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Abstract
Excess dinitrogen (ΔN2) is the net accumulation of N2 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 ΔN2 distribution below the halocline in the Baltic Sea using a coupled
biogeochemical model evaluated against observations from the Bornholm, Gdańsk, and Gotland Deeps during 2020–2021.
Vertical distributions of temperature, salinity, oxygen (O2), nutrients, N2/Ar ratios, and ΔN2 were compared to assess
model performance and identify controls on N2 production.
A persistent spatial gradient in ΔN2 was observed, with highest concentrations in the Gotland Basin, intermediate
levels in the Gdańsk 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 Gdańsk
Basin, where elevated winter ΔN2 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 ΔN2 and modeled denitrification rates (ranging from �0.0010 to 0.0200 𝜇mol kg−1 day−1)
indicates that ΔN2 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
ΔN2 patterns are representative of the investigated post-inflow period rather than a long-term Baltic Sea baseline.
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1. Introduction1

The Baltic Sea is the world’s largest brackish water basin,2

characterized by low salinity and strong vertical stratifica-3

tion due to limited water exchange with the North Sea and4

high river runoff (Kullenberg, 1981, 1982; Voipio, 1981;5

Matthäus et al., 1992; Kohonen, 2019; Szymczycha et al.,6

2019). These conditions, together with long water resi-7

dence time (over 30 years), make the ecosystem highly8

vulnerable to eutrophication and oxygen deficiency in bot-9

tomwaters, disrupting marine biodiversity and ecosystem10

functioning (Kuliński et al., 2022). In response, interna-11

tional initiatives like the Baltic Sea Action Plan (BSAP) co-12

ordinated by the Helsinki Commission (HELCOM) have13

©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- 14

cultural changes, upgrading wastewater management, and 15

strengthening monitoring and research initiatives (HEL- 16

COM, 2021). Despite these efforts, the biodiversity and 17

ecosystems of the Baltic Sea are still not healthy and re- 18

silient (HELCOM,2021). Theongoing environmental stress 19

highlights the importance of internal processes that help 20

regulate nutrient levels. 21

Denitrification and anaerobic ammonium oxidation 22

(anammox) are the two key microbial pathways that re- 23

move reactive nitrogen in the forms of nitrate (NO3
−) and 24

nitrite (NO2
−) from aquatic systems by converting them 25

to dinitrogen gas (N2). Ammonium (NH4
+) is not directly 26

used in denitrification; instead, it contributes indirectly via 27

nitrification, during which NH4
+ is oxidized to NO2

− and 28
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subsequently to NO3
−, thereby supplying substrates for29

denitrifiers. In contrast, NH4
+ serves as a direct substrate30

for anammox, where it reacts with NO2
− under anoxic con-31

ditions to produce N2, providing an additional pathway for32

reactive nitrogen (N) removal.33

In the Baltic Sea, denitrification and anammox in sedi-34

ments represent the dominant N removal processes and35

play a crucial role in mitigating eutrophication (Seitzinger36

et al., 2006). However, denitrification rates generally ex-37

ceed those of anammox (Bonaglia et al., 2014, 2016), indi-38

cating that heterotrophic denitrification is typically the pri-39

maryN-loss pathway in these environments. Reported sed-40

iment denitrification rates can reach up to 524641

𝜇mol N m−2 d−1 in the Szczecin Lagoon (Pastuszak et al.,42

2005) and up to 530 𝜇mol N m−2 d−1 in open Baltic Sea43

areas (Stockenberg and Johnstone, 1997). In compari-44

son, denitrification in the water column appears lower45

(and more variable), with reported rates ranging from 6046

to 2110 𝜇mol N m−2 d−1 and strongly influenced by sul-47

phide concentrations and the availability of organic matter48

(Dalsgaard et al., 2013; Bonaglia et al., 2014). Neverthe-49

less, water-columndenitrification in the Baltic Sea remains50

poorly constrained. Direct rate measurements are sparse,51

and spatial coverage remains limited. Additional method-52

ological challenges, including separation of water-column53

processes from sedimentary N2 fluxes and microscale re-54

dox heterogeneity, introduce substantial uncertainty. As55

a result, the overall contribution of pelagic denitrification56

to total nitrogen removal in the Baltic Sea is still not well57

quantified. Anammox in thewater column appears to be of58

minor importance in theBaltic Proper, as anammox-related59

genes were not detected in the deep Baltic Sea (Mazur-60

Marzec et al., 2024; Grabski et al., 2025), suggesting limited61

pelagic anammox potential in these basins. Uncertainty62

in estimating total nitrogen removal is further amplified63

by the complex interactions among stratification, redox64

dynamics, climate-driven variability, and benthic–pelagic65

coupling (Dalsgaard et al., 2013; Bonaglia et al., 2014). Re-66

cent observations of N2 accumulated in the deep waters of67

the Baltic Proper show pronounced spatial and seasonal68

variability of N2-releasing processes, yet the relative contri-69

butions of denitrification and anammox were not directly70

measured (Sivasamy et al., 2025). This underscores the71

need for improved large-scale process-based studies to72

resolve the spatial and temporal variability of nitrogen re-73

moval pathways, particularly in the water column, where74

knowledge gaps still remain substantial. This challenge75

can be met by harnessing biogeochemical modelling in76

research.77

Among the state-of-the-art models, one of the most78

advanced is the three-dimensional coupled hydrodynamic-79

biogeochemical ERGOM-MOM. The model simulates key80

biogeochemical processes, including the complete nitro-81

gen cycle. Its reliability has been demonstrated through82

previous validations against extensive observational83

datasets (Lessin et al., 2012; Wan et al., 2012). Moreover, 84

the ERGOM-MOMmodel enables the isolation of denitrifi- 85

cation rates and N2 and argon (Ar) concentrations. This 86

further allows the use of the N2/Ar method to quantify 87

the excess of N2 in relation to its equilibrium with the at- 88

mosphere (ΔN2), providing insights into the N2 produc- 89

tion, which corresponds to bioavailable nitrogen removal 90

(Schmale et al., 2019; Sivasamy et al., 2025). 91

The goal of this study was to integrate a coupled physi- 92

cal–biogeochemical model (ERGOM-MOM 5.1) with obser- 93

vational data (Sivasamy et al., 2025) to gain deeper insights 94

into ΔN2 dynamics in the Baltic Sea, particularly its spa- 95

tial and temporal variability. The observational dataset 96

(2020–2021) was collected several years after the major 97

inflow event of late 2014, when the temporary deep-water 98

oxygenation had already diminished, and oxygen (O2) de- 99

pletion below the halocline had re-established conditions 100

favorable for excess N2 (ΔN2) accumulation (Mohrholz et 101

al., 2015; Myllykangas et al., 2017). We examined spatial 102

and temporal patterns of ΔN2 in the waters below the halo- 103

cline and analyzed its correlations with O2, and nutrient 104

concentrations. In addition, we investigated whether the 105

observed N2 enrichments primarily resulted frommicro- 106

bial processes such as denitrification. The potential influ- 107

ence of physical transport, represented by meridional and 108

zonal currents, was also evaluated. We focused on regions 109

affected by hypoxia and anoxia, which provide favorable 110

conditions for nitrogen removal processes: the Bornholm 111

Deep, the Gdańsk Deep, and the Gotland Deep. 112

2. Material and methods 113

2.1 Study area 114

Baltic Sea 115

The Baltic Sea is the largest brackish water basin in the 116

world, with a total surface area of 415,240 km2 and a wa- 117

ter volume of 21,706 km3 (Kullenberg, 1981, 1982; Voipio, 118

1981; Matthäus et al., 1992). Limited water exchange with 119

the open ocean through shallow and narrow straits con- 120

nected to the North Sea, along with substantial riverine 121

runoff, are the main causes of low salinity and the for- 122

mation of strong vertical stratification (Neumann, 2007; 123

Lehmann et al., 2022). Major Baltic Inflows (MBIs) episod- 124

ically transport oxygen-rich saline water into the deep 125

Baltic Sea, temporarily improving oxygen conditions. How- 126

ever, during subsequent stagnation periods, oxygen is grad- 127

ually consumed by organic matter degradation, which can 128

lead to the re-establishment of hypoxic and anoxic con- 129

ditions, including the formation of hydrogen sulfide (Fon- 130

selius, 1981; Matthäus and Franck, 1992). WhileMBIs tem- 131

porarily oxygenate thedeepBaltic Sea, they also strengthen 132

stratification, limiting vertical mixing and ultimately con- 133

tributing to the persistence of anoxic conditions below 134

the halocline once the supplied oxygen is consumed. Fur- 135

thermore, the Baltic Sea exhibits a long residence time 136
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Figure 1. Map showing the sampling locations in the Baltic Sea: Bornholm Deep (IDEAL), Gdańsk Deep (P1), and Gotland

Deep (BY15).

(over 30 years) for excessive inputs of biogenic substances137

(Neumann, 2007). For the purpose of this study, waters138

below the halocline were defined separately for each basin139

according to the characteristic vertical salinity structure140

and permanent stratification depth. Due to regional differ-141

ences in bathymetry and hydrographic conditions, a fixed142

halocline depth was not applied. Halocline depths were143

defined based on published studies and regional hydro-144

graphic characteristics and were set to 60 m in the Born-145

holm Deep (Väli et al., 2012), 80 m in the Gdańsk Deep146

(Pempkowiak et al., 2000; Witak et al., 2025; Zglinicki et147

al., 2025), and 90m in the GotlandDeep (Wieczorek, 2012).148

These thresholds were used consistently for the extraction149

and analysis of model and observational data below the150

halocline. Although the instantaneous halocline depth var-151

ied during the study period (e.g., from approximately 40 to152

80 m in the Gdańsk Deep), the adopted thresholds repre-153

sent basin-specific reference depths rather than the exact154

position of the halocline at the time of sampling.155

Bornholm Deep156

The Bornholm Deep (IDEAL; 55°20’N, 15°37’E, Figure 1)157

is situated in the south-western part of the Baltic Sea, near158

the Danish Straits, with depths of approximately 90–100m.159

Due to its relatively close connection to the North Sea, it160

is characterized by more variable O2 conditions (ranging161

from oxic to hypoxic) compared to the Gdańsk or the Got-162

land deeps. However, except during inflow events, this163

area typically has hypoxic bottomwaters, with a long-term 164

mean O2 concentration of 38 µmol L−1 (Kuliński et al., 165

2022). 166

Gdańsk Deep 167

The Gdańsk Deep (P1; 54°30’N, 19°00’E, Figure 1) is lo- 168

cated in the southern Baltic Sea to the east of the Bornholm 169

Deep, with depths ranging from 80 to 120 m. The Gdańsk 170

Deep is also influenced by the inflow of saline waters from 171

the North Sea, though this impact is less evident. Com- 172

pared to the Gotland Deep, the Gdańsk Deep is character- 173

ized by more dynamic hydrographic conditions and more 174

active water exchange, influenced by its shallower depth 175

and riverine input. Additionally, this region experiences 176

significant dynamic changes due to the influence of local 177

river inflows, particularly from the Vistula River, which de- 178

livers substantial amounts of OM and nutrients (Ostrowski 179

et al., 2010), contributing to strong short-term variability 180

in nutrient concentrations (Burska et al., 2005; Sikorowicz 181

et al., 2005). 182

Gotland Deep 183

The Gotland Deep (BY15; 57°19’N, 20°03’E, Figure 1) is 184

the deepest of the three basins, located in the central part 185

of the Baltic Sea, reaching depths of up to 250 m. The 186

Gotland Deep is characterized by a stable vertical stratifi- 187

cation, with a well-defined halocline (Leipe et al., 2008). 188

It is characterized by strong and persistent stratification, 189

with limited deep-water ventilation (Leipe et al., 2008). 190
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As a result, bottom waters are frequently anoxic and may191

contain hydrogen sulfide (Hannig et al., 2006; Hietanen et192

al., 2012; Dalsgaard et al., 2013 ). The stable redox struc-193

ture promotes active nitrogen transformation processes at194

the oxic-anoxic interface (Hietanen et al., 2012; Dalsgaard195

et al., 2013). Compared to the other basins, the Gotland196

Deep represents a more permanently reducing environ-197

ment, favoring sustained accumulation of excess N2 below198

the halocline.199

2.2 Observational data200

Historical data on salinity (S), temperature (T), and oxygen201

concentration (O2) (1962–2021) were retrieved from the202

International Council for the Exploration of the Sea (ICES)203

Datasets.204

Environmental samples were collected from 3 stations205

(the Bornholm Deep, the Gdańsk Deep and the Gotland206

Deep) in the Baltic Sea (Figure 1) during research cruises207

with r/v Oceania conducted in September 2020, January208

2021, April 2021, and September/October 2021. For sea-209

sonal analysis, winter was defined as December–February,210

spring as March–May, summer as June–August, and au-211

tumn as September–November. Observational data such as212

T, S, O2, nitrate concentration (NO3
−), ammonium (NH4

+),213

measured (N2/Ar) and calculatedΔN2were extracted from214

the dataset by Sivasamy et al. (2025). The Sea-Bird Sci-215

entific SBE 911 Plus profiler was employed for in situ216

measurements of T, S, and O2 concentration. Samples for217

N2/Ar analysis were collected in triplicate instantly from218

the Niskin bottles via Viton™ tubing in Exetainers® vials219

(12 mL gastight borosilicate glass vials; Labco, UK) and,220

after flushing with a volume of at least three times the221

volume of the vial, they were capped to prevent contami-222

nation. The biological activity was terminated through the223

injection of 50 𝜇L of a saturated solution of HgCl2. Vials224

were stored in a refrigerator at 4°C and analyzed within225

three months following collection.226

2.3 Model setup227

The ERGOM-MOMmodel combines the Ecological Regional228

Ocean Model (ERGOM) with the Modular Ocean Model229

(MOM) and was used by several applications (e.g.,230

Schernewski et al., 2015; Naumov et al., 2023). The ER-231

GOM ecosystemmodel was originally developed by Neu-232

mann (2000) and further improved (Neumann, 2000; Neu-233

mann et al., 2002), while MOM is based upon the work by234

Kirk Bryan, Michael Cox, Albert Semtner, and collaborators235

(Griffies et al., 2015). The three-dimensional coupled hy-236

drodynamic–biogeochemical framework of the latest ver-237

sion and its state variables are described in detail by Neu-238

mann et al. (2022).239

The comparison between model simulations and ob-240

servational data was based on average values from five241

nearby model grid points, close to the sampling stations.242

This approach ensures the representativeness of the ob-243

served data by focusing on nearby model grid points.244

The seasonal and spatial variability of ΔN2 in the bot- 245

tom water layer was investigated in three major basins of 246

the Baltic Sea (Bornholm, Gdańsk, and Gotland basins), fo- 247

cusing onwaters below the basin-specific halocline depths 248

defined in Section 2.1 (Figure 2). 249

Pelagic denitrification rates in the model were calcu- 250

lated as the sum of organic matter remineralization pro- 251

cesses under nitrate-reducing conditions, including the 252

recycling of POC (particulate organic carbon), DON (dis- 253

solved organic nitrogen), POCN (nitrogen in particulate 254

matter), DOC (dissolved organic carbon), and DOP (dis- 255

solved organic phosphorus) (Neumann et al., 2022). In 256

these reactions, organic carbon is oxidized while nitrate is 257

reduced to N2, and phosphorus is released as phosphate 258

during remineralization. All simulateddenitrification rates, 259

including values below 1 nmol L−1, were retained for the 260

subsequent statistical analyses. Although rates below this 261

threshold are generally considered biogeochemically neg- 262

ligible, they were included to preserve the complete model 263

output and may have influenced the strength of the ob- 264

served statistical relationships. Detailed descriptions of 265

the equations, variables, and chemical reactions used in 266

the model are provided by Neumann et al. (2022). While 267

most of the model variables were directly compared with 268

observational data, additional parameters such as POC 269

concentrations, denitrification rates, and hydrodynamic 270

conditions (e.g., zonal andmeridional currents) were avail- 271

able only from themodel and served as the basis for further 272

analysis. 273

2.4 Calculation of excess dinitrogen (ΔN2) 274

For the model analysis, dissolved N2 simulated by ERGOM- 275

MOM was used to calculate excess N2 relative to atmo- 276

spheric equilibrium conditions. Therefore, modeled ΔN2 277

was calculated as: 278

ΔN2 = N2model−N2sat

where N2model represents dissolved N2 concentrations sim- 279

ulated by ERGOM-MOM, and N2sat represents the equilib- 280

rium concentration calculated from in situ temperature, 281

salinity, and pressure using the solubility equations of 282

Hamme and Emerson (2004). For observational data, ΔN2 283

was derived frommeasured dissolved gas ratios following 284

Schmale et al. (2019): 285

ΔN2 = ��
N2

Ar
�

mes

−�
N2

Ar
�

sat

� × Armes

where (N2/Ar)mes is the measured dissolved gas ratio and 286

(N2/Ar)sat represents the equilibrium ratio expected from 287

physical solubility. Because dissolved Ar was not available 288

as a model variable, Ar concentrations were assumed to 289

approximate equilibrium conditions (Armes ≈Arsat). Un- 290

der this assumption, the N2/Ar approach for model output 291
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Figure 2. Box plots of ΔN2 concentration frommodeled and observational data measured below the halocline at the

following stations: the Bornholm Deep (IDEAL), the Gdańsk Deep (P1), the Gotland Deep (BY15). ΔN2 is defined as the

excess dissolved N2 derived from deviations of the measured N2/Ar ratio from its equilibrium value and serves as an

integrative tracer of nitrogen removal in stratified, oxygen-depletedwaters. “Obs” indicates observational measurements,

and “Model” represents corresponding model simulations.

simplifies to the difference between modeled dissolved292

N2 and equilibrium N2 concentration. The uncertainty293

associated with this approximation was estimated to be294

approximately 5%.295

2.5 Statistical analysis296

Statistical analyses were performed using Python and R297

statistical software. Spearman’s rank correlation analysis298

was first applied to evaluate individual relationships be-299

tween excess dissolved nitrogen gas (ΔN2) and selected300

environmental variables. Correlation analyses were con-301

ducted separately for modeled and observational datasets;302

nomixed correlations betweenmodel output andmeasure-303

mentswere calculated. It should be noted that correlations304

derived frommodeled variables may partly reflect struc-305

tural model behaviour and associated biases.306

BecauseΔN2 represents an integrated signal influenced307

by both biogeochemical processes and physical transport,308

generalized additive models (GAMs) were additionally ap-309

plied to evaluate the combined effects of multiple environ-310

mental drivers. GAMs are widely used for analysing po-311

tentially nonlinear relationships between environmental312

variables (Murase et al., 2009; Hastie, 2017; Wood, 2017;313

Pedersen et al., 2019). ΔN2 was used as the response vari-314

able, whereas pelagic denitrification rate, dissolved oxygen315

concentration (O2), nitrate concentration (NO3
−), partic-316

ulate organic carbon (POC), and zonal velocity were in-317

cluded as explanatory variables. Smooth functions were318

fitted for each predictor to account for potential nonlinear319

responses of ΔN2 to environmental gradients.320

Only model output corresponding to low-oxygen con-321

ditions (O2 ≤ 10 𝜇mol kg−1) was included in the statistical322

analyses. GAMs were fitted using restricted maximum like-323

lihood estimation (REML) with shrinkage smoothers to324

reduce overfitting and allow weak predictors to be penal-325

ized during model fitting. The significance and complexity326

of each smooth term were evaluated using approximate327

significance tests and estimated degrees of freedom (edf). 328

Model performance was assessed using adjusted R2 (co- 329

efficient of determination), Akaike Information Criterion 330

(AIC), and the percentage of deviance explained. Model 331

diagnostics, including basis-dimension checks and con- 332

curvity assessment, were performed to evaluate model 333

reliability. 334

3. Results 335

3.1 Salinity, temperature, and oxygen distribution be- 336

low the halocline in model results and observations 337

The simulated and observed vertical distributions of salin- 338

ity (S), temperature (T), and oxygen (O2) at the Bornholm 339

Deep (IDEAL), GdańskDeep (P1), andGotlandDeep (BY15) 340

are shown in Figures 3–5. All reported discrepancies rep- 341

resent mean model-observation differences calculated for 342

waters below the halocline during the respective sampling 343

periods. 344

At the Bornholm Deep, below the halocline (depths 345

> 60 m), modeled temperature deviated consistently from 346

observations during all study periods (September 2020, 347

April 2021, October 2021). The model overestimated tem- 348

perature in autumn (up to +5.18°C in September 2020) 349

and underestimated it in spring (down to−5.97°C in April 350

2021). Comparison with the long-term simulation 351

(1962–2021), however, indicates a smaller overall mean 352

bias, and the observed profiles generally fall within the 353

modeled variability range. The vertical salinity profile be- 354

low the haloclinewas generally overestimated in the upper 355

layers and underestimated in deeper waters (Figure 3). 356

The average bias ranged from −0.42 (April, October) to 357

+0.38 (September). Comparison with the longer period 358

(1962–2021) revealed a mean underestimation of−0.92 359

across all three months, with a tendency for salinity to in- 360

crease gradually with depth. The model-observation com- 361

parison for O2 in the Bornholm Deep showed a generally 362
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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 autumn363

(+28.20 𝜇mol kg−1 O2) and more substantial overestima-364

tion in spring (+151.79 𝜇mol kg−1 O2) (Figure 3). This365

seasonal pattern was consistent with the long-term per-366

formance.367

At the Gdańsk Deep, for waters below the halocline368

(> 80 m), agreement between modeled and observed tem-369

perature was generally good (Fig. S2). Slight overestima-370

tion occurred in September 2020 and January 2021 (mean371

+0.18°C), with a larger bias in April 2021 (+0.45°C). Long-372

term statistics confirm this strong performance (mean bias 373

≈+0.05°C). Salinity was consistently but slightly overesti- 374

mated (+0.18 to+0.47). Oxygen was also overestimated, 375

with discrepancies ranging from+11.75 𝜇mol kg−1 (April) 376

to+104.47 𝜇mol kg−1 (September). Smaller long-term bi- 377

ases suggest that short-term variability contributed to the 378

larger deviations observed during the campaign period. 379

At the Gotland Deep, considering depths below the 380

halocline (>90 m), model–data agreement for tempera- 381

ture was strong (Fig. S3). September temperatures were 382
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Figure 4. Vertical distribution of temperature, salinity and oxygen concentrations in the water column of the Gdańsk

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

only slightly overestimated (mean +0.20°C), with differ-383

ences decreasing with depth. The long-term mean bias384

was even smaller (+0.08°C). Salinity biases were depth-385

dependent, with overestimation in the upper portion of386

the deep layer (+0.43 above 165 m) and underestimation387

below (−0.20). The long-term record indicates amild over-388

all overestimation (+0.28) and an increasing salinity trend 389

with depth. Oxygen concentrations were moderately over- 390

estimated (+15.71 𝜇mol kg−1; ∼+39 𝜇mol kg−1 in the 391

long-term record), with near-perfect agreement in deeper 392

layers (Fig. S3). 393
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Figure 5. Vertical distribution of temperature, salinity and oxygen concentrations in the water column of the Gotland

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

Figure 6. Vertical distribution of nutrient (NO3
− and NH4

+) 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 (NO3
− and NH4

+) distribution below394

halocline395

At the Bornholm Deep, nutrient distribution below the396

halocline (>60 m) showed strong seasonality (Figure 6).397

NO3
− was slightly underestimated in September 2020 398

(−0.25 𝜇mol kg−1), overestimated in April 2021 (+1.03), 399

and strongly overestimated inOctober2021 (+7.53). NH4
+

400
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Figure 7. Vertical distribution of nutrient (NO3
− and NH4

+) distribution in the water column of the Gdańsk Deep. The

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

followed a similar seasonal pattern, with small deviations401

in September (+0.56) and April (−0.17), but pronounced402

underestimation in October (−6.15). Long-term simula-403

tions suggest that October conditions were outside the404

typical range, and the single-event sampling limits strict405

model validation.406

At the Gdańsk Deep (>80 m), NO3
− showed a gen-407

eral overestimation (mean +10.64 𝜇mol kg−1), whereas408

NH4
+ was notably underestimated in September (−15.26409

𝜇mol kg−1) (Figure 7).410

At the Gotland Deep (> 90 m), comparisons were avail-411

able for September in two different years. NO3
− was over-412

estimated in the upper part of the deep layer, while NH4
+

413

was underestimated throughout the profile below the halo-414

cline (Figure 8).415

3.3 N2/Ar ratios distribution below the halocline416

Model–observation differences in (N2/Ar)sat and417

(N2/Ar)mes below the halocline reflect discrepancies in418

N2 concentrations and thus potential mismatches in bio-419

logical N2 production (Figs. S1–S3).420

At the Bornholm Deep (> 60 m), the largest (N2/Ar)sat421

deviations occurred in September 2020 and October 2021422

(+0.57 and+0.34), while April 2021 showed good agree- 423

ment (−0.08). In contrast, (N2/Ar)mes was strongly under- 424

estimated in April (−0.99) and overestimated in autumn 425

(+1.41). 426

At the Gdańsk Deep (>80 m), (N2/Ar)sat differences 427

were small and consistent (+0.27). (N2/Ar)mes exhibited 428

larger seasonal variability but generally remained within 429

the long-term variability range. 430

At the Gotland Deep (> 90 m), moderate discrepancies 431

were observed for (N2/Ar)sat (+0.29), while (N2/Ar)mes 432

showed a larger overestimation (+0.80). 433

3.4 Spatial variability and environmental controls of 434

ΔN2 accumulation below the halocline 435

At theBornholmDeep (> 60m),ΔN2 exhibitedpronounced 436

variability (Figures 9–10). The model overestimated ΔN2 437

in September 2020 (+10.71 𝜇mol kg−1) and October 2021 438

(+16.24 𝜇mol kg−1), but underestimated it in April 2021 439

(−14.23 𝜇mol kg−1). Notably, except for September 2020, 440

modeled ΔN2 decreasedwith depth, whereas observations 441

showed the opposite trend. 442

At the Gdańsk Deep (> 80m), agreement was generally 443

strong. Moderate underestimation occurred in Septem- 444
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Figure 8. Vertical distribution of nutrient (NO3
− and NH4

+) distribution in the water column of the Gotland Deep. The

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

Figure 9. Vertical distribution of ΔN2 in the water column of the Bornholm Deep. The solid gray line represents model

data, while the dots indicate observational data. ΔN2 is defined as the excess dissolved N2 derived from deviations of the

measured N2/Ar ratio from its equilibrium value and serves as an integrative tracer of nitrogen removal in stratified,

oxygen-depleted waters.

ber 2020 (−2.18 𝜇mol kg−1) and January 2021 (−7.91445

𝜇mol kg−1), likely related to small differences in argon con-446

centrations that propagate intoΔN2 calculations. April and447

September 2021 showed very good agreement, with no sta-448

tistically significant differences and a consistent increase449

of ΔN2 with depth.450

At the Gotland Deep (>90 m), significant model–data451

differences were found in September 2020 (+15.29452

𝜇mol kg−1), whereas September 2021 showedmuch better453

agreement (+2.76 𝜇mol kg−1; no statistically significant 454

differences). The earlier mismatch may reflect interan- 455

nual environmental variability or limited observational 456

coverage. 457

To further examine the large-scale spatial and seasonal 458

variability in bottom-water ΔN2, model simulations were 459

analysed for the three Baltic Sea basins (Figures 12–13). 460

The highest ΔN2 concentrations occurred in the Gotland 461

Basin, intermediate values were observed in the Gdańsk 462
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Figure 10. Vertical distribution of ΔN2 in the water column of the Gdańsk Deep. The solid gray line represents model

data, while the dots indicate observational data.

Figure 11. Vertical distribution of ΔN2 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-463

holm Basin. Seasonal variability was most evident in the464

Gdańsk Basin, with generally higher ΔN2 accumulation465

during winter than in summer. The Gotland Basin showed466

relatively stable ΔN2 concentrations throughout the inves-467

tigated period, while stronger variability was observed in468

the Bornholm Basin.469

To identify the environmental factors underlying these470

spatial and seasonal patterns, relationships between ΔN2471

and selected environmental variables were further exam-472

ined. In the model data, Spearman analysis showed no sig-473

nificant direct relationship between ΔN2 and pelagic den-474

itrification rates (𝜌 = −0.05, p= 0.60). However, signifi- 475

cant negative correlationswereobservedbetweenΔN2 and 476

O2 (𝜌 =−0.41, p <0.001), NO3
− (𝜌=−0.51, p <0.001), 477

and POC (𝜌 =−0.82, p< 0.001). A weaker but significant 478

negative relationship was also observed between ΔN2 and 479

zonal velocity (𝜌 =−0.210, p= 0.049). 480

The multivariate GAM including pelagic denitrification 481

rate, O2, NO3
−, POC, and zonal velocity explained 91.7% of 482

ΔN2 variability (adjusted R2=0.91, AIC=79.13, n=88). 483

Despite the absence of a significant Spearman correlation, 484

denitrification rate was identified as a significant predic- 485

tor of ΔN2 variability in the GAM analysis (edf=0.96, p 486

<0.001). This indicates that the relationship between 487

denitrification and excess N2 accumulation becomes evi- 488

dent when other environmental controls are considered. 489

Oxygen remained a significant predictor in the GAM (edf 490

=1.36, p <0.001), supporting the importance of redox 491

conditions in regulating ΔN2 accumulation below the halo- 492

cline. Similarly, POC showed a significant and nonlinear 493

effect onΔN2 variability (edf= 3.83, p< 0.001), suggesting 494

that organic matter availability and associated remineral- 495

ization processes represent important controls on excess 496

N2 dynamics. Although NO3
− showed a significant nega- 497

tive correlation with ΔN2 in the Spearman analysis, it was 498

not retained as an independent predictor in the multivari- 499

ate GAM (edf ≈0, p =0.546). This suggests that nitrate 500

variability was largely associated with other controlling 501

factors, such as oxygen conditions, organicmatter availabil- 502

ity, and denitrification activity. The relationship between 503

ΔN2 and NH4
+ was weak and not statistically significant 504

(𝜌=0.138, p=0.200), suggesting that NH4
+ variability 505

was not a major factor explaining ΔN2 patterns. Additional 506

analysis of hydrographic variables showed that modeled 507

ΔN2 was moderately negatively correlated with tempera- 508

ture (𝜌=−0.504, p< 0.001), while salinity showed aweak 509

positive correlation with ΔN2 (𝜌=0.260, p =0.009). In 510
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Figure 12. Modeled ΔN2 distribution in bottom waters from January to December 2020. ΔN2 is defined as the excess

dissolved N2 derived from deviations of the measured N2/Ar ratio from its equilibrium value and serves as an integrative

tracer of nitrogen removal in stratified, oxygen-depleted waters.
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Figure 13. Modeled ΔN2 distribution in bottom waters from January to December 2021. ΔN2 is defined as the excess

dissolved N2 derived from deviations of the measured N2/Ar ratio from its equilibrium value and serves as an integrative

tracer of nitrogen removal in stratified, oxygen-depleted waters.

contrast, observational data did not show statistically sig-511

nificant relationships between ΔN2 and temperature (𝜌=512

−0.443, p =0.075) or salinity (𝜌=−0.177, p =0.498).513

Our analysis revealed that hydrodynamic conditions ap- 514

peared to influenceΔN2 distribution, as indicatedby amod- 515

erate negative correlation with zonal currents, while no 516
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significant relationship was found with meridional cur-517

rents.518

Further identification of environmental factors control-519

ling pelagic denitrification below the halocline was con-520

ducted. Modeled denitrification rates ranged from approxi-521

mately 0.0010 to 0.0200 𝜇mol kg−1 day−1. Spearman anal-522

ysis showed a significant negative relationship between523

denitrification rates and O2 concentration (𝜌=−0.554,524

p< 0.001), supporting enhanced nitrogen removal under525

oxygen-depleted conditions. Aweaker but significant nega-526

tive relationshipwas also observedwithNO3
− (𝜌=−0.262,527

p=0.009), whereas no significant direct correlation was528

detected between denitrification rates and POC concentra-529

tion (𝜌= 0.130, p= 0.198). Zonal velocity showed a weak530

but significant positive correlation with denitrification531

rates (𝜌= 0.285, p= 0.007). The multivariate GAM includ-532

ing O2, NO3
−, POC, and zonal velocity explained 98.1% of533

the variability in modeled denitrification rates (adjusted534

R2 =0.98, AIC =−1131.3, n =88). All tested predictors535

were identified as significant contributors to denitrifica-536

tion variability, including O2 (edf= 2.60, p< 0.001), NO3
−

537

(edf =4.93, p <0.001), POC (edf =3.24, p <0.001), and538

zonal velocity (edf= 4.79, p< 0.001).539

3.5 Sources of uncertainty in modeled ΔN2540

Differences in T, ranging from −5.97°C to +5.18°C, have541

the potential to alter ΔN2 by up to∼ 8 𝜇mol kg−1. However,542

such large temperature mismatches occurred only in the543

Bornholm Deep, where they likely contributed to the pro-544

nounced deviations in modeled ΔN2. At the other stations,545

T differences were much smaller (≈0.5°C) and would re-546

sult in ΔN2 variations of only ∼0.3 𝜇mol kg−1, which is547

negligible relative to the observed variability. Similarly,548

S differences of ∼0.85 lead to minor ΔN2 changes (∼0.4549

𝜇mol kg−1), suggesting that hydrographic biases in T and550

S play a secondary role outside the Bornholm region.551

In contrast, discrepancies in O2 were more substan-552

tial, particularly in the Bornholm and Gdańsk Deeps (from553

−17 to+104 𝜇mol kg−1). Because denitrification is highly554

sensitive to O2, model overestimation of O2 may suppress555

simulated denitrification rates, leading to indirect under-556

estimation of biologically produced N2. Thus, O2 biases557

likely exert a stronger control on ΔN2 errors than T or S558

mismatches.559

Model-data differences in NO3
− and NH4

+ (often ∼ 10560

𝜇mol kg−1) are also important. NO3
− directly fuels den-561

itrification, while NH4
+ contributes via nitrification and562

anammox pathways; therefore, biases in these substrates563

can propagate into nitrogen removal estimates. The strong564

seasonal variability in nutrient biases at the Bornholm565

Deep indicates that local biogeochemical conditions are566

particularly difficult to reproduce there, further contribut-567

ing to ΔN2 uncertainty.568

Hydrographic discrepancies in T and S also influence569

calculations of (N2/Ar)sat, leading to slight model overes-570

timation at the Bornholm and Gdańsk Deeps (up to+0.57 571

and+0.31, respectively), whereas mismatches at the Got- 572

land Deep were minimal. Additionally, model overestima- 573

tion of O2, especially during winter and spring, can reduce 574

simulated (N2/Ar)mes. ΔN2 is derived from the difference 575

between measured and equilibrium N2/Ar ratios. There- 576

fore, combined biases in (N2/Ar)sat and (N2/Ar)mes may 577

lead to underestimation of excess N2 in model outputs. 578

This complicates the detection of biologically produced 579

N2 and partly explains the large ΔN2 deviations observed 580

in the Bornholm Deep, where errors ranged from strong 581

underestimation (−14 𝜇mol kg−1) to overestimation (+16 582

𝜇mol kg−1). 583

The Bornholm Deep is particularly challenging to sim- 584

ulate due to its dynamic hydrography and frequent North 585

Sea inflows through the Danish Straits (Fu et al., 2012; 586

Stanev et al., 2015; Stockmayer et al., 2023). These events 587

introduce saline, O2-richwaters that rapidly alter stratifica- 588

tion and redox conditions, making accurate representation 589

of local biogeochemistry difficult. As a result, ΔN2 vari- 590

ability in this basin likely reflects both real environmental 591

fluctuations and model limitations. 592

Despite these regional discrepancies, especially in the 593

BornholmDeep, overall model observation agreement was 594

good in the Gdańsk and Gotland Deeps. Differences be- 595

low ∼2 𝜇mol kg−1 at Gdańsk and within ∼5 𝜇mol kg−1 596

elsewhere fall within the expected uncertainty range for 597

combined hydrographic and biogeochemical simulations. 598

Such deviations may arise from seasonal variability, inter- 599

nal system dynamics, or structural model limitations, and 600

should therefore be interpreted cautiously. Nevertheless, 601

the model performance is sufficient to support analysis of 602

basin-scale spatial and seasonal patterns inN2 distribution 603

and denitrification. 604

4. Discussion 605

4.1 Seasonal and spatial variability of excess dinitrogen 606

(ΔN2) in the bottom layer 607

In this subsection, we focus on modeled bottom-layer con- 608

ditions to examine the spatial distribution of ΔN2 across 609

the Baltic Sea below the halocline (Figures 12–13). Here, 610

“bottom water” refers to the deepest available model layer 611

at each station, representing the last depth above the sed- 612

iment. Emphasizing bottom waters is particularly rele- 613

vant, as these layers represent key zones for nitrogen re- 614

moval. Coastal regions and bottom boundary layers are 615

widely recognized as hotspots of nitrogen cycling due to 616

elevated nutrient availability and intensemicrobial activity 617

(Bartl et al., 2018; Wang et al., 2019). Denitrification rates 618

are especially high in organic-rich muddy sediments com- 619

pared with sandy substrates, highlighting strong spatial 620

variability and the potential for substantial nitrogen loss 621

in depositional areas (Lai et al., 2023). Therefore, identify- 622

ing bottom-layer ΔN2 hotspots provides important insight 623

into the basin-scale functioning of the Baltic nitrogen cycle 624



In
Pr
es
s

Drivers of ΔN2 variability in the Baltic Sea: Insights from observations and ERGOM-MOMmodeling 15/23

(Schulz et al., 2021; Li et al., 2021). In the model formu-625

lation, ΔN2 integrates multiple nitrogen transformation626

pathways and transport processes. As such, it represents627

a cumulative signal of nitrogen removal rather than a direct628

proxy for ongoing denitrification.629

The observed spatial gradient in ΔN2 accumulation630

likely reflects differences in hydrographic isolation, OM631

supply, and redox conditions. The persistently high ΔN2632

levels in the Gotland Basin support its established role633

as a potential nitrogen transformation and retention site634

in the Baltic Sea, where long-term stratification, limited635

ventilation, and sustained OM accumulation promote sed-636

iment anoxia and active microbial nitrogen transforma-637

tion (Hannig et al., 2006; Thureborn et al., 2013, 2016;638

Frey et al., 2014). However, in the Gotland Deep, the deep-639

est waters are often characterized by strongly reducing,640

sulfidic conditions, where nitrate concentrations are typi-641

cally very low or absent. Under such conditions, pelagic642

denitrification may become substrate-limited due to ni-643

trate depletion. Therefore, the high ΔN2 concentrations644

observed in the bottom layer should not be interpreted645

as evidence of ongoing local denitrification at that depth.646

Instead, they likely reflect the cumulative signal of nitrogen647

loss occurring within the redoxcline, from ongoing benthic648

denitrification with subsequent diffusion of N2 from the649

sediments, or via lateral transport from adjacent water650

masses. Moreover, model overestimation of nitrate in the651

Gotland Deep may artificially enhance simulated denitrifi-652

cation potential, and this limitation should be considered653

when interpreting basin-scale patterns.654

In contrast, the comparatively low ΔN2 concentrations655

in the Bornholm Basin suggest either weaker benthic ni-656

trogen removal or a stronger influence of ventilation and657

water mass exchange, which may reduce the accumulation658

of excess N2.659

Seasonal changes in ΔN2 accumulation in the Gdańsk660

Basin likely reflect variations in organic matter availability661

and redox conditions, which can enhance nitrogen removal662

processes during colder months. Increased availability of663

POC following phytoplankton production and subsequent664

export can fuel benthic respiration andpromote conditions665

favorable for denitrification (Carstensen et al., 2014; Tame-666

lander et al., 2017). Winter mixing may further support667

this process by redistributing OM and nutrients toward668

the bottom layer, intensifying O2 consumption and promot-669

ing suboxic conditions favorable for denitrification. The670

resulting seasonal enhancement of N2 production aligns671

with observational evidence of elevated wintertime ΔN2 in672

hypoxic bottom waters. In contrast, the Gotland Basin dis-673

played comparatively weak seasonal variability; ΔN2 here674

should be interpreted as a basin-scale accumulation signal675

shaped by past nitrogen loss and redistribution processes.676

The Bornholm Basin exhibited only minor seasonal677

changes, indicating a more variable or less efficient cou-678

pling between OM supply and nitrogen removal processes.679

Interannual differences, particularly in the Bornholm 680

Basin, point to the sensitivity of ΔN2 accumulation to 681

episodic hydrographic andbiogeochemical conditions. Vari- 682

ability between 2020 and 2021 may reflect changes in 683

stratification strength, inflow events, or differences in OM 684

deposition, all of which can modulate O2 dynamics and 685

microbial activity at the sediment-water interface. Such 686

variability underscores the importance of considering both 687

physical forcing and biogeochemical feedbacks when in- 688

terpreting basin-scale nitrogen removal. 689

Overall, the modeled ΔN2 distribution highlights a sta- 690

ble spatial gradient across the Baltic basins, overlaid by 691

seasonally and interannually varying intensity. These pat- 692

terns emphasize the dominant role of deep, poorly venti- 693

lated basins in shaping the long-term accumulation and 694

retention of excess N2, and suggest that future changes in 695

stratification, OM export, or O2 conditions may substan- 696

tially modify bottom-layer nitrogen dynamics. 697

4.2 Relationship between (ΔN2) and oxygen, nutri- 698

ents, POC, temperature and salinity below the 699

halocline 700

This subsection examines the dynamics of ΔN2 across the 701

Bornholm, Gdańsk, and Gotland Deeps using primarily 702

model-based results, with observational data used in par- 703

allel to evaluate relationships between ΔN2 and selected 704

variables (temperature, salinity, O2, NO3
−, NH4

+; Table 1, 705

Fig. S4). ΔN2 is interpreted here as an integrative indica- 706

tor of pelagic and benthic nitrogen loss potential together 707

with transport processes (Neumann et al., 2022; Rolff et 708

al., 2022; Sivasamy et al., 2025). 709

Denitrification preferentially occurs under low-O2 con- 710

ditions, typically below 10 𝜇mol kg−1 (Bulow et al., 2010; 711

Fuchsman et al., 2019), whereas concentrations above 712

∼ 60 𝜇mol kg−1 can inhibit the process (Skiba, 2008; Eglı̄te 713

et al., 2014; Devol et al., 2015). Even trace O2 levels may 714

suppress activity, with reductions in denitrification re- 715

ported at concentrations as low as 205 kg−1 (Dalsgaard 716

et al., 2014). Accordingly, our analysis focused on waters 717

below the halocline, where O2 concentrations decline into 718

ranges potentially conducive to efficient denitrification. 719

Differences between modeled and observed ΔN2-O2 720

relationships may reflect that oxygen availability affects 721

multiple nitrogen transformation processes, not only deni- 722

trification. The process also depends on the simultaneous 723

availability of electron donors and acceptors. Thus, the ab- 724

sence of a simpleΔN2-O2 relationship in observations does 725

not exclude active nitrogen loss but rather highlights the 726

complex and integrated nature of ΔN2 as a signal shaped 727

by redox conditions, substrate availability, and physical 728

transport processes. 729

NO3
− availability is particularly critical, as it serves as 730

the terminal electron acceptor in denitrification (Kritee 731

et al., 2012). Although higher NO3
− concentrations can 732

support greater N2 production when other conditions are 733
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Table 1. The relationship between oxygen (O2), nitrate

(NO3
−), ammonium (NH4

+), particulate organic carbon

(POC) (dissolved oxygen), denitrification rate, excess dini-

trogen gas (ΔN2), temperature and salinity; and the re-

lationship between O2, NO3
−, POC, meridional current,

zonal current, and denitrification rate. Correlations were

calculated using model output from 2020–2021 for layers

below the halocline, where O2 concentration was equal to

or below 10 𝜇mol kg−1.

Correlations p-value rs

(∗model data; (∗model data;
∗∗observational data) ∗∗observational data)

ΔN2 vs. O2
∗< 0.05; ∗−0.41
∗∗0.40 ∗∗0.22

ΔN2 vs. NO3
− ∗< 0.05; ∗−0.51;

∗∗0.52 ∗∗−0.17

ΔN2 vs. NH4
+ ∗0.20; ∗0.14;

∗∗0.70 ∗∗0.1

ΔN2 vs. POC
∗<0.05; ∗0.82;
∗∗no data ∗∗no data

ΔN2 vs.
∗0.60; ∗−0.05;

denitrification rate ∗∗no data ∗∗no data

Denitrification rate ∗< 0.05; ∗−0.64;

vs. O2
∗∗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

ΔN2 vs.
∗< 0.05; ∗−0.21;

zonal velocity ∗∗no data ∗∗no data

ΔN2 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; Aalto734

et al., 2021), inverse relationships between denitrification735

and NO3
− have also been reported (Shao et al., 2011; De La736

Fuente et al., 2021; Benelli et al., 2024). The GAM analysis737

showed that NO3
− did not remain an independent predic-738

tor of ΔN2 variability after accounting for denitrification739

activity, oxygen availability, organic matter supply, and hy-740

drodynamic transport. However, it should be noted that741

the model tends to overestimate nitrate concentrations in 742

the Gotland Deep (Chapter 3), which may influence the 743

strength of this relationship. In reality, nitrate in the deep- 744

est waters is often strongly depleted, potentially limiting 745

ongoing water-column denitrification. Moreover, in the 746

highly stratified waters of the Gotland Deep, prolonged 747

periods of stagnation and limited deep-water ventilation 748

contribute to the accumulation of excess N2 over time, as 749

products of past nitrogen removal are retained in the deep 750

layer. Therefore, the observed and modeled patterns likely 751

reflect cumulative nitrate reduction and retention during 752

stagnation periods rather than ongoing local pelagic den- 753

itrification in nitrate-depleted deep waters (Kritee et al., 754

2012). 755

Beyond electron acceptors, the supply of particularly 756

labile POC is a fundamental control on denitrification, as it 757

provides the energy source for heterotrophic respiration 758

(Li et al., 2010;Ward et al., 2008; Burgin et al., 2007). When 759

NO3
− is scarce, it becomes the limiting factor; when NO3

−
760

is abundant, denitrification may instead be constrained by 761

OM quantity or quality (Warneke et al., 2011). The neg- 762

ative relationship indicates that excess N2 accumulation 763

is primarily associated with regions where organic mat- 764

ter has already been utilized during previous respiration 765

and denitrification processes. It also suggests that, beyond 766

a certain threshold, pelagic denitrification rates may be- 767

come less sensitive to further increases in substrate supply 768

(Magri et al., 2022). 769

The weak relationship between ΔN2 and NH4
+ sug- 770

gests a limited contribution of anammox to basin-scale 771

ΔN2 variability. Although anammoxmay contribute locally, 772

its signal is likely minor compared to denitrification and 773

transport-related processes, which is consistent with Grab- 774

ski et al. (2025), who reported no anammox genes in Baltic 775

Sea deep waters. 776

In addition to biogeochemical controls, hydrographic 777

conditions may also contribute to ΔN2 variability below 778

the halocline. The negative relationship with tempera- 779

ture and positive relationship with salinity observed in the 780

model suggests that ΔN2 accumulation is partly associated 781

with the characteristics and residence time of deep-water 782

masses. This likely reflects enhanced retention of excess 783

N2 in colder,more salinewaters characterizedby restricted 784

ventilation rather than a direct influence of temperature 785

or salinity on nitrogen removal processes. The absence 786

of statistically significant relationships in observational 787

data may be related to the limited temporal coverage of 788

the dataset. 789

The results emphasize that denitrification efficiency 790

depends on the availability of both electron donors (POC) 791

and acceptors (NO3
−) under sufficiently low O2 condi- 792

tions. Biological factors further complicate interpretation: 793

even under favorable geochemical conditions, nitrogen 794

loss will remain limited without an active denitrifying mi- 795

crobial community. Recent metagenomic studies from the 796
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Baltic Sea show that denitrification potential is strongly797

shaped by microbial community composition, varies sea-798

sonally, and is linked to taxa such as Nitrosopumilaceae799

and Thioglobaceae (Grabski et al., 2025). Consequently,800

weak or negative correlations between ΔN2 and individ-801

ual environmental variables are expected. This is because802

ΔN2 represents a time-integrated signal shaped by multi-803

ple redox pathways and transport processes rather than804

a directmeasure of local pelagic denitrification intensity. It805

should be noted that the observational dataset used in this806

analysis covers only a two-year period (2020–2021) and in-807

cludes a limited number of sampling events. The restricted808

temporal coverage may not fully capture longer-term vari-809

ability or the full range of environmental conditions in810

the studied basins. Analyses based on longer time series811

and broader spatial coverage could potentially reveal ad-812

ditional patterns or different relationships between ΔN2813

and environmental drivers. Nevertheless, the aim of this814

study was to synthesize the currently available observa-815

tional data togetherwithmodel results in order to improve816

understanding of ΔN2 variability below the halocline.817

4.3 Relationship of pelagic denitrification rates with818

excess dinitrogen gas (ΔN2)819

Modeled denitrification rates were up to ̴20 times lower820

than the upper range of in situ estimates reported for the821

Baltic Sea (e.g., Dalsgaard et al., 2013). Although no signifi-822

cant direct relationship was observed between ΔN2 and in-823

stantaneous pelagic denitrification rates, the GAM analysis824

demonstrated that denitrification significantly contributed825

to ΔN2 variability when oxygen availability, organic mat-826

ter supply, nitrate dynamics and physical transport were827

considered simultaneously. This indicates that the relation-828

ship between ΔN2 and pelagic denitrification is complex,829

suggesting that other factors, such as physical transport830

processes like diffusion from sediments, may play a signif-831

icant role in shaping its distribution (Deutsch et al., 2010;832

Bonaglia et al., 2017).833

Moreover, pelagic denitrification rates observed834

in the model data were relatively low (up to 0.020835

𝜇mol kg−1 day−1), but were within the range reported836

by Dalsgaard et al. (2013), ranging from 0.006 to 0.382837

𝜇mol kg−1 day−1. The relatively low denitrification rates838

in the model may be partly explained by occasional overes-839

timations of O2 concentrations in certain areas and times,840

e.g. the Bornholm Deep, which can inhibit denitrification.841

However, the model also tends to overestimate nitrate con-842

centrations at P1 andBY15 (Chapter 3), potentially enhanc-843

ing denitrification potential. The simulated rates therefore844

likely reflect the combined influence of opposing biases in845

oxygen and nitrate fields. Although the nitrogen removal846

process has low efficiency in the water column, it can still847

significantly contribute to the overall denitrification pro-848

cess in the Baltic Sea. According to the literature, it has849

been claimed that water column denitrification can be as850

significant as sedimentary denitrification (Carstensen et 851

al., 2014). It was reported that in some cases, water col- 852

umndenitrification can exceed sedimentary denitrification 853

(Dalsgaard et al., 2013). Though denitrification in the wa- 854

ter column can exhibit high rates, it is more variable and 855

less constant over time than sedimentary denitrification 856

(Hietanen et al., 2012; Dalsgaard et al., 2013). 857

Since the efficiency of water column denitrification 858

depends on multiple interacting factors, such as nutrient 859

availability, OM content, microbial community composi- 860

tion, and physical transport processes, additional analyses 861

were performed to identify the main controls on nitrogen 862

removal. In some cases, the highest denitrification rates 863

were observed at very low NO3
− concentrations, while 864

higher NO3
− concentrations did not result in a significant 865

increase in reaction rates. This suggests that denitrifica- 866

tion is regulated by the combined availability of electron 867

acceptors, electron donors, and suitable redox conditions. 868

Similar negative or weak correlations have been reported 869

in estuarine systems, where factors such as OM lability, 870

sulfide, and iron availability had a greater contribution to 871

the denitrification process (Deng et al., 2015; Yang et al., 872

2015). 873

Regarding O2, it appears that concentrations below 874

10 𝜇mol kg−1 are rather optimal for denitrifying bacteria 875

(Walter et al., 2006). The results imply that once a low O2 876

concentration is reached, a further decrease does not sig- 877

nificantly enhance the denitrification rate. These findings 878

suggest that while substrate availability and O2 conditions 879

do influence denitrification, they are not the sole drivers 880

of its variability in the Baltic Sea below the halocline. The 881

observed results emphasize the complexity of denitrifica- 882

tion dynamics in this region and demonstrate how impor- 883

tant a holistic approach is to fully understand and predict 884

changes in N dissipative processes. 885

Further analysis showed that the relationship between 886

denitrification rates and POC availability was more com- 887

plex than adirect response to organicmatter concentration 888

alone. This indicates that organic matter availability con- 889

tributes to controlling nitrogen transformation processes, 890

but its effect depends on the interactionwith other environ- 891

mental factors. POC is crucial for denitrifying bacteria, and 892

low availability of labile organic carbon can limit denitrifi- 893

cation even when high NO3
− concentrations are available 894

(Le Moigne et al., 2017; Schneider et al., 2017). However, 895

even here, we noticed that a POC concentration as high as 896

3 𝜇mol kg−1 can lead to both the highest and the lowest 897

denitrification rates observed in our study. This apparent 898

inconsistency likely reflects that POC concentration alone 899

does not determine pelagic denitrification intensity. Even 900

at similar POC levels, denitrification depends on simulta- 901

neous nitrate availability, oxygen conditions, and the reac- 902

tivity of organic matter. Therefore, comparable bulk POC 903

concentrations may occur under different redox regimes 904

and substrate conditions, resulting in contrasting pelagic 905



In
Pr
es
s

Drivers of ΔN2 variability in the Baltic Sea: Insights from observations and ERGOM-MOMmodeling 18/23

denitrification rates.906

Despite limited water exchange with the upper layers907

in the Baltic Sea, other vertical and horizontal mixing pro-908

cesses remain important, even below the halocline. These909

mixing processes, including turbulent mixing induced by910

internal waves, significantly influence denitrification rates911

and nitrogen gas accumulation in the water column (Reiss-912

mann et al., 2009; Dalsgaard et al., 2013). Thus, we aimed913

to further investigate the impact of hydrodynamic con-914

ditions, specifically meridional (north-south) and zonal915

(east-west) currents, on the distribution of excess N2 in916

the water column (Table 1; Fig. S13). Although the zonal917

component showed a stronger relationship with ΔN2 vari-918

ability in the present analysis, both velocity components919

represent horizontal circulation processes that may influ-920

ence the redistribution and retention of excess N2 below921

the halocline. Previous studies have demonstrated that922

deep-water circulation in the Baltic Sea is highly variable923

and controlled by density-driven flows, wind forcing, and924

episodic inflow events, which strongly affect the ventila-925

tion and residence time of deep-water masses (Hagen and926

Feistel, 2004; Wieczorek et al., 2008; Liblik et al., 2024).927

In our model simulations, monthly averaged current928

velocities below the halocline during 2020–2021 ranged929

from approximately 0.005 to 0.015 m s−1 for the merid-930

ional component and from−0.006 to 0.002 m s−1 for the931

zonal component. These factors, together with overall932

circulation, vertical mixing, and transport processes, con-933

tribute to the complex and variable distribution of N2 in934

oceanic regions. Observational studies have reported sub-935

stantially higher instantaneous velocities in the Baltic Sea936

deep layers, particularly during periods of intensified deep-937

water transport and inflow-related circulation (Hagen and938

Feistel, 2004; Wieczorek et al., 2008; Liblik et al., 2024).939

Based on the data from Liblik et al. (2022), it was shown940

that the data obtained from three models (excluding941

ERGOM-MOM) estimated the average meridional north-942

ward current velocity in the range of 0–0.01 m s−1, with943

most models indicating a value of around 0.001 m s−1.944

These results were significantly underestimated compared945

to observational data, which showed a 30-fold higher value946

of 0.03 m s−1 (Hagen et al., 2004). Similarly, Liblik et al.947

(2022) reported higher observed zonal current velocities,948

with values ranging from approximately 0.019 to 0.040949

m s−1. These differences indicate that uncertainties in the950

representation of horizontal circulation, including both951

meridional and zonal components, may influence modeled952

transport processes and consequently contribute to dis-953

crepancies in the simulated distribution of excess N2.954

Data analysis revealed that although denitrification955

contributes to the production of excess N2, its impact on956

the observed distribution of N2 concentrations in waters957

below the halocline cannot be clearly determined. Overall,958

the results demonstrate that pelagic denitrification below959

the Baltic Sea halocline is controlled by the combined in-960

fluence of redox conditions, nitrate availability, organic 961

matter supply and physical transport processes. The GAM 962

indicates that variability in denitrification rates cannot 963

be attributed to a single environmental factor, but rather 964

reflects the interaction between multiple biogeochemical 965

and hydrodynamic controls. 966

In the model framework, ΔN2 represents the net 967

balance of multiple nitrate-reducing pathways, including 968

pelagic and benthic denitrification, coupled nitrification- 969

denitrification, nitrate-driven oxidation of reduced sulfur 970

compounds, sediment-water exchange fluxes, and advec- 971

tive transport and N2 fixation. Consequently, ΔN2 should 972

not be interpreted as a direct proxy for pelagic denitrifica- 973

tion alone. Instead, it represents an integrated indicator of 974

nitrogen loss processes and physical redistribution within 975

the system. 976

Thus, while biological processes control N2 production, 977

the spatial distribution of excess N2 below the Baltic Sea 978

halocline appears to be strongly modulated by physical 979

transport and sediment-water exchange processes. Recent 980

studies indicated that although genes encoding the first 981

step of denitrification (e.g., nar, nap) were abundant and 982

primarily associated with Proteobacteria and Actinobac- 983

teria, metagenomic data indicated that these organisms 984

lacked the genes necessary to carry out the subsequent 985

steps of denitrification, leading to the final production of 986

N2 (Grabski et al., 2025). 987

4.4 Impact of model uncertainties on the data inter- 988

pretation 989

Despite the overall ability of the ERGOM-MOM model to 990

reproduce basin-scale ΔN2 patterns, uncertainties related 991

to oxygen and nutrient simulations should be considered 992

when interpreting local denitrification dynamics. Previous 993

MOM–ERGOM applications demonstrated that the model 994

is able to capture spatial oxygen gradients, seasonal vari- 995

ability, and vertical oxygen dynamics, supporting its appli- 996

cation for Baltic Sea oxygen assessments (Naumov et al., 997

2023; Piehl et al., 2023). Moreover, ERGOM simulations 998

have shown good performance in reproducing nutrient dis- 999

tributions in surface waters, although regional deviations, 1000

including slight nutrient overestimations, may occur es- 1001

pecially in the northern Baltic Sea and the Gulf of Bothnia 1002

(Neumann et al., 2022). 1003

Nevertheless, model–observation discrepancies can 1004

vary between sub-basins and are particularly important 1005

in dynamically changing regions. Naumov et al. (2023) 1006

identified uncertainties in deep-water oxygen simulations 1007

in the Bornholm Basin, where modeled oxygen concen- 1008

trations showed positive deviations below approximately 1009

50 m. Such oxygen overestimation may maintain artifi- 1010

cially more oxic conditions and consequently suppress 1011

simulated denitrification rates, which should be consid- 1012

ered when interpreting local nitrogen removal processes. 1013

In the Gotland Deep, our model validation indicated an 1014
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overestimation of nitrate concentrations. Since nitrate acts1015

as the terminal electron acceptor during denitrification,1016

this bias may increase the apparent availability of electron1017

acceptors and therefore influence modeled denitrification1018

potential (Neumann et al., 2022). This may lead to an1019

overestimation of local denitrification potential. However,1020

under stagnant and strongly reducing conditions, nitrate1021

can become depleted, and accumulated ΔN2 may instead1022

reflect previous nitrogen removal processes.1023

Consequently, these biases in oxygen and nitrate fields1024

may introduce uncertainty into the relationship between1025

ΔN2 accumulation and instantaneous pelagic denitrifica-1026

tion rates. Considering these model uncertainties and1027

to reduce overinterpretation of local denitrification pat-1028

terns, analyses directly linking ΔN2 with denitrification1029

rates were restricted to low-oxygen conditions (O2 <101030

𝜇mol kg−1). Furthermore, the interpretation of spatialΔN21031

patterns focused primarily on bottom waters, where lim-1032

ited ventilation allows the accumulation of signals related1033

to nitrogen removal processes over longer timescales.1034

Interpretation ofΔN2 variability in the remainingwater1035

layers below the halocline remainsmore challenging, as un-1036

certainties associated with simulated oxygen and nutrient1037

fields may complicate the assessment of the contribution1038

of specific local biogeochemical processes and seasonal1039

dynamics to observed ΔN2 changes.1040

This limitation is further enhanced by the restricted1041

temporal coverageof observational data available formodel1042

evaluation compared with previous long-term validation1043

studies (e.g., Neumann et al., 2022), whichmay not capture1044

the full range of Baltic Sea variability associated with dif-1045

ferent phases of inflow-driven ventilation and stagnation.1046

Therefore, the presented results should be considered as1047

an approximation of the dominant mechanisms control-1048

ling ΔN2 variability during the investigated period rather1049

than an exact representation of all spatial and temporal1050

variations in the Baltic Sea.1051

5. Conclusions1052

The aim of this study was to improve understanding of ex-1053

cess dinitrogen (ΔN2) dynamics below the Baltic Sea halo-1054

cline, with emphasis on spatial and temporal variability1055

and its role in nitrogen removal. Using the coupled physi-1056

cal–biogeochemical model ERGOM-MOM5.1 together with1057

observations, we investigated three deep basins (Born-1058

holm, Gdańsk, and Gotland deeps) which are affected by1059

hypoxic and anoxic conditions.1060

Model–observation comparisons showed overall good1061

performance, particularly at Gotland Deep and Gdańsk1062

Deep. Larger discrepancies occurred in the Bornholm1063

Deep,wheredynamichydrographic conditions andepisodic1064

North Sea inflows complicate simulation of O2 and nutri-1065

ent distributions. Among environmental variables, O2 bi-1066

ases had the strongest influence on ΔN2 uncertainty, while1067

temperature and salinity mismatches contributed only1068

marginally outside the Bornholm region. 1069

A persistent spatial gradient in ΔN2 was identified, 1070

with the Gotland Basin maintaining the highest mean con- 1071

centrations (∼28 𝜇mol kg−1) throughout the year, the 1072

Gdańsk Basin showing intermediate values, and the Born- 1073

holm Basin the lowest. This pattern reflects differences 1074

in stratification, ventilation, OM accumulation, and redox 1075

state, confirming the role of deep, poorly ventilated basins 1076

as nitrogen removal and N2 accumulation hotspots. Sea- 1077

sonal variabilitywasmost pronounced in theGdańskBasin, 1078

where higher winter ΔN2 suggests enhanced nitrogen re- 1079

moval supported by OM supply andmixing-driven nutrient 1080

redistribution. 1081

Relationships betweenΔN2 and O2, nutrients, POC, and 1082

modeled denitrification rates were weak, indicating that 1083

ΔN2 does not solely reflect ongoing in situ water-column 1084

denitrification. 1085

Instead, ΔN2 reflects the net outcome of multiple in- 1086

teracting pathways, including pelagic and benthic den- 1087

itrification, coupled nitrification-denitrification, nitrate- 1088

driven sulfur oxidation, sediment-water exchange fluxes, 1089

and physical redistribution processes. Given the limited 1090

temporal coverage of both modeled and observational 1091

datasets, these results should be regarded as indicative 1092

rather than definitive. The observational dataset used 1093

for model validation covered 2020–2021 and therefore 1094

captured one specific phase of the Baltic Proper hydro- 1095

graphic variability following the 2014 Major Baltic Inflow. 1096

Although the strongest ventilation signal associated with 1097

this event was no longer present, deep-water conditions 1098

during the investigated period reflected the subsequent 1099

transition toward stagnation, oxygen depletion, and the 1100

redevelopment of reducing conditions (Mohrholz et al., 1101

2015; Myllykangas et al., 2017). Consequently, ΔN2 pat- 1102

terns observed during this period should be interpreted 1103

in the context of this hydrographic stage and may not rep- 1104

resent the complete variability occurring over different 1105

inflow and stagnation phases. However, the stronger as- 1106

sociation with zonal currents underscores the important 1107

role of hydrodynamic transport in redistributing excess N2. 1108

In this framework, biological processes primarily regulate 1109

N2 production, whereas physical circulation governs its 1110

spatial distribution. Future observational studies incorpo- 1111

rating direct measurements of pelagic denitrification are 1112

needed to better constrain these coupled mechanisms and 1113

improve predictions of nitrogen cycling under changing 1114

Baltic Sea conditions. 1115
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Beszczyńska-Möller, A., Kędra, M., Pempkowiak, J.,1476

2019. The Baltic Sea. [in:] World seas: An environ-1477

mental evaluation, Acad. Press., 85–111.1478

https://doi.org/10.1016/B978-0-12-805068-2.0001479

05-X1480

Tamelander, T., Spilling, K., Winder, M., 2017. Organic mat-1481

ter export to the seafloor in the Baltic Sea: Drivers of1482

change and future projections. Ambio 46(8), 842–851.1483

https://doi.org/10.1007/s13280-017-0930-x1484

Thureborn, P., Franzetti, A., Lundin, D., Sjöling, S., 2016. Re-1485
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