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KEYWORDS Abstract In this study, Baltic Sea sediments, as a source of dissolved inorganic carbon (DIC),
Biogeochemistry; dissolved organic carbon (DOC), ammonium (NH,"), and phosphates (PO43~), were investigated
Benthic diffusive based on samples obtained in 2017 and 2018, shortly after a sequence of inflows from the
fluxes; North Sea that occurred between 2014 and 2017. Two different data sets (I and Il) were used to
Organic matter assess benthic diffusive fluxes and thus elucidate both the temporal conditions at the time of
remineralization; sampling (data set |) and the diffusion potential of the sediments (data set Il). The estimated
Nutrients; fluxes were characterized by a high spatial variability within the whole Baltic Sea and ranged
Oxygen availability between —0.01 and 3.33 mmol m~2 d~' for DIC, —0.02 and 0.44 mmol m~% d~' for DOC, —40.5

and 1370.1 pmol m~2 d~' for NH4*, and —5.9 and 60.9 wmol m~2 d~' for PO43~. The estimated
benthic diffusive fluxes indicated a high potential for DIC, DOC, NH4*, and PO43~ release from
Baltic Sea sediments. The high O, concentrations in the water column of the Gulf of Bothnia
together with major Baltic inflows (MBIs) bringing oxygenated seawater to the Baltic Proper and
to some extent the Eastern Gotland Basin regulate the amounts of chemicals released from the
sediment. Our study showed that a sequence of inflows has greater impact on the diminution of
diffusive fluxes than does a single MBI and that the sediments of the Baltic Proper, even under
the influence of inflows, are an important source of C, N, and P (159 kt yr—" for DIC4+DOC, 6.3
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kt yr="' for N-NH4* and 3.7 kt yr—' for P-PO,43~) that should be considered in regional budget

estimations.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Baltic Sea is a semi-enclosed shelf sea with a catchment
area (1 642 000 km?) roughly four times larger than the area
of the sea itself (377 000 km?) (Figure 1). Significant nutrient
inputs from land cause eutrophication of the basin, while
stratification of the water column in the vast part of the
central Baltic Sea precludes ventilation of its deep waters.
Together, these features often lead to an oxygen deficiency
in the bottom waters. Despite the considerable decrease in
nitrogen and phosphorous loads from anthropogenic sources
in the last 20 years, eutrophication of the Baltic Sea remains
a major concern (HELCOM PLC-6, 2018), in part because of
the slow response of the Baltic Sea ecosystem to reduc-
tions in nutrient loads. The exchange of waters between the
Baltic Sea and the North Sea is a very slow process, requiring
20—25 year (Lass and Matthaus, 2008), and for phosphorus
the residence time is even longer (Ahtiainen et al., 2014).
According to recent studies, the residence time of nitrogen
and phosphorus in the Baltic Sea is 9 and 49 years, respec-
tively (Gustafsson et al., 2017; Savchuk et al., 2018).

Nutrient enrichment in the Baltic Sea causes eutrophi-
cation, which in turn accelerates organic matter (OM) sed-
imentation, mainly in deep accumulation areas. Some of
this OM is exported to the North Sea, whereas a large
amount is buried in Baltic Sea sediments (Kulinski and
Pempkowiak, 2011), which thus constitute an important
OM sink. The amount of OM buried in deep depositional
areas is estimated to be 2.64 Tg C yr~' (Thomas et al.,
2010).

In general, the OM content in marine surface sedi-
ments, including those of the Baltic Sea, can vary signif-
icantly depending on OM sedimentation rates, preserva-
tion conditions, dilution by mineral matter, and sediment
type (Hedges et al., 1997; Emerson and Hedges, 1988;
Premuzic et al, 1982; Seiter et al., 2004). The OM con-
tent in the surface Baltic Sea sediments is significantly
higher than that in the subsurface layers and was shown
to be a direct consequence of eutrophication (Graca and
Burska, 2011). During early diagenesis, some portion of OM
deposited in the sediments undergoes hydrolysis and/or is
remineralized in the course of both oxic and anoxic micro-
bial processes (Arndt et al., 2013; LaRowe et al., 2020).
Both mechanisms lead to the release of dissolved substances
that supply the overlying water with carbon (C), nitrogen
(N), and phosphorus (P) (Denis and Grenz, 2003). There-
fore, sediments are a major sink for carbon and nutrients
(Walsh, 1991) but also play a significant role in their recy-
cling (Denis and Grenz, 2003; Hille et al., 2005). Kulinski and
Pempkowiak (2011) determined that up to 30% of the OM
deposited in Baltic Sea sediments returns to the water col-
umn as dissolved constituents. This has a substantial impact

371

on the Baltic Sea’s eutrophication status over longer time
scales, as it extends the residence times of major chemi-
cal elements (Carpenter, 2005) and strongly influences wa-
ter properties and the biota (Gilbert et al., 2005). Over the
long term, nutrients released from the sediments enter the
N and P pools available for primary producers. Since both
of these elements are growth-limiting, their release from
sediments can shape ecosystem productivity. However, the
response time may differ substantially between regions, oc-
curring rapidly in shallow, well-mixed waters whereas in re-
gions characterized by a stratification of the water column
the time-scale is longer due to the slow circulation of the
water (Puttonen et al., 2014).

The amount and form of the C, N, and P released from
the sediments depend on the oxygen availability at the sed-
iment surface (Conley et al., 2002). For the vast part of
the stratified central Baltic Sea, near-bottom oxygen levels
are primarily determined by the occurrence and strength of
major Baltic inflows (MBIs), which bring saline and usually
oxygen-rich surface water from the North Sea into the Baltic
(Mohrholz, 2018; Naumann et al., 2018). Oxygen is espe-
cially important for controlling phosphate (PO43~) fluxes at
the sediment-water interface (Savchuk et al., 2012). Anoxic
conditions enhance phosphate efflux from the sediments to
bottom waters (Conley at al., 2009) via the breakdown of
iron oxyhydroxides and iron-humic-phosphorus complexes
(Gustafson et al., 2017) during iron reduction reactions.
Anoxic conditions also favor ammonification and the release
of ammonium (NH4*) from sediments, while the reminer-
alization of OM results in the production of dissolved in-
organic carbon (DIC), a major component of the marine
acid-base system. Quantifying the release of DIC from sedi-
ments is thus necessary to understand the pH dynamics oc-
curring in deep water layers (Berelson et al., 2019). In par-
allel with remineralization, a portion of the OM deposited
in sediments undergoes hydrolysis, releasing dissolved or-
ganic matter (DOM), which is approximated in analyses by
dissolved organic carbon (DOC) (Benner, 2002). As DOM fu-
els the microbial loop, it is an important driver of C, N,
and P biogeochemical cycles (Nebbioso and Piccolo, 2013;
Kulinski et al., 2014).

The efflux of carbon and nutrient from marine sediments
in the Baltic Sea region has been studied during stagna-
tion periods and under pre-inflow conditions (e.g. Denis and
Grenz, 2003; tukawska-Matuszewska and Burska, 2011;
Noffke et al., 2016; Viktorsson et al., 2013; Winogradow and
Pempowiak, 2014; Wulff et al., 2001) as well as after MBIs
(Hall et al., 2017; Sommer et al., 2017). Nevertheless, the
transport of C, N, and P through the sediment-water inter-
face still remains an important source of uncertainty in ef-
forts to understand the biogeochemical functioning of the
Baltic Sea ecosystem (Meier et al., 2019).
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Sampling stations in the Baltic Sea. At the stations marked in red, pore water was collected from the surface sediments

(depth of 2.5 cm), while at stations marked in yellow pore water was collected from the sediments cores up to 30 cm.

The aim of this study was to quantify DIC, DOC, NH4*,
and PO,3~ diffusive return fluxes from the sediments of dif-
ferent Baltic Sea basins. Specifically, our analyses were con-
ducted using samples collected after a sequence of MBIs
and smaller intrusions of North Sea water that occurred be-
tween 2014 and 2017, which differentiated oxygen avail-
ability in Baltic Sea depositional areas. Using two different
data sets, we estimated the concentration gradients of the
investigated constituents at the sediment-water interface,
in order to quantify the return fluxes at the time of sampling
as well as the diffusive potential of the sediments. In addi-
tion, we calculated the molar ratios of the diffusive fluxes of
DIC and PO43~ (C:P). The results were compared with those
obtained in similar studies of the Gotland Basin at different
stages of deep-water renewal/stagnation. The importance
of benthic diffusive fluxes compared to other sources of C,
N, and P in the Baltic Sea was also considered.

2. Material and methods
2.1. Study area

Due to the Baltic Sea’s bottom topography and hydro-
graphic features, sedimentary OM accumulates mostly in

372

deep depositional areas (Figure 1). As the oxygen con-
sumption rates in those regions are therefore increased
(Nausch et al., 2008), the oxygen distribution in the bot-
tom waters of the different basins differs significantly. For
instance, the whole water column in the Gulf of Bothnia
is relatively well-oxygenated whereas large areas of the
Baltic Proper suffer from at least temporary hypoxia or even
anoxia (Matthaus et al., 2008). This is due to the perma-
nent stratification of the water column (halocline at 60—
80 m), which precludes ventilation of the bottom waters
(Matthaus et al., 2008). Hence, in the Baltic Proper MBIs
are the only source of oxygen (Naumann et al., 2018). The
slow propagation of the dense bottom waters together with
the oxygen consumption taking place along the way cause
a gradual reduction in the effects of MBIs and significantly
delay their impact in the distant basins of the Baltic Proper
(Naumann et al. 2018). Although the series of MBIs between
2014 and 2017 and the smaller intrusions of North Sea wa-
ter that sometimes followed them increased oxygen levels
in Baltic Sea deeps, the effects were of relatively brief du-
ration, as the oxygen was quickly consumed during OM rem-
ineralization (Hansson et al., 2017; Naumann et al., 2018).
The MBIs that occurred between 2014 and 2016 came after
several years of stagnation and brought 1080 km? of well-
oxygenated water from the North Sea to the Baltic. Addi-



Oceanologia 63 (2021) 370—384

Table 1 Sedimentary and bottom water characteristics.
Area Station Depth Porosity T (°C) S 0, (rmol Lat (N) Long (E) Year of
)} sampling
Bornholm 67M 90 0.88 7.3 17.1 100.6 55°21.628 15°38.389 2018
Deep 77M 95 0.88 6.7 17.0 98.1 55°21.57 15°45.386 2018
78M 98 0.88 5.8 16.5 51.6 55°19.532 15°42.059 2018
79M 96 0.88 6.2 16.7 188.8 55°17.537 15°38.244 2018
80M 96 0.88 6.2 13.9 57.8 55°17.606 15°45.373 2018
Bothnian Sea us3 175 0.78 4.6 6.3 237.1 62°45.539 19°11.807 2017
Fé64 285 0.67 2.8 7.0 303.1 60°10.987 19°09.073 2017
MSé6 69 0.56 3.6 5.9 285.0 61°99.02 19°09.997 2017
F18 99 0.78 3.9 6.0 241.4 63°19.014 20°16.996 2017
SR3 71 0.64 3.2 5.7 220.2 61°10.995 18°13.693 2017
Gotland Basins BY10 140 0.82 7.2 10.2 50.8 56°37.992 19°34.829 2017
BY15 231 0.97 7.2 13.4 5.3 57°20.011 20°03.026 2017
BY20 189 0.81 6.8 12.7 4.4 58°00.023 19°54.024 2017
BY21 119 0.90 6.4 11.5 19.6 58°26.47 20°20.043 2017
BY29 157 0.73 6.4 11.7 11.2 58°53.053 20°18.952 2017
BY32 164 0.76 5.6 10.4 4.0 57°59.986 17°59.893 2017
BY38 107 0.84 5.5 10.2 16.4 57°07.057 17°39.939 2017
Southern 11 36 0.82 5.6 7.5 329.2 54°38.865 18°41.937 2017
Baltic Sea M1 50 0.95 6.7 12.7 171.8 54°33.372 19°09.994 2017
M2 50 0.85 5.4 7.6 321.6 54°35.989 18°43.973 2017
P1 105 0.88 6.0 14.0 162.7 54°49.995 19°19.18 2017

tionally, in 2017, the Baltic Sea experienced smaller intru-
sions and two inflows, one in February and the other in Oc-
tober, with total volumes estimated at 210 km? and 188 km?3,
respectively (Naumann et al., 2018).

Due to the impediments in the flow of deep water over
the bottom thresholds separating the individual basins in
the Baltic Sea, North Sea inflows rarely reach greater depths
in the far eastern and northern parts of the Baltic Proper.
Moreover, the Bothnian Sea forms a basin and is thus not di-
rectly affected by MBIs (Matthaus et al., 2008). Compared to
the bottom salinity of the Baltic Proper (7.5—17.1, Table 1),
the salinity in the Bothnian Sea is significantly lower (5.7—
7.0, Table 1); however, with vertical mixing down to the
bottom, the entire water column, including the deep wa-
ter layers, becomes well-oxygenated. In addition, the sed-
iments of the Bothnian Sea have a relatively low organic
carbon content, which in the surface layers varies from 1 to
3% dry weight (d.w.) (Leipe et al., 2011).

The Eastern and Western Gotland Basins are the deepest
basins of the Baltic Proper and also serve as important depo-
sitional areas. Their sediments are characterized by a high
organic carbon content, which varies from 8 to 16% d.w.
(Leipe et al., 2011). In the deepest area of the Gotland’s
basins (i.e., the Gotland Deep), the organic carbon concen-
tration oscillates between 14.8% in surface layers and 3.4%
in subsurface layers (Winogradow and Pempkowiak, 2014).
In the bottom waters, the hypoxic and at times even anoxic
conditions prevent the oxic remineralization of OM and in-
crease the proportion of autochthonous OM relative to that
of the lithogenic material being transported by near-bed

currents (Eckhell et al., 2000; Hille et al., 2006; Leipe et al.,
2011).

In the Southern Baltic Sea, defined in this study as en-
compassing the Gulf of Gdansk, including the Gdansk Deep,
and outer Puck Bay, the deepest depositional area is the
Gdansk Deep, whose muddy sediments have a high organic
carbon content (~10% d.w.). A large part of the Gdansk
Basin is stratified and thus impacted by MBIs and by a change
in oxygen availability in the bottom waters (Naumann et al.,
2018).

The Bornholm Deep, due to its proximity to the Danish
Straits, receives significant water inflows from the North
Sea that bring well-oxygenated water but, simultaneously,
intrusions of dense seawater that frequently lead to the
formation of a stronger halocline. Since the ventilation of
deep waters is therefore prohibited, oxygen depletion is en-
hanced, especially in late summer and during longer stag-
nation periods (Leipe et al., 2011; Naumann et al., 2018).
Sediments in the Bornholm Deep are predominantly muddy,
with a moderate to high organic carbon content (4—8%;
Leipe et al., 2011).

2.2. Sampling

Undisturbed sediment cores (100 cm in length and 10 cm
in diameter) were collected using a gravity corer during two
research cruises of the r/v Oceania: in May 2017, when sam-
ples were collected from 15 sites located along the north-
south axis of the Baltic Sea, and in March 2018, with sam-
ples obtained at five sites in the Bornholm Deep (Figure 1).
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Both bottom water and pore water were sampled from the
intact cores (clear boundary between water and sediment,
no particles resuspended) using a Rhizon® samplers (Rhi-
zosphere, diameter of 2.5 mm, mean pore size of 0.15
um) for analyses of DIC, DOC, NH4*, and PO,*~. Bottom
water was carefully collected from 1 cm above the sedi-
ment surface, and surface pore water from 2.5 cm below
the sediment-water interface. Additionally, at five stations,
the pore waters were sampled to a depth of approximately
30 cm (depth resolution in the sediment cores of 2—4 cm;
Figure 3). The locations represented depositional areas in
the Gdansk Deep (P1), Bornholm Deep (67M), Gotland Deep
(BY15), Bothnian Sea (US3), and the methane release zone
in the central Gulf of Gdansk (M1) (Figure 1). To estimate
the small-scale spatial variability in the concentrations and
diffusive fluxes of the investigated constituents, additional
stations (77M, 78M, 79M, 80M) in the Bornholm Deep that
were separated from each other by ~2 nautical miles were
sampled (Figure 1). Depending on the porosity of the sedi-
ments, ~4 ml was collected from each layer. The required
volume (~12 ml) was obtained by merging the pore water
samples from three sediment cores. Immediately after sam-
pling, pore and bottom waters for DIC analyses were trans-
ferred to pre-cleaned glass vials and preserved with 50 pl of
saturated HgCl,. Samples for DOC analysis were transferred
to pre-combusted (300°C) glass bottles and acidified with 50
wl of conc. HCL (30%). All DIC and DOC samples were stored
in the dark at 5°C until analyzed. NH,* and PO43~ analyses
were conducted shortly after sampling. Samples collected in
2017 were measured immediately, while those collected in
2018 were stored at —20°C and analyzed within three days
after their collection. Additionally, samples of surface sed-
iments (0—5 cm) were taken and stored frozen at —20°C to
determine water content.

2.3. Analyses of DIC, DOC, NH4*, and PO43~

DIC and DOC were analyzed using an automated total or-
ganic carbon analyzer (TOC-L, Shimadzu). The DIC samples
were acidified with 25% H3PO4 and purged with a carrier gas
(synthetic air: 80% Ny, 20% O,); the DOC samples were ox-
idized at high-temperature (680°C) in the presence of a Pt
catalyst. In both cases, the resulting CO; was quantified us-
ing a NDIR CO, detector. Quality control consisted of regular
accuracy and precision checks based on comparisons with
reference materials. The DIC results were corrected for the
recovery determined in analyses of certified reference ma-
terial (CRM, Batch #159) provided by A. Dickson (University
of California, San Diego), with the precision of the method
evidenced by a relative standard deviation (RSD) of < 1%.
For DOC, the quality of the results was confirmed by reg-
ular analyses of CRM (North Atlantic water) obtained from
the Dennis Hansell Laboratory, University of Miami (recov-
ery: 98.9%, RSD: 0.9%).

Ammonium and phosphates were analyzed using colori-
metric methods (indophenol blue and molybdenum blue,
respectively), as described by Strickland and Parsons
(1967) and Grasshoff et al. (1999). Quality control consisted
of repeated measurements of CRM (RM-BU; National Mete-
orology Institute of Japan). The accuracies for NH,+* and
PO43~ were 98.3% and 99.1%, and the RSDs 0.3% and 1.4%,
respectively.
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2.4. Measurements of physico-chemical properties

At each station, CTD (conductivity, temperature, density)
and oxygen profiles of the water column were recorded
using a rosette equipped with the Seabird 9/11+ CTD
sensor and the oxygen module SBE 43. Due to limitations in
rosette deployment, CTD and O, were measured ~5 m
above the seafloor. The accuracies of the CTD measure-
ments were C=0.0003 S cm~', T=0.001°C, P=0.015%; for
oxygen, the accuracy was 1%.

2.5. Calculations of the diffusive fluxes

The diffusive fluxes of the investigated seawater con-
stituents were determined according to Fick’s first law of
diffusion (Eq. (1)):

AC
J= q)'Dsed'AX (1)
where J is the diffiusion flux of DIC, DOC (mmol m=2 d~"),
NH4t or PO4*~ (umol m=2 d~'), & is the surface sediment
porosity (dimensionless), Dseq is the substance-specific ef-
fective diffusion coefficient (cm? s~'), and j—g is the con-
centration gradient of the investigated substance at the
sediment/water interface (ug x cm—3 x cm™'). Sediment
porosity was calculated as shown in Eq. (2):

® = W[(100 - W)d~" + W] " )

where W is the sediment water content (%) and d is the
calculated sediment bulk density.

The Dseq values (cm? s~') for all of the investigated sub-
stances were calculated on the basis of dimensionless tor-
tuosity (9) and the diffiusion coefficient in free solutions of
seawater (Ds,, cm? s~') (Eq. (3)). The results are presented
in Table S1 of the Supplementary Material.

Dsed = Dsw/92 (3)

Tortuosity was expressed as a function of the
sediment’s porosity (Table 1) and calculated using
Eq. (4) (Boudreau 1997):

0> =1—In(d?) “)

The diffusion coefficients for free solutions of seawater
(Dsw, cm? s~1) were determined separately for each station,
taking into account local temperature according to Eq. (5):

Dsw= (m0+m1 'T)'1076 (5)

where: my, my are linear coefficients (Boudreau, 1997) and
T is the in situ temperature in the bottom water. All molec-
ular diffusion coefficients in water were adjusted for tem-
perature and salinity in accordance with the Stokes-Einstein
equations (Li and Gregory, 1974). The temperature values
are presented in Table 1. All data used for those calculations
are presented in Table S3. Diffusion coefficient for DOC was
adopted from Burdige et al. (2016).

The concentration gradients (ﬁ—g) necessary to calculate
diffusive fluxes (Eq. (1)) were determined based on two dif-
ferent approaches using two different data sets. In the first
(data set I), the 2—5 between the bottom water (1 cm above
the sediment) and the pore water (from 2.5 cm below the
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sediment surface, i.e. the top-most sediment layer sam-
pled), was calculated. This approach required only a small
number of samples and thus allowed coverage of a vast sam-
pling area. It also reflected the the temporal conditions that
prevailed at the sediment-water interface during sampling.
The second approach (data set Il) was based on the pore
water concentration profiles of the uppermost 30 cm of
each sediment cores (Figure 3), with 2—5 determined from
the mathematical functions best-fitted to the vertical pro-
file of the considered solute. This was done by applying ei-
ther a linear regression or the non-linear model described by
Denis and Grenz (2003). The fitted functions and related de-
termination coefficients (R?) are presented in Table S3. All
five stations sampled for this approach were located in deep
regions, at the accumulation-type bottom where the halo-
cline occurs and benthic organisms are usually absent (no
bioturbation), such that the method developed by Denis and
Grenz (2003) was appropriate. The values of i—i were calcu-
lated as the first derivative for a sediment depth of 2.5 cm,
as described for the approach based on data set I. The func-
tions represented the diffusion potential of the sediments.

3. Results

3.1. Physico-chemical conditions in the bottom
water

The oxygen level at each of the investigated stations was
determined at a depth of 5 m above the seafloor. The lowest
0, concentrations measured at this depth (4.0—-50.8 jumol
I=") occurred in the Gotland Basin and indicated hypoxic
conditions. The other regions were identified as oxic, with
the highest O, concentration (329.2 wmol |=') measured in
the Bornholm Deep (67M) (Table 1). For the Baltic Sea, this
availability of oxygen in the deep basins was unusual. The
temperature of the bottom water (5 m above the seafloor)
ranged from 2.8°C at the deepest station, located in the
Bothnian Sea (F64), to 7.2°C at station BY10, in the East-
ern Gotland Basin. The salinity of the bottom water ranged
from 5.7 in the Bothnian Sea (SR3) to 14.0 in the Gdansk
Deep (P1) (Table 1).

3.2. DOC, DIC, NH4*, and PO43~ concentrations

3.2.1. Bottom and pore waters from the upper sediment
layer

Concentrations of the investigated seawater constituents,
both in the bottom water and the pore water from the up-
per sediment layer (0—5 cm) — data set |, are reported in
Figure 2 and in the Supplementary Materials (Tables S1 and
S2). Despite the high spatial variability, at most sampling
sites the concentrations were higher in the pore water than
in the bottom waters, indicating that the sediments were
the predominant source of DIC, DOC, NH,*, and PO43~ in
the investigated regions at the time of sampling. DIC con-
centrations ranged from 1.41 to 3.17 mmol dm~3 in bottom
waters and from 1.71 to 4.14 mmol dm—3 in pore waters.
The highest DIC values in both bottom and pore waters were
measured in the Gdansk Basin (11 and M1), in the deep-
est parts of the East Gotland Basin (BY15 and BY20), and
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in the Gdansk Deep (P1). DOC concentrations ranged from
0.26 to 0.43 mmol dm~3 and from 0.31 to 6.53 mmol dm~3
in the bottom water and pore water, respectively. The high-
est DOC concentration in both bottom water and pore water
was measured at station M1, located in the Gdansk Basin:
4.17 and 6.53 mmol dm~3, respectively. At most of the other
stations, however, DOC concentrations did not exceed of 1
mmol dm~3.

NH4* concentrations in the bottom water varied from
1.4 to 182.5 pmol dm~3 and in the pore water from 1.4 to
377.9 pmol dm~3. PO43~ concentrations ranged from 0.2 to
37.6 pmol dm~3 and from 0.2 to 125.2 wmol dm=3, respec-
tively. The highest NH,+ and PO~ concentrations were de-
termined in the Gdansk Basin: at station M1 and station 11,
respectively (Figure 2).

3.2.2. Pore water in the sediment cores

The profiles of DIC, DOC, NH,*, and PO,3~ in sediment cores
i.e. data set Il are shown in Figure 3 and in Table S2 of
the Supplementary Material. For all investigated species,
distinct decreasing trends in their concentrations towards
the sediment-water interface were determined. For all con-
stituents, the highest concentration gradients were within
the sediment cores from station M1 (Figure 3), located
in a region previously identified as a methane release
zone (Brodecka-Goluch and tukawska-Matuszewska, 2018).
In general, the concentrations of DIC, DOC, NH,*, and PO,3~
in the pore water were up to 10 times higher at station M1
than at the other four stations. The DIC concentration at M1
ranged between 2.13 mmol dm—3 and 20.09 mmol dm—3, and
the DOC concentration between 4.17 and 9.97 mmol dm~3.
For NH4* the concentration gradient at M1 was highly pro-
nounced, as even at the surface-most sediment layer (2.5
cm) the concentration was six times higher (377.9 pmol
dm~3) than in the bottom water (62.7 pmol dm~3) and it
increased downcore, reaching a maximum of 3551.1 mol
dm~3 at a depth of 25 cm. Similarly, a large PO,3~ gradient
was determined within the sediment-water interface (from
10.9 wmol dm~3 in the bottom water to 62.8 pmol dm—3 in
the first sediment layer), with further increases up to 369.5
pumol dm~3 deeper into the sediment. At the other investi-
gated stations, the slopes of the DIC, DOC, PO43~ and NH,*
profiles were less steep and the concentration ranges were
comparable to one another. At station US3 in the Bothnian
Sea, NH4t and PO43~ concentrations were very low (< 1.5
umol dm~3) both in the bottom water and in the upper-
most sediment layer, but in the deeper sediment layers the
concentrations of these two constituents were much higher.
In the Gotland Deep (BY15), the concentrations of all mea-
sured parameters were characterized by a small increase
towards deeper layers (Figure 3). By contrast, a distinct
concentration increase characterized the profiles of NH,*
and PO43~ at the Gdansk Deep (P1). The NH,* concentration
ranged from 24.5 up to 888.8 wmol dm~—3, and the PO43~ con-
centration from 6.2 to 157.7 pwmol dm~3. At station P1, the
DIC concentration followed a steep gradient in the pore wa-
ters, with a maximum comparable to that of the DIC level at
M1. For DOC, however, a similar abrupt change was not ob-
served. In the Bornholm Deep, the profiles of the DIC, DOC,
NH4*, and PO~ concentrations (67M) showed an increase
with increasing sediment depth, but the changes were less
steep than those determined at the other stations and the
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Figure 2 The concentrations of a) DIC, b) DOC, c¢), NH4*, and d) PO43~

in the bottom water (BW) and pore water (PW) sampled

from the upper sediment layer (2.5 cm below the sediment surface). n.d.: no data.

concentration changes at the sediment surface were small
for all measured constituents (Figure 3).

4. Discussion
4.1. Bothnian Sea

Analyses of the samples from the Bothnian Sea indicated
that the sediments are not a significant source of the
dissolved products of OM remineralization and hydrolysis.
Winogradow and Pempkowiak (2014) reported mean DIC
and DOC return fluxes of 0.82+0.02 mmol m~2 d~' and
0.20-+0.02 mmol m~% d-', respectively, whereas our max-
imum results are consistent with reported variability of DIC
(0.25 mmol m=2d~"), DOC (0.17 mmol m=2 d~"), NH,* (86.2
umol m~2 d-"), and PO43~ (18.3 wmol m=2 d~") (Figure 4).
The return fluxes are characterized by high spatial variabil-
ity within this basin (Figure 4 and Table S4). Interestingly,
the results obtained from data set Il identified the sedi-
ments at station US3 as an important source of dissolved
products of OM remineralization. This was also supported
by the C:P molar ratios (Figure 5), as their higher values in-
dicated a large DIC outflow from the sediments. During the
sampling period, the bottom waters of the Gulf of Bothnia
were well-oxygenated (237.1 wmol =, Table 1), which ac-

counted for the diminished return fluxes, especially of am-
monium and phosphates, because the oxic conditions would
have prevented their accumulation in the pore waters due
to oxidation of ammonium and formation of iron oxyhydrox-
ides and iron-humic-phosphorus complexes (Freitas et al.,
2020; Glud, 2008).

4.2. Gotland Basin

The high content of OM in the sediments of the Gotland
Basin suggested that they are also a significant source of C,
N, and P (Leipe et al., 2011). In the Gotland Deep, DIC and
DOC return fluxes under anoxic conditions were previously
shown to be 2.0540.14 mmol m~2 d~" and 0.23+0.04 mmol
m~2 d~', respectively (Winogradow and Pempkowiak, 2014).
According to that study, as much as 55% (0.282 Tg yr')
of the total organic carbon deposited in the sediments of
the Gotland Deep (0.508 Tg yr—') returns to the water col-
umn, such that in the Baltic Sea this region has the high-
est proportion of carbon released from sediments relative
to carbon subject to sedimentation (Winogradow and Pemp-
kowiak, 2014). The diffusive fluxes obtained in the present
study (Figure 4) indicated that sediments of the Gotland
Basins are also a major source of NHs* and PO43~. Inter-
estingly, with the exception of NH4*, the diffusive fluxes
derived from data sets | and Il were comparable (Figure 4).
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Figure 3

DIC, DOC, NH4*, and PO~ concentration profiles in sediment cores as assessed with fitted functions (gray lines). The

samples were collected in Puck Bay (M1; black points), the Gotland Deep (BY15; white circles), the Bothnian Sea (US3; white
diamonds), the Gdansk Deep (P1; black diamonds), and the Bornholm Deep (67M; white triangles). The fitted functions and related
determination coefficients (R?) are presented in Table S3.
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For NH4*, the strong decrease in its fluxes between data set
| and data set Il may reflect nitrification (oxic conditions) or
anaerobic ammonium oxidation (anammox) (Kuypers et al.,
2003). However, the relatively small difference in the PO43~
fluxes and the similar C:P ratios indicated by the two data
sets pointed to anoxic conditions at the sediment surface
and anammox as the NH,* sink. It could be the case, since
it has been reported that anammox process is also responsi-
ble for the anaerobic oxidation of NH4* in the sediments of
Skagerrak (Dalsgaard and Thamdrup, 2002). What is more,
the signals of intensified anammox were spotted after tem-
poral changes in the water column at redoxcline of Gotland
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Basin resulting from the MBI (Hannig et al., 2007). Addition-
ally, by adsorbing to clay minerals in sediment, ammonium
may be removed from pore waters and its release across
the sediment-water interface thus prevented (Freitas et al.,
2020); it is, however, unknown if this process is relevant also
for the Baltic Sea. In the Eastern Gotland Basin, including
the Gotland Deep, a pronounced decreasing trend in the O,
concentration prevailed after the brief oxygenation events
related to the MBIs that occurred in 2014—2017, but hydro-
gen sulfide was detected in the water overlying the sed-
iment already in 2017 (Naumann et al., 2018). Thus, while
our results indicated hypoxic conditions (4.0—50.8 wmol =)
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5 m above the seafloor, the sediment surface was most prob-
ably anoxic.

Since the diffusive fluxes of DIC, DOC, NH,, and
PO43~ in the Eastern Gotland Basin had already been in-
tensively studied, we compared those results with our
own (Figure 6). The previous studies were performed
during periods of stagnation (pre-inflow) (Noffke et al.,
2016) or shortly after individual MBIs (Hall et al., 2017;
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Sommer et al., 2017; Viktorsson et al., 2013). Among the
former, Hall et al. (2017) reported DIC and NH4* return
fluxes of 3646 mmol m~2 d~' and 2.5+0.1 mmol m~—2 d-',
respectively, in 2008, and 50420 mmol m~% d~' and 3.5+1
mmol m~% d~', respectively, in 2010. The change during
post-inflow conditions was limited, with return fluxes of
35.549.67 mmol m~2 d~" for DIC and 3.37+0.702 mmol m—2
d~" for NH4* (Hall et al., 2017). In the case of phosphate,
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Viktorsson et al. (2013) determined return fluxes of 0.5+0.1
mmol m~2 d~" in 2008 and 0.8+0.2 mmol m~2 d~' in 2010,
but lower return fluxes of 0.1240.19 mmol m~2 d~' un-
der the post-inflow conditions of 2015 (Hall et al., 2017).
Sommer et al. (2017) measured NH,* release rates during
the ventilation period (0.840.7 mmol m~=2 d~' in 2015 and
1.5+£1.0 mmol m~2 d~' in 2016) and showed that they were
comparable to those measured during euxinic conditions
(0.7840.72 mmol m~2 d~"in 2013) and thus not enhanced by
dissimilatory nitrate reduction to ammonium, which retains
NH4* in the ecosystem and is an important benthic mecha-
nism under low-oxygen conditions (Noffke et al., 2016 and
references therein). Sommer et al. (2017) detected only a
minor decrease in PO43~ and NH4* (2% and 12%, respec-
tively) release from sediments in response to deep-water
renewal. However, Hall et al. (2017) found that MBIs may
have a considerable influence on P and N budgets in the
Baltic Proper. The authors reported that a natural oxygena-
tion event led to a 23% decrease in PO,*~ release from
sediments while simultaneously enhancing total denitrifica-
tion by 18% (Hall et al., 2017). The differences in the re-
ported benthic fluxes of P in the eastern part of the Eastern
Gotland Basin are often explained by the presence of mas-
sive benthic mats of vacuolated sulfur bacteria in the hy-
poxic transition zone, at 80—120 m depth (Hall et al., 2017;
Noffke et al., 2016). These bacteria are able to modulate
P fluxes in hypoxic transient zones by storing and releasing
it under different redox conditions (Noffke et al., 2016 and
references therein).

The benthic fluxes determined in our study fall within
the lower ranges of previous estimates (Figure 6) and may
reflect deep-water renewal. Our study was performed in
2017—2018, after the sequence of MBIs that occurred be-
tween 2014 and 2017, whereas the above-cited studies re-
ferring to post-inflow conditions were performed in 2015—
2016 (Hall et al., 2017; Sommer et al., 2017). The dis-
crepancies may also be the result of the different methods
employed to measure benthic fluxes. In the studies refer-
enced in Figure 6 (Hall et al., 2017; Noffke et al., 2016;
Sommer et al., 2017; Viktorsson et al., 2013), in situ in-
cubations with benthic chambers were used. Additionally,
Noffke et al. (2016) and Viktorsson et al. (2013) deter-
mined the profiles of the investigated species in pore wa-
ter. For the calculations in our study, we used Fick’s first
law of diffusion and pore water was extracted using Rhi-
zons. Although this sampling technique minimizes the risk
of sediment oxygenation, which is essential when working
with anoxic/hypoxic sediments, caution must be exerted
to avoid contaminating the samples with pore water from
adjacent sediment layers (Seeberg-Elverfeldt et al., 2005).
For this reason, we lowered the vertical resolution of the
pore water sampling, but this could have reduced the ac-
curacy of the benthic fluxes estimated with Fick’s first law.
Viktorsson et al. (2013) showed that too-coarse pore water
sampling may strongly affect the quantification of PO~ ef-
fluxes from sediments, but the effect may differ depending
on the oxygen availability in the water overlying the sedi-
ments. At oxic sites, the PO43~ fluxes determined from the
pore water profiles may have been too high because the
sampling may have been too coarse to allow for the detec-
tion of PO,*~ captured in the surface oxic sediment layer.
At anoxic sites, the low sampling resolution may have re-
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sulted in an underestimation of the steepness of the gra-
dient near the water/sediment interface. For DIC and DOC,
however, this effect would have been smaller, as both fluxes
are hardly sensitive to changes in redox conditions.

4.3. Gdansk Basin

The Gdansk Deep is an important source of both DIC
(2.3940.01 mmol m=2 d-') and DOC (0.274+0.04 mmol
m~2 d-") (Winogradow and Pempkowiak 2014). According
to tukawska-Matuszewska and Kietczewska (2016), the the
Gulf of Gdansk serves as a region of intensive carbon re-
generation, with DIC fluxes of up to 2.78 mmol m=2 d-
under oxic conditions, whereas under hypoxic and anoxic
conditions the DIC return fluxes are lower (1.02—1.21 mmol
m~2 d-'). These data show the high potential for benthic
efflux in the Gdansk Deep, which, according to the DIC
values, is comparable to the return flux obtained in this
study using data set Il (2.16 mmol m~2 d~"). Previous data
also pointed to this region as a source of NH4*, based on
a flux ranging from 106 wmol m=2 d~' in a euxinic area
of the Gdansk Deep to 924 pmol m~2 d~' under hypoxic
conditions (Lukawska-Matuszewska and Kietczewska, 2016).
In another study, the NH,* flux in the Gdansk Deep, un-
der conditions of oxygen deficiency was 602.4 pmol m~2
d-' (Graca et al., 2006). Recently reported PO,3~ return
fluxes in the Gdansk Deep ranged from 19.1 to 36.6 wmol
m~2 d~" in summer 2015 and from 18.9 to 32.1 pmol m—2
d~" in winter 2016; i.e., shortly after the MBIs that im-
proved the 0, conditions in the bottom waters (Lukawska-
Matuszewska and Graca, 2018). In our study, the NH,* and
PO43~ fluxes in the Gdansk Deep, obtained from data set
II, amounted to 254.6 wmol m=2 d~' and 12.5 pmol m~2
d~', respectively, which is in the lower range of previously
reported results (Lukawska-Matuszewska and Graca, 2018;
tukawska-Matuszewska and Kietczewska, 2016). Since the
sampling and preservation methods as well as the calcula-
tions of benthic fluxes in those studies were the same as in
ours, the discrepancies can be attributed to the shift in en-
vironmental conditions. At the time of sampling, the oxygen
concentration in the Gdansk Deep (station P1: 162.7 pumol
=") was higher than occurs under hypoxic or euxinic condi-
tions (e.g., tukawska-Matuszewska and Kietczewska, 2016).
The elevated O, concentration and the low diffusive fluxes
of NH4* and PO,3~, obtained from data set I, suggest the
influence of inflow waters from the North Sea, which could
have led to the oxidation of NH4* and prevented PO~ re-
lease from the sediments (Figure 4). The high C:P ratio, es-
pecially for the results obtained from data set I, suggested
that diffusive fluxes in the Gdansk Deep are shaped by oxic
conditions in the bottom waters that lead to the retention
of P in the sediments (Figure 5). This contrasts with the re-
sults from stations located in the Gdansk Basin (M1, M2,
11), where C:P ratios were generally low (34—55), except
for the value derived from data set Il for station M1 (196).
Brodecka-Goluch and tukawska-Matuszewska (2018) iden-
tified stations M1 and M2 within methane release zones,
where intensive methanogenesis occurs in the upper layers
of the sediments. The authors reported that these regions
(methane sites) can be an important source of DIC (3.43
mmol m~2 d=") and DOC (0.004—0.68 mmol m~2 d~"). Our
results indicate that high carbon release can also be accom-



Oceanologia 63 (2021) 370—384

panied by elevated diffusive fluxes of NHs+ and PO,3~ that
may be several-fold to as much as one order of magnitude
higher than in regions not affected by methane production
in shallow sediment layers (Figure 4, Table S4).

Although a low C:P ration was determined at both M1
and M2, the individual fluxes were significantly lower at M2
than at M1. This may be related to the shallower depth at
M2 (50 m) and the lack of a halocline in this region, such
that deep waters are better ventilated and oxic conditions
extend down to the sea bottom. Site 11, although not previ-
ously investigated with respect to methane occurrence and
release from the sediments, is located in proximity to M2
and characterized by high diffusive fluxes similar to those at
M1. Additionally, the low C:P ratio of M2 suggests low redox
conditions, probably related to the intensive remineraliza-
tion of OM and, consequently, to methane production and its
efflux from the sediments. Therefore, this site was grouped
with the other methane sites, which, due to their excep-
tional characteristics, were excluded from further analyses
related to budget calculations.

4.4. Bornholm Deep

In the Bornholm Basin, small diffusive fluxes of all the inves-
tigated substances at the time of sampling (Figure 4) were
determined along with moderate to relatively high O, con-
centrations (51.6 and 188.8 wmol |="). The DIC (0.33—0.49
mmol m~2 d=") and DOC (0.02—0.04 mmol m~2 d-") diffusive
fluxes were lower than those reported previously for this re-
gion during the stagnation period (DIC 2.12+0.07 mmol m~2
d~" and DOC 0.20-+0.02 mmol m~2 d~', and DOC 0.21—0.37
mmol m~2 d~'; Winogradow and Pempkowiak, 2014), which
may be a consequence of recent MBIs. Furthermore, in the
study of Winogradow and Pempkowiak (2014) the sediment
samples were frozen after their collection, which could
have increased the DIC and, especially, the DOC concen-
trations. Freezing has the potential to change not only the
concentration, but the chemical character of the DOM pool
as the most aromatic fractions of DOM are likely to precip-
itate out of solution during freezing (Fellman et al., 2008).
Naumann et al. (2019) measured elevated concentrations
of PO43~ (4.7341.56 pmol =) in the bottom waters of the
Bornholm Deep in 2018, which is consistent with the concen-
tration in the bottom waters measured in our samples (6.00
umol =", Table S2). According to Naumann et al. (2019),
these high concentrations are the effect of a rapid decrease
in oxygen availability after the MBIs. Overall, the Bornholm
Deep had the lowest diffusive fluxes of all the basins in-
vestigated (Figure 4). The low DOC (0.03—0.04 mmol m~2
d="), NHs* (1.1=30.4 pmol m=2 d-"), and PO~ (1.8-4.4
wmol m~2 d-') diffusive fluxes obtained using data set | sug-
gest that the influence of inflow events was still present
at the time of our study, while data set Il indicates the
large diffusive potential of sediments during a stagnation
period (Figure 4). Discrepancies between our findings and
those reported in the literature may thus reflect the rapidly
changing conditions in the bottom waters due to the coun-
teracting influence of MBIs and the strengthening of the
halocline, with the latter hampering vertical mixing and
ventilation of the water column. In addition, strong bot-
tom water currents driven by North Sea water inflows cause
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high spatial differences in the mud deposits and the dis-
tribution of OM (Christoffersen et al., 2007). This “patch-
iness” in the bottom waters and sediment conditions may
lead to large differences within the same region. We chose
the Bornholm Deep as an extreme example of the extent of
variation of benthic diffusive fluxes and based our study on
samples collected from bottom and pore waters at several
stations located in close proximity to each other (67M, 77M,
78M, 79M, 80M; Figure 1). The bottom water concentrations
reached 2.3+0.1 mmol =", 0.3+0.1 mmol ', 57.1+1.2
umol 1", and 6.5+0.3 umol =" for DIC, DOC, NH4*, and
PO.3-, respectively, whereas concentrations in the surface-
most pore waters were 2.640.1 mmol |~', 0.44:0.02 mmol
=", 58.6+0.8 umol =", and 8.6+0.6 pmol |=' for DIC,
DOC, NH4*, and PO43~, respectively. The variability within
the bottom and pore water concentrations had a moder-
ate to high impact on the return fluxes: 0.440.1 mmol m—2
d-', 0.03+0.01 mmol m2d~"', 3.942.2 pmol m-2 d~', and
1.5+0.4 pmol m~2 d~' for DIC, DOC, NH4*, and PO43~, re-
spectively. This assessment allowed us to define a spatial
representativeness able to account for the uncertainties in
the return fluxes of DIC (17%), DOC (33%), NH4* (57%), and
PO43~ (29%) as calculated using data set I. These relatively
high uncertainties, especially for NH4", suggest the need
for more detailed studies on representativeness of experi-
mentally derived benthic diffusive fluxes, which should be
broaden also to other basins characterized with different
oxygen availability (and variability) and sediment type.

4.5. Benthic loads of carbon (DIC4+DOC), N-NH4*
and of P-PO43~

This study showed that the diffusive fluxes from marine
bottom sediments can be spatially variable and that their
quantification can be burdened by relatively high uncertain-
ties. Nevertheless, to emphasize the importance of bottom
sediments in the functioning of the marine ecosystem,
especially with respect to the eutrophication of the Baltic
Sea basin, we extrapolated our data to quantify the bulk
diffusive loads of the investigated constituents. This was
done only for the Baltic Proper (excluding the methane
stations), which has a total surface area of 78,280 kmZ.
The extrapolation of the limited number of available values
from the Bothnian Sea would have resulted in a large distor-
tion of the calculated diffusive loads. All of the calculations
are summarized in Table S6. Although the estimated values
varied over a wide range, in general, the sediments of the
Baltic Sea can still be considered as a source of total carbon
(DIC4+DOC) 159 kt yr=', N-NH4* 6.3 kt yr~', and P-PO,3~ 3.7
kt yr=' (Table S6). These median values were compared to
previously reported loads of C, N, and P in the Baltic Sea.
Recently, the annual efflux for the complete coastal zone
of the Gdansk Bay was estimated for 6.9 ktN and 0.9 ktP
(Thoms et al., 2018). Kulinski and Pempkowiak (2011) re-
ported total carbon loads from different sources: riverine
inflow (10,900 kt yr="), input from the North Sea (3,910 kt
yr=1), atmospheric deposition (precipitation; 570 kt yr—"),
and point sources (40 kt yr='). They found that total benthic
carbon release constitutes 1.5% of riverine run-off, ~4% of
the North Sea input, and ~28% of atmospheric deposition.
The carbon loads from sediment obtained in the present
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study can also be compared with the annual carbon loads
resulting from submarine groundwater discharge (SGD),
which is the source of 310 kt yr—' of carbon in the Baltic
Sea (Szymczycha et al., 2014). The total carbon loads from
sediments therefore constitute up to 51% of the total SGD-
related loads. The HELCOM PLC-6 report (2018) provides
data on the annual loads of total N and P for the whole
Baltic Sea. For nitrogen the major pathways are: air de-
position (149.9 kt yr="), riverine loads (294.8 kt yr-'), and
direct point sources (10.3 kt yr="). According to the report,
benthic loads of N-NH,™ contribute ~4% to air deposition,
~2% to riverine inflow, about the same as point sources. For
phosphorus the main source was riverine load (18.5 kt yr="),
with the remainder coming from direct point sources (0.7
kt yr="). Annual sediment loads of P-PO,3~ made up ~20%
of the riverine inflow, a contribution almost six times larger
than that of direct point sources. While the assessment of
chemical substance loads from sediments requires caution,
a comparison of the major pathways of C, N, and P must
be taken into account in estimates of their budgets in the
Baltic Sea.

5. Conclusions

In general, higher benthic diffusive fluxes of DIC, DOC,
NH4*, and PO43~ were calculated from data set Il than from
data set I, indicating the high potential of Baltic Sea sed-
iments to release those substances and that conditions at
the sediment-water interface can effectively limit the re-
spective fluxes. Return fluxes in the Bornholm Basin, in
the Gdansk Basin, including the Gdansk Deep, and proba-
bly also to some extent in the Eastern Gotland Basin could
be largely attributed to inflows of saline and oxygen-rich
waters from the North Sea. A comparison of our data with
previously reported findings clearly showed that a sequence
of inflows has a greater ability to diminish diffusive fluxes
than does a single MBI. Nevertheless, Baltic Sea sediments,
and in particular sediments in the Baltic Proper, remain a
source of DIC, DOC, NH4* and PO43~ inputs into the water
column, even during the prolonged influence of MBIs. This
study demonstrates the importance of the approach used
to assess diffusive fluxes. This was well exemplified by the
results from the Bothnian Sea, where the values obtained
from the pore waters profiles (data set Il) showed the high
diffusive potential of sediments in that basin. However, due
to the predominantly oxic conditions in the bottom waters,
the concentration gradients would be low, thus causing no
(or very low) return fluxes, a situation very well illustrated
by the values obtained from data set I.
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