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Abstract. The Oder/Szczecin Lagoon is one of the largest
Baltic Sea lagoons and is subject to very high nutrient loads
from the Oder/Odra River. For our study, we employ a
modified, high-resolution 3D ecosystem model specifically
adapted for this shallow lagoon. The model demonstrates
stable and reliable performance over 25 years of simulation
(1995-2019), enabling a detailed assessment of lagoon pro-
cesses under various scenarios. Our model simulations indi-
cate that changes in riverine nutrient inputs have an immedi-
ate impact on the lagoon’s water quality, affecting parameters
such as phytoplankton biomass and water transparency.

Hypoxia is a prevalent phenomenon, affecting most parts
of the lagoon which promotes internal eutrophication. On av-
erage, the lagoon retains 12 % (253 t yr ') of the phosphorus
and 40 % (17278 tyr—!) of the nitrogen riverine inputs. The
primary sink process for phosphorus is sediment burial, and
for nitrogen, it is denitrification. Nitrogen retention decreases
with increasing riverine loads, dropping to around 30 % dur-
ing years with exceptionally high inputs. In contrast, phos-
phorus retention is independent on loads. The nutrient reten-
tion capacity of the lagoon has significant implications for
Baltic Sea eutrophication but is not currently accounted for
in major policies and Baltic Sea models.

Although recent nutrient loads from the Oder River com-
ply with policy targets, such as the Baltic Sea Action Plan’s
maximum allowable inputs and Germany’s river targets,
these levels are insufficient to improve the lagoon’s ecolog-
ical state sufficiently. The Oder Lagoon remains in a highly
eutrophic condition, making the achievement of a good eco-
logical status unlikely under the current management targets.

1 Introduction

Marine ecosystems around the world suffer from increas-
ing oxygen deficiencies (Diaz and Rosenberg, 2008). Espe-
cially coastal zones are affected by permanent or seasonal
low oxic conditions (Fennel and Testa, 2019; Conley et al.,
2011; Carstensen et al., 2014). The drivers of deoxygenation
are land and airborne nutrient depositions and increased tem-
perature (Kabel et al., 2012; Borgel et al., 2023). Coastal
features such as lagoons and bays can significantly reduce
terrestrial nutrient loads. This is due to their long residence
time and shallow waters. Shallow waters facilitate a close
interaction between sedimentary processes and those in the
euphotic zone, thereby speeding up biogeochemical cycles
(e.g. Asmala et al., 2017).

The Baltic Sea includes a diverse array of coastal wa-
ters, bays, lagoons, and estuaries, each with unique features
and behaviors. These waters host specialized flora and fauna
and act as transformers and retention units for external nutri-
ent loads. Asmala et al. (2017) classified Baltic Sea coastal
ecosystems into different categories: lagoons, estuaries, em-
bayments, open coast, and archipelago. For nitrogen removal
(denitrification), lagoons have the highest rate, followed by
estuaries. Within the lagoons, the Oder Lagoon is the region
with the highest denitrification rate. In the case of phospho-
rus retention (burial in their study), archipelagos show the
highest potential, which is driven by the import of phospho-
rus from the open sea.

Systems with prolonged water residence times and high
nutrient loads are particularly important for Baltic Sea pol-
Iution. Only a few coastal waters can significantly alter nu-
trient loads transported from rivers to the Baltic Sea. No-
table examples include the Curonian and Vistula Lagoons,
the Gulf of Riga, coastal waters near St. Petersburg, and
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some Scandinavian estuaries. Among these, the Oder La-
goon is likely the most critical system in terms of quantitative
nutrient retention and transformation (Vybernaite-Lubiene
et al., 2022; Miiller-Karulis and Aigars, 2011; Almroth-
Rosell et al., 2016; Edman et al., 2018; Kulifiski et al., 2022).

Asmala et al. (2017) studied the coastal filter for the en-
tire Baltic Sea by observations of denitrification and sedi-
ment cores. Their results suggest a removal of 16 % nitrogen
and 53 % of phosphorus from the land based loads. Swedish
coastal waters exhibit a relatively high nutrient retention ca-
pability. Edman et al. (2018) reported a mean phosphorus
retention of 69 % and a mean nitrogen retention of 53 % es-
timated from model simulations. These high values, partic-
ularly for phosphorus, are due to the oxic water conditions,
which favor the trapping of phosphorus in the sediment.

The shallow Oder Lagoon, located at the German/Polish
border in the southern Baltic Sea, is one of the largest la-
goons in Europe. With an average water discharge of about
500m3s~! and a drainage area of about 120000km?, the
Oder River is one of the most important rivers in the Baltic
Sea catchment. Due to similarities with other lagoons, it can
be expected that insights into retention and transformation
processes can be related to driving factors, and simplified re-
lationships can be transferred to other systems. By studying
the most important coastal water systems in detail, load cal-
culations to the Baltic Sea can be systematically improved,
enhancing regional ecosystem state and water quality assess-
ments.

The European Water Framework Directive (WFD) is the
primary legislation aimed at achieving good ecological status
in European coastal and transitional waters. Under the WFD,
these systems are classified as distinct water bodies, which
undergo regular monitoring. Consequently, long-term data
on Baltic coastal waters are available, with some records dat-
ing back to the 1970s for most countries. However, these data
are typically collected fortnightly from a single station in-
tended to represent the entire system. While this is adequate
for assessing averaged overall states and long-term changes,
the limited spatial and temporal resolution hinders the analy-
sis and understanding of major processes within these sys-
tems and their annual dynamics. Increasing the frequency
of sampling and the number of locations would raise costs
beyond feasible levels. Therefore, combining 3D ecosystem
models with field data is necessary.

Additionally, the Baltic Sea Action Plan (BSAP) (HEL-
COM, 2021a) establishes the maximum allowable inputs
(MAI) for nitrogen and phosphorus required to achieve a
good environmental status (Schernewski et al., 2015) in the
Baltic Sea. These inputs describe loads to the open Baltic Sea
and do not consider possible modifications within the coastal
filter, particularly lagoons where large rivers enter.

Recent high-resolution 3D ecosystem models of the Baltic
Sea, such as presented by Piehl et al. (2023), effectively
and sufficiently describe processes for practical purposes like
policy implementation and state assessments. However, these
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models fall short in semi-enclosed, enclosed, and several
transitional waters due to inadequate spatial resolution. Cur-
rently, neither data nor models adequately account for reten-
tion and transformation processes in these systems, leading
to overestimated nutrient loads to the Baltic Sea.

These deficiencies have been compensated for, for exam-
ple, by making assumptions about the bioavailability of river-
ine nutrients. Eilola et al. (2011) state that the three consid-
ered models differ in their assumptions of bioavailability and
discuss uncertainties in these assumptions. Ruvalcaba Baroni
et al. (2024) use reduction factors for nutrient inputs in their
model study because nutrient removal for different coastal
types is poorly quantified. They also argue that river-specific
organic matter retention factors in coastal waters would im-
prove the representation of organic matter inputs from rivers
in models.

The quantitatively unknown nutrient retention in coastal
waters could potentially result in inaccurate policy settings,
such as maximum allowable inputs or water quality thresh-
olds and targets. Our objectives are to:

a. set up a high-spatial-resolution ecosystem model for the
Oder Lagoon;

b. apply and validate the 3D ecosystem model in the Oder
Lagoon using long-term data;

c. quantify the retention of nitrogen and phosphorus and
their inter-annual variability in the lagoon;

d. analyze the driving parameters; and

e. assess the consequences for policy implementation,
namely water quality thresholds, acceptable riverine
loads, as well as lagoon and Baltic Sea management.

2 Model Setup

We employ a numerical modeling technique to evaluate
ecosystem dynamics in the Oder Lagoon. The model in-
tegrates both biogeochemical and circulation components.
The hydrodynamic core utilizes the Modular Ocean Model
(MOMS.1, Griffies, 2004), dynamically coupled with a sea
ice model (Winton, 2000). The sea ice component imple-
ments:

a. A three-layer vertical thermodynamic scheme,

b. Multiple ice thickness categories with dynamic redistri-
bution,

c. Category transition mechanisms responding to thermo-
dynamic and mechanical forcing,

d. Full ice dynamics incorporating internal stresses via an
elastic-viscous-plastic rheology.
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This coupled configuration enables comprehensive simula-
tion of both physical transport processes and biogeochemical
transformations in the lagoon system.

The biogeochemical part of the model is based on ER-
GOM version 1.2 (Leibniz Institute for Baltic Sea Research,
2015). A detailed explanation and validation of the model
can be found in (Neumann et al., 2022). For this study,
the model was specifically set up for the Oder Lagoon area
within the Baltic Sea.

Figure 1 illustrates the bathymetry of the model. A no-
table aspect is the navigation channel, which has a depth of
10 m. Modifications to the Swina River began in 1721, and in
1880, a shortened and deepened artificial channel was com-
pleted. Subsequent dredging projects increased the depth to
9.6m in 1939 and to 10.5m in 1984 across the entire la-
goon. Most recently, between 2018 and 2023, the entire wa-
terway through the Oder Lagoon was deepened to 12.5m
(Schernewski et al., 2025a). Beyond the channel, the lagoon
remains relatively shallow with depths predominantly un-
der 5m. The horizontal grid resolution is 150 m (altogether
330 x 191 grid points). Vertically, the model is divided into
28 layers, starting with a layer thickness of 25 cm at the top
and 50cm at the bottom. Three open boundary conditions
(OBCQ), Peene, Swina, and Dziwna in Fig. 1, link the model
to the Baltic Sea. Data from a coarser Baltic Sea model with
a 2km resolution (Piehl et al., 2023) are applied at the OBC
locations. The Oder River enters into the lagoon from the
southern edge.

The ERGOM model describes cycles of nitrogen, phos-
phorus, carbon, oxygen, and partially sulfur. Primary produc-
tion is driven by photosynthetically active radiation, facili-
tated by four functional groups of phytoplankton (large cells,
small cells, limnic phytoplankton, and cyanobacteria). The
optical sub-model estimates the light field based on chloro-
phyll and CDOM (Colored Dissolved Organic Matter) con-
centrations (Neumann et al., 2021). Dead organic matter ac-
cumulates in the detritus state variable. Bulk zooplankton
grazes on phytoplankton and represents the highest trophic
level considered in the model. Particulate organic matter
(POC: phytoplankton, detritus, and other POC species) have
the capability to sink into the water column and accumulate
within a sediment layer.

The sediment module parameterizes key early diagenetic
processes, including coupled nitrification-denitrification, or-
ganic matter remineralization, iron-phosphate complex for-
mation/dissolution dynamics, and permanent burial. These
processes are vertically integrated and represented through
a two-dimensional model variable. Under oxic conditions
at the sediment-water interface, phosphate binds to ferric
iron Fe3 to form particulate complexes. Hydrodynamic ero-
sion may subsequently resuspend these iron-bound phos-
phate particles, facilitating their transport via bottom currents
to depositional zones. Conversely, under anoxic conditions,
iron oxides undergo reductive dissolution, releasing phos-
phate into the overlying water column as dissolved inorganic
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phosphorus, following established redox-sensitive phospho-
rus cycling mechanisms (Neumann and Schernewski, 2008).

Detritus undergoes mineralization into dissolved inorganic
nitrogen and phosphorus both in the water column and in the
sediment. The mineralization process is influenced by water
temperature and oxygen concentration. Oxygen is produced
through primary production and consumed by processes such
as metabolism and mineralization. Furthermore, phytoplank-
ton excrete extracellular dissolved organic matter with non-
Redfield stoichiometry, resulting in non-Redfield carbon up-
take, while maintaining canonical Redfield ratios within their
cellular composition.

In addition to the model proposed by Neumann et al.
(2022), we have introduced a fourth phytoplankton group
(limnic phytoplankton). This new group is specifically de-
signed for low salinity and turbid coastal waters, realizing
growth limitations due to high salinity levels as well as in-
creased light sensitivity.

All organic particles (phytoplankton, detritus, etc.) are
counted in nitrogen units. To compare the model phytoplank-
ton with chlorophyll observations, we sum up all phytoplank-
ton groups and multiply them by a constant chlorophyll-to-
carbon ratio.

At the open boundaries, the model is forced by data from
a coarse grained model as noted above. Meteorological forc-
ing data are from the coastDat-3 dataset (Geyer and Rockel,
2013). It is the same data set forcing the coarse grained
model. Nutrient loads and runoff into the lagoon from rivers
Oder, Ucker, and Zarow were provided by Polish and Ger-
man national agencies (see code and data availability). The
riverine forcing is shown in Fig. 2. Loads are correlated with
runoff, that is, the interannual runoff variability predomi-
nantly controls the load’s variability. A minor fraction of the
total nutrient loads enters the lagoon through the limnic phy-
toplankton state variable, which ensures seed concentrations
near the river mouth. Riverine CDOM concentrations are pre-
scribed using a monthly climatology, as described in detail by
Neumann et al. (2021).

Atmospheric deposition of nitrogen and phospho-
rus is realized as a boundary condition (air-sea fluxes)
based on data provided by HELCOM  assessments
(e.g2. HELCOM) which are originated from EMEP
(https://www.eea.europa.eu/data-and-maps/data/external/
emep-n-atmospheric-deposition, last access: 25 November
2025).

We start the model simulations in 1995 initialized with
data from Piehl et al. (2023) and run it until 2019. For analy-
sis of the simulations, we diagnosed two-day means of all rel-
evant state variables, processes, and transports. For the anal-
ysis of our results, we derived diagnostic variables from the
model state variables:

a. Secchi depth as a function of water constituents: Neu-
mann et al. (2015).
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Figure 1. Bathymetric map of the Oder Lagoon model (a). The green dots indicate two stations used for validation. Peene, Swina, and
Dziwna mark the locations of the open boundary conditions, and Oder, Uecker, and Zarow Rivers represent the river mouths. The red
rectangle in (b) shows the location of the Oder Lagoon within the Baltic Sea. The map was created using the software package GrADS
2.1.1.b0 (https://github.com/j-m-adams/GrADS, last access: 25 November 2025), using published bathymetry data (Seifert et al., 2008).
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Figure 2. Riverine forcing of the model. Upper panel: Annual mean
runoff. Lower panel: Annual mean loads for nitrogen (black) and
phosphorus (red).

b. Chlorohyll: The sum of phytoplankton model variables
multiplied with a constant chlorophyll to carbon mass
ratio of 40 (e.g., Neumann et al., 2015).

The observed statistical relationships were evaluated using
Spearman rank correlation tests, with significance assessed
via p-values. The null hypothesis (Hp) posits no correlation
between the examined variables. If the calculated p-value
falls below the conventional significance threshold (typically
a =0.05), we reject the null hypothesis, thereby providing
statistical evidence for a significant relationship between the
variables.

Biogeosciences, 22, 7403-7424, 2025

3 Results

3.1 Model Skill Evaluation

Appendix A presents an expanded model performance anal-
ysis. We evaluate time series and climatology of hydrody-
namic (temperature, salinity, stratification, and mass trans-
port), and biogeochemical (nutrients, chlorophyll a, and bot-
tom oxygen) parameters.

The model reasonably reproduces the climatology as well
as the interannual variability of nutrients, temperature, and
salinity at stations KHM and C (for station locations, see
Fig. 1). For bottom oxygen (Figs. Al and A2), the model
predicts lower values than in the observations. Reasons are
that (i) measurements are not as close to the bottom as the
model data, (ii) the measurement platform (vessel) itself dis-
turbs the stratification, and (iii) at station C commercial ship
traffic induces strong vertical mixing which is not part of the
model.

The mass transport through the Dziwna channel (for lo-
cation, see Fig. 1) is elevated compared to known values
(Fig. A6). The reason is the truncated Dziwna channel in
the model reducing the hydraulic resistance and facilitating
an enhanced discharge at the expense of a lower discharge
through the Swina channel.

The stratification of the water column at station KHM (for
location, see Fig. 1) compares well with observed stratifi-
cation (Fig. A8). Stratification establishes as events, such
as those in summer, while during winter the water is well
mixed. Stratification results in oxygen deficiencies, which
yield phosphate liberation from the sediment. This process is
not directly observed but is indirectly indicated by elevated
phosphorus concentrations in summer (Fig. A7).

Our evaluation confirms that the model reasonably repre-
sents the Oder Lagoon ecosystem’s key dynamics, establish-

https://doi.org/10.5194/bg-22-7403-2025


https://github.com/j-m-adams/GrADS

T. Neumann et al.: Transformation processes in the Oder Lagoon as seen from a model perspective

ing it as a reliable tool for experimental analysis and system
property investigation.

3.2 Oxygen dynamics

Due to the shallow bathymetry, the water column is well-
mixed during winter. However, in summer, stratification may
occur, and elevated temperatures accelerate metabolic pro-
cesses, potentially leading to anoxic conditions in bottom
waters.

Figure 3a illustrates the total number of oxygen-depleted
(zero oxygen concentration) days, while Fig. 3b shows the
average duration of these anoxic events. A notable region of
anoxia is found in the navigation channel, which is 10 m deep
— approximately 5 m deeper than the surrounding area. This
deeper channel acts as a sediment trap, increasing oxygen de-
mand for sediment respiration. Additionally, ventilation from
the surface occurs less frequently here compared to other re-
gions due to the greater water depth. Aside from the naviga-
tion channel, the eastern part of the lagoon is more affected
by anoxia than the western part. This is likely due to the high
nutrient loads from the Oder River entering the eastern la-
goon.

3.3 Filter function

Lagoons play an important ecological role, particularly
through their filtering function, which is crucial for nutri-
ent management. Biogeochemical processes within the la-
goon help retain or remove nutrients from the system. Con-
sequently, the amount of nutrients entering the open sea is
reduced compared to the amount entering the lagoon.

In this section, we relate nutrient sources to their sinks to
determine the proportion of nutrient loads removed within
the lagoon. Additionally, the retention capacity of the Oder
Lagoon may be sensitive to variations in nutrient loads. To
evaluate this sensitivity, we performed an additional simula-
tion with a 50 % reduction in nutrient input, allowing us to
assess how such changes influence the lagoon’s filtering ca-
pacity. The results are presented in Fig. 4.

Sources of nitrogen and phosphorus primarily include
riverine loads and atmospheric deposition, with riverine
loads being the dominant contributor. An additional source
of nitrogen is nitrogen fixation by cyanobacteria. Phospho-
rus has a single sink in the system — burial in the sediment.
In contrast, nitrogen has an additional sink through denitri-
fication, occurring both in the water column and the sedi-
ment. These factors help explain the contrasting responses of
phosphorus and nitrogen retention capacities to changes in
nutrient loads. For phosphorus, reduced loads lead to a de-
crease in primary production, which results in less organic
matter reaching the sediment for burial. For nitrogen, burial
also decreases; however, denitrification in the sediment in-
creases because of the greater availability of oxygen.
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Table 1. Sinks and sources (loads, N-fixation) of nitrogen and phos-
phorus in the Oder Lagoon in kt a~!. Shown are mean values for the
simulation period.

Nkta=1] Plkta™!]
Loads 46.5 2.2
N-Fixation 1.3
Denitrification Sed. 13.7
Denitrification Pelag. 1.8
Burial 1.8 0.25

In the next step, we are testing whether there exists a robust
relationship between the retention capacity and the loads for
nitrogen and phosphorus. For this purpose, we combined data
from the reference run and the run with halved loads to in-
crease the range of loads and consider the annual means. Fig-
ure 5a, ¢ shows the absolute numbers of loads (source) into
the system and the retention (sink). The retention increases
with the loads, but is this retention at the same rate for all load
realizations? Figure 4 suggests that the rate changes with the
loads. A detailed dependence of the retention rate on loads
is given in Fig. 5b, d. In the case of nitrogen, the retention
rate significantly decreases with increasing loads (p = 0). In
contrast, a significant relationship between the retention rate
and phosphorus loads does not exist, as Fig. 4b suggests. A
Spearman rank correlation test yields a non-significant re-
gression coefficient (p = 0.68). This result fails to reject the
null hypothesis of no correlation, thereby indicating that the
apparent differences in the Fig. 4b are not statistically signif-
icant at conventional confidence levels.

Our analysis reveals a further relationship between nitro-
gen and phosphorus retention efficiency and the lagoon’s wa-
ter residence time (Fig. 6). The relationship for phosphorus
is less pronounced but statistically robust (p(N)= 0.0004,
p(P)=0.0017). In general, we can state that the longer wa-
ter remains in the lagoon, the higher the relative retention of
nutrients in the lagoon.

In summary, the nitrogen retention capacity is stronger
than that of phosphorus, primarily due to denitrification. The
mean of the annual retention over the 25 years simulation pe-
riod is approximately 40 % for nitrogen and 12 % for phos-
phorus. Nitrogen retention capacity increases with reduced
lagoon nutrient loads, while phosphorus retention remains
largely load-independent, statistically confirmed by analysis
of Fig. 5d data. It is important to note that this statement is
valid only for the load range applied in the simulations. Mean
numbers of sources and sinks are summarized in Table 1.

3.4 Annual discharge, nutrient loads and water quality
targets

The Oder River contributes about 98 % of the direct water
discharge to the lagoon, while the remaining 2 % is con-
tributed by the Zarow and Uecker rivers. The total water

Biogeosciences, 22, 7403-7424, 2025
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Figure 3. The mean number of days of anoxia per year in the bottom layer (a) and the mean duration of anoxia (b). Numbers are calculated
as mean over the simulation period 1995-2019. The map was created using the software package GrADS 2.1.1.b0 (https://github.com/
j-m-adams/GrADS, last access: 25 November 2025), using published bathymetry data (Seifert et al., 2008).
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Figure 4. The relative retention capacity of the Oder lagoon for nitrogen (a) and phosphors (b). The blue line is the sensitivity simulation

with halved loads.

discharge into the lagoon, along with the loads of nitrogen
(N) and phosphorus (P), exhibits similar temporal behavior
(Fig. 7a). Between 1995 and 2019, the average water dis-
charge was 518 m3s~!, with average annual total loads of
46266tN and 2198tP to the lagoon. Between 1995 and
1999, the average water discharge was 643 m3 s~!, which
is higher than the average over the 25-year model simula-
tion period. Consequently, the annual N loads (62534 tN)
and P loads (3600tP) were also higher. In contrast, during
the recent years between 2015 and 2019, the average an-
nual discharge was only 413 m3s~!, resulting in N loads of
37077ta~! and P loads of only 1449ta~!. The close rela-
tionship between discharge and nutrient loads is illustrated in
Fig. 7b and c. This relationship emphasizes the dependency
of annual riverine nutrient loads to the lagoon on the wa-
ter discharge of the Oder River. The concentration of both
nutrients, nitrogen and phosphorus, is largely independent
from river discharge. This has been observed already ear-
lier and is the reason why the long-term assessment of crit-
ical loads used a discharge correction/normalization. Load
reduction due to the changes in riverine nutrient concen-
trations was more dominant in the 1990’s (Friedland et al.,
2019). The conclusion is that hydrological processes in the

Biogeosciences, 22, 7403-7424, 2025

approximately 120 000 km? Oder River catchment basin ex-
ert a stronger control over the nutrient loads to the Oder La-
goon than annual changes in nutrient inputs. Consequently,
future climate change effects on the catchment water bud-
get will significantly impact the riverine nutrient loads and
the ecological state of the lagoon. However, it is important to
note that this conclusion may not apply to long-term perspec-
tives, particularly when significant changes in the catchment
begin to take effect.

In Germany, target or threshold values for a good ecologi-
cal status in rivers exist, with concentrations below these val-
ues indicating a good status. The riverine target values are
2.6mgL~! for nitrogen (N) and 0.1 mgL~" for phospho-
rus (P). The nutrient concentrations in recent years (2015-
2019) were already close to these target concentrations. Us-
ing the average riverine water discharge to the lagoon of
518 m3 s~! (1995-2019) and the German nutrient target con-
centrations, the resulting target loads would be 42 506ta™!
for N and 1635ta~! for P. The HELCOM Baltic Sea Ac-
tion Plan (BSAP) defines the maximum allowable nutrient
loads that enable the Baltic Sea to reach a good status. Ac-
cording to the BSAP, the maximum allowable loads are ap-
proximately 45000ta~"! for N and 1500ta~" for P. Despite

https://doi.org/10.5194/bg-22-7403-2025
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time has been estimated following Vollenweider (1976); Monsen et al. (2002) by lagoon’s volume over runoff. Targets are the allowable loads
defined by the BSAP. Both correlations are highly significant (p < 0.002), indicating strong non-random associations between variables.

following different approaches, the German target values in
rivers and the HELCOM maximum allowable loads result in
comparable targets for the Oder River. In contrast, the Polish
targets would allow much higher Oder River nutrient loads
to the Oder Lagoon (63661ta~! for N and 4615ta~! for
P), as shown by Friedland et al. (2019). However, during
recent years (2015-2019), the N loads to the lagoon were
37077ta”! and the P loads were 1449ta~!. For both nu-
trients, the loads were below the maximum allowable inputs
(HELCOM, 2013).

According to our model simulations, riverine nutrient
loads have an immediate effect on major water quality in-
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dicators, namely phytoplankton biomass (chlorophyll a) and
water transparency (Secchi depth), and show a close correla-
tion (Fig. 7d, e). Increased discharge, resulting in increased
nutrient loads, causes an increase in chlorophyll a concen-
trations in the lagoon and a decrease in Secchi depth. Cal-
culated chlorophyll a and Secchi depth values are average
annual values over the entire lagoon and cannot be directly
compared with existing ecological target values for central
stations in the lagoon (Schernewski et al., 2015). However,
the changes in chlorophyll a concentrations and Secchi depth
that would result from fully meeting the nutrient load targets
(42506ta~! N and 1635ta! P) are only minor (Fig. 7d,

Biogeosciences, 22, 7403-7424, 2025
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Figure 7. Average annual water discharge and annual loads of total nitrogen and total phosphorus to the Oder (Szczecin) Lagoon during
a 25 years period (1995-2019), always including the rivers Oder/Odra, Uecker and Zarow. Relationship between riverine water discharge
annual riverine nitrogen loads (b), annual riverine phosphorus loads (¢), annual average phytoplankton biomass (chlorophyll-concentrations)
(d) and annual average water transparency (Secchi depth) (e) in the Oder Lagoon (spatially integrated). (f) Relationship between riverine
phosphorus and nitrogen concentrations. Panels (b)—(e) show highly significant correlations (p < 0.002), while panel (f) demonstrates no

significant relationship (p = 0.35).

e). Compared to the average values over the period 1995-
2019, chlorophyll a concentrations would decrease by 5 %,
and Secchi depth would increase by 8 %. Although, the nutri-
ent loads are below the BSAP values, the lagoon remains in
a highly eutrophic state with a bad ecological status, accord-
ing to the official HELCOM HEAT HOLAS 3 (HELCOM,
2021b) eutrophication status assessment (BMU, 2024).

Biogeosciences, 22, 7403-7424, 2025

3.5 Imnterannual variability of discharge and loads and
its consequences

The interannual variability of water discharge and nutrient
loads is high (Fig. 7a). Annual discharges vary between
291 m3s~! in 2015, a dry and hot year, and 781 m>s~! in
2010, the year with one of the largest Oder River floods ever
recorded, which occurred in May. Consequently, nutrient
loads also show high variability, ranging from 20309 ta~—' N
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in 2015 to 72333ta~! N in 2010. For P, the range is
from 4683 ta~! in 1997, another major river flood year, to
1094ta~! in 2018, another hot and dry year. Over the 25-
year period, riverine concentrations of N and P do not show
a close relationship; the concentrations of both elements be-
have differently in different years (Fig. 7f).

The differing interannual variability between N and P con-
centrations indicates that both nutrients enter via different
pathways and that these pathways play different roles in dif-
ferent years. This suggests that seasonal discharge and nutri-
ent emission patterns need to be analyzed separately and in
depth. It is likely that the interannual variability is controlled
by extreme events lasting weeks to a few months, which can
strongly affect the annual values and the lagoon ecosystem.

The Baltic Sea environment is projected to experience ex-
treme conditions more frequently in the future (Rutgersson
et al., 2022). These include, but are not limited to, increased
occurrences of flooding and drought events. Given that these
events substantially influence nutrient loads, they are likely
to amplify the interannual variability of ecological condi-
tions. Consequently, the increased amplitude of environmen-
tal fluctuations will intensify stress on lagoon fauna and flora.

4 Discussion
4.1 Model performance and limitations

The Oder Lagoon model demonstrates strong performance in
simulating physical and biogeochemical processes. The as-
sessment was conducted at two central stations located in the
lagoon’s subregions Kleines Haff (western part) and Grof3es
Haff (eastern part), where the best coverage of observations
was available.

The model successfully reproduces temperature and salin-
ity patterns at both sites, particularly capturing the inter-
annual salinity variability. However, it fails to replicate the
highest observed salinity values. We attribute this limitation
to the truncated Dziwna channel in the model (Fig. A6),
which results in overestimated transport through the Dziwna
channel at the expense of transport through the Swina chan-
nel, thereby introducing less saline water into the lagoon. Ad-
ditional uncertainty stems from the meteorological forcing
and consequently the open boundary conditions.

Transport estimates through the connecting channels
(Mohrholz and Lass, 1999) suggest that mass transport in the
Peene and Dziwna channels is equal, or possibly even lower
in the Dziwna channel. However, our simulation yields a
mass transport in the Dziwna channel that is twice that of the
Peene channel. One possible explanation for this discrepancy
could be the incomplete representation of the Dziwna chan-
nel in our lagoon bathymetry (see Fig. 1). The absence of
the Dziwna channel’s full hydraulic resistance in the model
could account for the enhanced mass transport observed in
the simulation.
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A notable characteristic of the simulated nutrient con-
centrations is the absence of extremely high phosphate val-
ues (Fig. A7). It is hypothesized that these high values are
caused by the release of sedimentary phosphate under low-
oxygen conditions. Although this process is included in the
model (Fig. A8), the amount of phosphate released is evi-
dently insufficient to elevate the surface concentration to ob-
served levels. This discrepancy could be attributed to the
two-dimensional sediment module used in this study. This
kind of model does not have a long memory in terms of, for
example, the storage of iron-phosphate complexes. There-
fore, our model does not “remember” the peak eutrophication
period in the 1980s and early 1990s. A hint for this explana-
tion is the reduced phosphate peak frequency in recent years.
Implementing a more sophisticated, vertically resolved sedi-
ment module (Radtke et al., 2019) could potentially improve
the model’s performance.

Model simulations show that near-bottom oxygen defi-
ciency in the Oder Lagoon occurs as widespread, episodic
events. The most affected area is the artificial navigation
channel (see Sect. 3.2). In the recent model implementation,
the model does not account for ship traffic, which causes reg-
ular vertical mixing down to the bottom. Thus, in contrast to
the model, observations do rarely show hypoxia in the navi-
gation channel. Given that the navigation channel constitutes
only a small fraction of the Oder Lagoon’s total area, these
localized oxygen dynamics have minimal impact on the over-
all phosphate release and binding processes in the lagoon
system.

The eastern part of the lagoon experiences anoxia more
frequently and for longer periods. This is caused by the high
nutrient loads from the Oder River entering this part of the
lagoon.

To the best of our current knowledge, no direct observa-
tions of anoxic conditions in the Oder Lagoon have been
documented. This absence of empirical data can primarily be
attributed to suboptimal temporal and spatial sampling strate-
gies. Nevertheless, several proxy indicators suggest episodic
anoxia occurrence, including documented fish and mussel
mortality events as well as summer phosphate peaks. These
findings have been comprehensively reported in Schernewski
et al. (2025b).

The newly introduced phytoplankton functional group
(limnic phytoplankton) is by far the most abundant model
phytoplankton group (Table 2). This new group was neces-
sary to achieve realistic biomass concentrations in the la-
goon. The limnic group’s adaptation to low-light, CDOM-
rich conditions enables realistic phytoplankton biomass sim-
ulation in the model. In environments outside the lagoon,
where salinity levels are substantially higher, the limnic phy-
toplankton group becomes effectively absent from the com-
munity composition. This exclusion results from growth lim-
itations imposed by elevated salinity conditions, which ex-
ceed the group’s threshold. This mechanism, in combination
with the other three groups, allows us to apply the biogeo-
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Table 2. The mean relative biomass of model phytoplankton groups,
averaged over the 25-year simulation period (1995-2020), illustrat-
ing the lagoon’s phytoplankton community structure.

Phytoplankton group  Carbon biomass [mol]  Share [%]
Limnic phyto. 269558 92
Large cell phyto. 10083 34
Small cell phyto. 258 0.2
Cyanobacteria 12839 4.4

chemical model ERGOM in coastal waters of the Baltic Sea
as well as in the open Baltic Sea without parameter tun-
ing. This is especially important when the model is set up
for the entire Baltic Sea at a high spatial resolution, for ex-
ample, 2km or finer, where lagoons are partly resolved. In
this case, the ecosystem model provides reasonable results in
coastal waters, lagoons, and the open Baltic Sea. We applied
this Baltic Sea model to create open boundary conditions for
the Oder Lagoon model, ensuring proper domain connectiv-
ity with the larger Baltic Sea model. Thus, simulations with
a coarse-grained model deliver nearly seamless data for the
open boundaries of the local model setups.

4.2 Filter function for nutrients

An important ecological function of the Oder Lagoon is, in-
ter alia, the filtration and retention of nutrients. Acting as a
system between the Oder River mouth and the Baltic Sea, it
reduces the amount of nutrients entering the open Baltic Sea.
Budget calculations based on observations in Lampe (1999)
yield a low retention capacity of 2 %—5 %, mainly caused by
dredging of the navigation channel. Grelowski et al. (2000)
found with a similar method that 12 %—-29 % of total nitro-
gen and 11 %-27 % of total phosphorus is retained in the
Oder Lagoon. Asmala et al. (2017) compiled removal rates
(burial and denitrification) from coastal systems around the
Baltic Sea and analyzed their spatial variation. They showed
that denitrification in lagoons of the Baltic Sea is highest,
while phosphorus burial in lagoons is small compared to
other coastal systems. Our model based approach yields a
retention capacity of 40% for nitrogen and 12 % for phos-
phorus. The lower retention for phosphorus is in line with
Asmala et al. (2017). In contrast to Asmala et al. (2017), who
only considered sedimentary denitrification, we considered
additional sources and sinks for nitrogen: nitrogen fixation,
pelagic denitrification, and nitrogen burial. However, burial
and pelagic denitrification are only minor contributions to the
nitrogen retention (Table 1).

Pastuszak et al. (2005) use observations for budget cal-
culations and report substantially higher retention rates of
85 % for nitrogen and 72 % for phosphorus. However, these
elevated values must be interpreted with consideration of
methodological differences: their study encompassed inland
regions of the Oder Lagoon that extend beyond our defined
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model domain, potentially influencing the observed retention
metrics.

Figure 8 illustrates the nitrogen sources and sinks in our
model. The dominant source is riverine nutrient loads, while
the primary sink is denitrification in the sediment. Dredg-
ing is not included in the model. However, its absence is
nearly compensated for by the model’s sediment burial pro-
cess, which occurs when the sediment thickness exceeds a
specified threshold. The only sink for phosphorus is sediment
burial as shown in Table 1.

Models offer the advantage of enabling experiments to be
performed on the system. We conducted an experiment with
halved riverine nutrient loads. The reduced loads resulted in
decreased retention for phosphorus, while the retention for
nitrogen increased (see Fig. 4). The cause of the lesser phos-
phorus retention is the reduced primary production due to
lower nutrient concentrations. This, in turn, leads to less sed-
imentation and hence, less burial. However, this dependence
is not statistically significant based on our model simula-
tions. Simulations with a broader range of loads could po-
tentially establish a statistically significant relationship if it
exists. Nevertheless, the loads we applied are within a rea-
sonable range for realistic scenarios.

In the case of nitrogen, the contributing sinks behaved
differently (see Fig. 9). While burial is reduced, similar to
the phosphorus case, the relative sedimentary denitrification
increases. Denitrification in the sediment is more effective
with higher oxygen concentrations at the sediment-water in-
terface. The higher oxygen concentration results from less
primary production due to reduced loads and hence less or-
ganic matter sinks to the sediment. Overall, nitrogen reten-
tion is more effective in the case of lower nutrient loads. A
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Figure 9. Change in relative nitrogen retention capacity between
control run and 50 % load reduction run.

significant correlation (p < 0.001) could be established for
this relationship (Fig. 5b).

Coarse-resolution models, commonly employed for basin-
wide, long-term simulations of the Baltic Sea, typically lack
the spatial resolution necessary (on the order of 1 km or finer)
to adequately capture coastal hydrodynamic features and as-
sociated biogeochemical processing (i.e., the coastal filter
function). For river systems discharging into lagoons prior
to reaching the open Baltic Sea, particularly large rivers with
substantial nutrient inputs, we therefore recommend imple-
menting load correction procedures.

Current state-of-the-art approaches typically apply
empirically-derived bioavailability factors, determined
through model calibration, to account for coastal nutrient
retention. However, these conventional methods present
several limitations:

— They generally employ globally uniform factors that ne-
glect the heterogeneity of coastal filter systems.

— They assume temporal constancy, ignoring potential
variability in retention efficiency.

Our proposed mechanistic approach offers two key advan-
tages:

— Enhanced regional Rrealism. By explicitly quantify-
ing lagoon-specific retention capacities using high-
resolution local models, we generate more accurate,
spatially-resolved nutrient load estimates.

— Improved model performance. The mechanistic repre-
sentation of retention processes facilitates more realistic
ecosystem model calibration, potentially reducing com-
pensatory errors in other model components.

This mechanistic approach necessitates quantitative assess-
ment of lagoon retention capacities through dedicated, high-
resolution local modeling efforts. Particular emphasis should
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be placed on characterizing load-dependent variability in re-
tention efficiency, as nutrient processing rates often exhibit
nonlinear responses to input concentrations.

For comparable coastal filter systems, particularly la-
goons, established empirical relationships (e.g., retention ca-
pacity as a function of water residence time) may serve
as valuable initial approximations. Such relationships pro-
vide scientifically grounded starting points that can be sub-
sequently refined through site-specific high-resolution local
modeling effort.

In summary, the filter function appears as follows: The
fraction of nitrate removal is larger than that for phospho-
rus. A dependence of the retention rate on loads exists for
nitrogen. Additionally, both nitrogen and phosphorus reten-
tion show significant dependence on water residence time in
the lagoon system. We think that these findings can be trans-
ferred to similar coastal regions like the Curonian Lagoon,
especially the dependence of the nutrients removal rate on
the water residence time. However, transferring our findings
to other regions requires additional sound scientific studies.
This is particularly true for semi-enclosed and open coastal
systems.

4.3 Implications for water quality

Our 25-year simulation (1995-2019) indicates mean annual
nutrient exports from the Oder Lagoon to the Baltic Sea of
28988t for nitrogen and 1945t for phosphorus. When ac-
counting for these retention-mediated reductions, the result-
ing nutrient loads to the Baltic Sea consistently remained be-
low the target thresholds established by the Baltic Sea Action
Plan (BSAP) throughout the simulation period. However, the
Oder Lagoon case demonstrates that achieving water quality
targets in connected river systems and the Baltic Sea does not
necessarily translate to good ecological status in transitional
water bodies, highlighting the need for ecosystem-specific
management approaches.

A good ecological status in the lagoon would require sig-
nificant additional nutrient load reductions and the imple-
mentation of measures in the river catchment at high and
likely unrealistic costs. It is likely that the lagoon must be re-
garded as a naturally eutrophic ecosystem with limited man-
agement possibilities. A re-evaluation of water quality targets
in the lagoon requires a more detailed study that includes
neighboring coastal waters to address interrelationships, re-
lates model data to field data with a focus on the assessment
stations, and carefully considers evaluation aspects such as
water depth and evaluation period.

5 Conclusions
We developed a local model for the Oder Lagoon that realisti-

cally reproduces its physical and biogeochemical properties.
This model serves as a tool for conducting studies in this area
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Table 3. Loads for different periods and targets into the Oder Lagoon and Baltic Sea. Loads and targets are in kt a~ !, runoff in m

3L N

and P retention is estimated from the period 1995 to 2019. Loads to the Baltic Sea for other periods are estimated from the mean retention.

N-load N-load

P-load P-load Runoff N-retention P-retention

Lagoon  Baltic Lagoon  Baltic

1995-2019 46266 28988
1995-1999 62534 39181
2015-2019 31077 23231
German target Oder River 42506

BSAP MALI to Baltic 45000

2198 1945 518 0.37 0.12
3600 3186 643
1449 1282 413
1635
1500

and, specifically, for quantifying the lagoon’s nutrient reten-
tion capacity. This is a crucial step in adjusting riverine loads
for coarse-grained models, which often do not adequately re-
solve lagoons. Our approach can be readily applied to other
lagoons in the Baltic Sea, such as the Curonian Lagoon, and
can also be adapted for regions beyond the Baltic Sea. A gen-
eral finding is the relationship between water residence time
and retention of nitrogen.

The analysis shows that the nutrient retention in the la-
goon already reduces nutrient loads to the open Baltic Sea
in agreement with the BSAP (Table 3). Furthermore, river-
ine loads into the Oder Lagoon also meet the German targets
for the Oder River. However, nutrient concentrations in the
Oder Lagoon do not achieve the intended target values for
good ecological status. This points to the problem that qual-
ity standards for inner and outer waters are not harmonized,
making it unrealistic to achieve a good ecological status for
the Oder Lagoon.

The simulation data generated in this study enable several
additional analyses that could be the focus of future studies.
For example, these could include short- and long-term re-
sponses to extreme events such as floods and droughts. Fur-
ther improvements should include a more realistic represen-
tation of the Dziwna channel length and coupling the model
with a more advanced sediment module than the one used
in this study. Another weakness is the lack of ventilation of
the deep water in the navigation channel due to ship traf-
fic, which should be properly parameterized in an upcoming
model version.

To complement our hindcast simulations, targeted scenario
analyses could provide valuable insights into the system’s
sensitivity to specific anthropogenic interventions. Particu-
larly informative scenarios might include:

a. Assessments of varying ship traffic intensities and their
impacts

b. Evaluations of potential navigation channel deepening
effects

Such scenario simulations would enable a more comprehen-
sive understanding of the lagoon’s response to management
measures and environmental modifications.
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Appendix A: Detailed analysis of the model
performance

In this section, we compare model data with observations,
demonstrate some model properties not present in observa-
tional data, and discuss the results of this analysis. Obser-
vations are available on request from national agencies (see
data availability).

Al Station data
Al.1 Climatology

We start with the evaluation of data from stations KHM and
C shown in Fig. 1.

Figure A1 shows the climatologies (1996-2019) for sev-
eral surface variables and bottom oxygen. The model is able
to reproduce the observations, and the spread of the model
and observations mostly matches. However, a few details
need to be mentioned and discussed.

The Oder Lagoon was covered by sea ice in several win-
ters during the simulation period. No observations exist for
these time periods. Thus, cold temperatures are missing in
the observational dataset, and the number of winter values
for nutrients is reduced.

The model overestimates the summer temperature and un-
derestimates the salinity. Several reasons could be responsi-
ble for these biases. However, within the scope of this study,
we cannot verify which factors drive the observed biases.
Thus, we can only suggest some possibilities that could be
the subject of further investigations. (i) The meteorological
forcing impacts both temperature and salinity, and in addi-
tion, the mixing depth. A mixing depth that is too shallow
could also be responsible for the positive temperature bias in
summer. Beyond the meteorological forcing, the choice and
tuning of the vertical sub-scale parameterization determines
the mixing depth. Observations are only available for the sur-
face and bottom layers. Thus, there is hardly any constraint
for the mixing depth. For salinity, the freshwater budget in
the lagoon is also an important factor, which is controlled by
the Oder River discharge (Sect. 3.4). The overestimated vol-
ume transport through the Dziwna channel (Sect. A1.2) may
also contribute to the lower salinity values in the model.
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Figure Al. Climatology of surface data for temperature (a), salinity (b), DIN (c), phosphate (d), and chlorophyll (e). Bottom oxygen is
shown in (f). Blue color are data from the model green color are data from observations. The shaded area is the range between 10th and 90th

percentile. All data are from station KHM (see Fig. 1).

The observed chlorophyll has two distinct peaks, denot-
ing spring and late summer blooms. In the model, only one
peak appears in early summer. Chlorophyll is not a model’s
state variable and is diagnostically estimated with a constant
carbon-to-chlorophyll ratio. It is well known (Jakobsen and
Markager, 2016) that this ratio has a seasonal cycle, which
we do not consider (see our remarks in Sect. A1.2). Another
limitation of our simulations is the systematic underestima-
tion of winter opacity (Fig. A3), which may potentially ad-
vance the timing of vernal blooms. This discrepancy likely
arises from our model’s current implementation, which ac-
counts for resuspension of organic matter only, while ne-
glecting the resuspension of mineral sediments. The omis-
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sion of mineral sediment dynamics probably contributes to
the simulated overestimation of winter water clarity.

For our near-bottom oxygen comparisons, we utilized
model data from 1 m above the seafloor, corresponding di-
rectly to the standard observational measurement depth.
However, we note that oxygen concentrations in our highest-
resolution model output (20 cm above the seafloor) are sys-
tematically lower. This vertical gradient is consistent with re-
cent findings by Fredriksson et al. (2024), who demonstrated
that strong oxygen gradients commonly exist in the bottom
boundary layer of coastal systems — gradients that typically
exceed the resolution capabilities of conventional CTD in-
strumentation. Additionally, we acknowledge that traditional
measurement platforms (typically research vessels) may in-
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Table Al. Root mean square error (RMSE), standard deviation
(STD) of the observations, and normalized RMSE (RMSD).

RMSE STD RMSD
DIN KHM 36 44 0.8
DIP KHM 1.6 1.6 1.0
Salt KHM 0.56  0.69 0.82
Temp KHM 33 6.3 0.5
DIN C 47 67 0.7
DIP C 1.4 1.7 0.8
Salt C 0.59 0.65 0.9

troduce artifacts by disrupting the natural vertical stratifica-
tion of the water column during sampling operations. Our
model-data comparison at 1 m above the seafloor reveals a
slight negative bias in simulated oxygen concentrations. De-
spite this, our analysis confirms that within the 10th-90th
percentile range of observations, anoxic conditions are never
encountered, indicating persistent oxic conditions and stable
redox potential throughout most of the study period. While
anoxic events remain rare and temporally limited in this sys-
tem, these episodic occurrences exert disproportionate influ-
ence on:

— Phosphorus biogeochemical cycling

— Benthic community structure and function

Notably, these conclusions remain robust even when con-
sidering our highest-resolution near-bottom simulation data
(20 cm above the sediment-water interface, not shown).

The assessment for station C (Fig. A2) mirrors that of sta-
tion KHM. Unfortunately, temperature data are unavailable
for this station. Simulated bottom oxygen levels are lower
than those at station KHM, which can be attributed to the
greater water depth in the navigation channel. The model
does not incorporate the substantial ship traffic to and from
Szczecin harbor. According to Schernewski et al. (2025a),
approximately 3300 cargo ships arrive at Szczecin harbor
annually. The deep draught of these vessels, which nearly
reaches the seafloor in the navigation channel, induces regu-
lar mixing of the water column.

Another difference between the model and reality involves
the dredging of the navigation channel. Functioning as a sed-
iment trap, the channel requires regular dredging to maintain
its depth (Schernewski et al., 2024). While the model’s burial
process partially simulates this dredging effect, it represents
only an approximation of the actual process.

Figure A3 presents the climatology of Secchi depth at sta-
tions KHM and C. The model data demonstrate more pro-
nounced seasonality compared to the observations. This dis-
crepancy may stem from the model’s exclusion of mineral
sediment particles. The resuspension of these particles, par-
ticularly during winter when wind mixing is stronger, serves

https://doi.org/10.5194/bg-22-7403-2025

to limit Secchi depth. Additionally, it is important to note the
absence of data during sea ice winters.

Finally, Table Al presents the root mean square error
(RMSE) and the RMSE normalized by the standard devia-
tion of observations (RMSD). An RMSD value below unity
indicates that the RMSE falls within the range of natural vari-
ability (Kédrnd et al., 2021).

For completeness, we have included Fig. A4, which com-
pares simulated and observed near-bottom nutrient concen-
trations at stations KHM. Notably, these near-bottom val-
ues exhibit minimal divergence from surface concentrations
(Fig. Al), suggesting frequent vertical homogenization of
the water column. This interpretation is further supported
by Fig. A8, which demonstrates that stratification events in
the Oder Lagoon are typically short-lived and frequently dis-
rupted by meteorological forcing.

Al1.2 Time series

Figure AS presents surface salinity measurements at stations
C (panel b) and KHM (panel c). The simulations at both
stations successfully capture the observed interannual vari-
ability, though the model exhibits a negative salinity bias for
some periods. Corresponding sea surface temperature (SST)
data are shown in Fig. ASa for station KHM. Winter obser-
vations are frequently unavailable due to sea ice coverage,
while during summer months, the model tends to overesti-
mate SST values compared to observations.

Water exchange between the lagoon and the Baltic Sea
occurs through three primary channels: the Peene Stream,
the Swina, and the Dziwna (Fig. 1). The relative contribu-
tion of each channel to the overall water exchange with the
Baltic Sea has been estimated in multiple studies using both
observational data and modeling approaches. Mohrholz and
Lass (1999) provides a comprehensive overview of these es-
timates, reporting the following contribution ranges: Peene
Stream: 14 %-20 %, Swina: 60 %-75 %, and Dziwna: 9 %—
20 %.

Figure A6 illustrates the contributions of the three chan-
nels to water exchange in the model simulation. The trans-
port through the Dziwna channel appears higher than in other
estimates, while transport through the Swina channel is re-
duced. This discrepancy occurs because the truncated Dzi-
wna channel reduces hydraulic resistance. This issue should
be addressed in future, improved model setups.

Figure A7 presents time series of nutrient concentrations,
including phosphate, dissolved inorganic nitrogen (DIN),
and chlorophyll, at stations C and KHM. The model success-
fully captures the decreasing trend in winter phosphate con-
centrations at both stations. However, it fails to reproduce the
exceptionally high observed concentrations during summer
months. These peak values are assumed to result from very
low oxygen conditions at the sediment surface, which liber-
ate iron-bound phosphate from the sediment. Although this
process is included in the model, the amount of phosphate re-
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Figure AS. Surface temperature and salinity at station KHM (a, ¢) and salinty at station C (b) (see Fig. 1). Red diamonds: Observations;

Blue line: Model simulation.

leased is insufficient to significantly elevate surface concen-
trations. In certain periods and regions, the model indicates
oxygen depletion (see Sect. 3.2), suggesting that the precon-
ditions for phosphate release are indeed met. We hypothe-
size that the two-dimensional sediment module of the ER-
GOM model cannot sufficiently parameterize vertical pro-
cesses, which might be important for the long-term storage
of phosphorus in the sediment.

Biogeosciences, 22, 7403-7424, 2025

The model underestimates chlorophyll concentrations at
station KHM. This discrepancy may be attributed to our
simple chlorophyll estimation method, which uses a con-
stant Chl : C mass ratio (see Sect. 2). This approach neglects
the annual dynamics of the Chl: C ratio, which represents
a phytoplankton response to changing ambient light condi-
tions and Chl : C may vary between 23 and 60 (Jakobsen and
Markager, 2016). Furthermore, the simulated data exhibits a
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Figure A6. The relative contribution of the three outlet channels of
the Oder Lagoon to the net water exchange with the Baltic Sea.

slight decreasing trend, whereas the observations at station
KHM do not display a significant trend.

A2 Stratification and phosphorus liberation from
sediments

Particulate iron-phosphate complexes, primarily accumu-
lated in sediments, dissolve under anoxic conditions, con-
sequently liberating phosphate from the sediment. This pro-
cess, also known as internal eutrophication (Vahtera et al.,
2007), is included in our ecosystem model ERGOM, as
demonstrated in Fig. A8.

The mixed layer depth reaches its minimum in summer,
coinciding with strong stratification that results in low bot-
tom oxygen concentrations (Fig. A1f). Simultaneously, phos-
phate is liberated from sediments (Fig. A8a), yielding max-
imum phosphate concentrations in summer (Figs. Ald and
A2c). However, this summer phosphate peak is less pro-
nounced in the model compared to observations.

Mixed layer depth cannot be derived from observations
because only surface and near-bottom data are available. In-
stead, we present the density differences between bottom and
surface water as a measure of stratification in Fig. A8b,c. Ob-
servations are compiled as monthly data, which can be com-
pared to the red line in Fig. A8b. The higher values of the
two-day means (black line) indicate that strong stratification,
and potentially anoxia, occurs in the form of discrete events.
For visual clarity, we focus the analysis on the period from
January 1997 to December 2000.

Our comparative analysis demonstrates strong agreement
between observed and simulated stratification patterns, with
both datasets showing peak stratification intensity during
summer months. Given that stratification constitutes a nec-
essary precondition for anoxia development, this correspon-
dence demonstrates that both the natural system and our
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model have the potential to develop anoxic conditions under
appropriate circumstances.

A3 Horizontal patterns

Simulated data are evaluated against monitoring data, en-
abling the calculation of the root mean square deviation
(RMSD) for each station and parameter. Following Kérni
et al. (2021), we normalize the root mean square error by
the standard deviation of the observations to facilitate com-
parisons across different stations and parameters. A dimen-
sionless normalized RMSD value below one is typically con-
sidered indicative of good model performance, as it suggests
that the RMSD falls within the range of natural variability
observed in the data.

Figure A9 presents horizontal surface patterns of model
variables and their corresponding RMSD. For the winter sea-
son, observations were unavailable for all stations. Dissolved
inorganic nitrogen (DIN) exhibits a clear gradient in both
seasons, with the highest values near the mouth of the Oder
River and concentrations decreasing sharply toward the west-
ern lagoon and the open Baltic Sea. The RMSD for the mon-
itoring stations is predominantly below one, indicating good
model performance. Only at station E (near the mouth of the
Oder River) does it slightly exceed this threshold.

Dissolved inorganic phosphorus (DIP) displays an oppo-
site gradient during winter, with the highest concentrations in
the western lagoon. During the growing season, DIP concen-
trations remain elevated. While the RMSD during the grow-
ing season is mostly below one (except at station E near the
Oder River), the model overestimates DIP concentrations in
winter compared to observed values. For the remainder of the
year, DIP concentrations fall within the range of observations
(see Figs. Al and A2).

Summer chlorophyll a concentrations and Secchi depth
(Fig. A9) exhibit comparable gradients due to their close re-
lationship. The lowest chlorophyll a concentrations occur in
the western part of the lagoon, where Secchi depth is great-
est. Although chlorophyll a is underestimated in the western
part, the RMSD remains within the range observed at eastern
stations. For Secchi depth, the RMSD is even better for west-
ern stations (values between 1.1 and 1.2), while it reaches
up to two for eastern stations. Despite the good agreement
between modeled and observed chlorophyll a in the east-
ern Oder Lagoon, the model simulates too rapid a decline
in chlorophyll a at station C during September, resulting in
an overly rapid increase in Secchi depth during that month
(see Fig. A2). Additionally, the model does not account for
resuspended mineral sediments, which impact Secchi depth
as outlined in Sect. Al.1.
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The meteorological forcing is archived at
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