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Abstract
The Odra estuary in the southern Baltic Sea comprises the Odra (Szczecin) Lagoon, the Pomeranian Bay and a number of 
other shallow water areas and channels. Known for its abundance of fish, eutrophication in the Odra Lagoon is a pressing 
issue for science and environmental management representing a global problem: What determines the seasonal variability 
of nitrogen and nitrogen turnover in shallow water areas, and how does seasonal variability change due to climatic changes 
such as warming and sea level rise? How do such changes affect nutrient exports to the regional ocean? This study employs 
a high-resolution unstructured model system to investigate physical-biogeochemical interactions, nitrogen turnover, and 
conditions leading to nitrogen export to the Baltic Sea within the Odra estuary. The research comprises hindcast and a cli-
matic experiment with modified water level and temperature inputs. The model reproduces the thermohaline dynamics of 
brackish shallow water areas, phytoplankton blooms and the variability of inorganic nitrogen. The simulations identify the 
dynamic partitioning of the Odra Lagoon into the highly eutrophic, lake-like Small Lagoon and more frequently flushed, 
zooplankton-rich Great Lagoon. Although the two years of the hindcast simulation feature very different boundary condi-
tions in terms of river forcing, comparable patterns of seasonal nitrogen export emerge. In a climate change experiment 
with increased sea levels and global temperatures, the system appears sensitive, but remains stable with regard to nutrient 
transport and is therefore predictable. The climate change experiment reveals enhanced primary producer biomass concen-
trations, suggesting heightened eutrophication. While in the shallow waters of Odra Lagoon oxygen concentration remains 
relatively stable, oxygen depletion intensifies as the lagoon outflows enter the Pomeranian Bay. This phenomenon is linked 
to increased denitrification within the stratified Odra plume. Deeper, meandering channels, such as Swina, demonstrate resil-
ience to oxygen reduction, influenced by sea level rise and enhanced currents. Based on the temporal-spatial high-resolution 
coupled, validated simulations, it is possible to develop tailor-made management solutions without having to run expensive 
and complicated observation campaigns in the shallow waters with complex topography.

Keywords Eutrophication · Nitrogen cycling · Seasonal nitrogen fluxes · Estuarine ecosystems · Ecological model · 
Coupled ocean- biogeochemical model · Odra estuary

1 Introduction

Lagoons and estuaries belong to the land-ocean transition 
zone that is characterized by high physical-biogeochemical 
gradients and complex interactions. This dynamic region is 
marked by dramatic shifts in both physical and biogeochemi-
cal properties, fostering intricate and multifaceted interac-
tions. While water bodies with relatively large depths and 
high flow velocities are classified as estuaries, lagoons are 
considered as distinct shallow water landscapes with low 
flow velocities and high importance of the sediment layer 
for biogeochemical turnover (Kjerfve 1986; Deborde et al. 
2008). This key systemic feature leads to the lagoon taking 
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up, storing and releasing nutrients such as nitrogen to drive 
internal primary production. Lagoons and estuaries are 
inherently predisposed to be eutrophic systems due to their 
intrinsic biogeochemical processes and nutrient cycling pat-
terns (Voss et al. 2021; Schernewski et al. 2023). Despite 
the best efforts to regulate and curtail nutrient inputs into 
these systems, their natural eutrophic tendencies persist, and 
they cannot be effortlessly transformed into non-eutrophic 
waters. Given the intricate interplay of complex factors 
that maintain the behavior and ecological significance of 
lagoons, a comprehensive understanding of their internal 
dynamics is crucial. Understanding these factors is pivotal 
in devising management strategies that adeptly navigate the 
intricate temporal and spatial dynamics of these ecosystems. 
The successful management and preservation of lagoons 
demand a profound recognition of their inherent attributes, 
their pivotal role as nutrient reservoirs, and their profound 
significance as ever-evolving ecosystems seamlessly inte-
grated within the land-ocean transition zone.

The Odra estuary in the Baltic Sea is a borderline case 
between estuary and lagoon (for geographical information 
see Fig. 1a; Chojnacki 1999; Osadczuk et al. 2007). While 
the Baltic Sea itself is considered a large estuary, the exten-
sive shallow water zone at the lower reaches of the Odra 
river, which are shielded from the Baltic Sea by narrow 
barrier islands, is called Odra or Szczecin Lagoon. Pierc-
ing through the barrier islands, three channels route fresh-
water towards the Baltic Sea proper, the largest of which 
– Swina – represents the main route of Odra river discharge 
to the ocean (Mohrholz and Lass 1998; Radziejewska and 
Schernewski 2008). The extension of Swina towards the port 
of Szczecin has been developed to function as a navigational 
channel, with a minimum depth of 12 m. In contrast, the 
other channels—Peene and Dziwna—often have depths not 
exceeding 2 m. Stretching nearly 50 km from west to east, 

the Odra Lagoon’s coastline is extending over 150 km. The 
lagoon is zonally divided by land spits, creating a separation 
between the shallower western Small Lagoon and the deeper 
eastern Great Lagoon, which also serves as the passage for 
the shipping channel to Swina (Fig. 1b).

The water budget of Szczecin lagoon is dominated by 
river discharge and intrusion of Baltic Sea water that con-
tribute some 15  km3  yr−1 and 7.5  km3  yr−1, respectively 
(Chojnacki 1999). Apart from routing freshwater, the lagoon 
outlets are also gateways of inflow of pulses of brackish 
water from Baltic Sea into the lagoon (Mohrholz and Lass 
1998; Radziejewska and Schernewski 2008). This way, 
lagoon dynamics couple with dynamics in the Pomeranian 
Bay where flows are controlled by various factors such as 
saline inflows from North Sea, buoyancy forcing from Odra 
and contributaries and the coastal geometry (Kowalewska 
et al. 2003). The internal dynamics can also be complex, for 
example, water from the Odra river can intrude the Small 
Lagoon perturbing its stable eddies. During storm surges, the 
water masses entering the Swina Channel block the down-
stream freshwater flow, which leads to extreme flood risk 
in case of additional river floods (Kowalewska-Kalkowska 
2021). For centuries, the lagoon has been exploited for its 
natural abundance, with fishing regulated as early as the 
sixteenth century (Schernewski et al. 2023). Contemporary 
science agrees that the Odra Lagoon has exceptionally high 
primary and secondary production (Stokowski et al. 2020), 
although the observational basis is sparse as only few meas-
urements of actual production rates have been performed 
(Kowalewska et al. 2003; Radziejewska and Schernewski 
2008). There is also agreement that primary production in 
lagoons is light-limited, although frequent nitrogen depletion 
in recent years indicates that nutrient limitation cannot be 
ruled out, especially as background nutrient inputs have been 
declining for decades (Schernewski et al. 2023). Primary 

Fig. 1  a Model area where the background color indicates depth. The 
blue solid line represents a transect that is used for dynamical anal-
ysis in the manuscript. The black cross marks the position of ship-
borne profile measurements. In b the indices and positions of perma-

nent observation stations in the area of the Odra estuary are shown 
(for stations names see Supplementary Table  1). The colored circs 
identify the following subregions: red – Greifswalder Bodden, yellow 
– Peenestrom, green – Small Lagoon, purple – Great Lagoon
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production is also potentially relevant for the transport of 
pollutants. Plankton-borne organics adsorb organic pollut-
ants whereas the strength of the bonds depends on ambient 
oxygen conditions, availability of sediments and hydrologic 
conditions (Kowalewska et al. 2003).

It is known that the Odra Lagoon acts as a buffer for nutri-
ent and organic loads and mitigates the eutrophication of 
the Baltic Sea proper. Recently, it has been described as a 
naturally eutrophying system (Chojnacki 1999; Schernewski 
et al. 2023). Internal nutrient cycling is thought to fuel the 
primary production of the lagoon. The actual buffer is a 
fluffy sediment layer, containing a high proportion of organic 
matter derived from phyto-detritus (Radziejewska and 
Schernewski 2008; Schiewer and Gerald 2004). The degree 
of eutrophication of the Odra Lagoon is high, as evidenced 
by small Secchi depths and temporal occurence of hypoxia 
(Friedland et  al. 2019; Radziejewska and Schernewski 
2008; Schernewski et al. 2011). One reason for the high 
turbidity is the extremely high annual primary production, 
which in the area of the Great Lagoon, for example, report-
edly may reach a multiple of the average primary produc-
tion of estuaries worldwide (Stokowski et al. 2020). The 
oxygen deficiency phenomena drive release of phosphorus 
from sediments and are suspected to increase fish mortality 
(Radziejewska and Schernewski 2008; Schernewski et al. 
2011). The Baltic Marine Environment Protection Com-
mission (HELCOM1) recommended the development of a 
eutrophication management programme at the beginning of 
the century (Radziejewska and Schernewski 2008). In recent 
years, research into the exact eutrophication status according 
to the Water Framework Directive and its appropriate indi-
vidual interpretation in relation to the Odra Lagoon contin-
ues (Friedland et al. 2019). Proposed strategies to improve 
the environmental status of the Odra Lagoon include mus-
sel cultivation and restoration of macrophytes (Schernewski 
et al. 2012, 2023). Besides problematic the long-term con-
ditions, extreme events such as river floods can mobilise 
deposited organic material, which carries large amounts of 
nutrients and pollutants and drives oxygen depletion (Siegel 
et al. 1998; Kowalewska et al. 2003). In recent years, dra-
matic fish kills have repeatedly occurred in the Odra river. 
In the public discussion, hypoxia and toxic algal blooms are 
mentioned as possible causes. These developments are prob-
ably caused by increasing water temperatures and increasing 
salinity against the background of sea level rise and could be 
seen as harbingers of the consequences of climate change.

The high primary production and related biochemi-
cal turnover make the Odra Lagoon vulnerable to extreme 
hydrodynamic, meteorological and biogeochemical condi-
tions. Precise knowledge of the circumstances and processes 

leading to the formation of so-called hotspots is incomplete, 
but is urgently needed so that management to maintain 
ecosystem functions can be precisely addressed. Previous 
studies have shown that the reduction of nutrient inputs has 
somewhat reduced the pressure on the Odra Lagoon but that 
seasonal nutrient variability and exports to the Baltic Sea 
have not yet been properly elucidated (Friedland et al. 2019; 
Schernewski et al. 2023). Furthermore, projected sea level 
rise and temperature increase indicate continued increased 
environmental pressure on coastal ecosystems such as the 
Odra estuary. Higher-end scenarios such as RCP8.5 project 
median sea level rise of more than 0.7 m and summer surface 
temperature rise by at least 2.5 °C in the area of the southern 
Baltic Sea at the end of the century (see Table 2 in Grinsted 
et al. 2015; Fig. S6 in Meier et al. 2019). Although tides play 
almost no role here, a higher sea level could nevertheless 
lead to altered stratification, currents and tracer transport. 
Warming almost always leads to increased oxygen deple-
tion due to higher process rates, which in the absence of 
tides cannot be efficiently compensated by higher mixing 
of oxygen from the surface. This leads to the question what 
will be the response of a shallow water ecosystem like the 
Odra estuary to climate impacts? Will hypoxia spread from 
the deeper regions of the Baltic Sea to the shallow water 
areas? Will eutrophic exports increase? To answer these 
questions, we complement the hindcast runs with a simple 
climate experiment.

To better understand the genesis of hotspots of biogeo-
chemical turnover in the Odra estuary system, we have 
developed a state-of-the-art coupled physical-ecological 
model that accounts for the main energy and matter fluxes 
into and out of our study area. The aims of this study are 
1) to validate and demonstrate the predictive capacity of 
the model, 2) to quantify the physical controls on seasonal 
nutrient cycling, 3) to assess the potential impacts of climate 
change, and 4) to quantify nutrient exports to the Baltic Sea 
under historic conditions and conditions of climatic change. 
To address climatic change, we complement the hindcast 
simulations with a simple climate experiment that accounts 
for sea level rise and global warming.

2  Methods

2.1  Model framework

In this study we use the Semi-implicit Cross-scale Hydro-
science Integrated System Model (SCHISM; Zhang et al. 
2016). It solves the Reynolds-averaged Navier-Stokes equa-
tions on unstructured grids. Thanks to the semi-implicit 
approach model integration is stable and relatively fast 
allowing a combination of coarse and high resolution 
regions in a single mesh. SCHISM has been successfully 1 https:// helcom. fi/ about- us/

https://helcom.fi/about-us/
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applied to tackle the hydrodynamics of estuaries around the 
world such as Chesapeake Bay, San Francisco Bay, Ems 
estuary and many others (Ye et al. 2018; Wang et al. 2020; 
Pein et al. 2014; 2021a, b). Stanev et al. 2019 and Haid et al., 
2020 have demonstrated that SCHISM is capable of simu-
lating dynamics typical of the Baltic Sea such as summer 
stratification, major Baltic inflow events and the secondary 
circulation in the Danish straits. Given these experiences, the 
modelling framework is a promising candidate to simulate 
the three-dimensional flows in the Odra (Szczecin) Lagoon 
and Pomeranian Bay.

Here we use SCHISM in combination with an ecological 
model of the lower trophic levels, ECOSMO II (Schrum 
et al. 2006; Daewel and Schrum 2013; Yumruktepe et al. 
2022). The modelling framework SCHISM-FABM-
ECOSMO has recently been applied to examine the nutri-
ent turnover in the tidal and heavily eutrophied Elbe estuary 
(Pein et al. 2021a, b), whereas FABM refers to the coupling 
interface between the hydrodynamic and the ecology parts 
of the code (Bruggeman and Bolding 2014). The coupled 
model takes into account barotropic and baroclinic currents, 
water level, turbulent mixing and tracer transport. Transport 
of biogeochemical tracers by the physical model occurs at 
every model time step. The ecological module ECOSMO 
takes into account 1) inorganic nutrients such as nitrate, 
ammonium, silicate and phosphate; 2) three functional 
groups of primary producers – namely small phytoplank-
ton, diatoms and cyanobacteria, 3) two functional groups of 
secondary producers – namely small and meso-zooplankton, 
4) dissolved oxygen, 5) particulate organic nitrogen (phyto-
detritus) and opal (particulate silicate) and 6) dissolved inor-
ganic carbon (see schematic in Fig. 2). ECOSMO II sticks to 

the Redfield ratio. In addition to the pelagic biogeochemical 
kinetics, the model allows for storage of particulate nutrients 
pools of C + N, Si and P in a sedimentary layer. The par-
ticulate nutrients can be eroded from the sedimentary when 
the critical sheer stress is exceeded. In the deposited state, 
the bottom nutrients are subject to mineralization or fur-
ther transformation such as denitrifaction in case of bottom 
nitrogen. Part of the bottom nutrients is buried according 
to a constant rate leaving the system. Denitrification occurs 
at low oxygen conditions and leads to irretrievable loss of 
inorganic nitrogen via outgassing. For further details, see 
Daewel and Schrum(2013) and Pein et al.(2021a).

In the configuration used here, the model code was 
slightly extended compared to Pein et al. (2021a, b). We 
have enabled the simulation of inorganic sediment dynamics 
in SCHISM (Pinto et al. 2012; Stanev et al. 2019) using the 
sediment fractions representative of light sand and silt. The 
sand and silt distribution was initialized following literature 
and online resouces (Osadczuk and Wawrzyniak-Wydrowska 
1998; Baltic Sea portal of IOW at http:// bio- 50. io- warne 
muende. de/ iowbsa (last accessed 5 September 2023)). Sus-
pended sediment concentrations are passed to ECOSMO, 
where they contribute to light attenuation through phyto-
detritus and phytoplankton self-shading. This leads to the 
following prescription of photosynthetically active radiation

where Is is short wave radiation, kw is water extinction coef-
ficient, ktss is total suspended sediment extinction coefficient, 

(1)

I(x, y, z, t) =
Is(x, y)

2
exp

⎛⎜⎜⎝
−kwz − ktss − kphyto

0

∫
z

�3

j=1
CPj�z

⎞⎟⎟⎠
,

Fig. 2  Scheme of the biogeo-
chemical model ECOSMO II 
(adopted from Benkort et al. 
2020). The biogeochemical 
parametrisations are given in 
Supplementary Table 2

http://bio-50.io-warnemuende.de/iowbsa
http://bio-50.io-warnemuende.de/iowbsa
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kphyto is phytoplankton extinction coefficient, CPj is the local 
biomass concentration of the functional phytoplankton spe-
cies with index j , and x,y,z are meridional, zonal and ver-
tical coordinates, respectively (adopted from Daewel and 
Schrum 2013).

2.2  Forcing

The model forcing consists of an oceanic part, a terrestrial 
part and the meteorological forcing. The meterological 
forcing includes wind fields, surface temperature, incoming 
short wave and long wave radiation and precipitation from 
the reanalysis of the German weather service (see Kaspar 
et al. 2020). All meterological data have hourly time resolu-
tion and spatial resolution is 7 × 7 km. In order to drive water 
level, currents, salinity and temperature at the open bound-
ary, we use the reanalysis of daily physics from the Danish 
Meteorological Institute’s Baltic Sea model provided via the 
Copernicus service (Product ID: “BALTICSEA_MULTI-
YEAR_PHY_003_011”, last access 21 June 2019,2 https:// 
doi. org/ 10. 48670/ moi- 00013). The model has horizontal res-
olution of 2 × 2 km and up to 56 vertical levels. All forcing 
variables are prescribed directly at the open boundary using 
clamped boundary conditions. Salinity and temperature are 
additionally prescribed within a sponge layer of 10 km along 
the open boundary. The same treatment applies to dissolved 
nutrients, oxygen and plankton which have been sampled 
from a hind-cast North Sea and Baltic Sea simulation of the 
stand-alone ECOSMO model (Daewel and Schrum 2017a, 
b). Both simulations, the physical reanalysis and the biogeo-
chemical hind-cast simulations represent the same period of 
2012 and 2013.

At the land side, the Odra, Peene and Zarow/Ücker 
rivers discharge water volume and nutrient loads into the 
model area. Daily Odra discharge has been downloaded 
from the Global Runoff Data Base.3 River run-off from the 
small contributaries is based on monthly climatology from 
the Deutsches Gewässerkundliches Jahrbuch.4 The nutri-
ent concentrations of nitrate, silicate and phosphate of the 
small contributaries stem from observations kindly provided 
by the State office for environment, environmental protec-
tion and geology Mecklenburg-Vorpommern (LUNG).5 
The nutrient concentrations of Odra river water have been 
compiled from different sources, namely the Polish-German 
project “International commission for the protection of the 

Odra against pollution”,6 estimates of SMHI ehype model 
simulations7 and literature data.

2.3  Observations

The environmental agency of the federal state of Mecklen-
burg-Vorpommern (Landesamt für Umwelt, Naturschutz 
und Geologie (LUNG)) operates more than fifty permanent 
measuring stations along the German Baltic coast. For the 
purpose of mode-data comparison we use a subset of 14 sta-
tions that are located in the inner waters of the Odra estuary 
(see indexing and geographical information Supplementary 
Table 1, Fig. 1b; LUNG 2016). All stations collect monthly 
temperature, salinity, nutrient and oxygen concentrations at 
the water surface. During the productive seasons chloro-
phyll-a is also sampled.

2.4  Specific methodology

In the following we shortly expose the specific methods 
used to tackle the research questions formulated at the end 
of the introductive section. The specific methodology for 
answering the research questions uses as a basis the numeri-
cal modelling and observations introduced in the previous 
subsections.

2.4.1  Model calibration and validation

During the calibration of the model, measurements of salin-
ity, temperature, chlorophyll and inorganic nitrogen are 
selected from the period covered by the forcing data. These 
variables are then sampled from the model output fields and 
compared to respective time series from model test runs. 
The model test runs typically cover one year. While iterating 
the model, critical parameters such as bottom drag and light 
attenuation coefficients parameters are successively adjusted 
to minimize the difference between simulated and observed 
variables (not shown). For model validation, these compari-
sons are repeated for all available measurement stations and 
the entire simulation period. For the graphical diagnosis of 
the quantitative agreement between model and observations 
in the study area, we use a Taylor diagram (Taylor 2001). 
This measure assesses the quality of the model simulation 
with respect to target variables by spanning a space defined 
by the normalised standard deviation, the normalised rmse 
and the correlation coefficient R. We use the Taylor dia-
gram to evaluate model performance with respect to surface 
salinity, water temperature, chlorophyll concentration and 
inorganic nitrogen concentration. In this diagram, a perfect 

2 https:// data. marine. coper nicus. eu/ produ ct/ BALTI CSEA_ MULTI 
YEAR_ PHY_ 003_ 011/ descr iption
3 https:// www. bafg. de/ GRDC/ EN/ 01_ GRDC/ 13_ dtbse/ datab ase_ 
node. html
4 https:// www. dgj. de/
5 https:// www. lung. mv- regie rung. de/

6 https:// www. mkoo. pl/ index. php? mid= 35& lang= DE
7 https:// hypew eb. smhi. se/

https://doi.org/10.48670/moi-00013
https://doi.org/10.48670/moi-00013
https://data.marine.copernicus.eu/product/BALTICSEA_MULTIYEAR_PHY_003_011/description
https://data.marine.copernicus.eu/product/BALTICSEA_MULTIYEAR_PHY_003_011/description
https://www.bafg.de/GRDC/EN/01_GRDC/13_dtbse/database_node.html
https://www.bafg.de/GRDC/EN/01_GRDC/13_dtbse/database_node.html
https://www.dgj.de/
https://www.lung.mv-regierung.de/
https://www.mkoo.pl/index.php?mid=35&lang=DE
https://hypeweb.smhi.se/
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model simulation is indicated by a marker at the intersection 
of the x-axis and the circle with a radius of one standard 
deviation. Shifting of the markers towards the regions with 
increased mean square error and decreased correlation coef-
ficient indicate deviations of the model simulation from the 
observed reality.

2.4.2  Physical controls

Hydrodynamic processes in the investigated water body can 
strongly influence the biogeochemical turnover and varia-
bles such as the oxygen content and the remineralisation of 
ammonium. In coastal waters such as estuaries and lagoons, 
the residence time and stratification of the water column are 
particularly relevant. Both determine how intensively and 
for how long the water volume in an area is isolated from 
external inputs or exchange, whereby these purely physi-
cal processes can anticipate the effects of biogeochemical 
turnover such as oxygen depletion or accumulation of nitro-
gen. As the residence time cannot be calculated directly by 
the model, we use water age here to represent the quality 
of water exchange between an area and surrounding areas. 
During the model simulation, an age tracer is defined for 
each open boundary such as river and sea boundaries. This 
tracer enters the model area at each model time step being 
assigned age zero. During advection in the model domain, 
the age of the tracer in the reference volume increases with 
time, while it simultaneously adapts through exchange with 
adjacent water masses of younger or older age. The details 
of this method are given in Shen and Haas (2004).

A suitable measure for estimating the stratification is the 
potential energy anomaly (Simpson 1981):

where η is the local water elevation and D = H + � . Φ is 
about zero in well-mixed environments whereas Φ > = 1 
indicates stable stratification.

To substantiate the hypothesis of functional relationship 
between potential physical controls and biogeochemical key 
variables and processes we use Pearson’s linear correlation 
coefficient (“R”).

2.4.3  Climatic change experiment

In order to answer the question of how the system under 
investigation potentially reacts to climatic changes, we con-
duct a simplified climatic experiment. For this purpose, 
the forcing fields of the validated hindcast are modified by 
changes to climatic variables such as sea level and tempera-
ture. To test the sensitivity of the Odra estuary system to 
climatic change, the hind-cast experiment has been repeated 

(2)Φ =
1

D∫
�

−H

gz
(
� − �

)
dz,

with increased sea level and temperature. Sea level rise of 
1 m has been mimicked by increasing the bathymetric depth 
by 1 m globally. To enhance water temperatures globally, 
temperatures at the open boundaries were increased by 4 °C 
at the open boundary, river boundaries and for air tempera-
ture at the sea surface. These applied changes approximate 
changes to Baltic sea level and water/air temperature under 
the RCP8.5 scenario at the end of the century (Grinsted et al. 
2015; Meier et al. 2019). Note that “ref” refers to reference 
simulation and “scen” refers to climatic change scenario 
throughout the paper.

2.4.4  Nitrogen fluxes

To determine the nitrogen transports from the outlets of the 
Odra Lagoon into the Baltic Sea, the SCHISM option is used 
to calculate fluxes of water volume and solutes contained 
therein at the time step level. For this purpose, for each out-
let we define a cross-transect separating the lagoon from the 
regional ocean. During model integration, the instantaneous 
nitrogen flux of a nitrogen species FN(t) at a cross-section is 
calculated according to

where U is the orthogonal to the transect velocity, N  is 
nitrogen and A is the area of the computational cell. Indices 
represent time ( t ), cell along the cross-section ( j with total 
number of cells nj ) and vertical layer ( k with total number of 
cells kj ). The model saves the sum of fluxes of the nitrogen 
species across a section during each model time step. To 
derive the time-averaged fluxes during a month or a year, the 
instanteneos fluxes are averaged over the respective period 
during post-processing (see also Hosseini et al. 2023).

3  Results

The model has been integrated for the period of 1 January 
2012 to 31 December 2013. Model spin-up was one year 
(2012) to assure realistic initial distribution of thermo-haline 
fields an pools of inorganic nutrients in the surface sedimen-
tary layer. In the following, we present the major physical 
and biogeochemical characteristics representative of the 
model simulations and supported by station observations.

3.1  Hydrodynamics of the Pomeranian Bay 
and Szczecin Lagoon

The ocean model simulations were validated using avail-
able observations of surface temperature and salinity in 
the Greifswalder Bodden, Peenestrom and Small Lagoon 
water bodies. Water temperature in shallow embayments 

(3)FN(t) =
∑nj

j=1

∑nk

k=1
U(j, k, t) N(j, k, t) A(j, k, t),
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is primarily a function of atmospheric influence. A Taylor 
diagram illustrates the agreement between simulated and 
observed water temperatures (Fig. 3a, station locations see 
Fig. 1b). The simulated temperature demonstrates a very 
high correlation with the observed time series and small 
errors. The dots cluster along the line representative of the 
ratio of observed to simulated standard deviations indicating 
consistent seasonal amplitudes of model and observations. 
A typical distribution of sea surface temperature is given in 

Supplementary Figure S1a, which shows the average sea sur-
face temperature between May – September 2012. A Taylor 
diagram of observed vs. simulated surface salinity reveals 
a larger scatter (Fig. 3b). The model simulations show high 
correlations and small errors with respect to observations in 
the Greifswalder Bodden. At most stations in the Peenestrom 
and at both Small Lagoon stations the model underestimates 
the amplitude of salinity fluctuations, whereas associations 
are higher than 0.7 still indicating high correlation.

Fig. 3  Taylor diagramms of a surface temperature and b surface 
salinity illustrate the agreement of model simulation with observation 
stations (see Fig. 1b) during 2012–2013. In these diagrams, each dot 
represents the mode-data comparison at a specific observation station. 
Red dots refer to stations of the Greifswalder Bodden, yellow dots to 

the ones of Peenestrom and green dots represent stations in the area 
of the Small Lagoon. The blue dot refers to the Achterwasser station 
and the purple one represents the station Staatsgrenze (KHM, see 
Supplementary table S1)

Fig. 4  a–d show time evolution 
of surface temperature, salinity 
and potential energy anomaly 
at four permanent observation 
stations (for legend see b, for 
location see f) and Fig. 1b). 
e Average potential energy 
anomaly Φ and f log (Φ) during 
2012 – 2013
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Time series of simulated surface temperature and salin-
ity at a couple of stations illustrate the dynamical simi-
larities and differences of the different sub-regions of the 
Odra estuary. The station located in the center of the Greif-
swalder Bodden (station Nr. 6) manifests salinities around 
6 g  kg−1 without apparent small-scale fluctuations (Fig. 4a). 
The nearby station Nr. 7 at the entrance to the Peenestrom 
channel shows salinities of at least 7 g  kg−1 with frequent 
pulses that reach as high as 14 g  kg−1 (Fig. 4c) These salinity 
pulses are indicative of inflows of brackish Baltic Sea water 
towards the Small Lagoon (Lass et al. 2001). A typical salin-
ity distribution is given in Supplementary figure S1b. The 
seasonal salinity variability is higher at the Peenestrom sta-
tion confirming its intermittently changing exposure to pre-
dominantly marine or continental influence. Two stations in 
the Small Lagoon show small salinity concentrations below 
1 g  kg−1 but also smaller seasonal temperature variability 
(Fig. 4b, d). These stations reveal the dominance of fresh-
water influence in the Small Lagoon but also demonstrate 
resistance to excessive summer heating of central lagoon and 
Swina channel waters.

Eutrophied systems like the Odra estuary may suffer 
from stratification that reduces the vertical mixing of well-
oxygenated surface water to the bottom. Due to the absence 
of significant tidal variability and the narrowness of the 
three outlets connecting the lagoon with the Baltic proper 
(Mohrholz and Lass 1998), frequent summer stratifica-
tion over the deeper parts (h > 10 m) of the Odra estuary 
should not be surprising. To diagnose stratification we plot 
the potential energy anomaly (see sub-Sect. 2.4). Accord-
ing to this measure, the water column is mostly well-mixed 
at the Small Lagoon stations (Fig. 4b, d) with intermittent 
stratification during the summer months. Given the small 
salinity variability, the stratification events are apperently 
linked to surface heating. At station Nr. 7, Φ is a multiple 
times higher with mixing happening only occasionally dur-
ing winter (Fig. 4c). Here the pulses of high stratification 
correlate with the pulses of inflowing brackish water. In the 
center of Greifswalder Bodden (station Nr. 6) background 
stratification is weak but at times of rapid surface heating Φ 
reaches maxima of up to 10 J  m−3. A map of average Φ dur-
ing the period of May to September of 2012 shows persistent 
stratification in the Baltic proper with weaker stratification in 
the area of the Pomeranian Bay (Fig. 4e). The shallow waters 
of the Small Lagoon and the Greiswalder Bodden demon-
strate average mixed conditions. A zoomed-in view of the 
Odra estuary region showing log Φ reveals further details of 
the spatial variability of summer stratification (Fig. 4f). The 
outflow region of the Swina channel clearly emerges from 
the surrounding coastal waters of the Pomeranian Bay. The 
shallow Odra bank north of Pomeranian Bay is character-
ised by particularly low Φ while the deep channel infront of 
Rügen islands manifests enhanced stratification similar to 

the Swina outflow delta. Although the latter has a shallower 
bathymetric depth, both areas demonstrate similar dynami-
cal depths. The Odra shipping channel inside the lagoon is 
identified by enhanced stratification, potentially affecting on 
the nutrient turnover in the lagoon and the export of nutri-
ents to the Baltic Sea proper.

The current velocity fields in the outer Odra estuary are 
a function of the barotropic circulation in the Baltic proper 
and the local wind (Lass et al. 2001). The eastward baro-
tropic main circulation in the north of the Odra estuary is 
very persistent dominating surface currents during spring 
and summer 2012 and summer 2013 (Fig. 5a, b, d) as well 
as respective bottom currents (Supplementary Figures S2a, 
b, d). Current velocities reduce drastically over the Odra 
bank initiating the transition to the wind-driven regime in 
the Pomeranian Bay (Figs. 1a and 5). The surface currents 
head mostly westward with recirculating flows at the bot-
tom (Figs. 5e, f, h; S2a, b, d; Lass et al. 2001). The period 
of March–May 2013 differs from the general case with sur-
face velocity vectors in the Pomeranian Bay heading to the 
North-West revealing dominance of easterly winds at the 
time (Fig. 5c, g). Due to the Ekman-type circulation within 
the stratified coastal boundary layer, bottom currents flow 
toward the shore in a southwestern direction during westerly 
winds (Fig. S2 e, f, h). These bottom currents play a role in 
transporting water from the Baltic Sea into the Greifswalder 
Bodden and towards the outlets of the lagoon (Fig. S2f, h) 
enhancing stratification even in relatively shallow areas with 
depth less than 15 m (Figs. 1a and 4f). The estuarine-type 
circulation occurs not only in the Pomeranian Bay but also 
in the mouth area of the Swina outlet as seen from arrows 
directed upstream into the Great Lagoon (Fig. S2h).

The results of the ocean model simulations evidence high 
realism when compared to observations. Additionally, they 
align with the principal circulation patterns documented in 
the existing literature while adding a couple of novel details 
to the overarching dynamic framework. In the following sec-
tion, we elucidate the performance of the biogeochemical 
aspects of these simulations.

3.2  Connectivity and water age

The surface currents in the outlets reflect the average 
barotropic gradient between the Szczecin Lagoon and the 
Baltic proper. According to the model simulations, the 
average discharge of the Swina channel during 2012–2013 
was 489  m3  s−1. The Swina accounts for 73.5% of volume 
transport into the Baltic, followed by Peenestrom (15.7%) 
and Dziwna (10.8%). These numbers are similar but 
slightly different from Mohrholz and Lass (1998) who esti-
mated the percentages of 69, 17 and 14 for Swina, Peen-
estrom and Dziwna, respectively. The volume transport 
trough Swina and and Peenestrom are closely correlated, 
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reflecting the similar and approximately zonal orientation 
of both outlets (Supplementary figure S3). The Dziwna 
outlets demonstrates a certain decoupling from Swina 
with both maximum positive (into the Baltic) and negative 
flows diverging from strictly linear relationship. One pos-
sible explanation to the special behavior of Dziwna is its 

curvilinear geometry. For example, a westerly wind would 
drive the coastal current into the mouth of the channel, 
but also push water from the lagoon into the strait at its 
southern end, blocking water exchange. Straight northern 
or southern winds on the contrary would lead to efficient 
inflow or outflow, respectively.

Fig. 5  Average surface salinity 
and surface velocity vectors 
during a March-May and b 
June-August 2012, c March-
May and d June-August 
2013 where Supplementary 
figure S2a-d show respective 
bottom fields. e–h Zoomed-in 
view of Odra estuary average 
surface salinity and surface 
log velocity vectors during e 
March-May and f June-August 
2012, g March-May and h June-
August 2013, where where Sup-
plementary figure S2e-h show 
respective bottom fields
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Related to the transports through the outlets and of 
utmost importance for the biogeochemical cycling is the 
residence time or water age. Friedland et al. (2019) found 
residence time in the Small Lagoon reaching 60  days 
whereas Schernewski et al., (2023) suggest Lagoon resi-
dence time could amount to three months. Using the water 
age tracer module available with the SCHISM (Shen and 
Haas 2004), we simulated the average water age assigning 
the freshwater entering the model area from Odra river age 
0 days. Travelling with the flow, the water ages, mixing 
with neighboring water masses of distinct age. Figure 6 
reveals average age tracer distributions during (a) spring 
2012, (b) summer 2012, (c) spring 2013 and (d) summer 
2013, whereas water entering at the southern most point 
at the model has age 0 days (Odra river, see Fig. 1b). The 
maps show that up to the lagoon proper at 53° 40’ N, water 
age remains close to zero indicating short travelling time. 
In the lagoon, water age rises quickly with average age in 
the Great lagoon reaching 50 to 80 days in 2012 (Fig. 6a, 
b) compared to 20 to 40 days in 2013 Fig. 6c, d). The color 
scale in the Pomeranian Bay is almost identical with the 
one in the Great Lagoon demonstrating similar age of both 
water masses that apparently travel quickly from the Great 
Lagoon to the Pomeranian Bay. In the Small lagoon, water 
ages rise steeply in the central and western part reach-
ing about 180 days in the summer of 2012 (Fig. 6b) con-
trasting with summer 2013 when age is about 120 days in 
the western part (Fig. 6d). The enhanced water age in the 
Small Lagoon is an indicator for long residence times and 
reveal a dynamical decoupling between the Small and the 
Great Lagoon.

3.3  Ecological dynamics

Time series of chlorophyll-a and nitrate illustrate the sea-
sonal variability of the organic and inorganic loading of the 
Small Lagoon and Peenestrom (Fig. 7a–d). The observed 
chlorophyll concentrations reach up to 120 mg  m−3 and 
80 mg  m−3 at the KHO station (Small Lagoon) and P20 
station (Peenestrom), respectively (Figs. 7a, b; 1 b; Sup-
plementary Table 1). The amplitude of simulated chloro-
phyll-a is similar, however the model results demonstrate 
phase differences and small-scale variability with promi-
nent pulses beyond exceeding magnitude sparse observa-
tions. The observed nitrate concentrations collapse between 
end of April and beginning of July while the same happens 
between beginning of May and June the model simulations 
at the specific locations (Fig. 7c, d). The model thus captures 
the nitrate dynamics but slightly reduces the temporal range 
of the point of depletion.

The balance between autotrophic and heterotrophic pro-
cesses and the transformation of organic matter to inorganic 
(mineralized) nutrients are reflected by the concentrations of 
dissolved oxygen and inorganic nitrogen. Taylor diagrams 
illustrate the model performance regarding these proper-
ties across in the area of the Small Lagoon, Peenestrom and 
Greifswalder Bodden (Fig. 8; for locations see Fig. 1a, b). 
They represent the same stations and are organized the same 
way as Fig. 3 above. The model demonstrates high realism 
simulating the oxygen variability in the Small Lagoon and 
the Greifswalder Bodden with correlation coefficients typi-
cally between R = 0.8 and R = 0.9 while normalized root-
mean-square-errors do not exceed 0.6 mmol  m−3 (Fig. 8a). 

Fig. 6  Surface averages of water 
age from the model simulation 
are given for a March to May, 
2012, b June to August, 2012, c 
March to May, 2013, d June to 
August, 2013
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The ratio of simulated to observed oxygen variance is 
comparable everywhere including the Peenestrom. In this 
part of the system however correlation coefficients reach 
moderate R = 0.6 which might be due to phase differences 
between the simulated and observed signals. Dissolved inor-
ganic nitrogen is tackled well in the inner parts of the Odra 
Lagoon with errors increasing in the Greifswalder Bodden 
(Fig. 8b). Still coefficients reveal at least moderate correla-
tions between data and model at the majority of the sta-
tions. This comparison approves the overall realism of the 
biogeochemical simulation and the capability of the model 
to address the transformation of organic to inorganic nitro-
gen that is subsequently exported to the outer estuary and 
Baltic Sea.

Maps of phytoplankton nitrogen biomass, zooplankton 
nitrogen biomass, phyto-detritus nitrogen, bottom oxygen 
saturation, surface nitrate and bottom ammonium concen-
trations illustrate the spatio-temporal sequence of the bio-
geochemical cycling between the Odra river proper and the 
Baltic Sea (Fig. 9). Initial phyto biomass concentrations 

at river boundary increase again upon reaching the Odra 
Lagoon (Figs. 9a, 1b). In the shallow waters of Odra estu-
ary, average surface biomass nitrogen concentrations of 
primary producers during May to September 2012 are 
37.0 mmol N  m.3 in the Small Lagoon, 25.8 mmol N  m.3 
in the Great Lagoon, 25.7 mmol N  m.3 in the Greifswalder 
Bodden and 41.4 mmol N  m.3 in the Peenestrom, respec-
tively (for geographical locations see Fig. 1). Respective 
portions of cyanobacteria biomass to total primary pro-
ducers’ biomass are 50%, 40%, 58% and 51%. Average 
zooplankton biomass concentrations are 4.5 mmol N  m.3, 
11.5 mmol N  m.3, 3.5 mmol N  m.3, 6.3 mmol N  m.3 in 
the same basins, respectively. A tentative explanation for 
high phytoplankton biomass in the Small Lagoon and the 
Peenestrom is the high average water age in these regions 
in comparison with the Great Lagoon (Fig. 6). The lat-
ter in turn sees the highest biomass assemblages of large 
zooplankton that also tend to reduce phytoplankton bio-
mass (Fig. 9b). According to the simulations the Peen-
estrom is the most productive and eutrophied part of the 

Fig. 7  Comparison of simulated surface a, b cholorophyll-a and c, d nitrate concentrations against observations, where solid lines represent 
model results and blue circs represent measurements

Fig. 8  Taylor diagramms of a 
surface oxygen and b surface 
dissolved inorganic nitrogen 
concentrations illustrate the 
agreement of model simulation 
with observation stations (see 
Fig. 1b) during 2012–2013
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Odra estuary system. The Greifswalder Bodden features 
almost the same average phytoplankton biomass as the 
Great Lagoon, which is an interesting result because 
this area does not receive any riverine nutrient forcing. 
In the Small Lagoon, the water age often exceeds that of 
its surroundings—the Peenestrom and Great Lagoon—by 
approximately thirty days (Fig. 6). Due to the shallower 
water depth, this does not significantly affect bottom oxy-
gen saturation (Fig. 9d). In contrast, the coastal zone of 
the Pomeranian Bay displays widespread summer oxygen 
stress in the reference simulation of 2012 (Fig. 9d). Apart 
from the Odra bank, the outer estuary, and the adjacent 
Arkona basins, these regions exhibit hypoxic to anoxic 
bottom conditions, similar to those found in the deeper 
Baltic basins. The surface nitrate concentrations inversely 
reflect the pattern of phytoplankton biomass concentra-
tions in the Odra estuary (Fig. 9a, e) with nitrate concen-
trations close to zero in the Small Lagoon and Peenestrom 
and elevated nitrate concentrations in Greifswalder Bod-
den and Great Lagoon. The bottom ammonium concen-
trations roughly follow the pattern of potential energy 
anomaly in the various sub-basins of the Odra estuary 
(Figs. 9f, 4 e, f) indicating additional fuelling of primary 

production in the relatively deep or prone to stratification 
regions of the Greifswalder Bodden and Small Lagoon by 
remineralised ammonium.

A major stressor to many estuaries and lagoons con-
nected to long eutrophied continental rivers are organic 
loads that break down upon reaching deeper coastal waters 
to be mineralized under the circumstances defined by the 
typical regional hydrodynamics. The Odra/Swina channel 
reveals a typical estuarine salinity and temperature gradi-
ent with average salinity increasing and average temperature 
decreasing from land to sea (Fig. 10a, b). A steep salinity 
front with a slope of ~ 0.6 g  kg−1  km−1 marks the zone of the 
estuarine circulation and associated stratification (Fig. 10a, 
Supplementary figure S5). A plume of relatively warm 
river-borne water covers the salty and cooler bottom waters 
indicating control of stratification by differential advection 
of both salinity and temperature gradients. From transect 
km 40 (Fig. 1a) upstream the Lagoon is freshwater-domi-
nated. Vertical temperature gradients explain the stratifica-
tion detected in the same area (Figs. 10b, 4 f). In effect, the 
navigational channel connecting Odra river and Pomeranian 
Bay via the Swina outlet comprises three distinct physical 
zones, as reflected by the along-channel transect of � (Eq. 2; 

Fig. 9  Average pelagic concen-
trations of a phytoplanton nitro-
gen, b zooplankton nitrogen and 
c phyto-detritus nitrogen, d bot-
tom oxygen saturation, e surface 
nitrate concentration, and f bot-
tom ammonium concentration 
during May-September 2012. 
Supplementary figure S4 shows 
respective average fields during 
May-September 2013
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Fig. S5): Mildly stratified brackish coastal zone, stratified 
estuarine density front, and the freshwater zone with average 
� close to zero.

The thermally stratified central lagoon waters provide 
the best conditions for primary producers (Fig. 10c, d). The 
primary producer concentrations sharply decrease towards 
the salinity front which is thus also a biological front. The 
dead planktonic material distributes along the transect near 
the bottom (Fig. 10e). Ammonium from the mineralization 
of the particulate organic material is taken up in the area of 
high primary producer concentrations and accumulates in 
the area of the brackish inflow (Fig. 10f). Near the sea bed, 
nitrate and oxygen concentrations reduce indicating denitri-
fication outside the lagoon (Fig. 10g, h).

In order to quantify the relationships between water age, 
stratification and nitrogen dynamics described above, Sup-
plementary figure S7 shows the linear correlation coeffi-
cients between water temperature, water age and potential 
energy anomaly on the one hand and near-bottom oxygen 
concentration, near-bottom ammonium concentration, near-
bottom ammonium concentration and nitrogen dynamics on 
the other. Unsurprisingly, the near-bottom oxygen concentra-
tion decreases with increasing temperature. In contrast, the 
oxygen values are proportional to the water age in the area 

of the Small Lagoon and partly in the Greifswalder Bodden 
and anti-proportional in the narrow Peenestrom, which ham-
pers a clear interpretation. In contrast, increasing stratifica-
tion clearly leads to decreasing near-bottom oxygen levels 
at stations nr. 1, 2, 3, 4, 6, 12 and 13 (see map in Fig. 1b). At 
the same locations, there is a positive correlation between 
stratification and near-bottom ammonium concentration, 
which indicates a dynamic inhibition of nitrification due 
to oxygen deficiency under the stratified water column. At 
stations nr. 4, 5 and 6, there is a mild positive correlation 
between stratification and denitrification rates. Stations nr. 2, 
4 and in particular station 5 show negative correlation coef-
ficients between water age and denitrification rates indicat-
ing increasing unavailability of nitrate nitrogen. However, it 
should not be overlooked that in shallow waters, even under 
summer conditions, the oxygen content is often too high to 
allow for denitrification.

3.4  Climate change sensitivity experiment

To quantify the reponse of the Odra lagoon system to 
aspects of projected climatic change, the model run has 
been repeated as simplified climate change experiment (see 
Sect. 2.4). As a result, the surface temperature in the model 

Fig. 10  Along-channel profiles 
of average a salinity, b tem-
perature, c diatom nitrogen, d 
flagellate nitrogen, e nitrogen 
ammonium, f particulate 
organic nitrogen (phyto-detri-
tus), g nitrogen nitrate, h dis-
solved oxygen concentration in 
the Svina channel during May 
to September 2012. Supplemen-
tary figure S6 shows respective 
profiles during May-September 
2013
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area has increased by at least 2 °C (Fig. 11a). By force of 
the higher water temperature, reduced density and enhanced 
evaporation fluxes led to an increase in salinity in the Pomer-
anian Bay and the Greifswald Bodden, where the maximum 
change reached 0.25 g  kg−1(Fig. 11b). Sea level rise, changes 
to the thermos-haline field impact on density stratification 
that increases throughout the Odra estuary system, particu-
larly in the deeper regions such as the shipping channel in 
the Great lagoon and the Pomeranian Bay (Fig. 11c, see 
Fig. 11b for geographical information). Since the process 
rates of remineralisation, nitrification and denitrification 
are directly temperature-dependent the whole lower-trophic 
level ecosystem dynamics are very likely affected.

Indeed the model experiment showed a global reduction 
of phytodetritus concentration (Fig. 11d), which was more 
than 2 mmol  m−3 in the deeper Baltic Sea, but barely reached 
0.5 mmol  m−3 in the shallow lagoon and the Bodden. The 
reduction in particulate organic matter was mirrored by an 
increase in nitrate concentration in most of the model area 
(Fig. 11e). Only the northern part of the Peenestrom and the 

Greifswalder Bodden showed a reduction in nitrate concen-
tration in the climatic model experiment. The most striking 
response of the experiment, however is the clear increase in 
the density of primary producers, which amounts to up to 
10 mmol N  m−3 in the Peenestrom (Fig. 11f). With a maxi-
mum of 40 mmol N  m−3 in the reference case, this means 
an increase of up to 25% locally. The increase in primary 
producers automatically means better conditions for the zoo-
plankton, which consequently also increase (Fig. 11g). Due 
to the higher process rates in the respiration of detritus, the 
bottom oxygen content in the experiment decreases globally 
compared to the reference case revealing small scale struc-
tures along the coastline (Fig. 11h). Obviously higher con-
centration of primary producers compensate for this locally. 
A narrow coastal strip at the outflow of the Swina, the east 
coast of Rügen Island and the Odra in the southern part of 
the lagoon show higher oxygen concentrations down to the 
bottom layer. Both the—much more widespread—decrease 
and the local increase in oxygen content are in the order of 
up to 30 mmol  m−3.

Fig. 11  Spatial changes of physical and biogeochemical properties in 
the focal region under a climate change sensitivity experiment show-
ing differences of a sea surface temperature [°C], b sea surface salin-
ity [g  kg−1], c potential energy anomaly [J  m−3], d surface particulate 
organic nitrogen (PON) [mmol  m−3], e surface nitrate [mmol  m−3], f 

surface phytoplankton biomass nitrogen [mmol  m−3], g surface zoo-
plankton biomass nitrogen [mmol  m−3], h bottom oxygen concentra-
tion [mmol  m−3]. b indicates locations of geographical names used in 
the figure discussion. Supplementary figure S8 shows respective dif-
ferences during May-September 2013
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These changes are also evident along the canal through 
the Great Lagoon and the Swina. The warming of the lagoon 
water in the experiment is between 2 °C in the lower and 
middle part of the transect and increases to almost 3 °C 
towards the Odra river (Fig. 12b). In the area of the brack-
ish water front, salinity increases by up to 0.1 g kg −1, with 
the pattern of change reflecting typical gravity circulation, 
with an advance of the saltier, heavier water at the bottom 
(Fig. 12a). The concentration of the two phytoplankton 
groups also largely increases, especially flagellates (Fig. 12c, 
d). Diatoms increase especially in the upper part of the tran-
sect in the southern Great Lagoon, while there is a decrease 
in the northern part of the Great Lagoon. This is due to 
an increase in zooplankton in this area (not shown), which 
increases the grazing pressure.

Despite the increase in plankton in the lagoon and along 
the Swina, the concentrations of organic particulate mat-
ter are declining (Fig. 12e), with the decline being particu-
larly pronounced around the salinity front. It is easy to see 
how the strengthening of the gravitational circulation both 
increases the salinity locally and amplifies global biologi-
cal trends—here the decrease in particulate organic material 
under enhanced by global warming remineralization rates. 

Ammonium concentrations decrease in the same area and at 
the bottom of the Pomeranian Bay (km 0 to km 30, Fig. 12f). 
One might expect an increase in ammonium concentrations 
due to the enhanced remineralization rates, however nitri-
fication gets enhanced aswell increasing nitrate concentra-
tions almost globally along the transect (Fig. 12g). Locally, 
in the area of strong phytoplankton blooms in the central 
part of the Great Lagoon, change in nitrate is negative indi-
cating depletion of the nutrient. Enhanced remineralisation 
and nitrification increase oxygen depletion along most of 
the transect between km 0 and km 60. Upstream increase of 
primary producers compensates the global trends inducing 
positive change of oxygen saturation in the climatic experi-
ment of approximately 5% (Fig. 12h).

Hypoxic area of the total model domain reaches up to 
4.476e9  m2 in 2012 and up to 4.339e9  m2 in 2013 of the 
reference simulation. In the climatic change experiment, 
these numbers change to 4.451e9   m2 and 4.383e9  m2, 
respectively. The number of days with an area greater than 
1e9  m2 affected by hypoxia equals 105 days for both the 
hind-cast run of 2012 and the climatic change experiment. 
In contrast, this period increaseses from 145 to 160 days 
for 2013. In Odra Lagoon, no hypoxia occurres in both 

Fig. 12  Along-channel profiles 
of differences between the cli-
mate experiment and reference 
run of (a) salinity, (b) tempera-
ture, (c) diatom nitrogen, (d) 
flagellate nitrogen, (e) particu-
late organic nitrogen (PON), 
(f) ammonium, (g) nitrate and 
(h) oxygen saturation along the 
transect depicted in Fig. 1b. 
All profiles represent averages 
of May to September 2012 in 
reference run and climate sensi-
tivity experiment, respectively. 
Supplementary figure S9 shows 
respective differences during 
May–September 2013
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reference simulation and climatic experiment in 2013. In 
2012, maximum hypoxic area reached 9.558e4  m2 in the 
reference simulation and even 4.414e6  m2 in the climatic 
change experiment. These results demonstrate that in the 
Odra Lagoon conditions of climatic change may drasti-
cally increase the area affected by hypoxia. In contrast, 
the effect of climatic change in the total model domain on 
area affected by hypoxia is about 1% only. This means that 
under the forcing conditions of 2012, the climatic change 
experiments leads to spatial spreading of hypoxia in the 
shallow Odra Lagoon whereas spatial response in the 
Baltic proper is relatively mild. Under the forcing condi-
tions of 2013 that includes a summer river flood, the Odra 
Lagoon remains unaffected by hypoxia while hypoxic area 
and hypoxic period increase in the outer waters of the Odra 
estuary and Baltic proper.

3.5  Nitrogen export to the Baltic

Finally, we discuss the simulated seasonal and annual 
fluxes from the shallow coastal lagoon to the Baltic basin 
in hind-cast and climate change experiment. The nitrogen 
fluxes from the Odra Lagoon into the Baltic proper via 
the three outlets reveal a strong seasonality with a typical 
phase difference between inorganic and organic nitrogen 
fluxes (Fig. 13a, c). According to the model simulations, 
the exports of inorganic nitrogen and organic nitrogen in 
2012 amount to 26.1 kt and 5.4 kt, respectively. In 2013 the 
exports are 42.6 kt and 8.2 kt of inorganic and organic nitro-
gen. The annual total nitrogen imports into and exports from 
the Odra Lagoon are given in Table 1. The interannual vari-
ation of total nitrogen fluxes is roughly proportional to the 
one of Odra river discharge, which was 465.7  m3  s−1 in 2012 

Fig. 13  Monthly sum of fluxes 
of a inorganic nitrogen (DIN) 
and c organic nitrogen (ON) 
from the three lagoon out-
lets to the Baltic proper, b, d 
differences between lagoon 
inflow from Odra river outflow 
to the Baltic Sea of DIN and 
ON, respectively. Hovmoeller 
diagrams of e nitrate and f along 
the Great Lagoon (see transect 
in Fig. 1b) illustrate the dynami-
cal background of the nutrient 
exports

Table 1  Riverine total nitrogen fluxes into Odra Lagoon (1st column, 
N_tot_in), total nitrogen fluxes from the Odra Lagoon outlets to the 
Baltic (2nd column, N_tot_out), percent change between total nitro-
gen inflow and outflow (3rd column, Change), nitrogen denitrifica-
tion in Odra Lagoon (4th column, Denitrif.), total nitrogen residual 
between inflow, outflow and denitrification (5th column, Residual), 

annual nitrogen uptake by primary production including nitrogen fix-
ation by cyanobacteria (6th column, Prim. prod.) and annual ammo-
nium release from sedimentary layer (7th column, NH4 release) are 
given for 2012 and 2013 of the reference run (1nd and 2nd row) and 
of the climate scenario run (3th and 4th row), respectively

N_tot_in [ktN/a] N_tot_out [ktN/a] Change [%] Denitrif. [ktN/a] Residual [ktN/a] Prim. prod. 
[ktN/a]

NH4 
release 
[ktN/a]

2012_ref 34.82 31.16 -10.49 4.32 -0.67 47.12 2.43
2013_ref 56.38 49.36 -12.46 1.68 5.34 45.02 0.88
2012_scen 34.82 31.37 -9.9 4.7 -1.25 67.96 2.48
2013_scen 56.38 50.92 -9.68 2.07 3.39 67.18 1.02
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and 659.4  m3  s−1 in 2013 suggesting that river discharge 
is a dominant driver of nitrogen exports. An earlier study 
estimated annual total nitrogen exports from Odra estuary 
the Baltic Sea to amount to approximately 44 kt N in the 
period of 1993–1998 (Pastuszak et al. 2005). This number 
is close to our calculation of total nitrogen exports for 2013 
while clearly exceeding the one for 2012. Apart from inter-
annual variability, this discrepancy is likely explained by 
higher riverine nitrogen loads of more than 70 kt N  yr−1 at 
the time. Furthermore, these authors found a nitrogen reten-
tion of 45% in the Odra Lagoon estuary system while – dif-
ferent form this study – including the southern part of the 
Pomeranian Bay into their calculations. Here we find that the 
amount of nitrogen retention in the Odra Lagoon including 
its outlets equals roughly 10% per annum (Table 1). Model 
results imply that nitrogen retention decreases slightly 
between 1.5 and 2.4% under conditions of climatic change 
experiment. This is despite an increase of denitrification in 
both 2012 and 2013 under the climatic change experiment. 
The “dry” year 2012 reveals ~ 2.5 times of denitrified nitro-
gen in comparison to the “wet” year 2013. The latter ends 
with a higher total nitrogen residual, i.e. the amount of nitro-
gen remaining in the lagoon at the end of the year mostly in 
the sedimentary layer, reflecting small amount of denitrified 
nitrogen in relation to the nitrogen inflow. Figure 13b shows 
the nitrogen sink to be particularly active during the winter 
months when activity of primary producers is low.

Low primary production in early spring would also 
explain the seasonal high of increase of inorganic nitrogen 
fluxes upon passing the Odra Lagoon (Fig. 13c). These 
modifications of inorganic nitrogen fluxes inside the lagoon 
appear to be similar in timing and magnitude during 2012 
and 2013, respectively. Furthermore, the amount of nitro-
gen assimilated during primary production is very similar 
for both run years (Table 1). Primary production however 
intensifies under conditions of climate change which can be 
explained by enhanced nutrient recycling rates and increased 
by ~ 25% water depth and volume. We remind here that 
Odra Lagoon is known for its high primary production that 
according to Stokowski et al. (2020) and cited therein stud-
ies may assimilate 90–100% of the nitrogen inputs while 
carbon fixation may locally exceed 600 mg C  m−2. Here 
we find an average of 382 mg C  m−2 carbon fixated in the 
inland waters of the Odra estuary in the reference simula-
tion whereas in the climatic change experiment this value 
increases to 559 mg C  m−2. The increase of organic uptake 
could be a major reason for the decrease of relative nitrogen 
retention capacity in the climatic change experiment because 
of enhanced nitrogen fixation by cyanobacteria plus acceler-
ated uptake of inorganic nitrogen by oxygen-emitting phy-
toplankton. The latter process hampers efficient upscaling 
of denitrification with rising temperatures that negatively 
impacts the nitrogen retention capacity of the lagoon.

The timing of change of organic nitrogen fluxes is very 
different in 2012 compared to 2013 (Fig.  13d). This is 
mainly due to increased river discharge between May and 
July 2013 reaching more than 1300  m3  s−1 end of June and 
beginning of July. The flood peaks coincide with release of 
organic nitrogen including plankton and phyto-detritus to 
the Baltic. Clearly the flushing of the Odra Lagoon ham-
pered internal cycling of nitrogen decreasing chances for 
denitrification. Table 1 confirms relatively low recycling 
of ammonium from the Lagoon sedimentary layer in 2013 
compared to 2012 under conditions of both reference simu-
lation and climatic change experiment. Accordingly, Fig. S4f 
reveals clearly lower bottom ammonium concentrations in 
Odra Lagoon than corresponding Fig. 9f, whereas Fig. S4e 
reveals elevated nitrate concentration in the lagoon counter-
indicating nitrate depletion in summer 2013. Meanwhile, 
bottom oxygen levels have decreased widely in the Pomera-
nian Bay and Baltic proper in Fig. S4d compared to Fig. 9d 
supporting the hypothesis of organic material being flushed 
into the regional ocean during the high-runoff events.

Finally, Hovmoeller diagrams of surface nitrate, the main 
dissolved inorganic nitrogen species, and phytoplankton 
nitrogen illustrate the dynamical background of the nitro-
gen fluxes (Fig. 13e, f). At times of almost zero exports 
of inorganic nitrogen, the nitrate inputs to the lagoon get 
depleted already around km 60 of the transect (Figs. 13a, 
e, 1 b). During these period in June to August 2012 and 
from June on in 2013, inorganic nitrogen balance in the 
lagoon is negative (Fig. 13b). Whereas in 2013 the nitrogen 
is taken up by primary producers leaving the lagoon in the 
form of organic nitrogen, it seems that in 2012 the nutri-
ent fizzles out. We remind here that in 2012 not only river 
discharge was smaller but also water age was higher than 
in the second year of the simulations (see Fig. 6), posing 
favorable conditions for nitrogen to end up in the denitrifica-
tion pathway. The June 2013 river flood with peak discharge 
of ~ 1370 m  s−1 is associated with enhanced phytoplankton 
biomass along the transect in the area of the Great Lagoon 
and the Pomeranian Bay as well as a surge in organic matter 
exports to the Baltic (Fig. 13b, f). A preliminary deduc-
tion can be drawn that the lagoon's flushing resulting from a 
river flood fosters favorable conditions for plankton blooms, 
which are then exported to the Baltic proper This dual effect 
reduces the lagoon’s buffering capacity and diminishes the 
potential for denitrification within its confines.

4  Conclusion and outlook

For a deeper understanding of the importance of eutrophica-
tion and internal nitrogen cycling in estuarine shallow water 
areas for nutrient export and thus eutrophication impacts in 
the adjacent regional ocean, this study used a high-resolution 
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coupled physical-biogeochemical model of the Odra Lagoon 
estuarine system and adjacent Baltic Sea. The simulations 
included both a two-year hindcast and a climate experiment 
with altered water level and temperature influences. The 
hind-cast reliably reproduced stationary measurements of 
salinity and water temperature in shallow water. The biogeo-
chemical simulation was convincing with accurate magni-
tudes of chlorophyll-a and inorganic dissolved nitrogen. The 
seasonal phase of biogeochemical variability was more dif-
ficult to model, but showed convincing results—especially 
with respect to dissolved inorganic nitrogen. Thus, the model 
proved a suitable tool for estimating nitrogen exports from 
shallow water areas to the Baltic Sea. It was shown that 
these mainly occur in the cold season, while even during 
winter time nitrogen sinks appeared to be active in the shal-
low waters of the Odra Lagoon. In the productive season, 
primary producers completely depleted inorganic nitrogen, 
such that inorganic nitrogen exports to the regional Baltic 
Sea faded out. In 2012 the amount of nitrogen fixated by 
primary production even exceeded riverine nitrogen inputs 
evidencing internal cycling of nitrogen. This means that 
potentially Odra Lagoon is an important source for organic 
nitrogen for the Baltic proper. In the dry year 2012 how-
ever, this was hardly the case due to stagnating discharges 
and high water age, especially in the Small Lagoon. In the 
wet year 2013, which was also characterised by an extreme 
river flood in summer, relatively large amounts of organic 
material were flushed into the Baltic Sea, which is in good 
agreement with reports from the literature. For future work, 
it will be of interest to understand at which threshold values 
of discharge and water age or residence time the internal 
storage and rearrangement is interrupted, so that a strong 
export of organic nutrients is initiated.

This study revealed the typical seasonal cycles of organic 
and inorganic nitrogen variability and the associated exports 
to the Baltic trough the Odra Lagoon outlets. The annual 
nitrogen exports to the Baltic principally agreed with the 
reported literature values taking into account that the years 
2012 and 2013 fall in the period of decreasing nitrogen 
inputs. Nitrogen retention was lower than reported previously 
(Pastuszak et al. 2005) which may be due to underrepresenta-
tion of denitrification in deeper, hypoxic sediment layers not 
represented by the model used herein. On the other hand it 
is also plausible that nitrogen has become increasingly limit-
ing – as recently suggested (Schernewski et al. 2023) – insti-
gating competition between primary producers and denitri-
fiers (for nitrate) hampering the denitrification and retention 
capacity of the lagoon. A climate change experiment showed 
a strong increase in primary producers, serving as a clear 
indicator of increasing eutrophication. At the same time, the 
hypoxic area multiplied in Odra Lagoon relative to the refer-
ence simulation of 2012. The enhanced primary production 
under conditions of climatic change may further threaten the 

ecological status of deeper areas receiving their outflow in the 
future. This was evident from the model simulations showing 
oxygen levels decreased significantly already by reaching the 
Pomeranian Bay of the Baltic Sea. In consequence, the nitrate 
near the ground was depleted in the area of the stratified Odra 
plume indicating enhanced denitrification. Apart from the 
very shallow areas of 2–5 m depth, the deeper but meander-
ing channels like the Swina exhibited remarkable resilience 
against decrease in oxygen. This resilience can be attrib-
uted to the sea level rise in the climate experiment, which 
enhanced currents and instigated a more vigorous overturning 
circulation through the curvature of the channel. Overall, the 
climate experiment's effects were consistent with anticipated 
impacts on shallow and deep regions, yielding recognizable 
patterns. Nutrient exports did not shift dramatically, however 
the annual nitrogen retention in the Odra Lagoon decreased 
slightly in climatic change experiment relative to reference 
run. A tentative explanation is that climate-enhanced primary 
production hinders nitrogen retention through denitrification 
via competition for available nitrogen nitrate and oxygen pro-
duction. This means that shallow water environment like the 
Odra Lagoon is able to pass the burden of climatic change 
to the regional ocean. It is crucial to acknowledge that the 
assessment of land-side climate impacts was omitted in this 
study. Future analyses would necessitate the inclusion of 
these factors for a more comprehensive understanding of 
the intricate interplay between physical and biogeochemical 
dynamics in response to evolving climate conditions.
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