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Abstract

Excess dinitrogen (AN,) is the net accumulation of N, produced by nitrate-reducing processes in the water column
and sediments of oxygen-deficient marine systems. Therefore, biological production and physical processes shape its
spatial distribution. This study investigates AN, distribution below the halocline in the Baltic Sea using a coupled

Vertical distributions of temperature, salinity, oxygen (O,), nutrients, N, /Ar ratios, and AN, were compared to assess
model performance and identify controls on N, production.

A persistent spatial gradient in AN, was observed, with highest concentrations in the Gotland Basin, intermediate
levels in the Gdansk Basin, and lowest values in the Bornholm Basin. These differences correspond to variations in
stratification, ventilation, and organic matter (OM) accumulation. Seasonal variability was strongest in the Gdansk
Basin, where elevated winter AN, suggests enhanced nitrogen-loss processes supported by OM export and mixing-driven
nutrient redistribution. In contrast, the Gotland Basin exhibited relatively stable, persistently reducing conditions, while
the Bornholm Basin showed strong interannual variability related to episodic North Sea inflows.

The weak relationship between AN, and modeled denitrification rates (ranging from 0.0010 to 0.0200 pumol kg™* day™1)
indicates that AN, should not be interpreted as a direct proxy for pelagic denitrification. Rather, it reflects the
cumulative effects of both pelagic and benthic denitrification, together with physical transport processes. By comparison,
denitrification rates were more strongly associated with particulate organic carbon (POC) availability. The reported
AN, patterns are representative of the investigated post-inflow period rather than a long-term Baltic Sea baseline.

biogeochemical model evaluated against observations from the Bornholm, Gdansk, and Gotland Deeps during 2020-2021.
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1. Introduction

The Baltic Sea is the world’s largest brackish water basin,
characterized by low salinity and strong vertical stratifica-
tion due to limited water exchange with the North Sea and
high river runoff (Kullenberg, 1981, 1982; Voipio, 1981;
Matthaus et al., 1992; Kohonen, 2019; Szymczycha et al.,
2019). These conditions, together with long water resi-
dence time (over 30 years), make the ecosystem highly
vulnerable to eutrophication and oxygen deficiency in bot-
tom waters, disrupting marine biodiversity and ecosystem
functioning (Kulinski et al,, 2022). In response, interna-
tional initiatives like the Baltic Sea Action Plan (BSAP) co-
ordinated by the Helsinki Commission (HELCOM) have

© 2026 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

aimed to decrease nutrient inputs by implementing agri-
cultural changes, upgrading wastewater management, and
strengthening monitoring and research initiatives (HEL-
COM, 2021). Despite these efforts, the biodiversity and
ecosystems of the Baltic Sea are still not healthy and re-
silient (HELCOM, 2021). The ongoing environmental stress
highlights the importance of internal processes that help
regulate nutrient levels.

Denitrification and anaerobic ammonium oxidation
(anammox) are the two key microbial pathways that re-
move reactive nitrogen in the forms of nitrate (NO3; ™) and
nitrite (NO, ™) from aquatic systems by converting them
to dinitrogen gas (N;). Ammonium (NH, ") is not directly
used in denitrification; instead, it contributes indirectly via
nitrification, during which NH, ™ is oxidized to NO,~ and
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subsequently to NO3~, thereby supplying substrates for
denitrifiers. In contrast, NH,* serves as a direct substrate
for anammox, where it reacts with NO, ™ under anoxic con-
ditions to produce N, providing an additional pathway for
reactive nitrogen (N) removal.

In the Baltic Sea, denitrification and anammox in sedi-
ments represent the dominant N removal processes and
play a crucial role in mitigating eutrophication (Seitzinger
et al,, 2006). However, denitrification rates generally ex-
ceed those of anammox (Bonaglia et al,, 2014, 2016), indi-
cating that heterotrophic denitrification is typically the pri-
mary N-loss pathway in these environments. Reported sed-
iment denitrification rates can reach up to 5246
pumol N m~2 d~1 in the Szczecin Lagoon (Pastuszak et al.,
2005) and up to 530 umol N m~2 d~?! in open Baltic Sea
areas (Stockenberg and Johnstone, 1997). In compari-
son, denitrification in the water column appears lower
(and more variable), with reported rates ranging from 60
to 2110 umol N m~2 d~! and strongly influenced by sul-
phide concentrations and the availability of organic matter
(Dalsgaard et al., 2013; Bonaglia et al., 2014). Neverthe-
less, water-column denitrification in the Baltic Sea remains
poorly constrained. Direct rate measurements are sparse,
and spatial coverage remains limited. Additional method-
ological challenges, including separation of water-column
processes from sedimentary N, fluxes and microscale re-
dox heterogeneity, introduce substantial uncertainty. As
a result, the overall contribution of pelagic denitrification
to total nitrogen removal in the Baltic Sea is still not well
quantified. Anammox in the water column appears to be of
minor importance in the Baltic Proper, as anammox-related
genes were not detected in the deep Baltic Sea (Mazur-
Marzecetal., 2024; Grabski et al.,, 2025), suggesting limited
pelagic anammox potential in these basins. Uncertainty
in estimating total nitrogen removal is further amplified
by the complex interactions among stratification, redox
dynamics, climate-driven variability, and benthic-pelagic
coupling (Dalsgaard et al., 2013; Bonaglia et al., 2014). Re-
cent observations of N, accumulated in the deep waters of
the Baltic Proper show pronounced spatial and seasonal
variability of N,-releasing processes, yet the relative contri-
butions of denitrification and anammox were not directly
measured (Sivasamy et al.,, 2025). This underscores the
need for improved large-scale process-based studies to
resolve the spatial and temporal variability of nitrogen re-
moval pathways, particularly in the water column, where
knowledge gaps still remain substantial. This challenge
can be met by harnessing biogeochemical modelling in
research.

Among the state-of-the-art models, one of the most
advanced is the three-dimensional coupled hydrodynamic-
biogeochemical ERGOM-MOM. The model simulates key
biogeochemical processes, including the complete nitro-
gen cycle. Its reliability has been demonstrated through
previous validations against extensive observational
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datasets (Lessin et al.,, 2012; Wan et al., 2012). Moreover,
the ERGOM-MOM model enables the isolation of denitrifi-
cation rates and N, and argon (Ar) concentrations. This
further allows the use of the N, /Ar method to quantify
the excess of N, in relation to its equilibrium with the at-
mosphere (AN,), providing insights into the N, produc-
tion, which corresponds to bioavailable nitrogen removal
(Schmale et al.,, 2019; Sivasamy et al., 2025).

The goal of this study was to integrate a coupled physi-
cal-biogeochemical model (ERGOM-MOM 5.1) with obser-
vational data (Sivasamy etal., 2025) to gain deeper insights
into AN, dynamics in the Baltic Sea, particularly its spa-
tial and temporal variability. The observational dataset
(2020-2021) was collected several years after the major
inflow event of late 2014, when the temporary deep-water
oxygenation had already diminished, and oxygen (0,) de-
pletion below the halocline had re-established conditions
favorable for excess' N, (AN,) accumulation (Mohrholz et
al,, 2015; Myllykangas et al;,; 2017). We examined spatial
and temporal patterns of AN, in the waters below the halo-
cline and analyzed its correlations with O,, and nutrient
concentrations. In addition, we investigated whether the
observed N, enrichments primarily resulted from micro-
bial processes such as denitrification. The potential influ-
ence of physical transport, represented by meridional and
zonal currents, was also evaluated. We focused on regions
affected by hypoxia and anoxia, which provide favorable
conditions for nitrogen removal processes: the Bornholm
Deep, the Gdanisk Deep, and the Gotland Deep.

2. Material and methods
2.1 Study area

Baltic Sea

The Baltic Sea is the largest brackish water basin in the
world, with a total surface area of 415,240 km?2 and a wa-
ter volume of 21,706 km? (Kullenberg, 1981, 1982; Voipio,
1981; Matthdus et al,, 1992). Limited water exchange with
the open ocean through shallow and narrow straits con-
nected to the North Sea, along with substantial riverine
runoff, are the main causes of low salinity and the for-
mation of strong vertical stratification (Neumann, 2007;
Lehmann et al., 2022). Major Baltic Inflows (MBIs) episod-
ically transport oxygen-rich saline water into the deep
Baltic Sea, temporarily improving oxygen conditions. How-
ever, during subsequent stagnation periods, oxygen is grad-
ually consumed by organic matter degradation, which can
lead to the re-establishment of hypoxic and anoxic con-
ditions, including the formation of hydrogen sulfide (Fon-
selius, 1981; Matthdus and Franck, 1992). While MBIs tem-
porarily oxygenate the deep Baltic Sea, they also strengthen
stratification, limiting vertical mixing and ultimately con-
tributing to the persistence of anoxic conditions below
the halocline once the supplied oxygen is consumed. Fur-
thermore, the Baltic Sea exhibits a long residence time
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Figure 1. Map showing the sampling locations in the Baltic Sea: Bornholm Deep (IDEAL), Gdansk Deep (P1), and Gotland

Deep (BY15).

(over 30 years) for excessive inputs of biogenic substances
(Neumann, 2007). For the purpose of this study, waters
below the halocline were defined separately for each basin
according to the characteristic vertical salinity structure
and permanent stratification depth. Due to regional differ-
ences in bathymetry and hydrographic conditions, a fixed
halocline depth was not applied. Halocline depths were
defined based on published studies and regional hydro-
graphic characteristics and were set to 60 m in the Born-
holm Deep (Vali et al.,, 2012), 80 m in the Gdansk Deep
(Pempkowiak et al., 2000; Witak et al., 2025; Zglinicki et
al., 2025), and 90 m in the Gotland Deep (Wieczorek, 2012).
These thresholds were used consistently for the extraction
and analysis of model and observational data below the
halocline. Although the instantaneous halocline depth var-
ied during the study period (e.g., from approximately 40 to
80 m in the Gdansk Deep), the adopted thresholds repre-
sent basin-specific reference depths rather than the exact
position of the halocline at the time of sampling.

Bornholm Deep

The Bornholm Deep (IDEAL; 55°20°N, 15°37’E, Figure 1)
is situated in the south-western part of the Baltic Sea, near
the Danish Straits, with depths of approximately 90-100 m.
Due to its relatively close connection to the North Sea, it
is characterized by more variable O, conditions (ranging
from oxic to hypoxic) compared to the Gdansk or the Got-
land deeps. However, except during inflow events, this

area typically has hypoxic bottom waters, with a long-term
mean O, concentration of 38 umol L™! (Kuliniski et al.,
2022).

Gdansk Deep

The Gdansk Deep (P1; 54°30°N, 19°00’E, Figure 1) is lo-
cated in the southern Baltic Sea to the east of the Bornholm
Deep, with depths ranging from 80 to 120 m. The Gdansk
Deep is also influenced by the inflow of saline waters from
the North Sea, though this impact is less evident. Com-
pared to the Gotland Deep, the Gdansk Deep is character-
ized by more dynamic hydrographic conditions and more
active water exchange, influenced by its shallower depth
and riverine input. Additionally, this region experiences
significant dynamic changes due to the influence of local
river inflows, particularly from the Vistula River, which de-
livers substantial amounts of OM and nutrients (Ostrowski
et al,, 2010), contributing to strong short-term variability
in nutrient concentrations (Burska et al., 2005; Sikorowicz
etal., 2005).

Gotland Deep

The Gotland Deep (BY15; 57°19°N, 20°03’E, Figure 1) is
the deepest of the three basins, located in the central part
of the Baltic Sea, reaching depths of up to 250 m. The
Gotland Deep is characterized by a stable vertical stratifi-
cation, with a well-defined halocline (Leipe et al., 2008).
It is characterized by strong and persistent stratification,
with limited deep-water ventilation (Leipe et al., 2008).
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As a result, bottom waters are frequently anoxic and may
contain hydrogen sulfide (Hannig et al., 2006; Hietanen et
al,, 2012; Dalsgaard et al., 2013 ). The stable redox struc-
ture promotes active nitrogen transformation processes at
the oxic-anoxic interface (Hietanen et al., 2012; Dalsgaard
et al, 2013). Compared to the other basins, the Gotland
Deep represents a more permanently reducing environ-
ment, favoring sustained accumulation of excess N, below
the halocline.

2.2 Observational data

Historical data on salinity (S), temperature (T), and oxygen
concentration (0,) (1962-2021) were retrieved from the
International Council for the Exploration of the Sea (ICES)
Datasets.

Environmental samples were collected from 3 stations
(the Bornholm Deep, the Gdanisk Deep and the Gotland
Deep) in the Baltic Sea (Figure 1) during research cruises
with r/v Oceania conducted in September 2020, January
2021, April 2021, and September/October 2021. For sea-
sonal analysis, winter was defined as December-February,
spring as March-May, summer as June-August, and au-
tumn as September-November. Observational data such as
T, S, 0,, nitrate concentration (NO3 ™), ammonium (NH, "),
measured (N, /Ar) and calculated AN, were extracted from
the dataset by Sivasamy et al. (2025). The Sea-Bird Sci-
entific SBE 911 Plus profiler was employed for in situ
measurements of T, S, and O, concentration. Samples for
N, /Ar analysis were collected in triplicate instantly from
the Niskin bottles via Viton™ tubing in Exetainers® vials
(12 mL gastight borosilicate glass vials; Labco, UK) and,
after flushing with a volume of at least three times the
volume of the vial, they were capped to prevent contami-
nation. The biological activity was terminated through the
injection of 50 uL of a saturated solution of HgCl,. Vials
were stored in a refrigerator at 4°C and analyzed within
three months following collection.

2.3 Model setup

The ERGOM-MOM model combines the Ecological Regional
Ocean Model (ERGOM) with the Modular Ocean Model
(MOM) and was used by several applications (e.g.,
Schernewski et al,, 2015; Naumov et al., 2023). The ER-
GOM ecosystem model was originally developed by Neu-
mann (2000) and further improved (Neumann, 2000; Neu-
mann et al., 2002), while MOM is based upon the work by
Kirk Bryan, Michael Cox, Albert Semtner, and collaborators
(Griffies et al.,, 2015). The three-dimensional coupled hy-
drodynamic-biogeochemical framework of the latest ver-
sion and its state variables are described in detail by Neu-
mann et al. (2022).

The comparison between model simulations and ob-
servational data was based on average values from five
nearby model grid points, close to the sampling stations.
This approach ensures the representativeness of the ob-
served data by focusing on nearby model grid points.
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The seasonal and spatial variability of AN, in the bot-
tom water layer was investigated in three major basins of
the Baltic Sea (Bornholm, Gdansk, and Gotland basins), fo-
cusing on waters below the basin-specific halocline depths
defined in Section 2.1 (Figure 2).

Pelagic denitrification rates in the model were calcu-
lated as the sum of organic matter remineralization pro-
cesses under nitrate-reducing conditions, including the
recycling of POC (particulate organic carbon), DON (dis-
solved organic nitrogen), POCN (nitrogen in particulate
matter), DOC (dissolved organic carbon), and DOP (dis-
solved organic phosphorus) (Neumann et al., 2022). In
these reactions, organic carbon is oxidized while nitrate is
reduced to N,, and phosphorus is released as phosphate
during remineralization. All simulated denitrification rates,
including values below 1 nmol L1, were retained for the
subsequent statistical analyses. Although rates below this
threshold are generally considered biogeochemically neg-
ligible, they were included to preserve the complete model
output and may have influenced the strength of the ob-
served statistical relationships. Detailed descriptions of
the equations, variables, and chemical reactions used in
the model are provided by Neumann et al. (2022). While
most of the model variables were directly compared with
observational data, additional parameters such as POC
concentrations, denitrification rates, and hydrodynamic
conditions (e.g., zonal and meridional currents) were avail-
able only from the model and served as the basis for further
analysis.

2.4 Calculation of excess dinitrogen (AN,)

For the model analysis, dissolved N, simulated by ERGOM-
MOM was used to calculate excess N, relative to atmo-
spheric equilibrium conditions. Therefore, modeled AN,
was calculated as:

AN; = Nymodel — Nosar

where N, ,04¢1 Fepresents dissolved N, concentrations sim-
ulated by ERGOM-MOM, and N,,; represents the equilib-
rium concentration calculated from in situ temperature,
salinity, and pressure using the solubility equations of
Hamme and Emerson (2004). For observational data, AN,
was derived from measured dissolved gas ratios following
Schmale et al. (2019):

N, N,
ANZ = E — E X Armes
mes sat

where (N, /Ar) e is the measured dissolved gas ratio and
(N, /Ar)g,; represents the equilibrium ratio expected from
physical solubility. Because dissolved Ar was not available
as a model variable, Ar concentrations were assumed to
approximate equilibrium conditions (Ary,es = Arg,). Un-
der this assumption, the N, /Ar approach for model output
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Figure 2. Box plots of AN, concentration from modeled and observational data measured below the halocline at the
following stations: the Bornholm Deep (IDEAL), the Gdarisk Deep (P1), the Gotland Deep (BY15). AN, is defined as the
excess dissolved N, derived from deviations of the measured N, /Ar ratio from its equilibrium value and serves as an
integrative tracer of nitrogen removal in stratified, oxygen-depleted waters. “Obs” indicates observational measurements,
and “Model” represents corresponding model simulations.

simplifies to the difference between modeled dissolved
N, and equilibrium N, concentration. The uncertainty
associated with this approximation was estimated to be
approximately 5%.

2.5 Statistical analysis

Statistical analyses were performed using Python and R
statistical software. Spearman’s rank correlation analysis
was first applied to evaluate individual relationships be-
tween excess dissolved nitrogen gas (AN,) and selected
environmental variables. Correlation analyses were con-
ducted separately for modeled and observational datasets;
no mixed correlations between model output and measure-
ments were calculated. It should be noted that correlations
derived from modeled variables may partly reflect struc-
tural model behaviour and associated biases.

Because AN, represents an integrated signal influenced
by both biogeochemical processes and physical transport,
generalized additive models (GAMs) were additionally ap-
plied to evaluate the combined effects of multiple environ-
mental drivers. GAMs are widely used for analysing po-
tentially nonlinear relationships between environmental
variables (Murase et al., 2009; Hastie, 2017; Wood, 2017;
Pedersen et al.,, 2019). AN, was used as the response vari-
able, whereas pelagic denitrification rate, dissolved oxygen
concentration (0,), nitrate concentration (NO; ™), partic-
ulate organic carbon (POC), and zonal velocity were in-
cluded as explanatory variables. Smooth functions were
fitted for each predictor to account for potential nonlinear
responses of AN, to environmental gradients.

Only model output corresponding to low-oxygen con-
ditions (0, < 10 umol kg~!) was included in the statistical
analyses. GAMs were fitted using restricted maximum like-
lihood estimation (REML) with shrinkage smoothers to
reduce overfitting and allow weak predictors to be penal-
ized during model fitting. The significance and complexity
of each smooth term were evaluated using approximate

significance tests and estimated degrees of freedom (edf).
Model performance was assessed using adjusted R, (co-
efficient of determination), Akaike Information Criterion
(AIC), and the percentage of deviance explained. Model
diagnostics, including basis-dimension checks and con-
curvity assessment, were performed to evaluate model
reliability.

3. Results

3.1 Salinity, temperature, and oxygen distribution be-

low the halocline in model results and observations
The simulated and observed vertical distributions of salin-
ity (S), temperature (T), and oxygen (0,) at the Bornholm
Deep (IDEAL), Gdansk Deep (P1), and Gotland Deep (BY15)
are shown in Figures 3-5. All reported discrepancies rep-
resent mean model-observation differences calculated for
waters below the halocline during the respective sampling
periods.

At the Bornholm Deep, below the halocline (depths
> 60 m), modeled temperature deviated consistently from
observations during all study periods (September 2020,
April 2021, October 2021). The model overestimated tem-
perature in autumn (up to +5.18°C in September 2020)
and underestimated it in spring (down to —5.97°C in April
2021). Comparison with the long-term simulation
(1962-2021), however, indicates a smaller overall mean
bias, and the observed profiles generally fall within the
modeled variability range. The vertical salinity profile be-
low the halocline was generally overestimated in the upper
layers and underestimated in deeper waters (Figure 3).
The average bias ranged from —0.42 (April, October) to
+0.38 (September). Comparison with the longer period
(1962-2021) revealed a mean underestimation of —0.92
across all three months, with a tendency for salinity to in-
crease gradually with depth. The model-observation com-
parison for O, in the Bornholm Deep showed a generally
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Figure 3. Vertical distribution of temperature, salinity and oxygen concentrations in the water column of the Bornholm
Deep. The solid gray line represents model data, while the dots indicate observational data.

overestimated results, with moderate biases in autumn
(+28.20 umol kg™ 0,) and more substantial overestima-
tion in spring (+151.79 umol kg=! 0,) (Figure 3). This
seasonal pattern was consistent with the long-term per-
formance.

At the Gdansk Deep, for waters below the halocline
(>80 m), agreement between modeled and observed tem-
perature was generally good (Fig. S2). Slight overestima-
tion occurred in September 2020 and January 2021 (mean
+0.18°C), with a larger bias in April 2021 (4+0.45°C). Long-

term statistics confirm this strong performance (mean bias
~ 40.05°C). Salinity was consistently but slightly overesti-
mated (+0.18 to +0.47). Oxygen was also overestimated,
with discrepancies ranging from +11.75 umol kg~ (April)
to +104.47 umol kg™ (September). Smaller long-term bi-
ases suggest that short-term variability contributed to the
larger deviations observed during the campaign period.

At the Gotland Deep, considering depths below the
halocline (> 90 m), model-data agreement for tempera-
ture was strong (Fig. S3). September temperatures were
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Figure 4. Vertical distribution of temperature, salinity and oxygen concentrations in the water column of the Gdansk

Deep. The solid gray line represents model data, while the dots indicate observational data.

only slightly overestimated (mean +0.20°C), with differ-
ences decreasing with depth. The long-term mean bias
was even smaller (+0.08°C). Salinity biases were depth-
dependent, with overestimation in the upper portion of
the deep layer (4+0.43 above 165 m) and underestimation
below (—0.20). The long-term record indicates a mild over-

all overestimation (+0.28) and an increasing salinity trend
with depth. Oxygen concentrations were moderately over-
estimated (+15.71 umol kg™!; ~+39 umol kg™? in the
long-term record), with near-perfect agreement in deeper

layers (Fig. S3).

391

392

393



394

395

396

397

BY15

Temperature (°C)

BY15

Salinity (PSU)
0 2 4 8 10 0 5 10
90 2 .
Model '
110 T 1962-2021 110 3
Obs. 1
130 1962-2021 130 ‘,‘
1
1
1 —~ 150 \
E™O E :
s S 17 \
45- 170 % 0
& 190 2 190
210 210 Model
= 1962-2021
230 230 Obs.
T 1962-2021
250 250

Drivers of AN, variability in the Baltic Sea: Insights from observations and ERGOM-MOM modeling

Depth (m)

250

8/23
BY15
Oxygen (pmol/kg)
50 100 150 200
_ Model
1962-2021
___ Obs.
1962-2021
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Figure 6. Vertical distribution of nutrient (NO;~ and NH, ") distribution in the water column of the Bornholm Deep. The
solid gray line represents model data, while the dots indicate observational data.

3.2 Nutrient (NO;~ and NH,") distribution below
halocline

At the Bornholm Deep, nutrient distribution below the

halocline (> 60 m) showed strong seasonality (Figure 6).

NO3;™ was slightly underestimated in September 2020
(—0.25 umol kg™1), overestimated in April 2021 (+1.03),
and strongly overestimated in October 2021 (+7.53). NH,*
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Figure 7. Vertical distribution of nutrient (NO;~ and NH, ") distribution in the water column of the Gdansk Deep. The
solid gray line represents model data, while the dots indicate observational data.

followed a similar seasonal pattern, with small deviations
in September (40.56) and April (—0.17), but pronounced
underestimation in October (—6.15). Long-term simula-
tions suggest that October conditions were outside the
typical range, and the single-event sampling limits strict
model validation.

At the Gdansk Deep (>80 m), NO3;~ showed a gen-
eral overestimation (mean +10.64 umol kg~1), whereas
NH,* was notably underestimated in September (—15.26
umol kg=1) (Figure 7).

At the Gotland Deep (> 90 m), comparisons were avail-
able for September in two different years. NO;~ was over-
estimated in the upper part of the deep layer, while NH,*
was underestimated throughout the profile below the halo-
cline (Figure 8).

3.3 N, /Ar ratios distribution below the halocline
Model-observation differences in (N,/Ar)g,; and
(N, /Ar)pmes below the halocline reflect discrepancies in
N, concentrations and thus potential mismatches in bio-
logical N, production (Figs. S1-S3).

At the Bornholm Deep (> 60 m), the largest (N, /Ar)¢,;
deviations occurred in September 2020 and October 2021

(+0.57 and +0.34), while April 2021 showed good agree-
ment (—0.08). In contrast, (N, /Ar),es Was strongly under-
estimated in April (—0.99) and overestimated in autumn
(+1.41).

At the Gdansk Deep (>80 m), (N, /Ar),, differences
were small and consistent (+0.27). (N, /Ar),es exhibited
larger seasonal variability but generally remained within
the long-term variability range.

At the Gotland Deep (> 90 m), moderate discrepancies
were observed for (N, /Ar)g, (+0.29), while (N, /Ar) e
showed a larger overestimation (+0.80).

3.4 Spatial variability and environmental controls of
AN, accumulation below the halocline

Atthe Bornholm Deep (> 60 m), AN, exhibited pronounced
variability (Figures 9-10). The model overestimated AN,
in September 2020 (+10.71 umol kg~1) and October 2021
(+16.24 umol kg™1), but underestimated it in April 2021
(—14.23 umol kg™1). Notably, except for September 2020,
modeled AN, decreased with depth, whereas observations
showed the opposite trend.

At the Gdansk Deep (> 80 m), agreement was generally
strong. Moderate underestimation occurred in Septem-
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Figure 8. Vertical distribution of nutrient (NO;~ and NH,*) distribution in the water column of the Gotland Deep. The

solid gray line represents model data, while the dots indicate observational data.
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oxygen-depleted waters.

ber 2020 (—2.18 umol kg™1) and January 2021 (—7.91
umol kg~1), likely related to small differences in argon con-
centrations that propagate into AN, calculations. April and
September 2021 showed very good agreement, with no sta-
tistically significant differences and a consistent increase
of AN, with depth.

At the Gotland Deep (>90 m), significant model-data
differences were found in September 2020 (4+15.29
umol kg~1), whereas September 2021 showed much better

agreement (+2.76 umol kg™1; no statistically significant
differences). The earlier mismatch may reflect interan-
nual environmental variability or limited observational
coverage.

To further examine the large-scale spatial and seasonal
variability in bottom-water AN,, model simulations were
analysed for the three Baltic Sea basins (Figures 12-13).
The highest AN, concentrations occurred in the Gotland
Basin, intermediate values were observed in the Gdansk
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BY15
AN> (umol/kg)
-10 0 10 20 30 40 50
90 - — : :
“\e ___ Model
110+ \ 1962-2021
o W ____ Model
\ 2020-2021
1301 \ o Obs.
[ C‘
—~ 150 \
E o
£ 170 !
o ° 1
[} |
Q 190 !
\ °
1
2101 !
° ol
2301 R
250

Figure 11. Vertical distribution of AN, in the water column
of the Gotland Deep. The solid gray line represents model
data, while the dots indicate observational data.

Basin, whereas the lowest values characterized the Born-
holm Basin. Seasonal variability was most evident in the
Gdansk Basin, with generally higher AN, accumulation
during winter than in summer. The Gotland Basin showed
relatively stable AN, concentrations throughout the inves-
tigated period, while stronger variability was observed in
the Bornholm Basin.

To identify the environmental factors underlying these
spatial and seasonal patterns, relationships between AN,
and selected environmental variables were further exam-
ined. In the model data, Spearman analysis showed no sig-
nificant direct relationship between AN, and pelagic den-

itrification rates (p = —0.05, p = 0.60). However, signifi-
cant negative correlations were observed between AN, and
0, (p =-0.41,p <0.001); NO3~ (p=-0.51, p <0.001),
and POC (p =—0.82, p <0.001). A weaker but significant
negative relationship was also observed between AN, and
zonal velocity (p =—0.210, p = 0.049).

The multivariate GAM including pelagic denitrification
rate, 0,, NO;~, POC, and zonal velocity explained 91.7% of
AN, variability (adjusted R, = 0.91, AIC=79.13, n = 88).
Despite the absence of a significant Spearman correlation,
denitrification rate was identified as a significant predic-
tor of AN, variability in the GAM analysis (edf=0.96, p
< 0.001). This indicates that the relationship between
denitrification and excess N, accumulation becomes evi-
dent when other environmental controls are considered.
Oxygen remained a significant predictor in the GAM (edf
=1.36, p <0.001), supporting the importance of redox
conditions in regulating AN, accumulation below the halo-
cline. Similarly, POC showed a significant and nonlinear
effect on AN, variability (edf = 3.83, p < 0.001), suggesting
that organic matter availability and associated remineral-
ization processes represent important controls on excess
N, dynamics. Although NO3;~ showed a significant nega-
tive correlation with AN, in the Spearman analysis, it was
not retained as an independent predictor in the multivari-
ate GAM (edf = 0, p = 0.546). This suggests that nitrate

variability was largely associated with other controlling
factors, such as oxygen conditions, organic matter availabil-
ity, and denitrification activity. The relationship between
AN, and NH,* was weak and not statistically significant
(p=0.138, p=0.200), suggesting that NH,* variability
was not a major factor explaining AN, patterns. Additional
analysis of hydrographic variables showed that modeled
AN, was moderately negatively correlated with tempera-
ture (p = —0.504, p < 0.001), while salinity showed a weak
positive correlation with AN, (p=0.260, p =0.009). In
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Figure 12. Modeled AN, distribution in bottom waters from January to December 2020. AN, is defined as the excess
dissolved N, derived from deviations of the measured N, /Ar ratio from its equilibrium value and serves as an integrative
tracer of nitrogen removal in stratified, oxygen-depleted waters.
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contrast, observational data did not show statistically sig-
nificant relationships between AN, and temperature (p =
—0.443, p =0.075) or salinity (p=—-0.177, p =0.498).
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Figure 13. Modeled AN, distribution in bottom waters from January to December 2021. AN, is defined as the excess
dissolved N, derived from deviations of the measured N, /Ar ratio from its equilibrium value and serves as an integrative
tracer of nitrogen removal in stratified, oxygen-depleted waters.

Our analysis revealed that hydrodynamic conditions ap-
peared to influence AN, distribution, as indicated by a mod-
erate negative correlation with zonal currents, while no
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significant relationship was found with meridional cur-
rents.

Further identification of environmental factors control-
ling pelagic denitrification below the halocline was con-
ducted. Modeled denitrification rates ranged from approxi-
mately 0.0010 to 0.0200 umol kg~! day™~!. Spearman anal-
ysis showed a significant negative relationship between
denitrification rates and O, concentration (p = —0.554,
p < 0.001), supporting enhanced nitrogen removal under
oxygen-depleted conditions. A weaker but significant nega-
tive relationship was also observed with NO3; ™ (p = —0.262,
p =0.009), whereas no significant direct correlation was
detected between denitrification rates and POC concentra-
tion (p = 0.130, p = 0.198). Zonal velocity showed a weak
but significant positive correlation with denitrification
rates (p = 0.285, p = 0.007). The multivariate GAM includ-
ing 0,, NO3~, POC, and zonal velocity explained 98.1% of
the variability in modeled denitrification rates (adjusted
R, =0.98, AIC =—1131.3, n =88). All tested predictors
were identified as significant contributors to denitrifica-
tion variability, including O, (edf =2.60, p < 0.001), NO3~
(edf =4.93, p <0.001), POC (edf = 3.24, p < 0.001), and
zonal velocity (edf =4.79, p < 0.001).

3.5 Sources of uncertainty in modeled AN,
Differences in T, ranging from —5.97°C to +5.18°C, have
the potential to alter AN, by up to ~ 8 umol kg™*. However,
such large temperature mismatches occurred only in the
Bornholm Deep, where they likely contributed to the pro-
nounced deviations in modeled AN,. At the other stations,
T differences were much smaller (=0.5°C) and would re-
sult in AN, variations of only ~ 0.3 umol kg™, which is
negligible relative to the observed variability. Similarly,
S differences of ~ 0.85 lead to minor AN, changes (~ 0.4
umol kg~1), suggesting that hydrographic biases in T and
S play a secondary role outside the Bornholm region.

In contrast, discrepancies in O, were more substan-
tial, particularly in the Bornholm and Gdansk Deeps (from
—17 to +104 umol kg~1). Because denitrification is highly
sensitive to 0,, model overestimation of O, may suppress
simulated denitrification rates, leading to indirect under-
estimation of biologically produced N,. Thus, O, biases
likely exert a stronger control on AN, errors than T or S
mismatches.

Model-data differences in NO;~ and NH,* (often ~ 10
umol kg™1) are also important. NO;~ directly fuels den-
itrification, while NH,* contributes via nitrification and
anammox pathways; therefore, biases in these substrates
can propagate into nitrogen removal estimates. The strong
seasonal variability in nutrient biases at the Bornholm
Deep indicates that local biogeochemical conditions are
particularly difficult to reproduce there, further contribut-
ing to AN, uncertainty.

Hydrographic discrepancies in T and S also influence
calculations of (N, /Ar)sat, leading to slight model overes-
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timation at the Bornholm and Gdansk Deeps (up to +0.57
and +0.31, respectively), whereas mismatches at the Got-
land Deep were minimal. Additionally, model overestima-
tion of 0,, especially during winter and spring, can reduce
simulated (N, /Ar)mes. AN, is derived from the difference
between measured and equilibrium N, /Ar ratios. There-
fore, combined biases in (N, /Ar)sat and (N, /Ar)mes may
lead to underestimation of excess N, in model outputs.
This complicates the detection of biologically produced
N, and partly explains the large AN, deviations observed
in the Bornholm Deep, where errors ranged from strong
underestimation (—14 umol kg™1) to overestimation (+16
umol kg™1).

The Bornholm Deep is particularly challenging to sim-
ulate due to its dynamic hydrography and frequent North
Sea inflows through the Danish Straits (Fu et al., 2012;
Stanev et al.,, 2015; Stockmayer et al., 2023). These events
introduce saline, O,-rich waters that rapidly alter stratifica-
tion and redox conditions, making accurate representation
of local biogeochemistry difficult. As a result, AN, vari-
ability in this basin likely reflects both real environmental
fluctuations and model limitations.

Despite these regional discrepancies, especially in the
Bornholm Deep, overall model observation agreement was
good in the Gdansk and Gotland Deeps. Differences be-
low ~ 2 umol kg=! at Gdansk and within ~ 5 umol kg™!
elsewhere fall within the expected uncertainty range for
combined hydrographic and biogeochemical simulations.
Such deviations may arise from seasonal variability, inter-
nal system dynamics, or structural model limitations, and
should therefore be interpreted cautiously. Nevertheless,
the model performance is sufficient to support analysis of
basin-scale spatial and seasonal patterns in N, distribution
and denitrification.

4. Discussion

4.1 Seasonal and spatial variability of excess dinitrogen
(AN,) in the bottom layer
In this subsection, we focus on modeled bottom-layer con-
ditions to examine the spatial distribution of AN, across
the Baltic Sea below the halocline (Figures 12-13). Here,
“bottom water” refers to the deepest available model layer
at each station, representing the last depth above the sed-
iment. Emphasizing bottom waters is particularly rele-
vant, as these layers represent key zones for nitrogen re-
moval. Coastal regions and bottom boundary layers are
widely recognized as hotspots of nitrogen cycling due to
elevated nutrient availability and intense microbial activity
(Bartl et al.,, 2018; Wang et al,, 2019). Denitrification rates
are especially high in organic-rich muddy sediments com-
pared with sandy substrates, highlighting strong spatial
variability and the potential for substantial nitrogen loss
in depositional areas (Lai et al., 2023). Therefore, identify-
ing bottom-layer AN, hotspots provides important insight
into the basin-scale functioning of the Baltic nitrogen cycle
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(Schulz et al.,, 2021; Li et al., 2021). In the model formu-
lation, AN, integrates multiple nitrogen transformation
pathways and transport processes. As such, it represents
a cumulative signal of nitrogen removal rather than a direct
proxy for ongoing denitrification.

The observed spatial gradient in AN, accumulation
likely reflects differences in hydrographic isolation, OM
supply, and redox conditions. The persistently high AN,
levels in the Gotland Basin support its established role
as a potential nitrogen transformation and retention site
in the Baltic Sea, where long-term stratification, limited
ventilation, and sustained OM accumulation promote sed-
iment anoxia and active microbial nitrogen transforma-
tion (Hannig et al., 2006; Thureborn et al., 2013, 2016;
Frey et al., 2014). However, in the Gotland Deep, the deep-
est waters are often characterized by strongly reducing,
sulfidic conditions, where nitrate concentrations are typi-
cally very low or absent. Under such conditions, pelagic
denitrification may become substrate-limited due to ni-
trate depletion. Therefore, the high AN, concentrations
observed in the bottom layer should not be interpreted
as evidence of ongoing local denitrification at that depth.
Instead, they likely reflect the cumulative signal of nitrogen
loss occurring within the redoxcline, from ongoing benthic
denitrification with subsequent diffusion of N, from the
sediments, or via lateral transport from adjacent water
masses. Moreover, model overestimation of nitrate in the
Gotland Deep may artificially enhance simulated denitrifi-
cation potential, and this limitation should be considered
when interpreting basin-scale patterns.

In contrast, the comparatively low AN, concentrations
in the Bornholm Basin suggest either weaker benthic ni-
trogen removal or a stronger influence of ventilation and
water mass exchange, which may reduce the accumulation
of excess N,.

Seasonal changes in AN, accumulation in the Gdansk
Basin likely reflect variations in organic matter availability
and redox conditions, which can enhance nitrogen removal
processes during colder months. Increased availability of
POC following phytoplankton production and subsequent
export can fuel benthic respiration and promote conditions
favorable for denitrification (Carstensen et al., 2014; Tame-
lander et al., 2017). Winter mixing may further support
this process by redistributing OM and nutrients toward
the bottom layer, intensifying O, consumption and promot-
ing suboxic conditions favorable for denitrification. The
resulting seasonal enhancement of N, production aligns
with observational evidence of elevated wintertime AN, in
hypoxic bottom waters. In contrast, the Gotland Basin dis-
played comparatively weak seasonal variability; AN, here
should be interpreted as a basin-scale accumulation signal
shaped by past nitrogen loss and redistribution processes.

The Bornholm Basin exhibited only minor seasonal
changes, indicating a more variable or less efficient cou-
pling between OM supply and nitrogen removal processes.
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Interannual differences, particularly in the Bornholm
Basin, point to the sensitivity of AN, accumulation to
episodic hydrographic and biogeochemical conditions. Vari-
ability between 2020 and 2021 may reflect changes in
stratification strength, inflow events, or differences in OM
deposition, all of which can modulate O, dynamics and
microbial activity at the sediment-water interface. Such
variability underscores the importance of considering both
physical forcing and biogeochemical feedbacks when in-
terpreting basin-scale nitrogen removal.

Overall, the modeled AN, distribution highlights a sta-
ble spatial gradient across the Baltic basins, overlaid by
seasonally and interannually varying intensity. These pat-
terns emphasize the dominantrole of deep, poorly venti-
lated basins in shaping the long-term accumulation and
retention of excess N,, and suggest that future changes in
stratification, OM export, or O, conditions may substan-
tially modify bottom-layer nitrogen dynamics.

4.2 Relationship between (AN,) and oxygen, nutri-
ents, POC, temperature and salinity below the
halocline

This subsection examines the dynamics of AN, across the

Bornholm, Gdansk, and Gotland Deeps using primarily

model-based results, with observational data used in par-

allel to evaluate relationships between AN, and selected

variables (temperature, salinity, 0,, NO;~, NH,*; Table 1,

Fig. S4). AN, is interpreted here as an integrative indica-

tor of pelagic and benthic nitrogen loss potential together

with transport processes (Neumann et al., 2022; Rolff et

al,, 2022; Sivasamy et al., 2025).

Denitrification preferentially occurs under low-0, con-
ditions, typically below 10 yumol kg=! (Bulow et al., 2010;
Fuchsman et al.,, 2019), whereas concentrations above
~ 60 umol kg~! can inhibit the process (Skiba, 2008; Eglite
et al.,, 2014; Devol et al., 2015). Even trace O, levels may
suppress activity, with reductions in denitrification re-
ported at concentrations as low as 205 kg™ (Dalsgaard
et al, 2014). Accordingly, our analysis focused on waters
below the halocline, where O, concentrations decline into
ranges potentially conducive to efficient denitrification.

Differences between modeled and observed AN,-0,
relationships may reflect that oxygen availability affects
multiple nitrogen transformation processes, not only deni-
trification. The process also depends on the simultaneous
availability of electron donors and acceptors. Thus, the ab-
sence of a simple AN,-0, relationship in observations does
not exclude active nitrogen loss but rather highlights the
complex and integrated nature of AN, as a signal shaped
by redox conditions, substrate availability, and physical
transport processes.

NO; ™ availability is particularly critical, as it serves as
the terminal electron acceptor in denitrification (Kritee
et al,, 2012). Although higher NO3;~ concentrations can
support greater N, production when other conditions are
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Table 1. The relationship between oxygen (0,), nitrate
(NO37), ammonium (NH, "), particulate organic carbon
(POC) (dissolved oxygen), denitrification rate, excess dini-
trogen gas (AN,), temperature and salinity; and the re-
lationship between 0,, NO3;~, POC, meridional current,
zonal current, and denitrification rate. Correlations were
calculated using model output from 2020-2021 for layers
below the halocline, where O, concentration was equal to
or below 10 umol kg™1.

Correlations p-value I's
(*model data; (*model data;

**observational data) **observational data)

AN, vs. 0, *<0.05; *—0.41
**0.40 **0.22
AN, vs. NO3~ *<0.05; *—0.51;
**0.52 *-0.17
AN, vs. NH,* *0.20; *0.14;
**0.70 0.1
AN, vs. POC *<0.05; *0.82;
**no data **no data
AN, vs. *0.60; *—0.05;
denitrification rate **no data **no data
Denitrification rate *<0.05; *=0.64;
vs. 0, **no data **no data
Denitrification rate *<0.05; *—0.54;
vs. NO3_ **no data **no data
Denitrification rate *0.21; *—0.14;
vs. POC **no data **no data
AN, vs. *<0.05; *—0.21;
zonal velocity **no data **no data
AN, vs. *0.93; *0.01;
meridional velocity **no data **no data
Temperature *<0.05; *—0.50;
**0.08 *—0.44
Salinity *<0.05; *0.30;
**0.50 **—0.18

favorable (Pina-Ochoa et al., 2006; Lin et al., 2017; Aalto
etal, 2021), inverse relationships between denitrification
and NO; ™ have also been reported (Shao etal.,, 2011; De La
Fuente et al,, 2021; Benelli et al., 2024). The GAM analysis
showed that NO; ™ did not remain an independent predic-
tor of AN, variability after accounting for denitrification
activity, oxygen availability, organic matter supply, and hy-
drodynamic transport. However, it should be noted that
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the model tends to overestimate nitrate concentrations in
the Gotland Deep (Chapter 3), which may influence the
strength of this relationship. In reality, nitrate in the deep-
est waters is often strongly depleted, potentially limiting
ongoing water-column denitrification. Moreover, in the
highly stratified waters of the Gotland Deep, prolonged
periods of stagnation and limited deep-water ventilation
contribute to the accumulation of excess N, over time, as
products of past nitrogen removal are retained in the deep
layer. Therefore, the observed and modeled patterns likely
reflect cumulative nitrate reduction and retention during
stagnation periods rather than ongoing local pelagic den-
itrification in nitrate-depleted deep waters (Kritee et al.,
2012).

Beyond electron acceptors, the supply of particularly
labile POC is a fundamental control on denitrification, as it
provides the energy source for heterotrophic respiration
(Lietal, 2010; Ward etal.,, 2008; Burginetal., 2007). When
NO;~ is scarce, it becomes the limiting factor; when NO;~
is abundant, denitrification may instead be constrained by
OM quantity or quality (Warneke et al.,, 2011). The neg-
ative relationship indicates that excess N, accumulation
is primarily associated with regions where organic mat-
ter has already been utilized during previous respiration
and denitrification processes. It also suggests that, beyond
a certain threshold, pelagic denitrification rates may be-
come less sensitive to further increases in substrate supply
(Magri etal.,, 2022).

The weak relationship between AN, and NH,* sug-
gests a limited contribution of anammox to basin-scale
AN, variability. Although anammox may contribute locally,
its signal is likely minor compared to denitrification and
transport-related processes, which is consistent with Grab-
skietal. (2025), who reported no anammox genes in Baltic
Sea deep waters.

In addition to biogeochemical controls, hydrographic
conditions may also contribute to AN, variability below
the halocline. The negative relationship with tempera-
ture and positive relationship with salinity observed in the
model suggests that AN, accumulation is partly associated
with the characteristics and residence time of deep-water
masses. This likely reflects enhanced retention of excess
N, in colder, more saline waters characterized by restricted
ventilation rather than a direct influence of temperature
or salinity on nitrogen removal processes. The absence
of statistically significant relationships in observational
data may be related to the limited temporal coverage of
the dataset.

The results emphasize that denitrification efficiency
depends on the availability of both electron donors (POC)
and acceptors (NO3~) under sufficiently low O, condi-
tions. Biological factors further complicate interpretation:
even under favorable geochemical conditions, nitrogen
loss will remain limited without an active denitrifying mi-
crobial community. Recent metagenomic studies from the
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Baltic Sea show that denitrification potential is strongly
shaped by microbial community composition, varies sea-
sonally, and is linked to taxa such as Nitrosopumilaceae
and Thioglobaceae (Grabski et al., 2025). Consequently,
weak or negative correlations between AN, and individ-
ual environmental variables are expected. This is because
AN, represents a time-integrated signal shaped by multi-
ple redox pathways and transport processes rather than
a direct measure of local pelagic denitrification intensity. It
should be noted that the observational dataset used in this
analysis covers only a two-year period (2020-2021) and in-
cludes a limited number of sampling events. The restricted
temporal coverage may not fully capture longer-term vari-
ability or the full range of environmental conditions in
the studied basins. Analyses based on longer time series
and broader spatial coverage could potentially reveal ad-
ditional patterns or different relationships between AN,
and environmental drivers. Nevertheless, the aim of this
study was to synthesize the currently available observa-
tional data together with model results in order to improve
understanding of AN, variability below the halocline.

4.3 Relationship of pelagic denitrification rates with
excess dinitrogen gas (AN,)

Modeled denitrification rates were up to-20 times lower
than the upper range of in situ estimates reported for the
Baltic Sea (e.g., Dalsgaard et al., 2013). Although no signifi-
cant direct relationship was observed between AN, and in-
stantaneous pelagic denitrification rates, the GAM analysis
demonstrated that denitrification significantly contributed
to AN, variability when oxygen availability, organic mat-
ter supply, nitrate dynamics and physical transport were
considered simultaneously. This indicates that the relation-
ship between AN, and pelagic denitrification is complex,
suggesting that other factors, such as physical transport
processes like diffusion from sediments, may play a signif-
icant role in shaping its distribution (Deutsch et al., 2010;
Bonaglia et al., 2017).

Moreover, pelagic denitrification rates observed
in the model data were relatively low (up to 0.020
umol kg~! day~1), but were within the range reported
by Dalsgaard et al. (2013), ranging from 0.006 to 0.382
pumol kg~ day~?. The relatively low denitrification rates
in the model may be partly explained by occasional overes-
timations of O, concentrations in certain areas and times,
e.g. the Bornholm Deep, which can inhibit denitrification.
However, the model also tends to overestimate nitrate con-
centrations at P1 and BY15 (Chapter 3), potentially enhanc-
ing denitrification potential. The simulated rates therefore
likely reflect the combined influence of opposing biases in
oxygen and nitrate fields. Although the nitrogen removal
process has low efficiency in the water column, it can still
significantly contribute to the overall denitrification pro-
cess in the Baltic Sea. According to the literature, it has
been claimed that water column denitrification can be as
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significant as sedimentary denitrification (Carstensen et
al,, 2014). It was reported that in some cases, water col-
umn denitrification can exceed sedimentary denitrification
(Dalsgaard et al., 2013). Though denitrification in the wa-
ter column can exhibit high rates, it is more variable and
less constant over time than sedimentary denitrification
(Hietanen et al,, 2012; Dalsgaard et al., 2013).

Since the efficiency of water column denitrification
depends on multiple interacting factors, such as nutrient
availability, OM content, microbial community composi-
tion, and physical transport processes, additional analyses
were performed to identify the main controls on nitrogen
removal. In some cases, the highest denitrification rates
were observed at very low NO3~ concentrations, while
higher NO3; ™ concentrations did not result in a significant
increase in reaction rates. This suggests that denitrifica-
tion is regulated by the combined availability of electron
acceptors, electron donors, and suitable redox conditions.
Similar negative or weak correlations have been reported
in estuarine systems, where factors such as OM lability,
sulfide, and iron availability had a greater contribution to
the denitrification process (Deng et al., 2015; Yang et al.,
2015).

Regarding O,, it appears that concentrations below
10 umol kg~ are rather optimal for denitrifying bacteria
(Walter et al.,, 2006). The results imply that once a low O,
concentration is reached, a further decrease does not sig-
nificantly enhance the denitrification rate. These findings
suggest that while substrate availability and O, conditions
do influence denitrification, they are not the sole drivers
of its variability in the Baltic Sea below the halocline. The
observed results emphasize the complexity of denitrifica-
tion dynamics in this region and demonstrate how impor-
tant a holistic approach is to fully understand and predict
changes in N dissipative processes.

Further analysis showed that the relationship between
denitrification rates and POC availability was more com-
plex than a direct response to organic matter concentration
alone. This indicates that organic matter availability con-
tributes to controlling nitrogen transformation processes,
butits effect depends on the interaction with other environ-
mental factors. POC is crucial for denitrifying bacteria, and
low availability of labile organic carbon can limit denitrifi-
cation even when high NO;~ concentrations are available
(Le Moigne et al., 2017; Schneider et al,, 2017). However,
even here, we noticed that a POC concentration as high as
3 umol kg~! can lead to both the highest and the lowest
denitrification rates observed in our study. This apparent
inconsistency likely reflects that POC concentration alone
does not determine pelagic denitrification intensity. Even
at similar POC levels, denitrification depends on simulta-
neous nitrate availability, oxygen conditions, and the reac-
tivity of organic matter. Therefore, comparable bulk POC
concentrations may occur under different redox regimes
and substrate conditions, resulting in contrasting pelagic
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denitrification rates.

Despite limited water exchange with the upper layers
in the Baltic Sea, other vertical and horizontal mixing pro-
cesses remain important, even below the halocline. These
mixing processes, including turbulent mixing induced by
internal waves, significantly influence denitrification rates
and nitrogen gas accumulation in the water column (Reiss-
mann et al., 2009; Dalsgaard et al., 2013). Thus, we aimed
to further investigate the impact of hydrodynamic con-
ditions, specifically meridional (north-south) and zonal
(east-west) currents, on the distribution of excess N, in
the water column (Table 1; Fig. S13). Although the zonal
component showed a stronger relationship with AN, vari-
ability in the present analysis, both velocity components
represent horizontal circulation processes that may influ-
ence the redistribution and retention of excess N, below
the halocline. Previous studies have demonstrated that
deep-water circulation in the Baltic Sea is highly variable
and controlled by density-driven flows, wind forcing, and
episodic inflow events, which strongly affect the ventila-
tion and residence time of deep-water masses (Hagen and
Feistel, 2004; Wieczorek et al., 2008; Liblik et al., 2024).

In our model simulations, monthly averaged current
velocities below the halocline during 2020-2021 ranged
from approximately 0.005 to 0.015 m s~ ! for the merid-
ional component and from —0.006 to 0.002 m s~ for the
zonal component. These factors, together with overall
circulation, vertical mixing, and transport processes, con-
tribute to the complex and variable distribution of N, in
oceanic regions. Observational studies have reported sub-
stantially higher instantaneous velocities in the Baltic Sea
deep layers, particularly during periods of intensified deep-
water transport and inflow-related circulation (Hagen and
Feistel, 2004; Wieczorek et al., 2008; Liblik et al., 2024).
Based on the data from Liblik et al. (2022), it was shown
that the data obtained from three models (excluding
ERGOM-MOM) estimated the average meridional north-
ward current velocity in the range of 0-0.01 m s™1, with
most models indicating a value of around 0.001 m s~ 1.
These results were significantly underestimated compared
to observational data, which showed a 30-fold higher value
of 0.03 m s~! (Hagen et al., 2004). Similarly, Liblik et al.
(2022) reported higher observed zonal current velocities,
with values ranging from approximately 0.019 to 0.040
m s~ 1. These differences indicate that uncertainties in the
representation of horizontal circulation, including both
meridional and zonal components, may influence modeled
transport processes and consequently contribute to dis-
crepancies in the simulated distribution of excess N,.

Data analysis revealed that although denitrification
contributes to the production of excess N,, its impact on
the observed distribution of N, concentrations in waters
below the halocline cannot be clearly determined. Overall,
the results demonstrate that pelagic denitrification below
the Baltic Sea halocline is controlled by the combined in-
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fluence of redox conditions, nitrate availability, organic
matter supply and physical transport processes. The GAM
indicates that variability in denitrification rates cannot
be attributed to a single environmental factor, but rather
reflects the interaction between multiple biogeochemical
and hydrodynamic controls.

In the model framework, AN, represents the net
balance of multiple nitrate-reducing pathways, including
pelagic and benthic denitrification, coupled nitrification-
denitrification, nitrate-driven oxidation of reduced sulfur
compounds, sediment-water exchange fluxes, and advec-
tive transport and N, fixation. Consequently, AN, should
not be interpreted as a direct proxy for pelagic denitrifica-
tion alone. Instead, it represents an integrated indicator of
nitrogen loss processes and physical redistribution within
the system.

Thus, while biological processes control N, production,
the spatial distribution of excess N, below the Baltic Sea
halocline appears to be strongly modulated by physical
transport and sediment-water exchange processes. Recent
studies indicated that although genes encoding the first
step of denitrification (e.g., nar, nap) were abundant and
primarily associated with Proteobacteria and Actinobac-
teria, metagenomic data indicated that these organisms
lacked the genes necessary to carry out the subsequent
steps of denitrification, leading to the final production of
N, (Grabski et al.,, 2025).

4.4 Impact of model uncertainties on the data inter-
pretation

Despite the overall ability of the ERGOM-MOM model to
reproduce basin-scale AN, patterns, uncertainties related
to oxygen and nutrient simulations should be considered
when interpreting local denitrification dynamics. Previous
MOM-ERGOM applications demonstrated that the model
is able to capture spatial oxygen gradients, seasonal vari-
ability, and vertical oxygen dynamics, supporting its appli-
cation for Baltic Sea oxygen assessments (Naumov et al.,
2023; Piehl et al,, 2023). Moreover, ERGOM simulations
have shown good performance in reproducing nutrient dis-
tributions in surface waters, although regional deviations,
including slight nutrient overestimations, may occur es-
pecially in the northern Baltic Sea and the Gulf of Bothnia
(Neumann et al.,, 2022).

Nevertheless, model-observation discrepancies can
vary between sub-basins and are particularly important
in dynamically changing regions. Naumov et al. (2023)
identified uncertainties in deep-water oxygen simulations
in the Bornholm Basin, where modeled oxygen concen-
trations showed positive deviations below approximately
50 m. Such oxygen overestimation may maintain artifi-
cially more oxic conditions and consequently suppress
simulated denitrification rates, which should be consid-
ered when interpreting local nitrogen removal processes.

In the Gotland Deep, our model validation indicated an
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overestimation of nitrate concentrations. Since nitrate acts
as the terminal electron acceptor during denitrification,
this bias may increase the apparent availability of electron
acceptors and therefore influence modeled denitrification
potential (Neumann et al.,, 2022). This may lead to an
overestimation of local denitrification potential. However,
under stagnant and strongly reducing conditions, nitrate
can become depleted, and accumulated AN, may instead
reflect previous nitrogen removal processes.

Consequently, these biases in oxygen and nitrate fields
may introduce uncertainty into the relationship between
AN, accumulation and instantaneous pelagic denitrifica-
tion rates. Considering these model uncertainties and
to reduce overinterpretation of local denitrification pat-
terns, analyses directly linking AN, with denitrification
rates were restricted to low-oxygen conditions (0, <10
umol kg~1). Furthermore, the interpretation of spatial AN,
patterns focused primarily on bottom waters, where lim-
ited ventilation allows the accumulation of signals related
to nitrogen removal processes over longer timescales.

Interpretation of AN, variability in the remaining water
layers below the halocline remains more challenging, as un-
certainties associated with simulated oxygen and nutrient
fields may complicate the assessment of the contribution
of specific local biogeochemical processes and seasonal
dynamics to observed AN, changes.

This limitation is further enhanced by the restricted
temporal coverage of observational data available for model
evaluation compared with previous long-term validation
studies (e.g., Neumann et al.,, 2022), which may not capture
the full range of Baltic Sea variability associated with dif-
ferent phases of inflow-driven ventilation and stagnation.
Therefore, the presented results should be considered as
an approximation of the dominant mechanisms control-
ling AN, variability during the investigated period rather
than an exact representation of all spatial and temporal
variations in the Baltic Sea.

5. Conclusions

The aim of this study was to improve understanding of ex-
cess dinitrogen (AN,) dynamics below the Baltic Sea halo-
cline, with emphasis on spatial and temporal variability
and its role in nitrogen removal. Using the coupled physi-
cal-biogeochemical model ERGOM-MOM 5.1 together with
observations, we investigated three deep basins (Born-
holm, Gdansk, and Gotland deeps) which are affected by
hypoxic and anoxic conditions.

Model-observation comparisons showed overall good
performance, particularly at Gotland Deep and Gdansk
Deep. Larger discrepancies occurred in the Bornholm
Deep, where dynamic hydrographic conditions and episodic
North Sea inflows complicate simulation of O, and nutri-
ent distributions. Among environmental variables, O, bi-
ases had the strongest influence on AN, uncertainty, while
temperature and salinity mismatches contributed only
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marginally outside the Bornholm region.

A persistent spatial gradient in AN, was identified,
with the Gotland Basin maintaining the highest mean con-
centrations (~ 28 umol kg™!) throughout the year, the
Gdansk Basin showing intermediate values, and the Born-
holm Basin the lowest. This pattern reflects differences
in stratification, ventilation, OM accumulation, and redox
state, confirming the role of deep, poorly ventilated basins
as nitrogen removal and N, accumulation hotspots. Sea-
sonal variability was most pronounced in the Gdansk Basin,
where higher winter AN, suggests enhanced nitrogen re-
moval supported by OM supply and mixing-driven nutrient
redistribution.

Relationships between AN, and O,, nutrients, POC, and
modeled denitrification rates were weak, indicating that
AN, does not solely reflect ongoing in situ water-column
denitrification.

Instead, AN, reflects the net outcome of multiple in-
teracting pathways, including pelagic and benthic den-
itrification, coupled nitrification-denitrification, nitrate-
driven sulfur oxidation, sediment-water exchange fluxes,
and physical redistribution processes. Given the limited
temporal coverage of both modeled and observational
datasets, these results should be regarded as indicative
rather than definitive. The observational dataset used
for model validation covered 2020-2021 and therefore
captured one specific phase of the Baltic Proper hydro-
graphic variability following the 2014 Major Baltic Inflow.
Although the strongest ventilation signal associated with
this event was no longer present, deep-water conditions
during the investigated period reflected the subsequent
transition toward stagnation, oxygen depletion, and the
redevelopment of reducing conditions (Mohrholz et al,,
2015; Myllykangas et al., 2017). Consequently, AN, pat-
terns observed during this period should be interpreted
in the context of this hydrographic stage and may not rep-
resent the complete variability occurring over different
inflow and stagnation phases. However, the stronger as-
sociation with zonal currents underscores the important
role of hydrodynamic transport in redistributing excess N,,.
In this framework, biological processes primarily regulate
N, production, whereas physical circulation governs its
spatial distribution. Future observational studies incorpo-
rating direct measurements of pelagic denitrification are
needed to better constrain these coupled mechanisms and
improve predictions of nitrogen cycling under changing
Baltic Sea conditions.
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