic values
at 7 m (2 mg/L) and anoxic values at 8 m (~0 mg/L) as
shown in Fig. 2B (cyan full triangles). RSS,,; concentra-
tions increased from 9 mto 12 m and peaked at 2130 uM
(Fig. 2C, cyan full triangles). In contrast to 2019, poly-
sulfides were detected at very low concentrations (1 - 6
UM S iysuisigic) in July 2020 (Fig. 2C, cyan triangles).
The DOC was highest at the bottom of the lake (2.46
mg/L) as shown in Fig. 2D (cyan full triangles) and the
POC was maximal above the chemocline at 7 m (0.77
mg/L) as shown in Fig. 2D with cyan triangles, which
was higher than the value at the same depth in May 2019
(POC = 0.62 mg/L), suggesting increased turbidity and
reduced light penetration in the deeper layers.

In October 2020, the surface temperature of RL was
the lowest (19 °C), with relatively uniform temperatures
of ~21 °C from 2 m depth to the bottom at 12 m (Fig. 2A,
black full squares). Salinity and density were relatively
uniform throughout the water column as well (35.5+ 0.5
in Fig. 2A and 25 + 0.6 kg/m? in Fig. 2B, respectively;
both marked with black squares). Except for the surface
layer, where the oxygen concentration was high (17
mg/L), indicating strong primary production, the rest of
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(mf = multiplication factor - S°yqysutfidic)

Table 1. Reduced sulfur species (RSS) concentrations in the Rogoznica Lake water column.

Sampling Chemocline sample c (RSS,ceq HS)/ ¢ (Sporysutfidic) / ¢ (RSS,, eq HS) /
date depth / m pM pM pM
C 184 5 n.m.
30.05.2019. 9 BC 406 48 n.m.
A 655 36.5 n.m.
C 173 70 n.m.
01.07.2019. 8.7
BC 356 89 n.m.
C 376 18 170
27.08.2019. 9 BC 485 4 218
A 509 49 n.m.
17.07.2019. C 1400 23 1600
21.01.2020. A 344 4 7
C 468 21 207
28.06.2020. 7.7 BC 330 27 260
BCfiernoon 892 41 172
28.07.2020. 8 BC 657 ! 116
A 2130 6 95

C = chemocline; BC = 1 m below chemocline; A = anoxic layer; n.m. = not measured

n
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the water column was completely depleted in terms of
oxygen content (0 mg/L, from 2 to 12 m) (Fig. 2B, full
black squares). Total RSS concentration ranged from 5
nM at the surface to 60 - 85 uM in the 5 to 12 m layer
(Fig. 2C, full black squares). In contrast to the stable and
reduced stratification conditions (May 2019 and July
2020, respectively), S,> was not detected under mixing
conditions in the water column (Fig. 2C black squares).
The values of DOC (2.25 mg/L) (Fig. 2D, full black
squares) and POC (7.91 mg/L) (Fig. 2D, black squares)
were the highest at the surface and decreased with depth
(DOC = 1.68 mg/L; POC = 3.14 mg/L).

The observed results highlight differences in the dis-
tribution and concentrations of S,> under various condi-
tions in the RL water column. Consequently, the stability
of the water column and the light intensity at the chemo-
cline, both of which may have a direct influence on the
microbial activity of phototrophic bacteria (e.g., the oc-
currence of PSB and GSB), were further analyzed. The
dependence of the polysulfide concentration in the chem-
ocline and below on light intensity at the chemocline and
the SSI of the water column is illustrated in Fig. 3.

Primarily focusing on RL samples from the sum-
mer season, Fig. 3 highlights the period when the high-
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est concentrations of S, were measured. In general,
the highest polysulfidic S° concentrations were found
in samples taken below the chemocline. The highest
concentrations (89 pM) were measured when the light
intensity reaching the chemocline was also the highest
(about 3500 lux) on July 1, 2019. Lower concentrations
were observed when light intensity was lower (05/2019
and 08/2019) (Table 1) or did not reach the chemocline
layer (summer 2020). The temperature distribution in
the RL water column shows a maximum in the layer be-
low the surface (0-5 m), with an average of 22.2 °C in
May 2019 and 27.0 °C in July 2020. Most radiation and
light is absorbed in this layer, as indicated by the data on
light intensity in 2019 when the temperature maximum
was lower.

The results in Fig. 3 indicate a direct influence of
water column stability (expressed by the SSI) on S,*
concentrations. When the SSI was highest in winter
(> 600 J m™), light intensity and water column T were
relatively low (15 °C at the chemocline), consequently
indicating lower microbial activity at the chemocline
(Cankovi¢, 2018; Cankovi¢ et al., 2017, 2019, 2020). In
winter, the polysulfides were measured in very low con-
centrations (4 uM S°qiyquisidic)- In the summer months,
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Fig. 3. S%qyysutdic cONcentration dependence on the stability of the water column (Schmidt stability index, SSI, black line
with triangles) and light intensity (orange line with stars) for RL samples from different seasons of 2019 and 2020 in the
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the higher S,* concentrations were also observed with
more pronounced stability of the water column (with
higher SSI), increased light intensity, and higher T in the
chemocline zone. Light intensity, T, and SSI values also
reflect differences in OM content (total organic carbon,
TOC =DOC + POC) in the layer above the chemocline.
In May 2019, TOC above the chemocline averaged 2.41
mg/L; in August 2019, it was 1.98 mg/L; and in July
2020, when light intensity and S,* concentration were
the lowest, TOC was the highest at 2.83 mg/L.

Long-term data on RSS,,, concentration in the RL

To understand the dynamics of RSS,, in the RL
water column, particularly S,*, which was not directly
measured in the RL water column before 2019, but is
assumed to contribute largely to RSS,, through the de-
composition of S,* (Bura-Naki¢ et al., 2009; Matesa
et al., 2024), the long-term data (1996-2021) on RSS,,
concentration were analyzed. The long-term trends of
the non-volatile fraction of RSS in two regions, i.e. the
chemocline (represented by the purple-pink line with
circles) and the anoxic layer 1 meter below the chemo-
cline, where higher concentrations of S, were typically
measured (shown as a black-purple line with squares)
are presented in Fig. 4. Additionally, the figure includes
the corresponding water column stability, indicated by
the SST as a black line with triangles (Dominovi¢ et al.,
2023).

The results in Fig. 4 reveal periodic variations in
RSS,:

'] —>— chemocline
400 - = below chemocline

Reduced sulfur species in Rogoznica Lake water column

1. Period 1996-2000: RSS,,, concentrations reached up
to 150 uM, with anoxic conditions confined to water
layers below 10 meters.

2. Period 2006-2010: higher RSS,,, concentrations, up
to 400 uM, were observed with the chemocline po-
sitioned at a depth of 9 meters. During this period,
there were two cases of partial water column mix-
ing in late autumn (in 2006 and 2009) as noted by
Ciglenecki et al. (2015).

3. Period 2017-2020: RSS,,, concentrations up to 200
uM were detected, with the chemocline at a depth of
8 meters. This period coincided with water column
overturns recorded in 2016 and 2020 (Cankovi¢ et
al., 2020; Simonovi¢ et al., 2023).

The stability of the RL water column (represented by
the black line with triangles) influences the RSS,, con-
centrations, as shown in Fig. 4. Generally, RSS,,, values
are the lowest (< 20 uM) during periods of lower stabil-
ity, as indicated by SSI values lower than 500 J m™ (e.g.,
2008; 2011-2015). It is interesting to note that similar
trends have been observed in the long-term monitoring
of DOC dynamics (Simonovic¢ et al., 2023).

Given the lack of clear long-term trends in RSS,,
concentration, or during specific periods and seasons, a
statistical analysis was conducted to explore correlations
between RSS,, concentration and other physicochemi-
cal parameters. Table 2 presents the results of linear re-
gression analyses, including the long-term correlations
(1996-2021), correlations by season (spring, summer,
fall, winter), and correlation in specific periods (1996-
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Fig. 4. Long-term RSS,,, concentration in the RL chemocline layer (pink line with circles) and 1 m below the chemocline layer
(purple line with squares) in relation to the corresponding Schmidt stability index, SSI (black line with triangles) for the

period 1996-2021.
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Table 2. Correlations of non-volatile reduced sulfur species (RSS,,,) and physicochemical parameters in the chemocline
and 1 m below the chemocline in RL on a long-term scale (1996-2021) and in the selected periods: 1996-2007; 2008-2013;
2014-2020; statistically significant correlations (p < 0.05) are marked with *.

RSS,, chemocline

T S DOC POC SAS RSS;¢ SSI
1996 - 2021 -0.13 0.16 0.29% 0.06 0.29%* 0.46* -0.09
1996 - 2007 0.01 -0.05 0.19 n.m. 0.34 0.48%* -0.25
2008 - 2013 -0.20 0.17 0.34* -0.09 0.41%* 0.49%* 0.06
2014 - 2020 0.16 0.13 0.21 0.05 0.01 0.62%* -0.17
spring -0.15 -0.02 0.13 0.62 0.19 0.45% -0.35
summer -0.16 0.20 0.27 -0.06 0.51 0.70%* 0.02
autumn -0.30 0.21 0.33 0.95% -0.02 0.96* 0.41%*
winter -0.22 0.20 0.58%* -0.08 0.35 0.66* -0.46*
RSS,,, below chemocline
T S DOC POC SAS RSS;¢ SSI
1996 - 2021 0.09 0.19 0.39% 0.01 0.004 0.61% -0.06
1996 - 2007 0.39%* -0.01 0.72% n.m. -0.05 0.81%* -0.11
2008 - 2013 -0.05 0.16 0.12 0.19 -0.03 0.46* 0.11
2014 - 2020 0.17 -0.02 0.27 -0.13 -0.16 0.65% -0.20
spring -0.29 0.08 0.24 0.05 n.m. 0.14 -0.03
summer 0.12 0.32 0.50% -0.14 n.m. 0.72%* 0.03
autumn 0.03 0.33 0.19 -0.11 0.002 0.65% -0.25
winter 0.04 0.25 0.43 -0.02 n.m. 0.62%* 0.43

2007; 2008-2013; 2014-2020). The Pearson correlation
coefficients (7) for the strength of these relationships are
part of Table 2, indicating a crucial role of water column
stability as well as OM concentration impact on RSS in-
cluding S,* concentration and distribution.

DISCUSSION

The temporal and spatial dynamics of RSS in the RL
water column, including total RSS (RSS,), non-volatile
RSS (RSS,,), and corresponding sulfur species like S,*
(measured as polysulfidic S° equivalents), show varia-
bility depending on the depth and physicochemical con-
ditions. The results align with previous research on the
diversity, abundance, and phylogeny of sulfate-reducing
bacteria (SRB), which are the primary producers of RSS
under anoxic conditions (Jergensen et al., 1982), spe-
cifically in the water layer of RL below the chemocline
(Cankovi¢ et al., 2017). This research suggested that the
RL is a relatively dynamic area, exhibiting seasonal var-
iations in the diversity and abundance of SRB communi-
ties both in the water column and in the sediment. Sul-
fate reduction normally occurs in fully anoxic sediments
by SRB (Holmer and Storkholm, 2001). However, a wa-
ter column with euxinic conditions and a high availabil-
ity of organic carbon is also suitable for the growth of
an important community of planktonic SRB (Jergensen
et al., 1979; Llorens-Mares et al., 2015). The discussion
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in this study integrates observations from various water
column conditions in the lake: stratified, weakly strati-
fied, and holomictic conditions, and explores the influ-
ence of physicochemical parameters on RSS dynamics.

Physicochemical parameters and RSS dynamics

The pronounced thermocline at 9 meters and the halo-
cline below 10 meters indicate a stable stratification of
the water column in May 2019. The T profile shows a
distinct subsurface maximum (Legovic et al., 1991; Izhit-
skiy et al., 2021; Margus et al., 2023), which probably
affects microbial activity and further sulfur speciation.
The hypoxic conditions at 8 meters and anoxic conditions
below 9 meters create an environment conducive to the
accumulation of RSS,,, and S, (Cankovié et al., 2020;
Simonovi¢ et al., 2023). The increase in RSS,; (up to 700
uM) and the presence of S,* (up to 60 uM) in the anoxic
layer are consistent with lower oxidation of sulfur com-
pounds due to the lack of oxygen (Kamyshny ez al.,2011).
Increased POC in the chemocline and deeper layers re-
duces light penetration (Cankovi¢ ef al., 2020), affecting
the growth of PSB. PSB usually dominate in water col-
umn layers with stronger stratification at the sulfide-oxy-
gen interface, higher amount of light, and lower presence
of hydrogen sulfide as already found in RL (Cankovi¢ et
al., 2017) and similar stratified water columns of mero-
mictic lakes such as Mahoney lake (British Columbia)



(Overmann et al., 1996), Lake Cadagno (Switzerland)
(Tonolla et al., 2004; Danza et al., 2018), and Lake Shu-
net (Siberia, Khakassia) (Rogozin et al., 2012), as well as
karstic Lake Cis6 and Lake Vilar (Spain) (van Gemerden
et al., 1985). The opposite is found for GSB which prefer
darker environments, higher sulfide concentration (van
Gemerden et al., 1985; Guerrero ef al., 1985), and often
thrive beneath the PSB layer (Musat ef al., 2008) similar
as reported for Lake Vilar (Spain) (Guerrero ef al., 1985;
Llorens-Mares et al., 2015).

Ecological niche partitioning between GSB and PSB
is considered to be mainly based on sulfide and oxy-
gen concentrations, as well light availability (Abella et
al., 1980; Stomp et al., 2007). Members of the genus
Chlorobium (GSB) are obligate anaerobes with a lim-
ited metabolic capability, compared to many PSB that
can tolerate, and in some cases even utilize oxygen,
may also seek some distance from the oxic—anoxic in-
terface, particularly if the interface is unstable (Canfield
et al., 2005). The dominance of PSB, which are motile
and store sulfur intracellularly (Madigan et al., 2017,
Frigaard and Dahl, 2008) is usually dominated in the
RL chemocline layer (Cankovi¢ et al. 2017; Cankovig,
2018) similar as found for the spring/summer of 2019
when PSB abundance was more than 80 % of the total
microbial population (Cankovié, personal communica-
tion). PSB presence can be here indirectly proved by
higher S,> concentrations (MateSa et al., 2024).

A weaker stratification in July 2020 is indicated by
the absence of a distinct halocline and smaller differenc-
es in o, as already described for RL (Ciglenecki et al.,
2015; Dominovi¢ et al., 2023). This weaker stratifica-
tion, combined with a thermocline at 9-10 meters, sug-
gests a more mixed water column compared to spring
2019. Hypoxic conditions are present at 7 meters, with
anoxic conditions from 8 to 12 meters. However, the
overall lower concentrations of S, (1-6 uM) in summer
2020 suggest greater mixing between oxic and anoxic
layers compared to spring 2019, because this process
decreases the S,> accumulation. Higher POC values
above and/or at the chemocline indicate increased tur-
bidity, which affects light availability and microbial ac-
tivity (Cankovi¢ et al., 2020), consequently influencing
RSS,,, i.e. S,* concentrations. The presence of GSB is
more prominent in this period (~ 33 % in the total mi-
crobial population, Cankovi¢, personal communication),
as GSB can tolerate sulfide better than PSB (Frigaard
and Dahl, 2008) which then in the chemocline layer and
below it was found in higher concentrations.

The complete mixing of the water column in Octo-
ber 2020, i.e. holomictic conditions results in vertically
uniform T, S, and o1 (Margus et al., 2015; Ciglenecki et
al., 2017). The lack of stratification leads to the equali-
zation of physicochemical parameters throughout the
water column. High oxygen levels at the surface are a
result of algal blooms, particularly the intense bloom
of the green alga Picochlorum sp. during that period
(Simonovi¢ et al., 2023), while the rest of the water

Reduced sulfur species in Rogoznica Lake water column

column remains anoxic. The oxidation and precipitation
of sulfide into colloidal and nanoparticulate S° (Bura-
Naki¢ et al., 2009; Margus et al., 2015, 2016) lowers the
RSS,,; concentration to a maximum of 85 uM. Then, no
S, > is detected due to the complete mixing of the water
column, leading to their decomposition and oxidation
together with sulfide oxidation.

The highest light intensity (500 - 3300 lux), in the
chemocline region during the summer of 2019, corre-
lates with higher S,> concentrations (especially meas-
ured in the layer below the chemocline) and the domi-
nance of PSB, which, as already noted, requires more
light and tolerate lower sulfide concentrations for their
activity (Frigaard and Dahl, 2008; Madigan et al., 2017).
Conversely, during the winter and summer of 2020,
when light intensity was low at the chemocline and SSI
relatively high (especially in January 2020), the S,* con-
centrations were also lower. The main factors determin-
ing the growth of PSB in similar stratified, sulfur rich
lake environments, such as Mahoney lake (British Co-
lumbia) and lake Ciso in Spain, are light and HS™ (Over-
mann et al., 1991). PSB and GSB play different roles
based on light availability in RL. PSB, which are active
in well-lit stratified layers, appear to contribute to higher
S,* concentrations. In contrast, according to our study,
GSB, which are more active under euxinic conditions
without light, correlate with lower S,> levels.

The stability of the water column, as indicated by
the SSI, impacts the distribution of S,>. High SSI values
correlate with stable conditions and higher S,> concen-
trations which may be explained by decreased mixing
and oxidation. In contrast, low SSI values and periods
of mixing lead to decreased S,* levels as a result of in-
creased exchange between oxic and anoxic layers and
subsequent oxidation of RSS. This is in agreement with
findings showing that more stable stratification contrib-
utes to a higher abundance of PSB layers in the stratified
water column of Lake Cadagno in Switzerland (Tonolla
et al., 2004, 2005) as well as in RL (Pjevac et al., 2015;
Cankovié ef al., 2017, 2019, 2020). Persistent and sta-
ble stratification in Mahoney Lake keeps PSB biomass
lost due to sedimentation and decay at very low levels
(Overmann et al., 1991). Changing environmental con-
ditions within the chemocline in lake Cadagno lead to
pronounced shifts both in dominance (from PSB to GSB)
and the abundance between GSB populations (Tonolla et
al., 2005). Similar community shifts were already found
in the RL water column after the holomixing period in
2011 (Pjevac et al., 2015; Cankovié et al., 2020).

Long-term data of the RSS,, in chemocline and
below the chemocline layer

Long-term monitoring of RSS concentrations in the
RL water column, spanning from 1996 to 2021, has pro-
vided valuable insights into the dynamics of RSS,, in
relation to the physical and chemical parameters studied
in this paper. This unique data reveals complex patterns

15



Matesa et al.

of periodic changes in RSS,,, concentrations, which cor-
relate with variations in DOC, POC and other relevant
factors.

The long-term data show that RSS,, concentrations in
the chemocline and below the chemocline exhibit period-
ic changes that correlate with water column stability and
OM dynamics. Higher RSS concentrations are typically
observed during periods of pronounced water column
stability, when stratification is stronger and euxinic con-
ditions prevail, as already shown for RL (Bura-Naki¢ et
al., 2009; Ciglenecki et al., 2017, Cankovié et al., 2019).
Under such conditions, the volatile fraction of RSS, i.e.
sulfide, predominates in the euxinic layer (Bura-Naki¢ et
al., 2009; Ciglenecki et al., 2005). However, according
to Fig. 4, RSS,, concentrations are the highest at times
when the stability of the water column is the greatest.
This is consistent with the assumption that most of the
RSS,, is generated by the activity of PSB, which prefers
highly stratified conditions, as discussed above.

At the chemocline layer RSS,, concentrations show
weak correlations with DOC (» = 0.29) and SAS (r =
0.29) but a moderate correlation with RSS; (» = 0.48).
This suggests that while there is some association be-
tween OM and RSS, it is not strongly dominant in this
layer. It appears that in this layer a crucial fraction of
RSS,, is RSS,,, i.e. elemental S® including S° from poly-
sulfides.

Similar findings are valid for spring when also a
moderate correlation between RSS,, and RSS,; was
found (» = 0.45). However, in summer, stronger correla-
tions with RSS,; (» = 0.70) and good correlations with
DOC (r = 0.58) suggest that biological activity and OM
release are important contributors to RSS,,. In fall, the
correlation with RSS,, is excellent (» = 0.96), indicating
that RSS,,, (attributable to the presence of S°) is largely
comprised of the non-volatile fraction of RSS,,; during
this time when vertical mixing occurs and oxidation of
sulfide ended with precipitation of colloidal and nanopar-
ticulate S° (Bura-Naki¢ et al., 2009; Margus et al., 2015;
Cankovi¢ et al., 2020). In winter, a good correlation with
RSS,; (# = 0.66) and DOC (» = 0.58) probably points to
the presence of S including polysulfidic S° formed by
chemoautotrophic activities as indicated in study of Ka-
myshny et al. (2011). The presence of colloidal S° was
indicated by a slightly milky appearance of the water
from the chemocline, while large amounts of elemental
S° are, however, present as polysulfides in the layer be-
low, similar as reported for Solar Lake, Sinai (Jorgensen
et al., 1979). Our preliminary measurements also con-
firmed dynamic transformations of RSS during the day,
when the maximal concentration of polysulfidic S° was
measured in the afternoon just after maximal light inten-
sities reached the chemocline (Table 1, June 28, 2020),
indicating shifts toward more oxidation processes simi-
lar as found in Lake Kinneret (Israel) (Avetisyan et al.,
2019), which needs further investigation.

In the layer below the chemocline, RSS,, shows a
stronger correlation with RSS,, (# = 0.61), indicating a
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more direct relationship with the total sulfur pool, while
the correlation with DOC (» = 0.39) is weaker but still
pronounced. It should be noted that there is a connection
between anoxygenic photosynthesis and sulfate reduction
in the water column. This connection confirmed an unex-
pected and direct link between the anoxygenic phototro-
phic population and the microbial food web in the upper
mixolimnion of Mahoney Lake (Canfield et al., 2005).

In summer, strong correlations with RSS,; (» = 0.66)
and DOC (r = 0.58) also suggest crucial biological con-
tributions to RSS,,. Autumn correlations with RSS,; (»
=0.65) are good, but the correlation with POC (= 0.95)
highlights the role of particulate matter in RSS,,, dynam-
ics, which is consistent with water column conditions
during mixing process when sediments enriched with
OM (Ciglenecki et al., 2006) can be suspended through
the water column to the surface of the lake (Margus et
al., 2015). In winter, there is a good correlation with
RSS,: (r = 0.62), indicating that RSS,, is mainly com-
posed of sulfur species that are not easily volatilized.

Generally, our study highlighted that the stability
of the water column plays a crucial role in determining
RSS concentrations. High stability periods, where strati-
fication is strong, generally correlate with higher RSS,,
concentrations which, in the case of RL, are an impor-
tant fraction of RSS,; (Bura-Naki¢ et al., 2009). This is
likely due to the favorable conditions for PSB, which
thrive in stable, stratified environments and contribute
to the production of non-volatile sulfur species (Matesa
et al., 2024, and references therein).

In spring and winter, RSS,, concentrations tend to
be lower and more variable, reflecting reduced biologi-
cal activity and interaction with OM. In summer, higher
RSS,,, concentrations correlate with increased light in-
tensity and biological activity, especially by PSB, which
appear to notable contribute to the formation of poly-
sulfides in the RL water column (Matesa et al., 2024).
The strong correlation with POC and RSS,,; in autumn
suggests that mixing events and resuspension of OM
from sediments play a crucial role in RSS,,, speciation.

On the other hand, the results of this work support
our previous conclusions (Bura-Naki¢ et al., 2009),
which hypothesized the anoxic hypolimnion of the RL
as a bioreactor for elemental sulfur, where interactions
between polysulfidic S® and OM are critical for the sta-
bility and dynamics of RSS in the water column, with
a strong impact on sediment geochemistry (Mihel€i¢
et al., 1996, Ciglenecki et al., 2006) as well. Overall,
our results provide a framework for understanding the
interplay among the physicochemical characteristics of
the stratified euxinic environment, RSS speciation, and
microbial ecology, serving as a foundation for more de-
tailed future research.

CONCLUSIONS

The dynamics of sulfur species in the RL water
column, particularly the concentrations of non-volatile



RSS (RSS,,) attributable to elemental S, including
polysulfidic S° (S%o1ysuifdic)> Teveal seasonal and spatial
variability, which is influenced by physicochemical pa-
rameters and microbial activity. The highest concentra-
tions of polysulfidic S° are observed under conditions
of pronounced stable stratification, where the water
column is clearly divided into oxic and anoxic layers,
with a well-defined chemocline. Under these conditions,
polysulfidic S° reaches its peak in the layer just below
the chemocline. This is attributed to the high light inten-
sity and the dominance of PSB. PSB, which are active at
the oxic-anoxic boundary, contribute to the biologically
mediated production of S°, and thus influence the forma-
tion of S, .

Analysis of long-term data (1996-2021) on RSS,,
concentrations reveals cyclical patterns related to wa-
ter column stability and varying physical and chemical
conditions. RSS,,, which is assumed to originate largely
from the degradation or hydrolysis of S,*, shows fluc-
tuations that correlate with the stability of the RL water
column indicated by the SSI. Periods of high RSS,, con-
centrations often coincide with more stable conditions,
while lower concentrations are associated with less sta-
ble or mixed conditions.

RSS,,, concentrations show a remarkable association
with OM over different seasons and time periods. This
suggests a possible interaction between RSS and OM,
either through direct chemical interactions or through a
common origin, where both may be influenced by simi-
lar environmental factors. The presence of OM may in-
fluence the distribution and speciation of RSS, potential-
ly affecting the entire sulfur cycle in the water column.

Overall, the study highlights the complex interrela-
tionship between physicochemical parameters, micro-
bial activity and sulfur species in the RL water column,
emphasizing how this dynamic can be extrapolated to
other similar stratified ecosystems. In such systems in
general, the biogeochemical cycling of sulfur and car-
bon varies based on water column chemistry and the
proximity of prominent redox interfaces to light, which
directly impacts microbial activity. Understanding
these dynamics is crucial to elucidate the role of RSS
in aquatic environment in general and their interaction
with OM, and serve as a foundation for modeling the
biogeochemical sulfur cycle within the stratified marine
water column. Further exploration of these relationships
will improve our understanding of the sulfur cycle and
its impact on the environment, particularly in relation
to the spread of deoxygenation in coastal waters due to
climatic variability.
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