
In
Pr
es
s

Oceanologia, uncorrected, in press
Polish Academy of Sciences

Institute of Oceanology
Open access article under the CC BY license

https://doi.org/10.5697/...

Estimating net fixed nitrogen loss in the Baltic Sea
from deep-water excess N2 accumulation
Beata Szymczycha 1,*, Magdalena Diak 1, Marc J. Silberberger 2

Abstract
We quantified excess N2 accumulation below the halocline of the Baltic Proper using in situ N2/Ar measurements
combined with N2/Ar estimates derived from the three-dimensional ERGOM–MOM biogeochemical model. The
observed temporal increase in excess N2 was subsequently converted to nitrogen loss. The analysis focused on the
post-2014 Major Baltic Inflow period, when deep-water ventilation effects had largely subsided and stratification with
progressive oxygen depletion was re-established. Both observations and model simulations showed increasing excess N2

below the halocline, particularly in the Eastern Gotland Basin (EGB). Observation-based estimates of nitrogen loss
amounted to approximately 80.8± 22.7 kt N yr−1 in the EGB, ∼15.6± 1.6 kt N yr−1 in the Bornholm Basin (BB), and
∼9.3± 4.1 kt N yr−1 in the Gdańsk Basin (GB). Model-derived estimates were consistently lower, but basin-specific
comparisons revealed no significant differences between observational and temporally matched model-derived excess
N2 accumulation trends. The obtained values of net fixed nitrogen loss fall within the lower range of published Baltic
Sea estimates, likely because the N2/Ar approach reflects integrated net accumulation of dissolved N2 rather than
gross instantaneous denitrification rates. These results demonstrate that deep-water excess N2 accumulation provides
an integrative basis for estimating first-order net fixed nitrogen loss in stratified marine systems such as the Baltic Sea.
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1. Introduction1

Nitrogen (N) is a fundamental element for life, required2

for the synthesis of nucleic acids and proteins, and often3

limits biological production in marine ecosystems despite4

the abundance of atmospheric dinitrogen gas (N2). The5

marine N cycle is largely governed bymicrobiallymediated6

redox reactions that transform N between oxidized and7

reduced forms. N2 fixation introduces N into the system,8

but N2 itself is biologically inert and requires the energeti-9

cally expensive nitrogenase enzyme complex for activation,10

and is therefore available only to diazotrophic bacteria and11

archaea. In contrast, denitrification and anaerobic ammo-12

nium oxidation (anammox) convert fixed N species such13

as nitrate (NO −
3 ), nitrite (NO −

2 ), ammonium (NH +
4 ) into14

N2 thereby representing the dominant processes remov-15

ing bioavailable N from the ocean (Codispoti et al., 2001;16

Capone et al., 2008; Lam and Kuypers, 2011). In oxygen-17

depleted or anoxic environments, NO −
3 can serve as an18

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

alternative electron acceptor for microbial respiration, re- 19

sulting in the stepwise reduction of NO −
3 to N2 through 20

denitrification. Concurrently, anammox bacteria oxidize 21

NH +
4 using NO −

2 as an electron acceptor, also producing 22

N2. 23

Various analytical approaches have been developed to 24

quantify the loss of N throughdenitrification and anammox 25

in marine systems. Among the most commonly applied 26

techniques are the acetylene blockage method, isotope 27

tracer experiments based on 15N additions and isotope- 28

based analyses with high analytical resolution (Nielsen 29

and Glud, 1996; Bonaglia et al., 2016). In addition, mi- 30

crosensor technologies provide a non-destructive and con- 31

tinuous means of investigating N transformations within 32

sediments. By tracking the accumulation of nitrous oxide 33

(N2O), these sensors enable near real-time estimation of 34

benthic denitrification activity (Risgaard-Petersen et al., 35

2003; Meyer et al., 2008). These methods typically require 36

advanced instrumentation such as gas chromatograph cou- 37

pled with an isotope ratio mass spectrometers (GC-IRMS), 38

gas chromatograph–mass spectrometers (GC-MS), ormem- 39
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Figure 1. Conceptual schematic illustrating the principle of the N2/Ar approach for assessing cumulative nitrogen loss

in a stratified water column. A permanent halocline limits vertical mixing and air–sea gas exchange below the surface

layer. Above the halocline, O2 and N2 are influenced by exchange with the atmosphere, whereas below the halocline gas

exchange is strongly restricted. Salinity (S), dissolved oxygen (O2), and the equilibrium N2/Ar ratio (N2/Ar)sat primarily

reflect physical controls. Positive deviations of the measured N2/Ar ratio (N2/Ar mes from equilibrium indicate the

accumulation of biologically produced excess dinitrogen (ΔN2). The shaded range shown for (N2/Ar)sat illustrates the

variability in equilibrium N2/Ar values resulting mainly from seasonal temperature changes and associated salinity

variability. In contrast, the (N2/Ar)mes profile represents observed conditions at a specific time and location and

is therefore shown as a single curve. Excess ΔN2 represents the integrated signal of deep-water ΔN2 accumulation,

occurring in oxygen-deficient deep waters.

brane inlet mass spectrometers (MIMS). Measurements40

performed with IRMS and GC-MS frequently involve ad-41

ditional preparation steps, including headspace creation42

or the addition of isotopically labeled standards before43

analysis. An alternative approach is the N2/Ar ratio tech-44

nique (Groffman et al., 2006), which provides a compar-45

atively rapid and less labor-intensive way to assess dis-46

solved N2 distributions. Unlike isotope-based procedures,47

this method does not require extensive pre-treatment of48

samples and allows direct determination of dissolved N249

concentrations in seawater. However, accurate interpreta-50

tion of N2 data requires consideration of all physical and 51

biogeochemical processes capable of modifying N2 con- 52

centrations within the water column. N2 concentrations 53

are strongly influenced by biological processes such as N2 54

fixation, denitrification, and anammox, as well as by physi- 55

cal processes such as air–sea gas exchange, temperature- 56

dependent solubility, bubble injection, and physical mixing 57

(Hamme and Severinghaus, 2007). A solution to disentan- 58

gle biological from physical effects is the use of inert noble 59

gases, particularly argon (Ar), whose distribution is gov- 60

erned solely by physical processes. The similar solubility 61
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properties of Ar andN2 allowmeasurements ofN2/Ar ratio62

which is highly sensitive to denitrification signals (Devol et63

al., 2006; Loeffler et al., 2011; Chang et al., 2012; DeVries64

et al., 2012; Hamme and Emerson, 2013; Shigemitsu et al.,65

2016; Sivasamy et al., 2025). These signals are expressed66

as excess dinitrogen (ΔN2), defined as the difference be-67

tween the measured N2/Ar ratio and the expected equi-68

librium N2/Ar ratio (Hamme and Emerson, 2004, 2013;69

Loeffler et al., 2011; Shigemitsu et al., 2016, Sivasamy et70

al., 2025) (Figure 1). This approach has previously been71

applied in the Baltic Proper, where substantial cumulative72

N loss below the halocline was identified, together with73

pronounced spatial and seasonal variability (Sivasamy et74

al., 2025). In that study, the excess N2 signal was primarily75

interpreted as denitrification because recent molecular76

investigations reported no detectable anammox-related77

functional genes in the deep Baltic Sea (Mazur-Marzec et78

al., 2024; Grabski et al., 2025), suggesting a limited con-79

tribution of anammox in these basins. However, direct80

denitrification rates were not quantified (Sivasamy et al.,81

2025). Here, we demonstrate that temporal deep-water82

ΔN2 accumulation derived from N2/Ar measurements can83

be used to estimate net fixed N loss in the Baltic Sea dur-84

ing stagnation periods owing to the unique hydrographic85

characteristics of this basin.86

The Baltic Sea represents a strongly stratified system87

in which a permanent halocline restricts vertical mixing,88

isolating deep waters from the atmosphere and promoting89

the development of hypoxic and anoxic conditions (Szym-90

czycha et al., 2019; Kuliński et al., 2022). These redox91

conditions favor denitrification and anammox, which are92

enhanced below the halocline and near the redoxcline (Hi-93

etanen and Kuparinen, 2008; Schneider et al., 2010; Lo-94

effler et al., 2011; Dalsgaard et al., 2013; Bonaglia et al.,95

2016). Oxygen (O2) conditions in the Baltic Proper are,96

however, impacted by Major Baltic Inflows (MBIs), during97

which dense, O2-rich saline water from the North Sea en-98

ters into the deep basins (Meier, 2007; Mohrholz, 2018).99

These inflows temporarily ventilate deep waters, elevate100

O2 concentrations, and suppresswater-columnN loss. Dur-101

ing subsequent stagnation periods between inflow events,102

O2 is gradually depleted by aerobic microbial respiration103

during organic matter (OM) mineralization, leading to the104

re-establishment of suboxic and anoxic conditions that in-105

tensify denitrification near the redoxcline and in deeper106

layers. Schneider et al. (2010) described the deep Eastern107

Gotland Basin during stagnation as a “biogeochemical re-108

action vessel” in which temporal concentration changes109

can be interpreted in terms of cumulative biogeochemical110

transformations because lateral exchange is strongly re-111

duced and the system is affected mainly by vertical mixing.112

This study further demonstrated that during stagnation113

periods, temporal accumulation of biogeochemical trac-114

ers could be used to estimate integrated N transformation115

rates based on concentration changes over time. Impor-116

tantly, Schneider et al. (2010) emphasized that denitrifi- 117

cation in the Baltic deep basins is strongly coupled to the 118

transition from oxic to anoxic conditions and the subse- 119

quent development of persistent redox stratification. Our 120

study applies a similar conceptual framework. During the 121

post-2014 stagnation period, vertical ventilation below the 122

halocline was strongly reduced after the decay of the MBI 123

signal, allowing biologically produced excessN2 to accumu- 124

late progressively in subhalocline waters. Under these con- 125

ditions, increasing ΔN2 primarily reflects N2 production 126

through denitrification and anammox, while N2 consump- 127

tion through N2 fixation and physical N2 transport and 128

mixing contribute to a lesser extent and remain sources 129

of uncertainty. Therefore, under the restricted-exchange 130

conditions prevailing during stagnation, the temporal ac- 131

cumulation of excess N2 provides a first-order estimate of 132

net fixed N loss. To evaluate this approach, we combined 133

in situ N2/Ar measurements collected between 2017 and 134

2021 (Sivasamy et al., 2025) with N2/Ar simulations de- 135

rived from the three-dimensional ERGOM–MOM ecosys- 136

tem model. The model simulations were used to extend 137

the analysis and characterize conditions over the broader 138

period of 2016–2023. This combined observational–mod- 139

eling framework provides improved constraints on net 140

fixed N loss in the Baltic Sea and demonstrates the applica- 141

bility of the N2/Ar approach in stratified marine systems. 142

2. Material and methods 143

2.1 Study area 144

The study area comprised three major basins of the Baltic 145

Proper (Figure 2; Table 1): the Eastern Gotland Basin 146

(EGB) (stations BY15, BY15a, BY11, BY10, BY9, OM253, 147

and Foe-B18), the Gdańsk Basin (GB) (stations P1, P1a), 148

and the Bornholm Basin (BB) (stations IDEAL, 78M). 149

2.2 In situ observations and model simulations 150

In situ N2/Ar measurements for these stations were ob- 151

tained from Sivasamy et al. (2025) and covered the period 152

from 2017 to 2021 (Figure 2; Table 1). Sampling focused 153

on water layers located below the halocline and extend- 154

ing to approximately 5 m above the seafloor. These layers 155

are largely isolated from direct atmospheric exchange and 156

therefore suitable for assessing the accumulation of excess 157

dissolved N2 associated with N-loss processes. Tempera- 158

ture, salinity, and dissolved O2weremeasured in situ using 159

a Sea-Bird SBE 911 Plus CTD system. Water samples for 160

N2/Ar analysis were collected from Niskin bottles into gas- 161

tight Exetainerr vials without headspace, preserved with 162

saturated HgCl2 to inhibit biological activity, and stored 163

at 4°C until analysis. Dissolved N2 and Ar concentrations 164

were determined using membrane inlet mass spectrom- 165

etry (MIMS) (Sivasamy et al., 2025). The MIMS system 166

consisted of a Pfeiffer Vacuum quadrupole mass spectrom- 167

eter (model 422; QMA 400 analyzer equipped with a cross- 168

beam ion source) coupled to a flow-through silicone cap- 169
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Figure 2. Map of the Baltic Proper showing the study basins and sampling stations used in this study. Colours indicate

the three investigated basins: the Eastern Gotland Basin (EGB), the Bornholm Basin (BB), and the Gdańsk Basin (GB).

Darker shaded areas within each basin denote regions located below the permanent halocline, which was assumed to be

at 80 m in the EGB (Väli et al., 2013), 60 m in the BB (Carstensen et al., 2014), and 70 m in the GB (Paka et al., 2019).

Blue circles mark the locations of in situ observation stations, including BY15, BY15a BY11, BY10, BY9, OM253, and

Foe-B18 in the EGB; IDEAL, and 78M in the BB; and P1 and P1a in the GB.

illary membrane inlet (Bay Instruments, Easton, Mary-170

land). Analytical precision was estimated to be ±0.5%171

for individual N2 and Ar measurements and ±0.05% for172

the N2/Ar ratio. Detection limits, defined as three times173

the standard deviation of five replicate measurements,174

were 6.5 𝜇mol L−1 for N2 and 0.015 𝜇mol L−1 for Ar. Be-175

cause the in situ observations were temporally limited, 176

additional hydrographic and biogeochemical parameters 177

were extracted for the same stations from the coupled 178

ERGOM–MOM biogeochemical circulation model, which 179

simulated Baltic Sea conditions for the period 2016–2023 180

(Neumann 2000; Neumann et al., 2022). To reduce uncer- 181

Table 1. Characterization of the data representation. Number of stations and total number of samples representing

each studied basin are given. EGB – Eastern Gotland Basin, BB – Bornholm Basin, GB – Gdańsk Basin; S – salinity, T –

temperature, O2 – dissolved oxygen.

Area Method Number of stations Number of samples Measured parameters Calculated parameters

collected below halocline

EGB Measurements 7 67 N2 /Armes, S, T, O2 N2/Arsat, ΔN2,

Model 7 18730 Denitrification rate

BB Measurements 2 19 N2/Armes, S, T, O2 N2/Arsat, ΔN2,

Model 2 3135 Denitrification rate

GB Measurements 2 43 N2/Armes, S, T, O2 N2/Arsat, ΔN2,

Model 2 3705 Denitrification rate
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tainty arising from the approximation of dissolved Ar by182

equilibrium values in the model calculations (see below),183

only data associated with modeled denitrification rates184

exceeding 1 nmol N L−1 d−1 were retained. This filtering185

restricted the analysis to conditionswhere biologically gen-186

erated ΔN2 signals were expected to exceed uncertainty187

associated with physically driven dissolved-gas variabil-188

ity. Denitrification rates in the model are calculated as the189

sum of several processes: recycling of POC (particulate190

organic carbon) using NO −
3 , recycling of DON (dissolved191

organic nitrogen) using NO −
3 , recycling of POCN (nitro-192

gen in particulate organic carbon) using NO −
3 , recycling193

of DOC (dissolved organic carbon) using NO −
3 , and recy-194

cling of DOP (dissolved organic phosphorus) using NO −
3195

(Neumann et al., 2022).196

The model-based analysis was intentionally restricted197

to the period beginning in 2016 in order to minimize the198

influence of the MBI. In late December 2014, a large inflow199

of O2-rich and saline North Sea water ventilated substan-200

tial parts of the southern and central Baltic Sea, particu-201

larly the Eastern Gotland Basin (EGB) (Gräwe et al., 2015;202

Mohrholz et al., 2015). Observational studies showed that203

the effects of this inflowpersisted throughout 2015, during204

which oxygenated inflow waters progressively occupied205

the deepest layers of the EGB, including station BY15. En-206

hanced ventilation and intensified mixing during this pe-207

riod temporarily suppressed water-column denitrification208

and interrupted the accumulation of biologically produced209

excess N2. The influence of the inflow gradually weakened210

over subsequent years, after which oxygen depletion and211

N-loss processes resumed (Myllykangas et al., 2017). Re-212

stricting the analysis to 2016–2023 period therefore pro-213

vides a more robust basis for assessing deep-water ΔN2214

accumulation and net fixed N loss under hydrographic con-215

ditions representative of typical stagnation phases in the216

Baltic Proper.217

2.3 Calculation of excess dinitrogen (ΔN2)218

Biologically produced ΔN2 was derived from themeasured219

N2/Ar ((N2/Ar)mes) ratio and the expected equilibrium220

N2/Ar ((N2/Ar)sat) ratio in seawater (Figure 1). Excess221

N2 was calculated according to:222

ΔN2 = ��
N2

Ar
�

mes

−�
N2

Ar
�

sat

�×Armes (1)

where Armes is the measured dissolved argon concentra-223

tion in the sample. Because argon is biologically inert and224

its concentration is controlled primarily by physical pro-225

cesses such as temperature-dependent solubility, salinity,226

mixing, and air–sea gas exchange, it serves as an internal227

physical reference tracer. Multiplication byArmes converts228

deviations of the measured N2/Ar ratio from equilibrium229

into concentration units of excess dissolved N₂ while nor-230

malizing for sample-specific physical effects influencing231

total dissolved gas concentrations. Positive ΔN2 values in- 232

dicate dissolvedN2 in excess of the calculated atmospheric- 233

equilibrium reference. In subhalocline waters during stag- 234

nation, the temporal increase in ΔN2 is interpreted pri- 235

marily as accumulation of biologically produced N2, while 236

residual effects of mixing and transport cannot be fully ex- 237

cluded. The equilibrium N2/Ar ratio was calculated from 238

in situ temperature and salinity assuming solubility equi- 239

librium with the atmosphere, following established for- 240

mulations summarized in Sivasamy et al. (2025) and ref- 241

erences therein, with solubility coefficients from Hamme 242

and Emerson (2004). This atmospheric-equilibrium state 243

represents the reference condition established when wa- 244

ter masses were last ventilated at the sea surface. Because 245

subhalocline waters are effectively isolated from direct 246

atmospheric gas exchange after ventilation, positive devia- 247

tions from this baseline were interpreted as subsequent in 248

situ accumulation of biologically produced N2. Hydrostatic 249

pressure correction was not applied because the calcula- 250

tion was referenced to atmospheric equilibrium during 251

ventilation rather than hypothetical equilibrium at sam- 252

pling depth. Hydrostatic pressure effects, therefore, are 253

not explicitly included in the equilibrium solubility calcu- 254

lations based on Hamme and Emerson (2004). While this 255

may contribute to uncertainty in absolute ΔN2 values in 256

deeper waters, it is not expected to substantially affect 257

the observed spatial patterns or the interpretation of ΔN2 258

accumulation as an integrated signal of net N loss. 259

For model-derived calculations, dissolved Ar concen- 260

trations were not available from the ERGOM–MOM out- 261

put and were therefore approximated by equilibrium Ar 262

concentrations calculated from modeled temperature and 263

salinity. Under this approximation, model-derived ΔN2 ef- 264

fectively represents the deviation of modeled dissolved N2 265

from equilibrium N2 expected for the corresponding tem- 266

perature and salinity. This simplification introduces addi- 267

tional uncertainty compared to the observational calcula- 268

tion, where measured Ar explicitly normalizes for sample- 269

specific physical variability. However, because Ar behaves 270

quasi-conservatively in stratified deep waters and is gov- 271

ernedprimarily byphysical processes such as temperature- 272

dependent solubility, mixing, and air–sea exchange (Ham- 273

me and Emerson, 2004, 2013), deviations from equilib- 274

rium are expected to remain relatively small under stable 275

hydrographic conditions below the permanent halocline. 276

In the stratified deep waters of the Baltic Proper, below 277

the permanent halocline, deviations between measured 278

and equilibrium Ar concentrations are expected to remain 279

relatively small under stable hydrographic conditions. Nev- 280

ertheless, some uncertainty in model derived ΔN2 values 281

may arise if physical disequilibrium in Ar occurs due to 282

mixing, temperature variability, or pressure effects. Ex- 283

cess N2 was interpreted as an integrated signal of net bio- 284

geochemical N transformations in the water column and 285

sediment–water exchange fluxes. 286
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2.4 Estimation of net fixed nitrogen loss from deep-287

water ΔN2 accumulation288

The analysis focused on water masses located below the289

permanent halocline, where vertical ventilation is strongly290

restricted and processes responsible for the removal of291

fixed N are intensified. During the post-2014 stagnation292

period, the influence of the major Baltic inflow gradually293

diminished, leading to substantially reduced vertical ven-294

tilation below the halocline. These conditions promoted295

the progressive accumulation of biologically produced ex-296

cess N2 in subhalocline waters. The slope (a) of the linear297

regression between ΔN2 and time (year) was interpreted298

as the rate of ΔN2 accumulation (Table 2). Differences be-299

tween observational and model-derived temporal trends300

were assessed separately for each basin using analysis of301

covariance (ANCOVA), with ΔN2 as the response variable,302

year as a continuous predictor, and source (observation303

vs. model) as a categorical factor. To ensure direct com-304

parability, these analyses were restricted to subsets of the305

model output corresponding only to years for which ob-306

servational data were available within each basin. The307

significance of the year× source interaction was used to308

test for differences in temporal trend slopes. To express309

the results as area-normalized, the estimated deep-water310

net N2 accumulation was multiplied by the corresponding311

subhalocline water volume and subsequently normalized312

to the basin area occupied by subhaloclinewaters (Table 2).313

Halocline depths were defined based on published studies314

and regional hydrographic characteristics and were set315

to 80 m for the EGB (Väli et al., 2013), 60 m for the BB316

(Carstensen et al., 2014), and 70 m for the GB (Paka et317

al., 2019). These volumes were calculated using GEBCO318

bathymetry (GEBCO Compilation Group, 2023) and HEL-319

COM subbasin boundaries (HELCOM Secretariat, 2022)320

processed in R with the packages terra (Hijmans, 2024)321

and sf (Pebesma, 2018). Under the stagnation conditions322

considered here, the deep-water ΔN2 accumulation was 323

converted to N units to obtain a first-order estimate of net 324

fixed N loss according to: 325

D= 2×a×
V

A
(2)

where a is the slope ofΔN2 accumulation over time, V is the 326

subhalocline water volume, and A is the area occupied by 327

subhalocline waters. The factor of 2 converts molecular N2 328

to units of N atoms. Relative standard errors were calcu- 329

lated from the standard error of the regression slope. The 330

resulting estimate is interpreted as the temporal accumu- 331

lation of excess N2, rather than as a direct measurement 332

of an instantaneous N-loss process rate ( Table 2). 333

3. Results 334

3.1 Hydrographic characteristics of the investigated 335

basins 336

Both model simulations and in situ observations showed 337

clear vertical hydrographic stratification across all three 338

investigated basins, characterized by distinct halocline 339

structures and progressive oxygen depletion below the 340

halocline (Figure 3). In the EGB, both datasets indicated 341

strong stratification, with a pronounced halocline at ap- 342

proximately 60–80 m and a rapid decline in O2 toward 343

near-anoxic conditions in the deepest layers. This basin ex- 344

hibited the strongest andmost persistent oxygen depletion 345

among the investigated regions. 346

The BB showed a comparatively shallower water col- 347

umn and weaker vertical stratification, with a less pro- 348

nounced halocline and substantial O2 depletion below the 349

halocline. 350

The GB displayed intermediate hydrographic charac- 351

teristics, with a distinct halocline and a progressive decline 352

in O2 toward low-O2 conditions at depth. While oxygen 353

Table 2. Linear regression parameters between ΔN2 and time, halocline depth, subhalocline area and volume, and

derived areal net fixed nitrogen loss for the model results and the investigated basins. Relative standard errors were

calculated from the standard error of the regression slope.

Area Halocline Subhalocline Water Method Linear Relative Net fixed nitrogen

depth area volume regression standard error loss±SE

[m] [km2] [km3] [%] [mmol N m−2 yr−1] [kt N yr−1]

EGB 801 31959.2 1319.5 Measurements 𝑦 = 2.186𝑎−4400.0 28.1 180.5±50.7 80.8±22.7

Model subset 𝑦 = 0.872𝑎−1739.6 4.9 72.0±3.6 32.2±1.6

Model 𝑦 = 0.733𝑎−1459.3 2.6 60.3±1.6 27.0±0.7

BB 602 2172.3 165.1 Measurements 𝑦 = 3.376𝑎−6804.8 49.8 95.1±47.4 15.6±7.8

Model subset 𝑦 = 1.633𝑎−3286.1 21.2 46.0±9.8 7.5±1.6

Model 𝑦 = 0.567𝑎−1134.0 15.5 16.0±2.5 2.6±0.4

GB 703 11719.3 43.6 Measurements 𝑦 = 7.632𝑎−15391.4 43.9 306.4±134.7 9.3±4.1

Model subset 𝑦 = 3.562𝑎−7168.2 13.0 143.0±18.6 4.3±0.6

Model 𝑦 = 0.178𝑎−344.8 27.1 7.1±1.9 0.2±0.06

1 Väli et al. (2013)
2 Carstensen et al. (2014)
3 Paka et al. (2019)
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Figure 3. Vertical distributions of temperature (T – left), salinity (S – middle), and dissolved oxygen (O2 – right) in the

Eastern Gotland Basin (EGB), Bornholm Basin (BB), and Gdańsk Basin (GB) derived from in situ observations and model

data obtained from the ERGOM–MOM coupled biogeochemical–hydrodynamic model (Neumann et al., 2000, 2022;

Diak et al., under review). Solid colored lines represent mean observational profiles, with shaded envelopes indicating

observational variability across sampling events. Dashed black lines show corresponding mean modeled profiles, with

grey shading indicating model variability over the respective analysis period. In situ T, S, and O2 measurements were

taken from Sivasamy et al. (2025).

depletion was evident in both basins, the most persistent354

and pronounced deep-water O2 depletion occurred in the355

EGB.356

Modeled temperature, salinity, and dissolved oxygen357

profiles reproduced the major hydrographic characteris-358

tics observed in all three basins, including basin-specific359

differences in stratification intensity and deep-water oxy-360

gen depletion. The close agreement between modeled and361

observed vertical hydrographic structure supports the use 362

of the model framework for interpreting basin-scale tem- 363

poral patterns of ΔN2 accumulation below the halocline. 364

3.2 Temporal variability of ΔN2 below the halocline 365

among Baltic basins 366

Both in situ observations and model simulations indicated 367

increasing ΔN2 below the halocline in the Baltic Proper, 368

although the magnitude and temporal variability differed 369
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Figure 4. Temporal evolution of excess dinitrogen (ΔN2) below the halocline in the Eastern Gotland Basin (EGB),

Bornholm Basin (BB), and Gdańsk Basin (GB). For each basin, ΔN2 distributions are shown for in situ observations,

temporally matched model subsets extracted for the years corresponding to observational sampling, and the full-model.

Model data were obtained from the ERGOM–MOM coupled biogeochemical–hydrodynamic model (Neumann et al.,

2000, 2022; Diak et al., under review), while in situ ΔN2 measurements were taken from Sivasamy et al. (2025). Boxes

represent the range (25–75%), thick black lines indicate medians, and whiskers denote minimum–maximum values. Red

lines show linear regressions, with statistical parameters reported in each panel. SE denotes the standard error of the

regression slope, p indicates statistical significance, R2 represents the coefficient of determination, and n corresponds to

the number of samples.

among basins (Figure 4). In the EGB, measured ΔN2 values370

increased significantly between 2017 and 2021, with the371

regression analysis indicating a strong positive temporal372

trend despite substantial interannual variability. A sim-373

ilar increasing pattern was observed in the model sub-374

set (between 2017 and 2021) extracted for stations corre-375

sponding to the measurement locations, as well as in the376

full-model dataset covering the entire EGB. Although the377

observational trend was numerically steeper, analysis of378

covariance (ANCOVA) detected no significant difference 379

between the observational and temporallymatchedmodel- 380

subset regressions (p= 0.105). 381

In the BB, measured ΔN2 values also exhibited an in- 382

creasing tendency between 2019 and 2021, although the 383

limited number of observations resulted in higher uncer- 384

tainty, reflectedby larger standarderrors (SE) andaweaker 385

statistical significance. Nevertheless, both the model sub- 386

set and the full-model dataset supported the presence 387
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of a positive long-term trend in ΔN2 accumulation below388

the halocline. No significant difference was detected389

between observational and model-subset regressions390

(ANCOVA, p= 0.625).391

The strongest temporal increase in measured ΔN2 was392

observed in the GB during 2018–2019. This pattern was393

also reproduced by the model subset, which showed a pro-394

nounced positive trend in ΔN2 accumulation. In contrast,395

the full-model dataset for the GB indicated only a weak396

increase over the broader 2016–2023 period, suggesting397

stronger temporal variability and less persistent basin-398

wide accumulation compared to the EGB. However, the399

observational and model-subset regressions were not sig-400

nificantly different (ANCOVA, p= 0.323).401

The absence of statistically significant differences be-402

tween observational regressions and temporally matched403

model-subset regressions indicates thatmodeled temporal404

ΔN2 trends are consistent with observations within obser-405

vational uncertainty. This agreement supports cautious406

interpretation of the full-model simulations as represen-407

tative of basin-scale ΔN2 accumulation dynamics below408

the halocline during the stagnation period. Together, these409

results support the interpretation that excess N2 progres-410

sively accumulated below the halocline during stagnation411

conditions, consistent with sustained net fixed N loss in412

the Baltic Proper.413

4. Discussion414

4.1 Net fixed nitrogen loss415

MBIs, such as those recorded in 1993, 2003, and the excep-416

tionally strong event of December 2014, temporarily ven-417

tilate deep Baltic basins but do not permanently disrupt418

stratification. The 2014 MBI introduced approximately419

198 km3 of saline, O2-rich water and ∼4 Gt of salt into420

the Baltic Sea, ranking among the three strongest inflows421

since 1880 (Mohrholz et al., 2015). By 2016, the direct422

influence of the inflow had largely subsided, and the Baltic423

Proper returned to conditions characterized by progres-424

sive O2 depletion and renewed redox stratification (Myl-425

lykangas et al., 2017). Consequently, the present analysis426

focused on the post-2014 stagnation period, during which427

reduced vertical ventilation below the halocline allowed428

biologically produced excess N2 to progressively accumu-429

late in subhalocline waters. Under such conditions, deep430

waters below the halocline behave as semi-isolated water431

masses in which temporal biogeochemical changes can be432

interpreted as integrated transformation signals over time433

(Schneider et al., 2010).434

The interpretation of ΔN2 as an estimate on fixed N435

loss is consistent with previous applications of N2/Ar mea-436

surements. Chang et al. (2012) used excess N2 to estimate437

net fixed N loss in oceanic oxygen-deficient zones, while438

Shigemitsu et al. (2016) demonstrated that ΔN2/Ar can439

provide a constraint on fixed-nitrogen removal associated440

with water-column and benthic denitrification. In contrast441

to these open-ocean applications, the present study uses 442

the temporal accumulation of ΔN2 in subhalocline waters 443

during stagnation. The restricted ventilation of these deep- 444

watermasses allows changes inΔN2 inventory over time to 445

be interpreted as a first-order estimate on net fixed N loss 446

in the Baltic Sea from deep-water excess N2 accumulation 447

although N2 consumption through N2 fixation, physical 448

transport and mixing remain sources of uncertainty. 449

Net fixed N loss derived from in situ observations 450

amounted to approximately 80.8 kt N yr−1 in the EGB, 451

∼15.6 kt N yr−1 in the BB, and∼9.3 kt N yr−1 in the GB (Ta- 452

ble 2). Corresponding estimates derived from temporally 453

matchedmodel subsets extracted for the observational sta- 454

tions were consistently lower, reaching ∼32.2 kt N yr−1 in 455

the EGB,∼7.5 kt N yr−1 in the BB, and∼4.3 kt N yr−1 in the 456

GB. Full-model basin-scale simulations yielded even lower 457

values, particularly in the GB (∼0.2 kt N yr−1). However, 458

basin-specific ANCOVA comparisons detected no signifi- 459

cant differences between observational and temporally 460

matched model-derived ΔN2 accumulation slopes, indicat- 461

ing that modeled temporal trends were statistically consis- 462

tent with observations within observational uncertainty. 463

This agreement supports cautious interpretation of the 464

full-model simulations as first-order basin-scale represen- 465

tations of subhaloclineΔN2 accumulation dynamics during 466

the stagnation period. 467

Relative standard errors ranged from 3 to 50%, with 468

the highest uncertainties associated with basins charac- 469

terized by limited observational coverage and stronger 470

hydrographic variability. The comparatively lower values 471

obtained in the present study relative to previousBaltic Sea 472

estimates likely result frommethodological and conceptual 473

differences. Schneider et al. (2010) reported denitrifica- 474

tion rates up to ∼456 kt N yr−1 during prolonged stagna- 475

tion following the 2003 MBI, while Dalsgaard et al. (2013) 476

estimated denitrification in the Baltic Proper to range from 477

132 to 547 ktN yr−1 using incubation andmass-balance ap- 478

proaches. Basin-widemodeling by Gustafsson et al. (2017) 479

suggested total denitrification rates of 1153± 60 kt N yr−1 480

for the Eastern Baltic Sea, although only ∼105±54 481

kt N yr−1 was attributed to water-column denitrification. 482

Unlike incubation-based approaches targeting instanta- 483

neous process rates, the N2/Ar method quantifies accu- 484

mulated excess N2 and therefore reflects integrated net 485

changes in dissolved N2 over time. Consequently, ΔN2 ac- 486

cumulation reflects the balance between biological N2 pro- 487

duction, and physical transport. Under low-oxygen con- 488

ditions, part of the produced N2 may be offset by benthic 489

or suboxic N2 fixation by non-cyanobacterial diazotrophs 490

documented in Baltic Sea environments (Farnelid et al., 491

2013; Bentzon-Tilia et al., 2015). Detectable N2 fixation 492

activity and nifH gene expression have been reported from 493

anoxic Baltic environments (Bertics et al., 2013; Farnelid 494

et al., 2013), although the quantitative importance of this 495

pathway remains uncertain. 496
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Existing Baltic Sea N budgets remain difficult to con-497

strain because N-loss processes are spatially heteroge-498

neous and strongly influenced by O2 availability, sulfide499

concentrations, temperature, sediment characteristics, and500

NO −
3 supply. Published basin-scale denitrification esti-501

mates range widely, from approximately 300 to 1250502

kt N yr−1 (Deutsch et al., 2010; Gustafsson et al., 2017;503

Lønborg and Markager, 2021), partly reflecting method-504

ological differences among incubation experiments, mass-505

balance approaches, and model simulations. The N2/Ar506

approach therefore provides a complementary basin-scale507

indicator of net fixed N loss by integrating the cumula-508

tive effects of biological N2 production via denitrification509

and anammox, N2 consumption through N2 fixation, and510

physical processes such as mixing and transport occurring511

below the halocline during stagnation periods.512

4.2 Inconsistencies between model-derived and obser-513

vation-based estimates514

Model-derived net fixed N loss reproduced the same tem-515

poral trends as the observation-based estimates across516

all investigated basins, although modeled rates were con-517

sistently lower. Basin-specific analysis of covariance (AN-518

COVA) comparing observational regressions with tempo-519

rally matched model subsets detected no significant differ-520

ences in temporal slopes (EGB: p= 0.105, BB: p= 0.625,521

GB: p= 0.323), indicating that modeled and observational522

ΔN2 accumulation trends were statistically comparable523

within observational uncertainty. Nevertheless, the consis-524

tently lower model-derived estimates suggest a systematic525

tendency toward underestimation.526

These discrepancies likely reflect unequal sampling527

density, unresolved small-scale redox variability, and lim-528

itations in the simulated hydrographic structure. In par-529

ticular, transient low-oxygen microenvironments below530

the halocline are difficult to resolve in basin-scale mod-531

els and may contribute to underestimation of biologically532

produced excess N2 accumulation.533

The combined observational–modeling approach de-534

monstrated that ΔN2 accumulation below the halocline535

was not restricted to individual stations but represented536

a coherent basin-scale feature. Both temporally matched537

model subsets and full-model basin simulations repro-538

duced positive ΔN2 trends below the halocline (Figure 4;539

Table 2), supporting cautious interpretation of the full-540

model results as representative of basin-scale subhalocline541

dynamics.542

The strongest and most coherent accumulation occur-543

red in the EGB, where persistent O2 depletion and pro-544

longed stagnation favor N-loss processes in deep waters.545

In contrast, the BB and GB exhibited greater temporal vari-546

ability and higher uncertainty, reflecting more dynamic547

hydrographic conditions and reduced observational cov-548

erage. The Bornholm Basin is particularly influenced by549

episodic inflows through the Danish Straits, which rapidly550

modify stratification and redox conditions, complicating 551

both observational interpretation and model representa- 552

tion. The comparatively low full-model estimates in the 553

GB may additionally reflect strong spatial heterogeneity 554

associated with riverine influence and episodic ventilation 555

(Kuliński et al., 2022), processes that are difficult to fully 556

resolve using limited station-based observations. 557

4.3 Uncertainty 558

Uncertainty in the calculated deep-water ΔN2 accumula- 559

tion and consequently, net fixed N loss arises from several 560

methodological, analytical, and environmental factors as- 561

sociated with both ΔN2 determination and extrapolation 562

from local observations to basin scales. 563

The primary source of uncertainty is related to the 564

linear regression used to estimate temporal ΔN2 accumu- 565

lation rates. This uncertainty is expressed as the standard 566

error of the regression slope (Table 2; Figure 4). Relative 567

standard errors of the calculated deep-water ΔN2 accu- 568

mulation ranged from 3 to 50%. The measurement-based 569

approach was particularly affected by the limited number 570

of in situ observations, whereas themodel-derivedΔN2 cal- 571

culations additionally depended onmodeled hydrographic 572

conditions, including temperature and salinity, which in- 573

troduces additional source of uncertainty. 574

Additional uncertainty originates from the analytical 575

precision of the N2/Ar measurements (±0.05% for N2/Ar 576

ratios) and assumptions regarding equilibrium Ar concen- 577

trations. Because dissolved Ar concentrations were not 578

available from the model output, Ar concentrations in the 579

model calculations were approximated by equilibrium val- 580

ues derived frommodeled temperature and salinity. This 581

simplification effectively reduces the explicit inert-gas nor- 582

malization applied in the observational calculations and 583

introduces uncertainty where physical Ar disequilibrium 584

occurs below the halocline. Although this assumption is 585

supported by the quasi-conservative behavior of Ar in deep 586

stratified waters, deviations caused by mixing or residual 587

ventilation may introduce an uncertainty into calculated 588

ΔN2 values, estimated to be on the order of ∼5%. 589

Further uncertainty is associated with the definition 590

of halocline depth and the resulting estimates of subhalo- 591

clinewater volumes and basin areas used for extrapolation. 592

Because these depth thresholds were adopted from pub- 593

lished literature, some over- or underestimation of the 594

effective subhalocline volume cannot be excluded. 595

An additional source of uncertainty is related to phys- 596

ical transport and mixing processes. Although the post- 597

2014 stagnation period was characterized by strongly re- 598

duced deep-water ventilation, the Baltic Proper cannot be 599

considered a perfectly closed system. Consequently, ΔN2 600

accumulation below the halocline reflects the integrated 601

balance between biological N2 production, potential N2 602

fixation, vertical mixing, and lateral transport rather than 603

direct instantaneous denitrification alone. 604
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5. Conclusions and recommendations605

The post-2014 inflow period analyzed here represented606

a hydrographic regime characterized by renewed stratifi-607

cation and O2 depletion below the halocline, conditions608

that favored accumulation of biologically produced N2 in609

deep waters. The consistent increase in ΔN2 observed in610

both model results and in situ data indicated deep-water611

ΔN2 accumulation during stagnation phases. Basin-scale612

rates derived from ΔN2 trends varied among regions, re-613

flecting differences in hydrography, basin geometry, and614

data coverage.615

The strongest and most persistent ΔN2 accumulation616

was observed in the Eastern Gotland Basin, whereas the617

Bornholm and Gdańsk basins exhibited greater variabil-618

ity and uncertainty associated with more dynamic hydro-619

graphic conditions and reduced observational coverage.620

First-order estimates of net fixed N loss derived from ΔN2621

accumulation amounted to approximately 80.8 ± 22.7622

ktN yr−1 in the EGB,∼15.6±1.6 ktN yr−1 in theBornholm623

Basin (BB), and ∼ 9.3±4.1 kt N yr−1 in the Gdańsk Basin624

(GB), although estimates for the BB and GB should primar-625

ily be interpreted as preliminary first-order basin-scale626

estimates constrained by limited observational coverage.627

The obtained values fall within the lower range of pre-628

viously published Baltic Sea N-loss estimates. Because the629

N2/Ar approach directly quantifies dissolved excess N2,630

the resulting signal integrates cumulative contributions631

from both pelagic and benthic N-loss and gain processes632

while also reflecting transport and mixing. Because ΔN2633

integrates the cumulative effects of multiple biological and634

physical processes occurring below the halocline, repeated635

N2/Ar observations, which are comparatively simple, cost-636

effective, and integrative over time, may provide a practical637

indicator of temporal changes in deep-water N cycling that638

complements process-specific measurements and ecosys-639

tem models.640
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