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Abstract. The coastal zone of the Baltic Sea plays a critical role in shaping the biogeochemistry of the deep ocean mainly1

through the coastal filter. In this study, we investigated the role of temperature driven biogeochemical processes in the sedi-2

ment and water column in defining the biogeochemistry of the nine distinct basins of the Baltic Sea using a coupled physical3

biogeochemical model MOM-ERGOM. In ERGOM, the temperature driven biogeochemical processes are represented by the4

q10 parameterization, which is uniform in space and time and neglects that temperature sensitivities may differ with depth.5

We conducted two sets of sensitivity experiments to examine the effect of enhancing the temperature driven biogeochemical6

processes by increasing the q10 parameter both basin wide and selectively in the coastal zone of the Baltic Sea. We found that7

detritus recycling in both sediment and the water column is the key process regulating basin scale biogeochemistry. A modest8

10% enhancement in the q10 parameter for these processes caused disproportionately big changes in nitrogen and phosphorus9

cycles of the Baltic Sea, demonstrating a nonlinear system response. The results reveal significant spatial heterogeneity in sys-10

tem wide responses, with strong accumulation of ammonium and depletion of nitrate in the anoxic basins, indicating stronger11

denitrification over nitrification in warmer conditions. The rising nutrients from enhanced temperature driven remineralization12

indicate potential for higher primary productivity under a future warmer climate. Basin wide enhanced water column rem-13

ineralization also caused increased phosphate concentrations in the Bothnian Bay, suggesting that the basin could potentially14

shift away from phosphate limitation under warming, with consequences for future productivity regimes. We introduced a non-15

dimensional metric of relative coastal sensitivity to assess the disproportional role of the coast in defining the biogeochemistry16

of the deep Baltic basins. The analysis shows that the nitrate cycle is disproportionately sensitive to coastal sediment recy-17

cling, with the Bothnian Bay displaying two to four fold stronger responses in nutrient cycles than basin wide perturbations,18

underscoring the disproportionate influence of coastal processes on basin biogeochemistry. In the Bothnian Bay, phosphate19

dynamics depend on the spatial scope of sediment recycling. When enhanced only in coastal sediments, oxic conditions trap20

much of the released phosphate as iron–phosphate, strengthening the coastal filter and limiting export to the deep basin. In21

contrast, basin wide enhancement releases phosphate from adjacent anoxic basins, which is transported northward, increasing22

phosphate availability in the Bothnian Bay. Accurately resolving coastal processes is therefore essential to capture the coastal23

filter and avoid misrepresenting nutrient transport and ecosystem responses under climate change.24
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1 Introduction25

Coastal oceans (9.7% of the global ocean by area) form a link between the land and the open sea, play an essential role in26

marine biogeochemical cycles (Holt et al., 2017). It acts as a buffer zone to mitigate the terrestrial and anthropogenic impacts27

in the deeper basins (McGlathery et al., 2007; Nelson and Zavaleta, 2012). The coastal ecosystems are highly affected by cli-28

mate change and human activities (Steffen et al., 2015) and suffering from eutrophication and hypoxia (Almroth-Rosell et al.,29

2016). Despite its smaller area, the coastal ocean contributes significantly to the global marine productivity, supporting 10%30

of primary production and 30% of benthic production of the world ocean (Ducklow et al., 2001; Muller-Karger et al., 2005).31

These highly dynamic systems show strong benthopelagic coupling and receive significant inputs of land derived nutrients32

and organic matter, and support rapid turnover of nutrients. They also play an essential role in basin scale nutrient and carbon33

cycling (Salgado-Hernanz et al., 2022).34

35

One of the key ecosystem functions of the coastal ocean is the coastal filter, a biogeochemical buffer encompassing pro-36

cesses that retain, remove, and transform land derived nutrients on the way to the open ocean (Asmala et al., 2017). It helps37

to mitigate eutrophication and reduce nutrient export to the open ocean. The Baltic Sea, one of the eutrophied regions in the38

world, has more than half of the land derived nitrogen and phosphorus being retained or permanently removed in its coastal39

zone (Almroth-Rosell et al., 2016; Edman et al., 2018). However, observational studies (Asmala et al., 2017) report lower40

retention than models, highlighting uncertainties in quantifying the coastal filter. These differences may arise from the way41

the key biogeochemical processes underlying the coastal filter, such as denitrification, remineralization, and burial (Duarte and42

Cebrián, 1996; Voss et al., 2005) are represented in models. As these processes are highly temperature sensitive, their accurate43

representation in models is vital under a changing climate (Edman et al., 2018). Wåhlström et al. (2024) show that the total44

retention in the entire Stockholm Archipelago is projected to increase under a future warming climate, resulting in a decreased45

net exchange with the open coastal sea (Meier et al., 2012). However, the overall effects of climate warming on the coastal46

filter remain highly uncertain (Meier et al., 2022).47

48

Despite the vital role of coastal oceans in regulating the nutrient and carbon cycles, the accurate representation of the coast49

and the coastal filter in biogeochemical models (BGCMs) remains a grand challenge (Holt et al., 2017). The coastal oceans are50

crudely neglected in BGCMs (Laruelle et al., 2014; Gruber, 2015; Ward et al., 2020; Mathis et al., 2022), mainly due to the51

challenges in representing their complex dynamics and spatio-temporal heterogeneity (Renner et al., 2009; Holt et al., 2010;52

Ward et al., 2020). Many BGCMs either exclude or oversimplify the key biogeochemical processes that represent the coastal53

filter, bentho-pelagic coupling, and sediment interactions (Allen et al., 2010; Hauck et al., 2020). A common simplification in54

models is the use of constant process parameters, such as q10 temperature coefficient, remineralization rate, although biogeo-55

chemical processes can vary significantly between the coast and the offshore (McGuire et al., 2001; Ward et al., 2020). These56

oversimplifications can lead to underrepresenting the shallow coastal processes, especially in regions like the Baltic Sea, where57
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the shallow water processes can strongly influence the biogeochemistry of the deeper basins.58

59

To address these limitations, recent studies focused on improving the representation of coastal biogeochemical processes in60

models by adding more complex and detailed coastal processes (Reed et al., 2011; Butenschön et al., 2016; Sharples et al.,61

2017; Izett and Fennel, 2018; Radtke et al., 2019) and using higher temporal and spatial resolutions to capture the fine-scale62

coastal dynamics (Holt et al., 2009; Martyr-Koller et al., 2017; Mathis et al., 2022). However, detailed process representation63

can increase model complexity and uncertainty. As a trade off, the models often use constant process parameters (which them-64

selves are uncertain and poorly known) to represent both coastal and deep sea processes. While this simplification helps to65

reduce model complexity, it overlooks the inherent biogeochemical differences between the coast and deep oceans (Platt et al.,66

1991; Hemmings et al., 2003; Losa et al., 2004; Geary et al., 2020; Singh et al., 2022). Since the parameters represent the un-67

resolved processes which directly impact the resolved ones, such as the coastal filter (Luo and Schuur, 2020), any uncertainty68

or neglecting their spatio-temporal variability can lead to further uncertainty in the models.69

70

Trying to improve the representation of the coastal zone in the models means addressing rather than ignoring these spatial71

differences. However, the model parameters and the corresponding process rates are mostly difficult to constrain by observa-72

tions or experiments alone. The model parameters are often measured and calibrated in laboratory experiments, which often73

fail to reflect the large scale open ocean conditions (Singh et al., 2022). Many studies have proven that resolving space and/or74

time varying BGCM parameters is more relevant in the context of biogeochemical modeling (Losa et al., 2003; Tjiputra et al.,75

2007; Mattern et al., 2012; Roy et al., 2012; Doron et al., 2013). Singh et al. (2022) point out the need for an efficient method76

to tune the most sensitive model parameters and thereby reduce the parameter uncertainty. Moreover, many of these parameters77

depend on environmental conditions, which adds a layer of difficulty to deriving the parameters from the sparse observations.78

Therefore, the question of which of the many processes to observe and where to observe them to reduce model biases opti-79

mally is not easy. Research should focus on those processes and parameters that are most sensitive, that is, where the impact80

of ignoring an existing spatial difference in the system wide biogeochemical cycles is maximal. Here, state-of-the-art BGCMs81

and sensitivity experiments can play a vital role in identifying the parameters that are highly sensitive to the biogeochemical82

processes, and help us to come to a conclusion on which regions or conditions these parameters should be measured to reduce83

model biases. So, focusing on the key model parameters is highly important to reduce the model uncertainty and improve84

the representation of the coast in the models. In this way, models can effectively complement observations and can support85

accurate and more targeted data collection strategies.86

87

In ecological modeling, the q10 temperature coefficient (a parameter representing the temperature sensitivity of a process88

rate) is identified as one of the parameters with considerable uncertainty (Yoshie et al., 2007; Post et al., 2008). The q10 pa-89

rameters often have a relatively large range (±50% from the mean value) (Gibson and Spitz, 2011; Laufkötter et al., 2017)90

and it can also change with temperature (Rasmusson et al., 2019; Mundim et al., 2020). Despite this, many of the community91

models (Kishi et al., 2001; Aumont and Bopp, 2006; Vichi et al., 2007; Shigemitsu et al., 2012; Buitenhuis et al., 2013; Dunne92
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et al., 2013; Moore et al., 2013; Anju et al., 2020; Mundim et al., 2020; Neumann et al., 2022) have constant q10 both in space93

and time to represent the processes like growth rates, respiration, remineralization, nitrification, with a very few models which94

have at least two q10 for different temperature regimes (Hauck et al., 2013). Laufkötter et al. (2017) argued that the differences95

in the temperature dependent parameterization of remineralization are partly responsible for observed uncertainty in future96

projections of the biological pump. A temperature sensitivity study for the Baltic Sea ecosystem identified a high mineraliza-97

tion rate in a warming climate, and it suggests a revisit to temperature dependent mineralization in current climate projections98

(Börgel et al., 2023). The experts suggest that the biggest uncertainties in biogeochemical cycles in the Baltic Sea are due99

to the unknown current and future land and atmosphere derived nutrient loads into the sea (Meier et al., 2019). Meier et al.100

(2018) pointed out that the existence of large discrepancies in scenario simulations in the state-of-the-art BGCMs is due to the101

sensitivity of biogeochemical processes to the model assumptions. Misrepresenting the temperature-driven coastal processes102

in the model can cause uncertainty in the coastal filter, hence affecting nutrient export to the deep sea and its biogeochemical103

cycles.104

105

In this study, we revisit the role of q10 parameterization (and thereby the temperature sensitivity on process rates) in the106

ecosystem model Ecological ReGional Ocean Model (ERGOM, (Neumann et al., 2022)) in defining the biogeochemical cy-107

cles of the deep basins of the Baltic Sea. As one of the oceanic regions strongly affected by the climate induced temperature108

changes (Meier et al., 2022), the Baltic Sea provides an excellent example for exploring the sensitivity of q10 parameterizations109

in marine ecosystem models. The long term trends of sea surface temperature show much greater warming in the Baltic Sea110

that exceeds the global mean by a factor of seven, with the strongest trends since the mid-1980s (MacKenzie and Schiedek,111

2007; Belkin, 2009; Kniebusch et al., 2019; Barghorn et al., 2025a). In summer, this semi-enclosed basin exhibits pronounced112

spatial temperature (> 10◦C difference in temperature) gradients with warm conditions in the south and cold conditions in the113

north, with highly variable pelagic and benthic processes. Specifically, we investigate how spatial differences in temperature114

sensitivity influence nutrient cycling and ecosystem dynamics in the Baltic Sea deep basins. To address these questions, the115

main aims of the paper are as follows:116

117

1. Examine the impact of both uniform and spatially varying temperature sensitivity (by increasing the q10 parameter) on118

the biogeochemical cycles in the deep Baltic basins.119

2. Develop a methodology to assess the impact of coast-to-basin differences in q10 parameters and their associated process120

rates on the biogeochemistry of the deep Baltic basins.121

3. Classify the deep basins of the Baltic Sea based on the extent to which their biogeochemical cycles are influenced by122

coastal versus whole-basin processes.123

4. Determine whether parameter measurements should be prioritized in the coastal or deep basins to reduce model bias.124
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While demonstrated for the Baltic Sea, the methodology can broadly apply to other coastal regions and model parameteri-125

zations, making it a valuable tool for understanding coastal-biogeochemical interactions in diverse marine systems.126

The rest of the paper is structured as follows: Section 2 describes the model details, data, and methodology. Results and dis-127

cussions are presented in sections 3 and 4, respectively, followed by the Summary and Conclusions in section 5.128

129

2 Model, Data and Methodology130

2.1 Biogeochemical Model131

2.1.1 Model structure132

The ecosystem model used in this study is based on a Non-Redfield carbon model, the Ecological ReGional Ocean Model133

(ERGOM; (Neumann et al., 2022)), with elemental cycles of nitrogen, phosphorus, carbon, oxygen, and partially sulfur. The134

three phytoplankton functional groups (small cells, large cells, and cyanobacteria) are responsible for photosynthesis, which135

is driven by photosynthetically active radiation (PAR). Photosynthesis is limited by light (Steele, 1962) and nutrients (Monod,136

1949; Neumann et al., 2002). The optical model uses the chlorophyll concentration derived from the phytoplankton functional137

groups and the CDOM concentration (Neumann et al., 2021). A bulk zooplankton group, the highest trophic level in the model,138

grazes the phytoplankton. The dead particles accumulate in the detritus variable. Detritus can sink in the water column and139

accumulate in the sediment layer along with large cell phytoplankton (which accumulates in the lowest layer of water). The par-140

ticle sinking is parameterized by the Martin curve (Martin et al., 1987) to achieve a linear increase in sinking speed with depth.141

The detritus is remineralized (controlled by temperature and oxygen concentration) into ammonium, and further nitrification142

converts ammonium into nitrate in the water column and sediment. Oxygen is produced by primary production in the euphotic143

zone and consumed by metabolism and mineralization. Under oxic conditions, the phosphate-bound iron oxides remain in144

the sediment as particles, and under anoxic conditions, the dissolved phosphate is liberated from the sediment (Neumann and145

Schernewski, 2008).146

147

The model maintains a Redfield elemental composition for phytoplankton with a non-Redfield elemental composition for148

dissolved organic matter (DOM) (Neumann et al., 2022). DOM can flocculate and form particulate organic matter (POM). The149

DOM is divided into three state variables: dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and dissolved150

organic phosphorus (DOP). The temperature-dependent process rates (detritus recycling in the sediment, detritus recycling151

in the water column, recycling of DOC, and nitrification) are parameterized by the q10 parameter (Eppley, 1972), meaning152

a doubling of the process rate with a 10K increase in temperature. The complete model equations, parameters, and detailed153

processes are given in (Neumann et al., 2022).154

155
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For the model sensitivity studies, we used a coupled physical-biogeochemical model. The circulation model is the Modular156

Ocean Model (MOM5.1; (Griffies, 2004)) with an integrated sea ice model (Winton, 2000), adapted for the Baltic Sea. The sea157

ice formation and its dynamics are based on Hunke and Dukowicz (1997). ERGOM is coupled with MOM5.1 via the tracer158

module, part of the MOM5.1 code.159

160

2.1.2 q10 parameterisation in ERGOM161

The temperature sensitivity on biogeochemical process rates (Figure 1) in an ecosystem model is traditionally represented162

by the q10 parameter (Neumann et al., 2002; Fennel et al., 2006; Eilola et al., 2009; Anju et al., 2020). The q10 parameter163

quantifies the change in the process reaction rate with a 10K change in temperature. Lower and higher values of q10 represent164

a slower and faster exponential increase in the reaction rates with temperature, respectively. Figure 1 illustrates the classical165

Q10 concept to provide a general understanding of the temperature sensitivity. In this classical formulation the rate is given as166

follows (Equation 1).167

168

Figure 1. Effect of Q10 parameter on the reaction rate across temperatures. The curves represent reaction rates for Q10 values of 1.0, 1.5,

2.0, 2.5, and 3.0, showing how reaction rates increase exponentially with temperature relative to the reference temperature of 0°C, based on

the classical Q10 formulation.

R = Rref ·Q
T−Tref

10
10 (1)169
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170

171

R and Rref are the reaction rate at temperature T and reference temperature Tref respectively. Q10 the factor by which the172

process rate increases per 10◦C. The implementation of temperature sensitivity of process rates in ERGOM uses an exponential173

formulation (Equation 2).174

175

R = Rref · exp(q10 ·T) (2)176

177

178

Here, Rref and T are the reaction rates at the reference temperature and temperature, respectively. In ERGOM, the detritus179

recycling in sediment, detritus recycling in the water column, DOC recycling, and nitrification are formulated based on the q10180

parameterization.181

182

2.1.3 Model setup183

Figure 2. The study domain, the shaded region, represents the coastal zone with a depth less than 20m. The red boxes represent the distinct

deep basins of the Baltic Sea (depth greater than 20m) from south to north as (1) Arkona Basin, (2) Bornholm Basin, (3) Western Gotland

Basin, (4) Eastern Gotland Basin, (5) Northern Gotland Basin, (6) Gulf of Riga, (7) Gulf of Finland, (8) Bothnian Sea and (9) Bothnian Bay

respectively.
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The coupled physical-biogeochemical model (MOM5.1-ERGOM) was applied to the Baltic Sea domain (Figure 2) with a hor-184

izontal resolution of 3 nautical miles (n.m., a relatively coarse resolution chosen as a trade-off between simulation costs and185

model accuracy). The model is resolved into 152 vertical layers, with a layer thickness of 0.5m at the surface and a gradual186

increase up to 2m with depth.187

188

We simulated the model for 70 years (1950 to 2019) after a spin-up period of 50 years. Long simulation periods are necessary189

to ensure the reliability of the physical and biogeochemical processes in the Baltic Sea due to its high residence time (≈ 30190

years). This is particularly important for phosphorus, which exhibits an even longer residence time than nitrogen (Radtke et al.,191

2012), due to its slower turnover. Therefore, extended simulation periods are necessary to represent biogeochemical cycling in192

the Baltic Sea accurately.193

194

The model simulations were forced by the meteorological data from the coastDat-2 dataset (Geyer and Rockel, 2013). The195

nutrient loads from the riverine and atmospheric deposition are taken from the HELCOM assessments (Sonesten et al., 2018).196

The riverine alkalinity is taken from (Hjalmarsson et al., 2008) and assigned to the model rivers. A detailed model validation197

is given in Neumann et al. (2022).198

199

2.2 Sensitivity experiments200

Parameter Value

Detritus recycling in the sediment 0.175 K-1

Detritus recycling in the water column 0.15 K-1

DOC recycling 0.069 K-1

Nitrification 0.110 K-1

Table 1. Details of the q10 parameters and the default value from (Neumann et al., 2022).

In this study, we focus on four biogeochemical processes parameterized using q10 as follows: (1) detritus recycling in the201

sediment, (2) detritus recycling in the water column, (3) DOC recycling, and (4) nitrification (the process details and equations202

are given in Neumann et al. (2022)). The corresponding q10 values for these processes are provided in Table 1. Our primary203

objective is to examine the impact of temperature sensitivity on biogeochemical cycling in the Baltic Sea. First, we assess204

the effects of uniformly increasing the q10 value for each process (i.e., one parameter at a time) across the entire Baltic Sea205

to understand its influence on the biogeochemical cycles of different basins shown in Figure 2. Next, we introduce a spatial206

contrast in the selected four process rates by increasing the q10 parameter only at the coastal ocean to reflect the observed207
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higher process rates on the coast. Finally, we evaluate how these intensified coastal processes influence the biogeochemical208

conditions of the deeper Baltic Sea basins. The details of the sensitivity analysis are provided in Section 2.2.1.209

210

Simulation Parameter Change

Base All model parameters kept as default as in (Neumann

et al., 2022).

E1 Detritus recycling in the sediment

+10% for the entire Baltic

Sea

E2 Detritus recycling in the water column

E3 DOC recycling in the sediment

E4 Nitrification

C1 Detritus recycling in the sediment

+10% only in the coastal

region

C2 Detritus recycling in the water column

C3 DOC recycling in the sediment

C4 Nitrification

Table 2: Details of the q10 parameters and the corresponding changes in each sensitivity experiment.

In total, we conducted nine model simulations (one base simulation and eight sensitivity simulations) to investigate the role211

of coastal processes in defining the biogeochemical cycles of the deep Baltic basins (the nine boxes in Figure 2). The details212

of the model simulations are provided in Table 2. In the first four experiments (E1 to E4), we assumed an increase in the213

temperature sensitivity of the selected biogeochemical processes across the Baltic Sea, from the coast to the deep basins and214

from the surface to the bottom. It can be achieved by increasing the q10 parameter by 10% for the parameterizations of the215

selected processes. In the remaining four sensitivity simulations (C1 to C4), we imposed a higher temperature sensitivity for216

the selected processes in the coastal region (shaded region in Figure 2) while maintaining the default q10 values in the deeper217

regions of the Baltic Sea. Through this approach, we introduced a spatial contrast in the q10.218

219

2.2.1 Details of sensitivity analysis220

A sensitivity analysis for an individual model parameter typically involves two model simulations, a baseline simulation and221

one with a modified parameter. For a model state variable V of interest (such as water column nitrate concentration in a selected222

station), the percentage sensitivity to a change in parameter P (i.e. ∆P ) can then be defined as:223

S =
VE −V0

V0
× 100 (3)224
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Where V0 and VE give the resulting state variable of interest in the baseline and the sensitivity run, respectively. If it leads225

to a 3% change, the sensitivity would be S = 3% for our chosen ∆P , which is ∆P = 0.1 ·P in our study. It should be noted226

that this sensitivity measure is not objective but depends both on ∆P and on subjective choices in the model formulation. In227

our example, it would depend on whether we give the temperature in Celsius or Kelvin. However, different but mathematically228

identical ways of writing the process equations will affect the value of S, such as using the square of a parameter rather than229

the parameter itself, or even logarithmic parameters. Therefore, a quantitative comparison between the S values for different230

parameters is not meaningful unless the exact formulation of the model equations is taken into account in the interpretation.231

232

The same holds for a measure that we define as coastal sensitivity Sc. Here, we do a third model run where we change the233

parameter P , but only in the coastal zone (shaded region in Figure 2), which is the area where we suspect the parameter could234

differ in reality from its open-sea value. This run will give us a value VC of our interested state variable. We can then calculate235

coastal sensitivity as follows:236

237

Sc =
VC −V0

V0
× 100 (4)238

The coastal model run aims to simulate our suspicion that the biogeochemical processes differ in their rates between the239

coast and the basin. Here, we may assume that P (default parameter as per Neumann et al. (2022)) may be the correctly chosen240

value for the offshore area, while for the coastal zone, a value of "P + ∆P " is closer to reality. The ratio between the two241

sensitivities, Sc

S , is independent of the specific formulation of the equations. This is at least true, as long as the magnitude of242

the ∆P is still in the linear range. Therefore, this ratio is the first objective measure comparable between the different model243

parameters. It allows us to assess the impact of a change in a specific parameter in the coastal zone compared to a change244

everywhere in the model domain.245

246

We may typically assume that this ratio Sc

S is smaller than one; In the coastal experiment, the parameter is only modified in247

a fraction of the model domain. If the ratio of the area of the coast to the total area of the Baltic Sea (Ac

A ) is small, we may248

also expect the ratio to be small. Therefore it makes sense to normalize the ratio by the factor Ac, and we arrive at the relative249

coastal sensitivity as follows:250

Scr =
Sc

S
Ac

A

(5)251

The absolute (and dimensionless) value of Scr now allows a direct interpretation. We assume that the quantity V is mea-252

sured outside the coastal zone. A value of Scr equal to zero means that the effect of changing the parameter in the coastal zone253

remains localized. A value of Scr close to 1 means that the system likely reacts to changes in the parameter everywhere in254

the same way. So, ignoring a deviation of this parameter in the coastal zone from the open sea will have a small effect if the255
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coastal area is small. If the value of Scr is larger than one, this means we should make an effort to specifically constrain the256

parameter in the coastal zone, since the system reacts with a higher sensitivity to errors we make in the parameterization here.257

If the value of Scr is substantially below zero, it indicates a mechanistic difference between the coast and the open sea. A strict258

thresholding is applied to ensure that the Scr values reflect meaningful signals rather than numerical noise. The Scr values are259

masked when the absolute value of S is less than 1%. This cutoff eliminates spurious signals that are not ecologically relevant.260

261

To assess the impact of temperature sensitivity on selected biogeochemical process rates, we quantified the percentage sen-262

sitivities (S and Sc) and the relative coastal sensitivity (Scr) as defined in Equations 3, 4 and 5, for five target biogeochemical263

variables V : nitrate (NO3), ammonium (NH4), phosphate (PO4), phytoplankton (phyto) and oxygen (O2). Here, the tracer264

hydrogen sulphide H2S is considered as a negative O2 concentration (2H2S=-O2). We assume that the biogeochemical vari-265

ables are quantified outside the coastal zone (in the nine rectangles shown in Figure 2). This methodology helps us determine266

which model parameters should be explicitly constrained in the coastal region to reduce model biases.267

268

3 Results269

3.1 Impact of basin wide enhanced biogeochemical process rates270

3.1.1 Response on nutrients271

Nutrient dynamics show variable responses across different basins and different q10 parameters (Figure 3, Depth integrated272

tracer values were calculated by summing basin averaged tracer concentrations over depth. Values are for comparison between273

base and sensitivity simulations and are not converted to inventories. The same applies to all subsequent figures showing depth274

integrated tracer values). NH4 displays both positive and negative sensitivity varying from -7 to 48%, particularly in Cases-E1,275

E2 and E4. The strong positive sensitivity is highly significant, as a 10% change in the q10 parameters for detritus recycling276

in the water and sediment results (E1 and E2) in a 30–45% change in water column NH4, especially in the Gotland Basins277

(Figure 3). A strong negative sensitivity of NH4 is evident in E4, which is a response to basin wide enhanced nitrification.278

A stronger positive sensitivity and accumulation of NH4 is noted in the anoxic Gotland basin of the Baltic Sea compared to279

the oxic southern and northern basins. For instance, in the Northern Gotland Basin, NH4 sensitivity to the enhanced detritus280

recycling in the sediment (i.e, E1) exceeds 48%, indicating that even a moderate increase in detritus recycling substantially281

increases the NH4 concentration in the basin. The accumulation of NH4 is observed with a significant decline in water col-282

umn NO3. In the oxic basins (southern and northern basins), the sensitivity of NH4 (2 to 7%) is weaker (but still significant)283

compared to the Gotland Basin.284

285
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Figure 3. Percentage sensitivity on targeted ecosystem variables (Phytoplankton, NO3, NH4, PO4, and O2) to a 10% increase in biogeo-

chemical parameters (q10 sed rec, q10 det rec, q10 doc rec, and q10 nit) across nine basins of the Baltic Sea. The targeted variables are depth

integrated from surface to deep layer, basin averaged, and year averaged. Red shades indicate positive sensitivity, suggesting increased target

variable values, while blue shades indicate negative sensitivity. Units are in %

Nitrate (NO3) exhibits mixed responses to enhanced detritus recycling rates, showing a pronounced negative sensitivity in286

E1 for the Gotland Basin (-6 to -11%) as well as in the Gulf of Riga, Gulf of Finland, and Bothnian Bay (-2 to -3%). In E2,287

NO3 increased/decreased in the northern basins (Arkona and Bornholm)/Gotland Basins, which is identical to E1. However,288

in the Gulf of Riga and the Bothnian Bay, a mechanistic difference is visible: NO3 increases in E2 and decreases in E1. In the289

northern basins (Arkona and Bornholm), enhanced detritus recycling in the water column (i.e, Case-E2) increases both NO3290

and NH4. The phosphate (PO4) response is positive across all basins in all cases (E1 to E4), with significant sensitivity in E1291

and E2, especially in the northern basins (Arkona and Bornholm).There are negligible effects on all five target variables in E3292

12

https://doi.org/10.5194/egusphere-2025-4568
Preprint. Discussion started: 19 November 2025
c© Author(s) 2025. CC BY 4.0 License.



and E4 except NH4.293

294

3.1.2 Response on phytoplankton and oxygen295

The oxygen (O2) response is generally weaker. Though relatively minor, the Western Gotland Basin has the strongest oxygen296

decline (3 to 4%) in E1 and E2. In contrast, shallower basins such as Arkona and Bornholm exhibit minor oxygen changes.297

Phytoplankton exhibit a positive response across all basins in E1 (2 to 4%) and E2 (4-7%), with only negligible sensitivity in298

E3 and E4.299

300

3.2 Effect of enhanced biogeochemical process rates in the coastal zone301

Following the basin wide assessment of enhanced temperature sensitivity on biogeochemical variables, the analysis now fo-302

cuses on the coastal region. Figure 4 shows the sensitivity of key ecosystem variables to increased temperature dependence303

in process rates within the shallow coastal region (shaded region in Figure 2). All the targeted variables show weak responses304

to enhanced process rates except NH4 (a positive sensitivity 3% in the western and northern Gotland basin, and the Gulf of305

Finland in C2.306

307

It is crucial to note that the coastal region (depth less than 20m; 9.976× 104 km2) constitutes a small fraction of the total308

area of the Baltic Sea (3.459× 105 km2). As a result, any enhancement in biogeochemical processes in coastal areas may309

not be strongly reflected in the biogeochemical cycles of the deep basins. The relatively weak sensitivity observed in Figure310

4 does not necessarily mean that coastal processes are insignificant. Instead, their effects appear small when considering the311

deep basins due to the limited area of the coast. Since the coast occupies a smaller fraction of the Baltic Sea, any changes312

in the coastal process may appear to have minor effects on the deep basin’s biogeochemistry. However, if we normalize the313

percentage sensitivity to accommodate the impact of the area, the actual impact relative to their spatial extent becomes more314

apparent.315

316
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Figure 4. Percentage sensitivity on targeted ecosystem variables (Phytoplankton, NO3, NH4, PO4, and O2) to a 10% increase in biogeo-

chemical parameters only in the coastal region (q10 sed rec, q10 det rec, q10 doc rec, and q10 nit) across nine basins of the Baltic Sea. The

targeted variables are depth integrated from surface to deep layer, basin averaged, and year averaged. Red shades indicate positive sensitivity,

suggesting increased target variable values, while blue shades indicate negative sensitivity. Units are in %

3.3 Relative coastal sensitivity (Scr)317

The basin wide distribution of relative coastal sensitivity (Scr; Figure 5) reveals clear influences of coastal biogeochemical318

parameterizations on nutrient and phytoplankton dynamics in various deep basins of the Baltic Sea. In the Arkona Basin,319

enhanced coastal sediment detritus recycling exerts a stronger influence on NO3 concentrations than enhanced basin wide320

sediment recycling, as indicated by a Scr value of −1.355. Interestingly, the NO3 cycle in the Arkona basin exhibits con-321
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trasting responses depending on the spatial extent of enhanced sediment recycling: NO3 concentrations increase under a basin322

wide enhancement scenario (Figure 3 with S=2.26%), whereas a decrease is observed when enhancement is restricted to the323

coastal zone (Figure 4, with Sc = −0.685%). This indicates an opposing response in the NO3 cycle of the Arkona Basin to324

enhanced recycling in the sediment of coastal versus offshore regions, which warrants further investigation. For PO4 and O2,325

the changes fall well below the 1% threshold and are insignificant.326

327

Figure 5. The relative coastal sensitivity Scr is calculated in equation 5. The green boxes represent the masked Scr where S is less than 1.
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In the Bornholm Basin, western Gotland Basins, eastern Gotland Basin, northern Gotland Basin, and the Bothnian Sea, the328

influence of enhanced process rates on the coast is negligible in the nutrient, phytoplankton, and oxygen cycle, with near-zero329

Scr values. It implies that the temperature dependent process parameterizations in the coastal zone have limited impacts on the330

biogeochemical cycles in these basins. So ignoring the spatial differences in coastal v/s deep-sea process rates will not cause331

much bias in the model.332

333

In contrast, the Gulf of Riga and Gulf of Finland show an elevated Scr of 1.76 and 1.055 for NO3, respectively, for the334

recycling in the sediment, highlighting a significant influence of coastal sediment recycling in the NO3 dynamics in these335

basins. It emphasizes the need for a precise parameterization for the coastal sediment recycling to improve the nitrate cycling336

in these deep domains. In addition to nitrate, the NH4 cycle is strongly affected by the coastal water column detritus recycling337

in the Gulf of Finland with an Scr of 1.31. It indicates that the coastal zone plays a vital role in the nitrogen dynamics for the338

Gulf of Finland.339

340

The Bothnian Bay exhibits the strongest influence of coastal processes of all other Baltic basins. The bay exhibits com-341

plex coastal sensitivities across multiple variables and processes. The detritus recycling in the sediment strongly influences342

the nutrient cycle and primary productivity of the basin. The phytoplankton and PO4 show a strongly negative Scr values of343

−2.98 and −3.35 respectively, indicating that the basin PO4 cycle and primary production respond opposite to the enhanced344

sediment recycling in the coast from that of the entire Baltic Sea. In contrast, NO3 and NH4 have a strongly positive Scr345

of 3.19 and 4.95, respectively, implying a disproportionately larger coastal influence on the nitrogen cycle of the basin. Here,346

any biases in coastal sediment recycling in the model can cause strong biases in the nutrient and primary production in the347

Bothnian Bay. For detritus recycling in the water column, Scr values near unity for phytoplankton (0.93) and PO4 (1.00)348

indicate that the coastal and basin wide enhanced water column recycling exerts comparable influences on these variables. The349

spatial complexity in the Bothnian Bay underscores the significance of process specific coastal parameterizations, especially350

for the detritus recycling both in the sediment and water column, to capture the biogeochemistry of the Bothnian Bay accurately.351

352

3.4 Ecosystem response patterns to coastal and basin wide process enhancements353

The sensitivity experiments reveal distinctive responses in water column nutrients, oxygen, and chlorophyll to increased tem-354

perature sensitivity of process rates. Notable differences emerge between the two sets of sensitivity experiments (E1 to E4 and355

C1 to C4; Figure 6 to Figure 10). In the Bothnian Bay, Gulf of Finland, Gulf of Riga, and parts of the Gotland Basin, water356

column nitrate concentrations respond similarly to both coastal and basin wide enhancement in sediment detritus recycling357

Figure 6a and 6e). However, a mechanistic difference is observed in other basins, namely the Bothnian Sea, Arkona Basin,358

and Bornholm Basin, where nitrate concentrations either decrease or increase depending on whether sediment recycling is359

enhanced in the coastal zone or in the entire basin (Figure 6a and 6e).360

361
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Figure 6. Entire depth integrated and annually averaged difference in water column nitrate concentration (NO3, mol.m/kg) between the

sensitivity and base simulations. Red and blue colors indicate an increase and decrease in NO3 relative to the base simulation, respectively.

The top row shows results from the coastal only sensitivity experiment (C1 to C4, area weighted), while the bottom panels represent the

entire Baltic Sea experiment (E1 to E4).

Figure 7. Entire depth integrated and annually averaged difference in water column ammonium concentration (NH4, mol.m/kg) between the

sensitivity and base simulations. Red and blue colors indicate an increase and decrease in NH4 relative to the base simulation, respectively.

The top row shows results from the coastal only sensitivity experiment (C1 to C4, area weighted), while the bottom panels represent the

entire Baltic Sea experiment (E1 to E4).
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Basin wide enhanced sediment recycling leads to an increase in water column NH4 throughout most of the Baltic Sea,362

except for a slight decline in the Bothnian Bay (Figure 7e). The accumulation of NH4 (Figure 7e) coincides with a decline in363

NO3 (Figure 6e) along the anoxic band of the Gotland Basin. In contrast, in oxic regions such as the Arkona Basin, Bornholm364

Basin, and the Bothnian Sea, NH4 accumulation is less pronounced than in the anoxic zones of the Gotland Basin (Figure 7e).365

366

The coastal experiment shows a decline in NO3 throughout the Baltic Sea, with more pronounced decreases in the Bothnian367

Sea, Bothnian Bay, Gulf of Riga, and the Baltic proper (Figure 6a). Figure 10a indicates a decline in primary production in the368

northern basins (Bothnian Sea and Bothnian Bay), with only a slight increase in the other deeper basins. Additionally, in the369

coastal experiment, a decline in NH4 is observed in the Bothnian Bay and Bothnian Sea (Figure 7a).370

371

The water column NO3 shows an increase (10 to 30 molN ·m/kg) in C2 (i.e., with enhanced coastal water column detritus372

recycling) in the northern Baltic basins (Bothnian Bay and Bothnian Sea; Figure 6b), with a slight increase also observed in373

the Gulf of Riga and the southern basins (Arkona and Bornholm basins). In the anoxic Gotland Basin, a strong reduction in374

NO3 is accompanied by a significant accumulation of NH4 (Figure 6b and Figure 7b).375

376

The overall response of the Baltic Sea is similar in both the enhanced coastal and basin wide detritus recycling scenarios (C2377

and E2). Water column NH4 and PO4 concentrations increase throughout the basin, with the strongest accumulation occur-378

ring in the anoxic region of the Gotland Basin (Figure 7b, 7f, 8b, and 8f). A slight decline in oxygen is observed throughout the379

Baltic Sea, except in the Bothnian Bay, in both cases of enhanced detritus recycling in the coast and the entire basin (Figure 9b380

and 9f).381

382

In the case of enhanced DOC recycling, the Baltic basins respond similarly to process enhancements in both the shallow383

coastal areas (C3) and the entire basin (E3). Water column NO3 shows a slight increase (less than five molN ·m/kg) in the384

southern and Gotland basins, as well as in the Bothnian Sea (Figure 6c and Figure 6g). Water column NH4 accumulates along385

the anoxic zone in the Gotland Basin under both scenarios (Figure 7c and Figure 7g). No significant changes are observed in386

PO4, O2, or primary production in either scenario (Figure 8c, Figure 8g, Figure 10c, Figure 10g, Figure 9c, and Figure 9g).387

There is not much sensitivity observed for enhanced nitrification (C1 and E1, Figure 6-10 d and h).388

389
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Figure 8. Entire depth integrated and annually averaged difference in water column phosphate concentration (PO4, mol.m/kg) between the

sensitivity and base simulations. Red and blue colors indicate an increase and decrease in PO4 relative to the base simulation, respectively.

The top row shows results from the coastal only sensitivity experiment (C1 to C4, area weighted), while the bottom panels represent the

entire Baltic Sea experiment (E1 to E4).

Figure 9. The entire depth integrated and annually averaged difference in water column nitrate concentration (O2, mol.m/kg) between the

sensitivity and base simulations. Red and blue colors indicate an increase and decrease in O2 relative to the base simulation, respectively.

The top row shows results from the coastal only sensitivity experiment (C1 to C4 area weighted), while the bottom panels represent the entire

Baltic Sea experiment (E1 to E4).
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Figure 10. The entire depth integrated and annually averaged difference in water column phytoplankton concentration (Phytoplankton, mol

N.m/kg) between the sensitivity and base simulations. Red and blue colors indicate an increase and decrease in Phytoplankton relative to the

base simulation, respectively. The top row shows results from the coastal only sensitivity experiment (C1 to C4, area weighted), while the

bottom panels represent the entire Baltic Sea experiment (E1 to E4)

4 Discussion390

In this study, we investigated the role of q10 parameterization, and thus the temperature sensitivity of biogeochemical process391

rates, in shaping the biogeochemical dynamics of the deep basins of the Baltic Sea using a coupled physical and biogeochem-392

ical model, MOM5.1-ERGOM. The semi-enclosed Baltic Sea is particularly susceptible to climate-induced warming (Belkin,393

2009), with surface warming driven by increasing air temperatures (Kniebusch et al., 2019; Dutheil et al., 2022) and deep-water394

warming driven by the lateral advection of heat (Meier et al., 2022; Barghorn et al., 2025b), and is naturally characterized by395

strong spatial temperature gradients (due to its large latitudinal extent), with warmer conditions in the southern regions and396

colder conditions in the northern basins (Rasool et al., 2015; Meier et al., 2022). This makes it a valuable natural laboratory397

for assessing temperature-dependent processes in marine ecosystems. By systematically increasing the q10 parameter, both398

uniformly across the entire Baltic Sea and selectively in the shallow coastal regions (depths less than 20 m), we evaluated how399

regional differences in temperature sensitivity propagate through the system and influence the biogeochemistry of the deep400

basins. The discussion below synthesizes our findings in terms of the extent and mechanisms by which coastal versus basin401

scale parameter perturbations affect deep water processes, the spatial heterogeneity in system responses, and the implications402

for model calibration and observational prioritization.403

404

As expected, the basin wide enhancement of temperature sensitive process rates had a substantial influence on the biogeo-405

chemical cycles of the Baltic Sea and its deep basins (Neumann, 2010; Meier et al., 2011). The enhanced process rates led to406
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both increases and decreases in water column NH4 concentrations, depending on which q10 parameter and associated path-407

way were affected. NH4 accumulation was primarily observed under intensified remineralization in both the water column and408

sediment (Maksymowska-Brossard and Piekarek-Jankowska, 2001). Increased remineralization enhances the decomposition409

of organic matter into inorganic nutrients, including NH4. This accumulation was most pronounced in the anoxic basins of the410

Baltic Sea, particularly in the Gotland Basin (Kuliński et al., 2022). In contrast, NH4 accumulation was weaker in the more411

oxic regions, such as the Gulf of Riga, Bothnian Bay, and Bothnian Sea. In these areas, coupled nitrification and denitrification412

are likely dominant processes. Nitrification, an oxygen dependent process that converts NH4 to NO3, is more efficient in oxic413

conditions, thereby limiting the buildup of NH4 in the water column.414

415

In contrast, in the deep Gotland Basins, a substantial buildup of NH4 in the basin is due to enhanced sediment and water416

column recycling (Lengier et al., 2021). This can be explained as a combination of high temperature-driven remineralization417

rates and the anoxia in the basin, which inhibits nitrification (a process that is a sink for NH4) and favors the anaerobic418

pathway, such as the denitrification process (a process that is a sink for NO3). Under oxygen-limited conditions, the bacteria419

prefer NO3 as an electron acceptor for the oxidation of organic matter, which reduces the water column NO3 concentration420

while facilitating the production of NH4. The simultaneous enhancement of NH4 and the decline in NO3 concentration in421

the anoxic basins of the Baltic Sea support this mechanism. Furthermore, the limited nitrification in the anoxic water column422

prevents the conversion of NH4 back to NO3, further contributing to the accumulation of NH4 in the basin.423

424

In the more oxygenated southern and northern basins of the Baltic Sea, enhanced detritus recycling led to only a modest425

increase in NH4. Here, the oxygen-rich environment can support the coupled nitrification and denitrification, a process that426

inhibits the accumulation of NH4 in the water column, maintaining a more balanced nutrient cycle.427

428

The accumulation of NH4 and removal of NO3 as a response to enhanced remineralization in sediment and water column,429

particularly with the temperature increase, may have significant ecological implications. The high NH4 levels in the euphotic430

zone can shift the primary production towards the regenerated production and favour plankton that adapted to nutrient recycling431

over those that rely on new nutrient input (Dugdale and Goering, 1967; Anju et al., 2020). This shift can then impact the entire432

food web and may reduce the carbon export and potentially reduce the ocean carbon pump. However, in the Baltic Sea, such433

ecosystem shifts may be more constrained due to its unique ecological characteristics.434

435

In the Baltic Sea, the nitrogen dynamics show spatial heterogeneity in response to enhanced detritus recycling in E1 and436

E2. There is a significant decline of NO3 in the Gotland Basin and a modest decline in the northern basins (Gulf of Riga,437

Gulf of Finland, and Bothnian Bay). The reduction in NO3 can be due either to enhanced phytoplankton uptake or enhanced438

denitrification under anoxic/hypoxic conditions, especially in the stratified deep Gotland Basin. The insignificant sensitivity439

(increase) in phytoplankton and significant accumulation of NH4 in these regions suggest that the observed decline in NO3440
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may be due to enhanced denitrification, especially in the stratified, anoxic deep Gotland Basin of the Baltic Sea.441

442

In E2, where the basin wide detritus recycling is enhanced in the water column, the response of NO3 cycling differs be-443

tween the basins. The western basins (Arkona and Bornholm) show an increase in both NO3 and NH4, but the accumulation444

of NH4 is not as strong as in the deep Gotland basins. It indicates that enhanced water column detritus recycling enhances the445

remineralization and forms NH4. In the shallow and oxic northern basins, the coupled nitrification and denitrification convert446

NH4 to NO3 (source of NO3) and remove NO3 to N2 through denitrification (sink for NO3), and prevent significant accu-447

mulation of NH4 (Hietanen et al., 2012). That is, in the northern basins, it likely boosted NO3 availability without triggering448

immediate losses through denitrification. In contrast, the Gotland basins show a similar decline in NO3 as in E1, with a sig-449

nificant accumulation of NH4 and decline of NO3, suggesting that in the central stratified anoxic basins, the biogeochemical450

cycling is characterised by stronger stratification and anoxic conditions, which amplify the NO3 loss through denitrification.451

452

An exciting finding is the contrasting response of NO3 in the Gulf of Riga and the Bothnian Bay between E1 and E2.453

In E1, NO3 declines, whereas in E2, an increase in water column NO3 is observed. It suggests a mechanistic shift in the454

NO3 cycling depending on whether the detritus remineralization occurs in the sediment or water column. These basin-specific455

dynamics indicate the importance of considering vertical and horizontal process coupling in the Baltic Sea to represent the456

biogeochemistry of the basin.457

458

Phosphate responded positively across all the basins and all the cases (E1 to E4), with a substantial increase in E1 and E2 and459

the most pronounced effects in the western Baltic Basins (Arkona and Bornholm). This consistent increase in the water column460

PO4 indicates that detritus remineralization is a robust source of bioavailable PO4 in the system, potentially contributing to461

eutrophication risk in an already nutrient-rich Baltic Sea.462

463

The contrasting sensitivities of NH4 and NO3 between the oxic and anoxic basins of the Baltic Sea suggest fundamen-464

tally different recycling pathways and nutrient dynamics under warming-induced enhanced recycling in the sediment and465

water column. Figure 11 provides a conceptual schematic summarizing the mechanistic differences in nutrient dynamics under466

oxic and anoxic conditions. Enhanced temperature-dependent sediment and water column remineralization releases NH4 from467

sediments and the water column, which is largely nitrified to NO3 under oxic conditions and subsequently lost through denitri-468

fication. In oxic basins, the accumulation of NH4 in the water column is prevented by the coupled nitrification–denitrification469

process, which strongly depends on the redox conditions of the water and sediment. In contrast, in anoxic basins, enhanced470

detritus recycling in the sediment and water column promotes the accumulation of NH4 in the water column, accompanied by471

a decline in NO3 availability, thereby altering nitrogen cycle pathways. Enhanced remineralization promotes NH4 production,472

and the anoxic and hypoxic conditions prevent nitrification while promoting denitrification. The dominance of denitrification473

over nitrification causes a decline in NO3 along with an accumulation of NH4 in these basins.474

475
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Figure 11. Conceptual schematic of how temperature induced enhanced recycling in the sediment and water column affects nutrient dynamics

under oxic (left) and anoxic (right) conditions in the Baltic Sea. The black solid and dashed arrows show remineralization from the sediment

and water column, respectively. The red curved arrow (left panel) and straight arrow (right panel) represent phosphate binding to iron and

phosphate release from the sediment. The orange and blue arrows indicate nitrification and denitrification. The arrow sizes represent process

intensity. The brick-red, yellow, and pink circles represent the pools of phosphate, ammonium, and nitrate, respectively, with circle size

indicating changes in pool size relative to the base run (open red circle in the left panel). In the base run, the same pool size was assumed

for all nutrients, making it easier to interpret changes in the enhanced remineralization runs. The light-red shaded region in the right panel

represents anoxic bottom waters, with hypoxic and oxic layers above. The bottom brown layer represents the sediment.

The DOC recycling (E3) and nitrification (E4) show negligible influence on the nutrient cycling in all the Baltic Sea basins,476

apart from a decline in NH4 in the oxic basins (north and south) in E4, due to the oxidation of NH4 to NO3 through nitrifi-477

cation in the oxic basins.478

479

Overall, our findings highlight the central role of water column detritus remineralization in driving the regional differences480

in nutrient dynamics. They point to the fact that accurate representation of recycling processes is essential to understanding481

how nutrient dynamics change with climate change and anthropogenic pressures.482

483
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Our analysis shows that the O2 response to the enhanced temperature sensitivities in the process rates (E1 to E4) is weak484

and insignificant across the Baltic Sea basins, with a notable decline in water column O2 in the western Gotland Basin under485

E1 and E2. This localized sensitivity can be attributed to the basin’s high stratification and limited vertical mixing and ventila-486

tion, which reduces O2 replenishment and makes it more susceptible to biological remineralization. In contrast, the shallower487

basins (Arkona and Bornholm) show insignificant sensitivity in O2 in response to enhanced process rates, indicating that the488

strong vertical mixing and shorter residence time of water in these basins may buffer the decline of O2 by the remineralization489

process. The phytoplankton, on the other hand, shows a basin-wide increase in all cases, indicating that the enhanced process490

rates in the entire Baltic Sea enhance the nutrient cycling and nutrient availability, which promotes phytoplankton growth.491

The negligible response in E3 and E4 implies that the processes altered in these scenarios are less critical for both O2 and492

phytoplankton dynamics.493

494

In order to examine the spatially varying temperature sensitivity on the biogeochemical cycles of the Baltic Sea, we have495

implemented enhanced temperature sensitivities on process rates only in the shallow coastal regions (depth less than 20 m). By496

this methodology, we implemented spatially varying process rates in the model. The sensitivity of coastal enhanced processes497

on biogeochemical variables shows minor impacts except for the modest increase in water column NH4 in the western and498

northern Gotland Basins and the Gulf of Finland in C2. Here, the absolute changes on biogeochemical cycles appear minor499

due to the small area of the coastal zone compared to the entire Baltic Basin. As a result, the impact of coastal zones becomes500

negligible when assessed on a basin scale. However, the weak or coastal sensitivity in the deeper basins does not imply that501

the coastal processes are insignificant. In order to understand the real potential of coastal changes on the basin scale, we have502

normalized the coastal sensitivity with the area; then the coastal influence becomes more significant and comparable with that503

of the entire Baltic Sea experiments.504

505

To examine the role of coastal processes on the biogeochemistry of the deeper Baltic Basins, we defined a non-dimensional506

metric called relative coastal sensitivity (Scr), which can quantitatively answer the question, which processes are the most507

relevant ones to investigate and confine, when we are interested in an accurate representation of the function of coastal zones508

for the basin-wide biogeochemistry. The absolute (and dimensionless) value of Scr now allows a direct interpretation. A value509

of zero or closer to zero means that the effect of changing the parameter in the coastal zone remains localized; it does not510

reach the deep location at which the targeted variables (nutrients, O2, and phytoplankton) were observed. Here, it would not511

make much sense to assess this parameter in the coastal zone specifically. It rather means that confining this parameter in the512

open sea will reduce model uncertainty more substantially. A value of one means that the system reacts identically to local513

changes in the parameter P , independent of whether these occur at the coast or in the open basins. Applying the same relative514

change over the same number of square meters will have a similar effect on the biogeochemical cycles in the deeper basins.515

So, ignoring a deviation of this parameter in the coastal zone from the open sea will have a small effect if the coastal area is516

small. A value larger than one means that we have an enhanced coastal sensitivity: If the parameter differs in the coastal zone,517

this has an even larger impact on the open-sea conditions than a local change there. This means we should make an effort to518
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specifically constrain the parameter in the coastal zone, since the system reacts with a higher sensitivity to errors we make in519

the parameterization here. A value below zero indicates a mechanistic difference between the coast and open sea: Changing520

the parameter in the coastal zone will affect our observed quantity in the opposite direction compared to a local change. This521

means that the system will react oppositely to errors that we make in the model parameters in the coastal zone and offshore. In522

this case, we should try to understand the mechanism why this happens, as this is a possible source of error: If we calibrate/tune523

the model, i.e., change the parameter such that the observations of targeted variables are matched better, this may lead to worse524

estimations of the model parameter P in the coastal zone and the process rates associated with it. Very large values of Scr may525

occur if the sensitivity S is close to zero, but the coastal sensitivity Sc is not. These should not be interpreted quantitatively,526

but they indicate that the system may be much more sensitive to changes in the coastal zone than one might expect from the527

classical sensitivity analysis, where the parameter is changed everywhere in the model domain.528

529

The relative coastal sensitivity (Scr) reveals a spatially heterogeneous pattern of model sensitivity across the Baltic Sea.530

Basins such as Bornholm, the entire Gotland Basins (Western, Eastern, and Northern), and the Bothnian Sea exhibited uni-531

formly low Scr values (± less than 0.5), indicating that the enhanced process rates have limited impact on the basin-scale532

biogeochemistry in these basins. This suggests that, for these regions, refining and calibrating model parameters in the open533

sea will be more effective in reducing model biases than concentrating calibration in the shallow coastal regions. These results534

highlight the variable role of coastal zones in different parts of the deep Baltic Sea basins in defining the biogeochemical535

dynamics and emphasize the need for region-specific monitoring and modeling approaches.536

537

In contrast, the Arkona Basin shows a distinct mechanistic sensitivity, particularly with detritus recycling in the sediment.538

The observed negative Scr for NO3 suggests divergent responses between coastal only and basin-wide parameter perturba-539

tions, highlighting the need for cautious and targeted calibration of sediment nitrogen recycling processes in this basin.540

541

The Bothnian Bay exhibits the most complex pattern of Scr. Very high values of Scr for nutrients (NH4, NO3, and PO4)542

and phytoplankton for sediment detritus recycling indicate that coastal processes significantly impact the biogeochemical cy-543

cles of this basin. Here, confining the q10 parameter for detritus recycling in the sediment of the coastal region can help improve544

model biases in the nitrogen cycle, as the coastal processes show significantly higher sensitivity in the nitrogen cycling of the545

basin. However, at the same time, there is an evident mechanistic difference observed with PO4 and phytoplankton in the546

Bothnian Bay, which suggests that any error in the parameterization of coastal recycling in the sediment can induce large errors547

in the PO4 cycle in the basin. This pattern implies that the system’s response in the Bothnian Bay may be governed by distinct548

feedbacks or transport processes, where coastal parameter changes lead to contrasting outcomes compared to changes applied549

basin-wide.550

551
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Figure 12. Schematic representation of the hypothesized mechanisms controlling PO4 dynamics in the Bothnian Bay. Upper panel (Case-

C1): White and red dashed contours represent the coastal zone and the central basin, respectively. The two-layer sediment is shown with an

iron-rich surface layer (brick red) and a deeper layer. Black horizontal arrows indicate riverine nutrient input of N and P, small vertical arrows

indicate remineralization-driven release of N and P from sediments, and curved arrows represent PO4 retention as iron-bound phosphate.

Green dots denote phytoplankton, and dotted black arrows indicate nutrient input from the coast to the deep basin. Lower panel (Case-E1):

In addition to the processes described above, large black arrows illustrate the transport of PO4 from adjacent anoxic basins (e.g., Gotland

Basin) via anticlockwise circulation.
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These contrasting responses between the C1 and E1 experiments led us to formulate a mechanistic hypothesis for the PO4552

dynamics in the Bothnian Bay (Figure 12). When sediment recycling is enhanced only in the coastal zone (C1), remineral-553

ization produces additional NH4 and PO4, but under oxic conditions in the coastal sediments, much of the released PO4554

becomes bound as iron–phosphate and is retained in the sediment. At the same time, excess nitrogen species (NH4 and NO3)555

accumulate due to enhanced recycling and riverine inputs, while PO4 remains largely trapped in the sediments. In this sit-556

uation, phytoplankton growth in the coastal zone is fueled primarily by riverine phosphorus, and nutrients are temporarily557

retained in biomass, thereby strengthening the role of the coastal filter and ultimately reducing the PO4 supply to the open558

Bothnian Bay. By contrast, when sediment recycling is uniformly enhanced across the entire Baltic Sea (E1), the local pro-559

cesses in the Bothnian Bay are supplemented by additional nutrient release from other basins. In the Bothnian Bay itself, the560

released PO4 can still be sequestered in sediments due to oxic bottom waters, but in other anoxic basins such as the Gotland561

Basin, enhanced sediment recycling releases PO4 that is not re-bound to the sediments. The PO4 entering the Bothnian Bay562

is controlled by the flow through the channel connecting the Bothnian Sea and the Bothnian Bay. This excess PO4 can then be563

transported northward via the prevailing anticlockwise circulation, ultimately increasing PO4 concentrations in the Bothnian564

Bay. This mechanistic explanation is consistent with the strongly negative Scr value for PO4, suggesting that coastal processes565

can exert disproportionate and opposing effects on basin-scale phosphorus dynamics depending on whether parameter changes566

are confined to the coast or applied system-wide.567

568

Our methodology helps to underscore the importance of targeted coastal parameterization in regions where Scr is greater569

than one or less than one, as coastal processes in these zones have a disproportionately large or mechanistically unique impact570

on the deep basins, which must be captured correctly to reduce uncertainty in regional biogeochemical modeling.571

572

5 Summary and Conclusions573

In this study, we examine how temperature-driven changes in biogeochemical processes affect nutrient and primary produc-574

tion dynamics in the Baltic Sea using a 3D coupled physical biogeochemical (ERGOM) model that has nitrogen, phosphorus,575

oxygen, and partial sulfur cycles. Here we revisit the traditional way of representing the temperature-sensitive biogeochemical576

processes using the classical q10 parameterization with uniform values for both the coast and its deep. We tested the effects577

of enhanced q10 values applied either throughout the entire Baltic Sea or specifically in shallow coastal zones, analyzing the578

responses of nine major deep basins. We found that detritus recycling in both the sediment and water column is a crucial pro-579

cess that affects the basinwide biogeochemistry of the Baltic Sea. A 10% increase in the q10 parameter can result in up to 50%580

changes in the nitrogen species (nitrate and ammonium) indicating a strong nonlinear response. Increased remineralization due581

to warming raises the levels of phosphate, ammonium, and subsequently nitrate in oxic basins, where sufficient oxygen supports582

nitrification. The relatively low accumulation of ammonium and nitrate compared to the anoxic basins indicates an enhanced583

remineralization of detritus and organic matter in the sediment and water column. It suggests that nitrification plays a crucial584
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and dominant role over denitrification in controlling the nitrogen turnover in the oxic basins of the Baltic Sea. In contrast, the585

anoxic basins of the Baltic Sea, such as the deep Gotland basins, exhibit strong ammonium and phosphate accumulation with586

a depletion of nitrate in the water column, reflecting oxygen-limited nitrification and enhanced denitrification in these basins.587

The rising nutrient levels due to the basinwide enhanced remineralization indicate a potential for higher primary productivity588

under a future warm climate. The oxic basins of the Baltic Sea may witness an increase in both new and regenerated production589

due to the greater availability of both nitrate and ammonium in the water column. At the same time, the anoxic basins may shift590

towards regenerated production due to the accumulation of ammonium in the water column. However, under climate change,591

increased stratification could limit the availability of these nutrients in the euphotic zone, potentially constraining productivity592

despite the higher concentrations of nutrients in the deeper depths. The Bothnian Bay displayed strong and complex coastal in-593

fluences compared to all other basins. A significant accumulation of phosphate in this basin suggests that the bay may become594

less phosphate-limited with warming, which has implications for changes in productivity regimes. To comprehend the impact595

of coastal processes on the biogeochemistry of deeper basins, we conducted sensitivity analyses in which the enhancement596

of temperature-driven process rates was confined to the coastal zone. Although coastal zones are spatially limited, we aimed597

to determine whether local process changes could disproportionately influence the broader basin-scale biogeochemistry. Our598

experiments revealed that coast-only q10 perturbations did not always lead to substantial system-wide changes. To account for599

the coastal zone’s smaller spatial extent, we developed a non-dimensional metric, called relative coastal sensitivity Scr, which600

normalizes the difference in system response based on the area fraction of the coast. Using this metric, we observed that nitrate601

consistently showed greater sensitivity to coastal sediment recycling compared to basinwide enhancements, particularly in the602

Arkona Basin, Gulf of Riga, Gulf of Finland, and Bothnian Bay. The Bothnian Bay was especially sensitive to increased coastal603

sediment and water column recycling, with Scr values ranging from 2 to 4 for nitrogen species. This suggests that coastal pro-604

cesses can have a 2–4 times greater relative influence on nutrient dynamics and phytoplankton than equivalent changes applied605

across the entire basin. These results emphasize the need to resolve coastal processes in ecosystem models spatially. While606

changes confined to coastal areas may seem limited in absolute magnitude, their normalized impact can be disproportionately607

significant, especially in sensitive basins like the Bothnian Bay. The differences in response between coast-only and full-basin608

perturbations also highlight the nonlinear and basin-specific nature of feedbacks, which must be taken into account in both609

model parameterization and management-oriented scenario studies. In summary, this study underscores the critical need to610

represent process-specific coastal parameterizations particularly for temperature-sensitive pathways such as remineralization611

and nutrient recycling in biogeochemical models in the context of climate change. Our study suggests that the influence of612

coastal processes on the biogeochemical cycles of the deep basins varies across the Baltic Sea. The Bothnian Bay is more sen-613

sitive to changes in coastal processes than other basins. Thus, high resolution representation of coastal processes is essential,614

although their influence on basin-scale biogeochemical cycles is limited to certain sub-basins. In particular, inaccurate repre-615

sentation of coastal processes in models can misrepresent the coastal filter in sensitive basins, leading to erroneous estimates616

of nutrient transport to the deeper open sea. This, in turn, can undermine efforts to mitigate the impacts of eutrophication and617

climate change.618

619
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