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Abstract Superoxide is a reactive oxygen species that is influential in the redox chemistry of a wide range
of biological processes and environmental cycles. Using a novel in situ sensor we report the first water column
profiles of superoxide in the Baltic Sea, at concentrations higher than previously observed in other oceans. Our
data revealed consistent peaks of superoxide (2.0-15.1 nM) in dark waters just below the mixed layer. The oxic
waters, low metal concentrations, and lack of sunlight imply that the peak is likely of biological origin. Several
profiles displayed a concomitant dip in dissolved oxygen mirroring this superoxide peak, strongly suggesting a
link between the two features. The magnitude and distribution of superoxide observed warrants re-evaluation of
the most relevant sources and controls of superoxide in seawater. Locally, these high concentrations of
superoxide may create environments conducive to reactions with trace metals and organic matter and present an
overlooked sink of oxygen in the Baltic Sea.

Plain Language Summary The combination of unusual inflow activity and topographic conditions
with strong anthropogenic influence in the Baltic Sea, offer a unique environment to study redox chemistry. To
gain further insight into the biogeochemical cycles in this area we made the first measurements of superoxide, a
reactive oxygen species that plays significant roles in organismal health, as well as the chemistry of metals and
carbon in seawater. We made direct measurements of superoxide in seawater, leading to continuous profiles
between 2 and 80 m at 7 different locations in the Baltic Sea. Our results revealed the presence of widespread
superoxide maxima that consistently appeared in dark waters at depths between 23 and 35 m. In some instances,
the superoxide peaks are mirrored by dips in oxygen concentrations. This work demonstrates that light-
independent processes were the dominant source of superoxide in the Baltic Sea in September, and point to an
association between heterotrophic activity, oxygen loss, and superoxide production. The high levels of
superoxide observed in this study suggest that a reevaluation of the abundances of this compound in seawater is
necessary, and underline the advantages of in situ techniques for capturing total superoxide concentrations.

1. Introduction

The unique ecosystem of the Baltic Sea is shaped by a combination of unusual topographic and hydrographic
conditions (Matthdus & Franck, 1992). The sole input of saline water is through the Danish Straits which
sporadically injects seawater from the North Sea into the Baltic Sea. Due to the high volume of riverine water, and
limited inflow of seawater, the Baltic Sea is one of the largest brackish water bodies in the world (Ojaveer
et al., 2010). The brackish surface layer which spans the euphotic zone is stratified from the deeper more saline
waters at depths of around 60-80 m in the Baltic Proper and limits deep water ventilation. Eutrophication has
enhanced this oxygen deficiency already present due to poor ventilation, resulting in anoxic bottom waters and
accumulation of hydrogen sulfide (Carstensen et al., 2014).

The steep oxygen gradients that characterize the Baltic Sea provide a singularly opportune setting to study
elemental redox coupling. A wealth of previous studies has highlighted the dynamic cycles of Fe and Mn, and
interactions with P and other trace metals (e.g. Co, Mo, U, V, and W) (Dellwig et al., 2010; Hermans et al., 2019;
Laimaetal., 2001; van de Velde et al., 2020). The rapid cycling between metal oxidation states, and reactions with
nutrients and organic matter suggest an environment conducive to the production of reactive intermediates that
may persist at low concentrations but have high fluxes.
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Superoxide (O, °), is a reactive oxygen species (ROS) that is formed by the single electron reduction of mo-
lecular oxygen. The abundance and distribution of ROS in surface and deep-sea waters have widespread im-
plications. ROS can play critical roles in the cycling of carbon, and redox-sensitive metals such as copper, iodine,
iron, and manganese (Archibald & Fridovich, 1982; Hansard et al., 2011; Heller & Croot, 2010b; Learman
et al., 2013; Li et al., 2014; Luther, 2023; Rose, 2012; Wuttig et al., 2013). Recent work has further shown that
superoxide production can act as a net sink of dissolved oxygen in the water column, underlining its importance in
oxygen dynamics in both the light and dark ocean (Sutherland, Wankel, & Hansel, 2020). Organismal health can
be influenced in either positive or negative manners by ROS levels. At regulated levels, superoxide plays essential
roles in the function of higher eukaryotes (Aguirre et al., 2005; Lamb & Dixon, 1997) and recent work has
implicated ROS (specifically H,O,) in beneficial processes for microbes spanning from cell signaling to growth
(Buetler et al., 2004; Diaz et al., 2019; Hansel et al., 2019; Roe & Barbeau, 2014). Logically, in a system as
dynamic and redox stratified as the Baltic Sea, superoxide may play a heightened role in microbial ecology and
biogeochemistry and provide an unparalleled natural site to study its water column dynamics.

Canonically, the main source of superoxide production in the ocean has been attributed to an abiotic photo-
chemical process, specifically via the photolysis of colored dissolved organic matter (CDOM) (Garg et al., 2011;
Powers & Miller, 2014; Shaked & Armoza-Zvuloni, 2013). However, a series of key discoveries in the last
decades reveal the importance of enzyme and metabolite-mediated biological production and have led to a new
framework for understanding of marine superoxide production. Superoxide can be generated by heterotrophs and
phytoplankton (Diaz et al., 2013; Sutherland et al., 2019), with the potential for light independent production
appearing to be widespread across these micro-organisms (Diaz et al., 2019; Yuasa et al., 2020). The decrease in
superoxide concentration upon removal of particles from natural waters in the dark suggests a likely microbial
origin for this ROS (Roe et al., 2016; Rose et al., 2008; Zhang et al., 2016). Despite this progress in understanding
of marine ROS, we still lack a basic understanding of the distribution of superoxide within the water column and
how this relates to patterns in light, oxygen, temperature, nutrients, and microbial community composition.

The short half-life of superoxide in seawater (typically between seconds and minutes) (Petasne & Zika, 1987) has
historically complicated efforts to quantify superoxide in seawater. Consequently, earlier efforts to characterize
superoxide in the water column have largely used decay rates to back-calculate concentrations (Hansard
et al., 2010; Rose et al., 2008; Rusak et al., 2011), or relied on evaluating specific production pathways from
assessments of particle-associated and non-particle associated waters (Roe et al., 2016; Schnur et al., 2024;
Sutherland, Grabb, et al., 2020). As a result, our understanding of the true abundances and distributions of su-
peroxide in seawater is highly limited, with very poor spatial or temporal resolution. Yet, advancing our
knowledge of superoxide dynamics may provide a new lens through which to study biogeochemical cycles,
particularly in highly stratified systems such as the Baltic Sea that are increasingly subject to anthropogenic
influence. Here we leveraged a novel in situ sensor to provide the first characterizations of superoxide throughout
the water column of the Baltic Sea, adding a new dimension through which to describe the unique biogeo-
chemistry of this sea.

2. Materials and Methods
2.1. Sampling Stations

Data were collected during a research cruise (EMB276) on the R/V Elisabeth Mann Borgese from September 20
to September 27 of 2021. Seven different stations in and around the eastern Gotland Basin were studied
(Figure 1). A list of the locations by latitude and longitude is given in Table S1 of Supporting Information S1.

2.2. Superoxide Analysis

In situ measurements of superoxide were made using a recently developed superoxide sensor (SOLARIS), which
has been previously described in detail (Taenzer et al., 2022). Briefly, SOLARIS quantifies superoxide using a
chemiluminescent method. Seawater is drawn in continuously through a sampling wand and combines with the
chemiluminescent probe methyl Cypridina luciferin analog (MCLA) in a mixing cell (see Table 1). MCLA reacts
specifically with superoxide producing light which is quantified by a photomultiplier tube. Operation of
SOLARIS, including manipulation of pump speeds, and choice of program (calibration or environmental mea-
surement) is handled through a custom user interface in real time during deployments. Data are collected as raw
counts, at the frequency of 2 Hz, which depending on the speed of the CTD descent equates to a continual profile
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Figure 1. A map illustrating the depth (in meters) of the Baltic Sea. Sampling stations are shown by different symbols.

with 8-15 data points per meter. During deployments the instrument is run in one of three modes: (a) analysis of
seawater (pump speeds: MCLA 6.2 mL/min, seawater via sampling wand 6.2 mL/min), (b) background correction
(pump speeds: MCLA 6.25 ml/min, seawater via sampling wand 4.75 mL/min, SOD 1.5 mL/min), or (c) cali-
bration (toggles between three stages, a. MCLA 6.25 mL/min, BGSW 6.25 mL/min, b. MCLA 6.25 mL/min,
BGSW 4.75 mL/min, SOTS 1.5 mL/min, and c. MCLA 6.25 mL/min, BGSW 4.75 mL/min, SOTS 1.5 mL/min,
SOD 1.25 mL/min).

SOLARIS signals are calibrated using a solution of superoxide thermal source (SOTS-1), based on methods
outlined previously (Heller & Croot, 2010c; Taenzer et al., 2022). SOTS-1 degrades and yields superoxide at a
highly constrained, temperature-dependent rate. To control the temperature component of the degradation rate as
SOLARIS moves along temperature gradients in the water column, SOTS-1 is stored within a thick-walled,
temperature-regulated, acrylic chamber on SOLARIS. The SOTS-1 chamber is filled with water that is main-
tained at a temperature of 26°C. All other reagents, and the sampled seawater is at ambient temperature. SOTS-1
solutions (100 pM) were prepared eight hours prior to deployments to target steady-state concentrations in the
SOTS-1 as described by others (Heller & Croot, 2010c). The chemiluminescent probe MCLA, was prepared from
frozen stock solutions prior to the start of each deployment, as was a solution of superoxide dismutase (SOD),
which degrades superoxide and is thus used to verify that the photon signal is responding to superoxide in
seawater. Solutions are filled into sterile plastic bags (Thermo Scientific, Latiner P/N SH3071403, 0.5 or 2L
volumes) with the use of 60 mL plastic syringes. Any air bubbles are removed from the reagent bags before being
put into place on SOLARIS.

In this study, SOLARIS was mounted to the frame of a rosette on which it traveled vertically through the water
column. As a result, measurements begin at 2 m depth, and there were no measurements made directly at the sea
surface. As it takes roughly 28 s for the seawater to travel from the tip of the sampling wand to the flow cell where
the signal is recorded, the signals are time-adjusted to match the depths of the CTD 28 s prior to the raw count

’YI:Zl:’ltfjf Reagents Used in Superoxide Quantifications on SOLARIS

Solution Concentration Purpose

MCLA 4 uM Chemical probe, generates signal upon reaction with superoxide
Superoxide thermal source (SOTS-1) 100 uM Superoxide standard, decomposes to produce superoxide
Superoxide Dismutase (SOD) ~6 kU/200 mL Verifies superoxide signal

Background Seawater

Filtered + amended to a final concentration of 75 pM DTPA Baseline signal for calibrations
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signal read. The rosette was regularly stopped during its descent through the water column to allow for deter-
mination of depth and temperature specific calibration factors, which were then used to convert raw photon counts
to superoxide concentrations. The reagent body of SOLARIS is tightly enclosed in an opaque sheet of black
plastic, that shields it from the light.

2.3. Analysis of Associated Parameters

Temperature, oxygen, salinity, photosynthetically active radiation (PAR) (Biospherical Instruments Inc.), fluo-
rescence (WETStar Fluorometer), and turbidity (ECO FLNTU) were measured on a standard CTD package and
associated rosette mounted sensors (Seabird 9/11+, SN-911+). Macronutrients (P043', NO,;, NO, ™, and NH,*) as
well as pH, silica, and hydrogen sulfide were obtained via microsensors and a constant flow analyzer (QuAAtro
Seal analytical) in line with an independent pump CTD as described by Strady et al. (2008) and Schulz-Vogt
et al. (2019). Nutrient analysis followed guidelines of Grasshoff et al. (1999) and HELCOM (2017), with the
precision on each nutrient being 0.01 (PO43'), 0.02 (NO;7), 0.006 (NO, "), and 0.05 (NH,*) pM. Due to time
constraints, the pump CTD profile focused exclusively on the depth range of the chemocline, typically falling
between 30 and 50 m, and proceeded downward. As a result, these parameters were not characterized in surface
and near-surface waters.

2.4. Calculation of Superoxide Production Rates

Assuming steady-state, the production of superoxide in seawater must be balanced by its decay rate. Thus, the
production rate (Pg,_ in nmol L™" h™"is given as:

POZ— = [O;] x k x 3600

Where the [O,7] is given in nM, and k is the decay rate constant in s!. In natural waters, decay constants of
superoxide typically range between 0.002-0.016 s~ (Hansard et al., 2010). However, as superoxide is known to
also react with organic matter (Heller & Croot, 2010a), the humic rich nature of the Baltic Sea (Osburn &
Stedmon, 2011; Terzic et al., 2024) would likely be characterized by a higher decay rate than in typical seawater.

2.5. Statistical Analysis

Data normality and homogeneity of variance were first assessed using Levene's test prior to further statistical
analyses. Relationships between station location, thermocline depth, concentrations, depths of subsurface peaks,
and fluorescence were tested using a one-way analysis of variance (ANOVA) or bivariate fits. JMP (version
16.2.0) was used for all statistical analyses.

3. Results
3.1. Meteorology and General Water Column Characteristics

Direct meteorological data, including air temperature, wind speed, and humidity from the sampling stations were
captured by the ship's onboard sensors. Air temperatures in the timeframe between September 20th and
September 27th varied between 10.0 and 16.8 (°C) (Table S1 in Supporting Information S1). Some precipitation
occurred on September 23rd and September 24th, but all other days were dry. The sampling period was char-
acterized by inconsistent wind speeds, alternating from fairly high at the start of the sampling period (8.8 m s™')
on September 20th followed by a drop in winds (reaching 4.6 m s™') on September 22nd, after which it rose again
(8.5 m s~ 1) by September 23rd. The lowest mean wind speed was observed on September 26th (3.9 m s™ 1), and
then picked up again on September 27th (9.6 m s™"). The depth of the euphotic zone, defined as the depth at which
just 1% of the surface PAR remains, varied between 10 and 24 m between different stations and time of day (see
Table 2).

As seen in Figure 2, the different stations varied in their oxygen, turbidity, and fluorescence profiles. Oxygen was
near-saturation with the atmosphere at 2 m (280-300 pM) and rapidly began to decline around 60-65 m sepa-
rating oxygenated surface waters from sulfidic bottom waters by 75-90 m (see Figure S1 in Supporting Infor-
mation S1). Within the oxic water column, station TF271 showed the highest amount of fluctuation in the oxygen
profile between 20 and 50 m depth. GO23 displayed some variability in this region as well, but the oscillations
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Table 2
The Time of Each Cast at Different Stations Along With the Near Surface Superoxide Concentrations (at 2 m), and the Depth
and Concentration of the Superoxide Peak

Station Time 0,  (nM) at 2 m Surface PAR Depth of O, peak (m) O, peak (nM) 1% PAR depth

GO27 06:22 2.3 21.00 29 9.6 20
TF271 04:07 6.4 0.37 31 7.8 18
TF271 13:04 7.6 21.00 25 9.6 19
TF271 17:30 2.9 21.00 23 10.1 19
GO12 03:12 3.8 0.40 23 6.1 10
G024 03:26 2.3 0.33 30 6.5 10
G024 04:41 1.6 2.39 27 42 13
G023 10:08 2.4 175.88 27 2.7 16
G023 12:05 35 182.99 30 2.2 15
G023 13:01 2.5 114.34 31 2.0 15
TF260 05:31 6.0 6.32 32 15.1 24
TF260 07:14 2.1 14.56 31 9.7 24
TF260 11:57 2.7 105.71 29 8.7 19
TF260 12:58 1.7 118.30 35 6.7 10
G032 13:04 2.0 21.60 24 4.2 20

Note. The depth of the euphotic zone is given as the depth at which 1% of the surface PAR is reached.

occurred on a smaller amplitude than at TF271. In many of the casts, local dips in oxygen were seen at a depth
around 24 m, below the mixed layer depth. A drop in oxygen at this depth was most defined at casts at GO27
(dropping from 280 to 200 pM), TF260 (280 to 216 puM, cast at 07:14), and GO32 (297 to 265 pM).

The profiles of fluorescence and turbidity displayed site-specific differences (Figure 2). Fluorescence and
turbidity values at all stations tended to be fairly homogenous within the mixed layer. At all stations apart from
GO12, surface fluorescence was close to 1.3 RFU, while at GO12 it was closer to 0.88 RFU. Fluorescence was
generally most variable beneath the mixed layer, at depths between 25 and 40 m. Troughs in fluorescence in this
range were noted at GO27, GO23, and at TF260. Turbidity profiles displayed similar trends in these depth ranges.

Temperatures throughout the water column at all stations decreased from roughly 15°C in the surface waters to
7°C at depth (see Figure 3). The temperature remained stable between 14°C and 15°C within the mixed layer. The
depth of the thermocline varied between sites. The thermocline at stations GO12, GO32, and TF271 fell between
20 and 22 m, while stations GO23, GO24, and GO27 had thermocline depths of 26-27 m, and station TF260
exhibited the deepest thermocline at approximately 31 m. A bivariate fit shows some correlation (P = 0.0306)
between the thermocline depth and water column depth across all stations, with shallower stations tending to have
larger mixed layers and deeper thermoclines.

The general trends in salinity were the same at all sites (Figure S3 in Supporting Information S1). In the surface
waters, the salinity was roughly 7.4 and increased to 9-10 PSU by 80 m. A layer of intermediate salinity (25—
60 m) was seen at Stations GO32, GO27, and TF260, but was not notable at the other stations. An oxycline
appearing roughly between 75 and 90 m at all stations separates oxygenated surface waters from oxygen depleted
bottom waters.

3.2. Superoxide Concentrations With Depth

The distribution of superoxide through the water column followed a similar pattern at most sites (Figure 3).
Concentrations were largely uniform through the mixed layer (0-20 m), with an emergent subsurface peak just
below this mixed layer, after which concentrations decline to near or below surface values by a depth of 80 m.
Superoxide in surface waters ranged between 1.6 and 7.6 nM. Superoxide in the first 5 m of the water column was
visibly higher than the rest of the mixed layer in profiles at just three of the stations, TF260, TF271, and GO32.
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Figure 2. A comparison of PAR (pmol s™' m™2; solid yellow line), fluorescence (pg Chl/L; solid green line), turbidity (NTU;

dashed red line), and oxygen (uM; solid black line) profiles across the seven sites studied.

Apart from these instances, surface concentrations of superoxide were not notably higher than in the rest of the
mixed layer below 2 m.

Distinctive subsurface peaks of superoxide were observed to varying degrees in all casts at every station
(Figure 3). The subsurface maxima consistently appeared at depths between 23 and 35 m. The highest concen-
trations reached at these depths varied between 2.0 nM at GO23, and 15.1 nM at TF260. In all instances, apart
from one cast at GO23, the concentration of superoxide at the subsurface peak was the highest observed over the
80 m water column. In some cases, this constituted a 2 to 3-fold increase in concentration from the superoxide
levels in the overlying mixed layer. The shape of the superoxide peaks was quite variable. The broadest super-
oxide increases were visible at GO12 and GO24. The smallest subsurface peaks in terms of concentration were
seen at GO23 and GO32. The results of a one-way analysis of variance show that the subsurface concentrations of
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Figure 3. Superoxide depth profiles along thermocline and oxycline transitions.

superoxide were statistically different (P = 0.0342) between stations, with the highest concentrations measured at
TF260.

In many of the casts local dips in oxygen also occur at a depth of 24 m (Figure 2). This oxygen concentration
feature was most defined at casts at GO27 (dropping from 280 to 200 pM), TF260 (280 to 216 uM, cast at 07:14),
and GO32 (297 to 265 uM). At station TF260, where four oxygen profiles were measured throughout the day, the
decrease in oxygen varied among profiles (see Figure S2 in Supporting Information S1). For instance, a more
pronounced decline in oxygen was seen at 05:31 and 07:14 at Station TF260, than during profiles at 11:57 and
12:58.

3.3. Diel Superoxide Profiles

At some stations multiple profiles were collected throughout the day (TF260, TF271, GO23, and GO24). As seen
in Figure 4 and Figure S2 in Supporting Information S1, superoxide concentrations and distributions varied over
the course of the day. At station TF271 the highest concentrations of superoxide at the base of the mixed layer
were observed at 13:04, while the early morning cast at 04:07 exhibited the most notable decline with depth from

Depth (m)

e ——

s

Superoxide (nM)

10

05 10 15 00 01 02
Turbidity (NTU)

Fluorescence (RFU)

225 250 275 300 0 5 10
Oxygen (uM) Temp (°C)
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Figure 4. A comparison of superoxide, oxygen, temperature, fluorescence, and turbidity, as a function of time of day at Station TF271.
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3 m to the base of the euphotic zone. No significant correlations were found between surface superoxide con-
centrations and time of day or station.

The deeper thermocline at 04:07 was aligned with the deepest superoxide peak. However, time of day alone did
not reveal any clear relationship with maximum subsurface superoxide concentrations. There were also notable
variations in the dips and peaks in the oxygen profiles over time, as can be seen in the three profiles at TF271 from
04:07, 13:04 and 17:30 (see Figure 4). Turbidity and fluorescence patterns shifted in similar ways across the
course of the day.

4. Discussion
4.1. Steady-State Superoxide in the Baltic Sea

We collected superoxide measurements during 15 casts over eight stations across light and dark cycles. Overall
concentrations of superoxide measured here were largely higher than previously described in seawater (Figures 3
and 4). Earlier studies have reported concentrations up to 2,000 pM in sunlit surface waters, while estimates of
superoxide in aphotic seawaters lie in the range of just a few picomolar (Hansard et al., 2010; Roe et al., 2016;
Rose et al., 2008; Rusak et al., 2011; Schnur et al., 2024).

Seawater concentrations of superoxide are expected to vary with location, season, and climate, reflecting shifts in
the strength of different production sources. In addition to these factors, one significant distinction that could
account for the discrepancy in concentration magnitudes observed in our study compared to most previous work is
the method of superoxide characterization. Previous estimates of superoxide concentrations have been made from
extrapolations from decay rates (Hansard et al., 2010; Heller & Croot, 2010a; Rose et al., 2008; Rusak
et al., 2011), or differences between particle-associated (unfiltered) and non-particle associated (filtered) waters
collected from bottles (Roe et al., 2016; Sutherland, Grabb, et al., 2020). Therefore, any superoxide lost during
initial decay, or from pathways other than particle associated production, is not taken into consideration, resulting
in an underestimation of total concentrations. In this study, chemiluminescent measurements of unfiltered
seawater were made directly in the environment, eliminating the need to account for decay rates. The one previous
study conducted with SOLARIS highlighted similar concentrations to those here, of 7-16 nM off Western
California (Taenzer et al., 2022). Similarly, work done with a diver operated in situ sensor in open ocean waters
and coral reef environments (Diaz et al., 2016; Grabb et al., 2019) found similar shallow water (2-10 m) con-
centrations in the range of 2-8 nM, as seen in our Baltic Sea data. Together these studies suggest that in situ
measurements are allowing us to capture total superoxide concentrations via a variety of pathways and sources
(e.g., light-dependent and -independent; free and particle associated sources), thereby providing a more
comprehensive picture of the superoxide landscape in the ocean. We note that chemiluminescent flow through
systems, such as the one we have used here, could allow for bioluminescence of cells to be interested as MCLA
chemiluminescence. However, we believe this to have had a negligible effect on our results, as the sampling wand
of SOLARIS is outfitted with a filter tip (0.025 cm holes) which would have prevented a large portion of
bioluminescent sources from entering the flow cell. Further, any exceptionally high data points (which were few
and far between) were considered outliers and removed from any further analysis.

4.2. Water Column Distribution of Superoxide in the Baltic Sea

The most striking feature revealed in our data is the presence of a superoxide peak in the depth range of 23-35 m,
which we hypothesize to originate from light-independent biological production. The smallest of these peaks was
2.0 nM at GO23 (13:01), while the highest peak reached 15.1 nM at TF260 (cast at 05:31 a.m.) (see Figure 3). A
one-way ANOVA shows that stations are statistically different in their superoxide peaks indicating that local
chemical and biological conditions play an important control on the balance between production and decay
mechanisms (p = 0.0342). However, no simple relationships between superoxide maxima and depth, or prox-
imity to land are evident. The maximum concentrations reached at the subsurface peaks do not display a clear
relationship with time. At TF260, concentrations decline from 15.1 nM at the earliest morning cast done at
05:30 hr to 6.7 nM at 12:58, while the opposite trend emerges at station TF271 where an increase from 6.7 to
10.1 nM is seen between 04:07 and 17:31. This lack of clear diel pattern is perhaps not surprising as the observed
maxima lie below the euphotic zone, which reached between 10 and 22 m across stations, and thus is not directly
tied to a light-dependent source. Further corroborating this line of thought, the mean superoxide maxima and
fluorescence values from each station also did not show a clear relationship (p = 0.0738). Fluorescence is
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commonly used as an indicator of phytoplankton abundance (Fragoso et al., 2021), and thus we would expect
areas of photosynthetic activity by phytoplankton to align with higher fluorescence values. While extracellular
superoxide production is common among phytoplankton, and axenic cultures (10°-10° cells mL™") can produce
superoxide in the range of 0.1 to tens of nanomolar (Diaz et al., 2018; Hansel & Diaz, 2021), presence and/or
abundance of photosynthetic organisms do not appear as good predictors of superoxide concentrations in this
study.

Light-independent biological processes are also a pathway for appreciable superoxide production in aphotic (and
photic) marine systems (Diaz et al., 2013; Hansel et al., 2016; Kustka et al., 2005; Learman et al., 2011;
Sutherland, Grabb, et al., 2020). The mechanisms by which heterotrophs produce ROS are less certain than for
phytoplankton but may be linked to transmembrane NADPH oxidase (NOX) (Hajjar et al., 2017) or via soluble
extracellular enzymes or reactive metabolites (Andeer et al., 2015; Diaz et al., 2019). Previous studies investi-
gating particle-associated reactions have demonstrated significant production of superoxide to natural waters
(Roe et al., 2016; Rose et al., 2008; Zhang et al., 2016). A microbial origin of the observed superoxide peak would
suggest elevated activity in the 23 to 35 m depth range. Indeed, the regulation of microbial activity near the base of
the euphotic zone is likely closely tied to patterns of primary productivity in the surface waters. The Baltic Sea is
characterized by an unusual bloom pattern, with one large spring bloom of diatoms and flagellates, and a summer
bloom dominated by nitrogen-fixing cyanobacteria (Legrand et al., 2015). A study done in the Northern Baltic
Sea found that the highest percentage of labile dissolved organic carbon (DOC) (5%-9%) was found in the late
summer and autumn (Hoikkala et al., 2015). Heterotrophic bacteria degrade DOC, with limitations on growth
imposed by factors such as nutrient availability and temperature (Williams, 1995; Zweifel et al., 1995). As such,
one might expect that the high quantities of labile DOC in the water column in autumn (when our study was
conducted) would support enhanced microbial activity. This presumption is also supported by reports of a peak in
heterotrophic bacterial biomass of 6.6-8.4 ymol C L™ after the late summer bloom in the Northern Baltic Sea
(Hoikkala et al., 2012). Furthermore, our observations show that superoxide peaks emerge consistently below or
at the base of the thermocline (see Figure 3), where sinking organic matter normally accumulates and the
breakdown of thermal stratification in late September (Hoikkala et al., 2012) could lead to the injection of a fresh
supply of labile DOC via water mixing stimulating growth.

Steady-state concentrations of superoxide in seawater are maintained as a balance between active production and
decay mechanisms. Typical decay rate constants of superoxide in natural waters range between 0.002-0.016 s
(Hansard et al., 2010). Assuming an average decay constant of 0.008 s™, a production rate of 58 nM hr™' and
435 nM hr~" would be required to sustain our lowest and highest steady-state concentration at GO23 and TF260,
respectively. To determine whether these rates are consistent with solely biological origins, we can compare these
concentrations to previously reported rates of extracellular superoxide production by common microbes in the
environment. Superoxide production rates for phytoplankton species range between 10~> and 10* amol cell ™' h™!
(Hansel & Diaz, 2021) while for heterotrophic microbes production has been reported to span from 0.1 to 3.7 amol
cell™' h™! (Diaz et al., 2013; Sutherland et al., 2019). While cell abundance data were not recorded during our
cruise, using a rough estimate of 8 x 10° cell mL™" (directed by data from Wikner and Vikstrom (2023) as
representative cell densities of the Baltic Sea) yield an estimated production rate of 7.3 and 54 amol cell™" h™' to
cover the lowest and highest superoxide peaks, respectively. While these are higher than the production rates that
have previously been found in lab-based studies of heterotrophs, superoxide production is known to be affected
by several parameters that may be different in the environment than under lab conditions, including microbial
interactions, nutrient availability, and cell density which shows an inverse relationship with superoxide pro-
duction rate (Hansel et al., 2019).

Higher rates of light-independent extracellular superoxide production at depths of 25-35 m could also reflect a
shift in microbial community structure. The absence of light, and rapid change in temperature from the overlying
water column may provide an environmental niche allowing for the emergence of a distinct microbial community
with different (co)-metabolisms. While the reasons for microbial extracellular superoxide production are not well
known, the widespread occurrence of this peak at this depth suggests that it may provide some physiological
advantage for cell growth, perhaps operating in the breakdown of DOM or nutrient acquisition (Hansel &
Diaz, 2021). In addition, the observed distribution of superoxide could be in part accounted for by diel migration
of phytoplankton or zooplankton. Previous observations of vertical dinoflagellate migration have been made at
Gotland deep (Kowaleski, 2015) and the harmful algal bloom forming species, Dinophysis acuminata, have been
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noted to accumulate below the thermocline (Setil4 et al., 2005), in the depths thar are particularly relevant to the
superoxide peak we characterized here.

Beyond biological production, superoxide production in dark waters may occur through reactions with reduced,
redox-active species. These include oxidation of Cu(l), Fe(II), and Mn(IIl) (within MnO,) by oxygen, or the
reduction of Mn(IV) by H,O, (Morris et al., 2022). In particular, considerable work has looked at the role of Fe in
the production and consumption of ROS (Fujii et al., 2010; Rose et al., 2005; Rose & Waite, 2002; Shaw
et al., 2021). Oxygenation of dissolved inorganic Fe(Il) may lead to the production of superoxide, with a wide
range of reported oxidation rates (2.8-69 M~ s™!) depending on the organic or inorganic form of Fe and general
seawater chemistry (Fujii et al., 2010; Gonzalez-Davila et al., 2005; Pham & Waite, 2008; Rush & Bielski, 1985;
Santana-Casiano et al., 2006). Previous studies highlight a wide range of Fe(II) concentrations in the oxic upper
water column (Breitbarth et al., 2009; Pohl & Fernandez-Otero, 2012), but higher estimates of particulate Fe
above the halocline of 31.4 nmol L™" (see Pohl & Hennigs et al., 2005) suggest that Fe(II) may have a role in
superoxide cycling. Similarly, the presence of Mn in the oxic portion of the water column, as Mn(II) (14-50 nM),
and particulate manganese (10-15 nM) (Neretin et al., 2003) suggests a potential role of Mn in superoxide
formation. While the presence of redox-active trace metals allows for the possibility of superoxide generating
reactions, why this would occur at substantially elevated rates in the depth range of 23-35 m remains an open
question. As the water column is still fully oxygenated in this depth range, it doesn't fit the explanation of an
interface environment where reduced species come in contact with oxygen, which has previously been noted to
produce considerable pulses of ROS (Morris et al., 2022). Bacterial production of extracellular superoxide may
oxidize Mn(II) to Mn(IIL, IV) oxides (Learman et al., 2011), and similarly has been proposed to facilitate mi-
crobial Fe acquisition under some environmental conditions (Rose, 2012), underlining the possibility that an
overlap between microbial groups and metals could play a role in controlling superoxide levels in seawater.

The vertical trend in superoxide observed here in the Baltic Sea is similar to that reported in seawater east of New
Zealand (Rusak et al., 2011), where a superoxide peak of 32.1 nM in unfiltered waters was found at approximately
40 m, and in the Costa Rica dome where a peak of above 150 pM was found (Rose et al., 2008). Together, these
data begin to shift our understanding of the sources of superoxide in seawater away from photochemical pro-
duction as the dominant source as has long been believed (Baxter & Carey, 1983; Micinski et al., 1993). In fact, in
only about one-half (eight out of 15) of the water column superoxide profiles did we observe any decrease in
superoxide concentrations from the first 2-5 m of the water column to the base of the euphotic zone (Figure 5).
The highest near-surface concentrations we observed were at Station TF271 at 04:07, and at Station GO23 (10:08;
12:03; and 13:01). In all other profiles, concentrations within the euphotic zone do not appear to reflect elevated
surface production. It is important to note that due to the positioning of SOLARIS on the CTD, we don't have data
on superoxide for the first 2 m of the water column where photochemical production is expected to be most
significant. Nevertheless, the lack of trend from 2 m to deeper suggests that photochemical production was a
minimal source below 2 m at the time that we sampled most stations.

4.3. Oxygen Loss and Superoxide Production

At several stations (e.g., GO27, TF260, and GO32), the subsurface peak in superoxide is mirrored by a clear dip in
oxygen (Figure 5). Local oxygen minima located at the base of the thermocline have previously been observed in
the later summer in the northern Baltic Sea (Raateoja et al., 2010). This feature has been explained as a hotspot of
organic matter decomposition driven by a slowing in the sinking speed of particles around 20 meters due to a
temperature driven density gradient (Horppila et al., 2000). Oxygen use at this depth has on average been
attributed to microbial decomposition (~80%) and mesozooplankton respiration (~20%) (Raateoja et al., 2010).
As in previous studies, we interpret the dip in oxygen at the base of the thermocline to relfect an increased rate of
oxygen consumption via microbial decomposition. The first derivative of oxygen with depth, seen as an example
for Station TF260 (chosen due to the multiple casts done at this station) in Figure 6, shows the relative change in
oxygen consumption at 1-m intervals. The superoxide standing stock within the subsurface peak (nmoles m™?)
was estimated by integrating the peak area. The superoxide concentration directly before the onset of the peak
(above the peak) was considered as the baseline. Peak area between these intervals was calculated by trapezoidal
integration. A similar technique was used to quantify the integrated loss of oxygen represented in the corre-
sponding oxygen profile at these same depth intervals.
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Figure 5. A comparison of superoxide (dashed green) and oxygen (solid black) profiles throughout the water column. Each profile shows a new cast with the time of the
cast in the lower right portion of each plot. The gray shaded region highlights the position of the subsurface superoxide peak.

As indicated by the overlap between the large negative excursion and the maxima in the superoxide profile,
superoxide peaks consistently emerge in defined areas in the upper water column exhibiting high relative rates of
oxygen drawdown. Rates of oxygen decline lower in the water column and then increase again in the vicinity of
the sharp chemocline, until oxygen eventually drops to near zero by 80 m.

Prokaryotic respiration in the Baltic Sea varies with location, depth, and season, among other factors (Kupri-
nen, 1987; Rychert et al., 2015; Spilling et al., 2019). An average respiration rate of 2.9 (+2.4) pmol L™ d™*
(Wikner & Vikstrom, 2023) for the Baltic Sea is notably lower than our estimated superoxide production rate,
even for our lowest superoxide peak which converts to 4.8 pmol L™ d™'. The mismatch between these rates does
not refute that heterotrophs are producing the majority of extracellular superoxide, but rather suggests that
extracellular superoxide is a co-metabolic rather than a direct metabolic product.

The considerable steady-state concentrations of superoxide observed in the Baltic Sea may amplify the already
high rates of oxygen loss in this environment. The different fates of superoxide in seawater have unique im-
plications for the marine oxygen budget. If superoxide is reduced to hydrogen peroxide, rather than re-oxidized, a
net loss of oxygen ensues. Integration of the superoxide peak over the 29-37 m depth range for the 05:31 cast at
TF260 yields an estimated superoxide concentration of 50 pmol m~>2. Adopting previously established bounds for
the net oxygen reduction from superoxide production of 14%-53% (Sutherland et al., 2019), we estimate that
within this depth range, the flux of superoxide production may lead to the loss of 7-27 pmol m~? of oxygen.
Interestingly, there is a visible drop in oxygen that mirrors the superoxide peak at this time. Integrating the amount
of oxygen lost in this depth interval indicates 218 pmol m~> have been consumed. Thus, for this particular profile
the flux of superoxide could account for somewhere between 3% and 12% of the oxygen loss. While a decrease in
oxygen at the same depth as elevated superoxide levels was a common feature, it was not always notable, and at
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Figure 6. An illustration of superoxide profiles (in dashed line) imposed on the first derivative of oxygen (green bars) with
depth during each cast at TF260.

times the two features appeared slightly offset. For instance, in the 03:26 a.m. cast at GO24 there is a peak in
integrated superoxide of 58 pmol m™~2 between 25 and 40 m depth, whereas the integrated decrease in oxygen of
90 pmol m ™2 occurs further up in the water column between 22 and 34 m. Thus, while the flux of ROS may be an
important component influencing the oxygen budget of the Baltic Sea, a clear quantitative relationship between
two coinciding features was not necessarily universal and thus requires further investigation.

5. Conclusions

Our observations of superoxide play into an emerging understanding of the biogeochemical intricacy of the Baltic
Sea. While previous work has pointed to the apparently ubiquitous generation of ROS in seawater, this study
demonstrates the presence of superoxide at concentrations in dark subsurface waters that have rarely been
captured. The concentrations of superoxide that we observed in the water column of the Baltic Sea will affect the
redox chemistry of metals (e.g., Cu, Fe, Mn) and carbon, with important implications for solubility, biological
availability, and toxicity (Sunda & Huntsman, 1998). Furthermore, the flux of superoxide has been previously
implicated in net oxygen loss (Sutherland et al., 2019), and we indicate that it may be one component driving local
oxygen dips at the depths of the superoxide maxima.

Our findings suggest that the concentrations and distributions of superoxide in the Baltic Sea in the late summer to
early Fall are not dominated by photochemical production, but rather by sustained and elevated steady-state
biological production in waters directly below the thermocline. A shift from considering abiotic production as
the dominant production pathway under all conditions to recognizing the importance of biotic sources both
seasonally and locally emphasizes the gaps in our understanding of the controls of superoxide dynamics in the
ocean. Future research should specifically target the link between microbial respiration/activity and superoxide
production, and the subsequent impact of superoxide on carbon and nutrient cycling. This work also inspires
inquiries into further ocean basins to determine whether subsurface superoxide has been an overlooked aspect to
redox biogeochemistry more broadly.
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