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Oxygen is a key indicator for assessing the ecological condition of coastal waters,
yet current monitoring programs often fail to adequately capture the occurrence
and impact of hypoxia, anoxia, and their consequences. In this study, we combine
long-term observational data with a 3D ecosystemmodel and use summer peaks
of inorganic phosphorus concentrations as a proxy for anoxic events and
subsequent sedimentary phosphorus release. This approach allows us to
assess the duration, spatial extent, and ecological impacts of oxygen depletion
in the Oder/Szczecin Lagoon, located in the southern Baltic Sea. Mass mortality
events of aquatic organisms have been observed in the lagoon, and the model
indicates that anoxic conditions frequently occur at a large scale directly above
the sediment. However, these events are not captured in standard oxygen
measurements, sampling 1 m above the sediment. We suggest a site-specific
precautionary value for hypoxia of 8 mgO2/L, whenmeasurements are limited to
1 m above the sediment. Daily and hourly maximum wind speeds can serve as
site-specific proxies for oxygen depletion, reflecting changes in water mixing
depth and indicating periods of stagnation above the sediment. Altogether
hypoxia is still an underestimated problem and modified monitoring and
assessment strategies are required and suggested. Anoxic phosphorus release
from sediments can result in internal phosphorus loads of up to 1,000 tons per
month, significantly exceeding all other external phosphorus inputs to the lagoon.
The phosphorus concentration peaks do not permit detailed quantification of
these anoxic processes and do not appear to have ecological consequences
within the lagoon itself. However, it alters the seasonal pattern of nutrient loading
and contributes additional phosphorus to the coastal Baltic Sea during the
ecologically critical summer months. Over recent decades, both anoxia and
internal eutrophication in the lagoon have shown a declining trend, coinciding
with reductions in external nutrient inputs from riverine sources. Consequences
on policy implementation and monitoring are discussed.
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1 Introduction

Conley et al. (2011) conducted a comprehensive assessment of
hypoxia (most commonly defined as <2 mg dissolved oxygen/L) in
Baltic coastal waters. They identified 115 sites with at least episodic
hypoxia and highlighted an “alarming trend of steadily increasing
hypoxia since the 1950s.”However, is this the full story, or is hypoxia
nonetheless quantitively underestimated?

Hypoxia has well-documented societal and economic
consequences, particularly for fish stocks, as highlighted in both
global (e.g., Diaz and Rosenberg, 2011; Kim et al., 2023) and Baltic
Sea contexts (Rosciszewski-Dodgson and Cirella, 2024). Its
environmental impacts, such as disruption of biogeochemical
processes, degradation of benthic habitats, and declines in species
diversity, are well documented (e.g., Zhang et al., 2010; Villnäs et al.,
2012). In Eckernförde Bay, for instance, Dietze and Löptien (2021)
linked fish kills to hypoxia, while Carstensen and Conley (2019)
addressed the same event from a broader perspective. During the
summer 2018, hypoxia conditions led to a loss of benthic fauna and
finally caused collapse of the benthic community, disrupting
sediment bioturbation and bio-irrigation in Eckernförde Bay.

Another major consequence of oxygen depletion is the enhanced
release of phosphorus from sediments, a process known as internal
eutrophication (e.g., Smolders et al., 1995). In coastal waters,
phosphorus is partly bound to iron oxides; under hypoxic and
especially anoxic, oxygen-free conditions, iron oxides are
reduced, releasing phosphorus into the water column. Frequent
oxygen fluctuations promote the transformation of organic
phosphorus into Fe-phosphate minerals (Carstensen et al., 2014).
This internal eutrophication has been widely observed in the open
Baltic Sea (Mort et al., 2010; Schneider, 2011), shallow Baltic areas
(e.g., Tammeorg et al., 2020; Helminen, 2025) Baltic lagoons and
bays (e.g., Stoicescu et al., 2020) but also in many lakes (Søndergaard
et al., 1999; Zhao et al., 2024). In sediment core experiments from
Lake Erie, Anderson et al. (2021) observed a phosphate (PO4) release
up to 65 µmol P m−2 day−1 from sediments under oxic and hypoxic
conditions. Similarily, Eglīte et al. (2014) found phosphorus release
rates of 100 µmol P m−2 day−1 under hypoxia in laboratory
experiments supported by modeling for Riga Bay.

Since hypoxia not only has a negative impact on biodiversity
(Vaquer-Sunyer and Duarte, 2008) and eutrophication, it is highly
relevant for coastal andmarine policy. It directly affects implementation
of the EU Water Framework Directive (WFD, 2000/60/EC) and the
Marine Strategy Framework Directive (MSFD, 2008/56/EC), which aim
to ensure a good ecological and environmental status in European
waters. Oxygen is a core quality indicator under both frameworks, and
hypoxia negatively impacts ecosystem quality assessments (e.g., Piehl
et al., 2023). In the Baltic Sea, these policies are supported by the
Helsinki Convention and the Baltic Sea Action Plan (BSAP)
(HELCOM, 2021), which set target limits for external nitrogen and
phosphorus loads. However, the underlying load calculations do not
account for episodic high phosphorus inputs from coastal waters during
hypoxia, despite their known potential to exacerbate eutrophication
(Stigebrandt and Andersson, 2020). Thus, a more detailed
understanding of hypoxia and its quantitative impacts on
phosphorus-release remains crucial.

Conley et al. (2011) based their assessment of hypoxia on
existing oxygen monitoring data. Among the 24 sites in German

Baltic coastal waters, hypoxia was reported at only two locations,
near Eckernförde and in the Pomeranian Bay. This suggests that
hypoxia is not a major concern in German waters. However,
evidence suggests otherwise. For instance, in the large, shallow
Oder/Szczecin Lagoon at the German-Polish border, Conley et al.
(2011) reported episodic hypoxia only at the river mouth in Poland,
despite five other existing sampling locations. In contrast, clear signs
of hypoxia, such as temporary mussel and fish kills, have been
observed in different parts of the lagoon, but are not published. As
another sign, Schernewski et al. (2011) estimated that in August
2000, phosphorus release from lagoon sediments exceeded riverine
inputs by a factor of four, indicating strong sedimentary phosphorus
fluxes. Yet, while water column phosphorus concentrations showed
unusually high peaks, oxygen data above the sediment did not
indicate hypoxia. Could this indicate that existing monitoring
data that does not capture conditions closer than 1 m to the
seafloor is insufficient and underestimates the spatial and
temporal extent of hypoxia?

Fredriksson et al. (2024) collected continuous high-resolution
oxygen data less than 1 m above the sediment at a Baltic coastal
site. In contrast to standard monitoring data, their observations
revealed temporary hypoxia in thin bottom layers. The authors
concluded that “transient benthic hypoxia is much more common
than routine monitoring data indicate.” Hypoxia’s high
spatiotemporal variability is not captured with conventional
monitoring approaches. For example, the German coastal
monitoring program (LUNG, 2016) measures oxygen only every
4 weeks, at 1 m depth and 1 m above the sediment. Fredriksson
et al. (2024) demonstrated that this methodology is insufficient for
detecting hypoxia. Implementing high-frequency oxygen profiling
at multiple locations over long periods is logistically challenging
and hardly realistic. Further, it would provide information for only
one spot. Beside the duration, the spatial extent of hypoxia is
crucial. A better knowledge of the spatio-temporal behavior of
hypoxia is the basis for an improved ecological assessment of
coastal waters.

Consequently, new approaches are required that allow a
retrospective analysis of hypoxia in coastal waters as well as an
assessment of present and future situations. We address this
challenge and apply and test alternative approaches, conducting a
retrospective analysis of oxygen depletion in the large, shallowOder/
Szczecin Lagoon. We employ two methods: (1) We utilize long-term
monitoring data (40 years) of phosphorus in the water column,
assuming that when oxygen is fully depleted, anoxia results in a fast
P-release into the water body that remains visible in the data over
weeks and can serve as proxy for hypoxia and (2) carry out long-
term simulations with a 3D-ecosystem model, adapted for
coastal waters.

Our objectives are to (a) analyze long-term oxygen monitoring
data and assess shortcomings; (b) test an alternative method for
hypoxia assessment, using phosphorus concentrations as a proxy;
(c) employ a 3D-model for a complementary assessment of the
spatial extent and duration of hypoxia and anoxia as well as
sedimentary phosphorus release (d) combine the results to obtain
an estimate of frequency, spatial extent and duration of hypoxia and
anoxia as well as the quantity of internal eutrophication and (e)
discuss the consequences and discuss steps towards an improved
hypoxia assessment method.
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2 Case study and methods

2.1 Case study–The Oder/Szczecin lagoon

The Oder Lagoon (German) or Szczecin Lagoon (Polish) (53°48′
N, 14°08′ E) is located at the German/Polish border in the southern
Baltic Sea and is one of the largest lagoons in Europe. It covers an
area of 687 km2, with an average depth of 3.8 m and a natural
maximum depth of 8.5 m (Radziejewska and Schernewski, 2008),
while it reached 10.5 m in the shipping across the lagoon. The
average water residence time is about 3 months in the Kleines Haff
and around 1 month in Wielki Zalew. Approximately 40% of the
lagoon, known as the “Kleines Haff” lies in Germany and 60%,
referred to as the “Wielki Zalew” is located in Poland (Figure 1a).

The Oder Lagoon drains into the Baltic Sea through three outlets,
with roughly 70% of the outflow passing through the dredged Świna
shipping channel (Mohrholz and Lass, 1998). Its salinity of less than
3 PSU and low spatial salinity gradients indicate that significant
intrusions of Baltic water into the lagoon are rare. If they happen,
they are limited to the area were the shipping channel leaves the lagoon.

The lagoon is classified as hypertrophic by the OECD (1982)
system, and its current eutrophication status is rated as “bad”
according to the latest HELCOM assessment (HELCOM, 2023c).
Under the European Water Framework Directive (WFD), which
also considers the status of benthic flora and fauna, the lagoon’s
ecological quality is classified as “insufficient” (IKSO, 2022).

The main driver of the lagoon’s poor ecological condition is the
high nutrient input from rivers, predominantly the Oder River

FIGURE 1
(a) Location of the Oder/Szczecin Lagoon (Baltic Sea) at the German/Polish border; (b)Organism kills very likely resulting from hypoxia in the Oder
Lagoon: Floating dead mussels in the southern lagoon in summer 1997 (Fotos: M. Zettler); Large scale fish kill in the German part of the lagoon in August
2000 and mussel kill in the Neuwarper See, the southern bay of the lagoon.
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(Polish: Odra). With a catchment area of approximately
120,000 km2, accounting for 7% of the entire Baltic Sea drainage
basin, the Oder contributes over 95% of the lagoon’s water inflow
and nitrogen (N) and phosphorus (P) loads.

Between 1995 and 2019, the average water discharge into the
lagoon was 518 m3/s, with mean nutrient loads of 46,266 tons total
nitrogen (TN) per year and 1,635 tons total phosphorus (TP) per
year (Neumann et al., 2025). To achieve good ecological status in the
Baltic Sea, the HELCOM Baltic Sea Action Plan (HELCOM, 2013)
demands reducing annual nutrient inputs from the Oder River to
48,850 t TN/a (1,570 t TP/a). The most recent internationally agreed
nutrient input ceilings are 49,298 t TN/a and 1,554 t TP/a
(HELCOM, 2023a). According to the German thresholds
(2.6 and 0.1 mg TP/L) (BLANO, 2014) for a good water quality

in the river, the corresponding river loads would amount to roughly
44,000 t TN/a (1,700 t TP/a). In recent years (2015–2019), observed
nutrient inputs to the lagoon were 37,077 and 1,449 t TP/a, meaning
they met all legal thresholds for both river and marine water quality.

However, despite meeting legal nutrient targets, the lagoon still
fails to achieve a good eutrophication status. This discrepancy
suggests that current thresholds may not be sufficient for
improving the lagoon’s ecological condition.

2.2 Monitoring data and calculations

The official monitoring of water quality is a legal obligation and
is subject, among other things, to the regulations of the Water

FIGURE 2
(a) Absolute number of measured oxygen concentrations below 4 mg/L and below 2 mg/L (hypoxia) in a water depth deeper than 1 m in the Oder
Lagoon and surrounding waters during the period 1980–2020. (b) Oxygen data of the Oder Lagoon (station M) 1 m above the sea floor for the years
1980 until 2020.

Frontiers in Environmental Science frontiersin.org04

Schernewski et al. 10.3389/fenvs.2025.1620191

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1620191


Framework Directive (WFD), the Marine Strategy Framework
Directive (MSFD), as well as the monitoring guidelines of the
Helsinki Commission (LUNG, 2024). The requirements of the
WFD have been legally implemented in Germany through the
Oberflächengewässerverordnung (OGew, 2016). For the Oder/
Szczecin Lagoon, a joint monitoring program has been developed
for the Szczecin Lagoon by the German-Polish Border Waters
Commission. Presently, in both the German and Polish parts of
the lagoon, three stations each are sampled monthly, 1 m below the
surface and 1 m above the bottom (in the German part, only at
station M near-bottom sampling takes place). The nutrients
nitrogen and phosphorus, as well as oxygen and other water
quality parameters (LUNG, 2024), are determined according to
various DIN EN ISO standards. All laboratories investigating the
border waters operate under an established quality system, certified
according to ISO 17025, and use reference or equivalent methods
(Grenzgewässerkommission, 2024). Comparative measurements
between the German and Polish laboratories are conducted every
2–3 years to ensure the quality of the measurement results. The
detection limit is 0.01 μmol/L for PO4-P and 0.1 μmol/L for NO3-N.
Only in some years the limit was 0.05 μmol/L NO3-N. The location
of the stations is shown in Figure 2.

For estimating the amount of summerly phosphate (PO4-P)
release under anoxic conditions, monitored PO4-P concentrations in
a water depth of 1 m during the period mid-June to mid-September
were taken into account. The highest increase in concentrations at
station M between two following sampling dates was used. In years
were an ongoing increase occurred over two sampling dates, the
concentration difference between two sampling dates was used. The
concentration difference was re-calculated into tons PO4-P for the
entire lagoon, using a lagoon volume of 2,580 mm3. The result is
considered as the maximum summerly PO4-P increase. Since the
time intervals for these calculated maximum concentration increases
differed, the values were additionally re-calculated into monthly
values for making the results of different years better comparable.
For this, the maximum release was divided by the number of days
between two resp. three sampling dates, during which the release
occurred, and multiplied by 31. Additionally, the area-specific
release (µmol P m−2 day−1) was calculated using the total lagoon
surface area of 687 mm2.

Since phosphorus is not a limiting factor for phytoplankton
growth during summer, we assumed that released phosphate largely
remains in the water. In every summer, a slight increase in
phosphate surface water concentrations is observed during
summer. This indicates that phosphate removal by
phytoplankton uptake and possible precipitation is
overcompensated by phosphate release due to organic matter
mineralization. We estimated the average mineralization rate
from the 10 years with the lowest observed summer increases in
summer phosphate. This rate amounts to approximately 0.15 µmol
P m−2 day−1, or 100 tons of P per month for the entire lagoon. The
loss of P to the Baltic Sea by water exchange has been neglected. For
these low-activity years, it is assumed that anoxic conditions and
internal eutrophication were minimal or absent. Consequently, the
difference between the observed summer phosphate peak and the
estimated backgroundmineralization is interpreted as the amount of
phosphorus released due to internal eutrophication, likely triggered
by anoxic or at least hypoxic conditions in bottom waters. These

calculations appear reasonable, as other potential sources and sinks
of phosphorus play only a secondary role in the overall phosphorus
balance of the lagoon, as will be demonstrated later.

2.3 The 3D-ecosystemmodel ERGOM

We applied the 3D biogeochemical model ERGOM (Ecological
ReGional Ocean Model) (Neumann et al., 2022). The circulation
component is based on the Modular Ocean Model (MOM5.1), while
the biogeochemical component employs ER-GOM version 1.2. For
this study, the model was specifically adapted for the Oder Lagoon,
featuring a high horizontal grid resolution of 150 m. The vertical
structure consists of 28 layers, with thicknesses ranging from 25 cm
at the surface to 50 cm near the bottom (Neumann et al., 2025).
Open boundary conditions from an earlier 2 km resolution ERGOM
model run covering the entire Baltic Sea were applied at the lagoon’s
three outlets connecting to the Baltic Sea.

The included biogeochemical cycles, processes, state variables and
constants are documented in Neumann et al. (2022). The original
model includes three functional phytoplankton groups, called diatoms,
flagellates and cyanobacteria. For applications in the lagoon, an
additional limnic phytoplankton group was introduced, which
growths under very low salinity and has an increased light
sensitivity. These four groups were well able to represent the annual
course and amount of phytoplankton biomass in the lagoon.
Chlorohyll-a was calculated by summing up the phytoplankton
biomass, multiplied with a constant chlorophyll to carbon mass
ratio of 40 (Neumann et al., 2025). The model incorporates
temperature- and oxygen-dependent mineralization processes,
releasing dissolved inorganic nitrogen and phosphorus from organic
matter in both the water column and sediment. Oxygen is produced
through primary production and consumed during metabolism and
mineralization. Additionally, extracellular excretion by phytoplankton
leads to non-Redfield carbon uptake. In oxygen-rich conditions,
phosphate binds with iron oxides to form particles that settle in
sediments. These particles can be resuspended by erosion and
redistributed by currents to deposition zones. Under anoxic
conditions, iron oxides are reduced, releasing dissolved phosphate
back into the water. The amount of phosphorus released under
anoxic conditions depends on the release rate and the available
FePO4 sediment pool. In order to represent temporary high
phosphorus concentration during summer, we carried out pre-
studies, where we increased the release rates and the available FePO4

sediment pool. While the release rate was less important, an increased
FePO4 sediment pool allowed a better representation of summer peaks.
However, suitable data on phosphorus in sediments, the share of FePO4

and its spatial distribution in the lagoon does not exist (reflecting
pollution history). Therefore, we avoided a model modification and
used the original parametrization, that 10% of this FePO4 pool is
released during one anoxic day, as documented in (Neumann et al.,
2022), being aware that the model would not well represent the internal
eutrophication process.

ERGOM was recently evaluated by the European Commission
(European Commission, 2022) and rated as one of the best marine
biogeochemical and lower trophic level models in Europe. The
lagoon model validation and application are presented in
(Neumann et al., 2025).
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Data on discharge and riverine nutrient loads from the Oder,
Uecker, and Zarow Rivers were supplied by the Instytut
Meteorologii i Gospodarki Wodnej and Friedland et al. (2019).
Meteorological data were sourced from the coastDat-3 dataset and
the Norwegian Meteorological Institute (Geyer and Rockel, 2013).
The wind data is provided as hourly averages for a height of 10 m
and in a 12.5 km spatial grid. The wind velocities were corrected for
the sea surface using a logarithmic boundary layer structure. Coastal
wind shelter effects near the shoreline were not taken into account.
All model data was stored as 2-day averages, which were considered
as sufficient for this research question and enabled a long-term
data storage.

3 Results

3.1 Hypoxia in long-term monitoring data

Long-term monthly monitoring data indicate that oxygen
concentrations below the hypoxia threshold of 2 mg/L were
rarely observed in the western part of the Oder Lagoon (the
Kleines Haff) between 1980 and 2021. Figure 2 provides an
overview of the available data from station M, centrally located
in the Kleines Haff, where measurements were typically taken 1 m
above the sediment at a depth of 4.5 m. This station was selected due
to the completeness of its long-term dataset. While 2 mg O2/L is a
commonly used threshold for hypoxia, Vaquer-Sunyer and Duarte
(2008) argue that this level is already below the sublethal and lethal
thresholds for many benthic species. For this reason, we also
highlight oxygen concentrations below 4 mg O2/L, a more
ecologically relevant threshold. Furthermore, HELCOM (2023b)
recommends an even more conservative precautionary value of
6 mg O2/L for mixed coastal waters.

Despite some notable drops in oxygen saturation (not shown),
46% in July 2007, 43% in June 2005, and 29% in June 2007, measured
oxygen concentrations at station M never fell below the 2 mg/L
hypoxia threshold. However, at station J, located near the
German–Polish border, hypoxic conditions were observed once,
in July 2001, with an oxygen concentration of 1.8 mg O2/L and an
oxygen saturation of 20% at a depth of 5.3 m.

In the Pomeranian Bay, near the mouth of the Świna Channel,
which connects the Oder Lagoon to the Baltic Sea, hypoxia occurs
only occasionally, typically triggered by upwelling events. However,
these instances have no measurable impact on the lagoon itself,
particularly not on the Wielki Zalew, the eastern part of the lagoon.
Within the Wielki Zalew, hypoxic conditions were recorded only
twice: once in July 1992 at station C, and again in July 2006 at
stations D and E (not shown). Nevertheless, oxygen concentrations
below 4 mg/L, which indicate a risk of hypoxia, were observed more
frequently: 10 times at station D and 18 times at station E. This
elevated occurrence of low oxygen levels is likely linked to the
influence of the Oder River and the shipping channel, which
increases water depth locally to 10.5 m.

Overall, the monitoring data suggest that hypoxia is
extremely rare across the entire Oder Lagoon and adjacent
western coastal waters. Even suboptimal oxygen conditions
(<4 mg/L) are infrequent and generally limited to isolated
events in the eastern bay of the lagoon. Since 2007, no

instances of low oxygen concentrations have been recorded
in the lagoon.

3.2 Evidence of hypoxia–organism death

Figure 1b presents examples of fish and mussel mortality events
observed during the summers of 1997, 2000, and 2016, which are
most likely linked to hypoxic conditions. While alternative causes,
such as toxic cyanobacterial blooms, cannot be entirely ruled out,
they are considered unlikely, as no widespread harm to other
organisms was reported during these events. Notably, all
documented incidents were observed by chance and were not
part of any systematic data collection or investigation. These
occurrences were confined to the Kleines Haff or connected bays.

According to Vaquer-Sunyer and Duarte (2008), sensitivity to
hypoxia varies among benthic organisms—fish being the most
sensitive, followed by crustaceans, worms, echinoderms, and
molluscs. Therefore, observed mussel die-offs are a strong
indication that prolonged hypoxia may have occurred. When
comparing these mortality events to the available oxygen
monitoring data, only the mussel mortality in 1997 aligns with
reduced oxygen concentrations measured at stationM in the Kleines
Haff (see Figure 2b). For other years, such as 2005 and 2007, where
similarly low oxygen concentrations were recorded, no organism
mortality was reported, likely due to a lack of observations than the
absence of events. This discrepancy suggests that hypoxia and
related organism mortality likely occurred more frequently over
past decades, but systematic reporting and documentation are
lacking. As such, only a few of these events can be directly
correlated withmeasured bottom oxygen levels in the central lagoon.

3.3 Evidence of hypoxia–phosphorus as
a proxy

Assessing to what extent extreme summer phosphate
concentrations can serve as proxy for internal eutrophication and
subsequently for anoxia, requires a more comprehensive analysis, as
nutrient concentrations are influenced by multiple interacting
factors, including external inputs, mineralization processes, and
phytoplankton uptake.

Figure 3 offers essential context on the ecological state and
nutrient dynamics of the lagoon. Since the early 1980s, total nitrogen
(TN) loads from the Oder River have declined significantly, from up
to 100,000 t/year to approximately 40,000 t/year today. Total
phosphorus (TP) loads have followed a similar trend, decreasing
from around 9,000 t/year to roughly 2,000 t/year. Based on the
Redfield ratio (N/P mass ratio ≈ 7), Figure 3a is scaled to illustrate
that the Oder River delivers excess nitrogen relative to phosphorus
to the lagoon (TN above the TP curve). The high interannual
variability in these nutrient loads mainly reflects fluctuations in
river discharge, as the average annual nutrient concentrations
remain relatively stable over short timescales and shift
appreciably only over decades.

Long-term trends are presented for station M in the central
western Kleines Haff, which offers the most complete dataset
(Figure 3). Located approximately 50 km off the Oder River
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FIGURE 3
(a) Annual loads (1980–2021) of total nitrogen (TN) and total phosphorus (TP) entering the Oder Lagoon with the Oder/Odra River (after Friedland
et al., 2019). (c, d)Monitoring data of (b) chlorophyll-a, (c) nitrate (NO3-N) (log. Scale) and (d) phosphate (PO4-P) concentrations at stationM in the Kleines
Haff in awater depth of 1m (e) Annual courses of phosphate concentrations during three periods, 1981–1985, 1996–2000 and 2011–2015. The detection
limit is 0.1 μmol/L for NO3-N in most years.
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mouth, this station is not directly influenced by immediate river
inputs. Despite the significant reductions in nitrogen and
phosphorus loads over the past 4 decades, summer chlorophyll-a
concentrations (June–September) show only a modest decline
(Figure 3b). This suggests that phytoplankton biomass during
summer has not responded proportionally to the decreased
external nutrient inputs. In fact, the sustained high chlorophyll-a
levels, even as nitrogen and phosphorus concentrations dropped
sharply (Figures 3c,d), imply that nutrient availability, especially
phosphorus, remained sufficient to support algal growth.

However, there were periods, particularly in the early 1990s and
after 2007, when nitrogen concentrations approached detection
limits, indicating temporary nitrogen limitation during summer.

Figure 3e illustrates the average annual phosphate concentration
cycle in the lagoon. In the early 1980s, phosphate concentrations
declined through April andMay, reaching aminimum, followed by a
marked increase during summer and a slight decrease in autumn.
This seasonal pattern is also evident in the late 1990s and early
2010s. With decreasing external phosphorus inputs, the duration of
low springtime phosphate concentrations has extended, now lasting
approximately 3 months (2011–2015). However, despite this
extended period of low phosphorus, there is still no clear
indication of phosphorus limitation on phytoplankton biomass
(as measured by chlorophyll-a) in late spring.

Overall, the lagoon appears to be transitioning towards a
nutrient-limited system, assuming current trends of declining
riverine nutrient inputs continue. One critical factor constraining
phytoplankton biomass is light availability. At station M, average
summer Secchi depth ranges from 0.4 to 0.8 m. During periods of
high phytoplankton biomass, self-shading reduces Secchi depth to
0.3 m or less (not shown), further limiting light penetration.

With declining phosphorus loads and falling ambient phosphate
concentrations, extreme summer phosphate peaks have become less
frequent and less intense (Figure 3d). For instance, while
concentrations exceeding 20 µmol PO4-P/L were recorded in
1989 and 1990, the highest value in the past 15 years was
12 µmol PO4-P/L in 2020. Notably, these extreme values do not
correlate with annual external phosphorus loads. On the contrary,
the high summer phosphate concentration in 1990 occurred during
one of the lowest-loading years of the 1980s and 1990s—a pattern
repeated in 2020.

Interestingly, these elevated summer phosphate concentrations
are not accompanied by corresponding increases in chlorophyll-a
levels, indicating that phosphorus availability alone does not drive
phytoplankton biomass. These high phosphate values consistently
occur in late summer, and in several years, a sharp increase in
concentrations is observed between late spring and summer
(Figure 3d). One might expect phosphorus levels to gradually
increase between autumn and winter due to ongoing
mineralization in the water column and the sediment as well as
reduced uptake, but the Oder Lagoon shows a different pattern:
phosphate concentrations peak in summer and then decline toward
winter (Figure 3e).

The period 1988 to 1991 stands out for exceptionally high
summer phosphate concentrations (Figure 3d), a trend also
reflected in total phosphorus data, which includes phosphorus
bound in organic material (Figure 4a). Between June and August,
total phosphorus levels increased by over 400%, with the share of

inorganic phosphorus rising from ~10% to over 70% during this
time (Figure 4b).

Three main processes could potentially explain these summer
peaks in phosphorus: External riverine loads (not shown), intensive
mineralization of organic material and internal eutrophication by
the sediment. The riverine phosphorus loads are lowest in summer
(in recent year about 100 t TP/month), do not show strong changes
between the months and are quantitatively not high enough to serve
as explanation, especially since station M is located over 30 km off
the river mouth. During summer, phosphorus bound in organic
matter is mineralized and steadily increases the share of inorganic
phosphorus until winter, where the share should reach the
maximum. However, steady mineralization cannot account for
the sudden and steep increases observed in certain years (e.g.,
1989 and 1990), and the absence of such peaks in others (e.g.,
1992) (Figure 4).

The only process that plausibly explains the steep increases in
inorganic phosphorus concentrations during several summer
periods is internal eutrophication, the rapid release of iron-bound
sedimentary phosphorus under temporary anoxic conditions just
above the sediment. This is typically followed by wind-induced
mixing, which redistributes the released phosphate throughout the
water column. Since phosphorus is already abundant in the lagoon
after June, the additional phosphate remains in the water body and
undergoes gradual precipitation in the second half of the year. This
mechanism explains the decrease in phosphorus concentrations
toward winter, as phosphate is re-bound to oxidized iron
complexes and partly flushed out of the lagoon, ultimately
entering the Baltic Sea.

A comparison of phosphorus concentrations in surface waters
and at 5 m depth (approximately 1 m above the sediment), available
only after 1993 and only for station M, shows little evidence of
strong vertical gradients (not shown). In several summers, small
gradients of about 1 μmol P/L were observed (e.g., 1997, 2008, 2011,
2012, 2013, and 2015). Only in 2004 and 2007 more pronounced
gradients were recorded, above 2 and 4 μmol P/L, respectively.
However, no concurrent thermal stratification was detected in any of
these years, based on temperature monitoring data.

These findings suggest that temporary anoxic conditions do
occur in the lagoon and can result in substantial phosphorus release
from sediments. However, the monitoring data do not directly
confirm such events, nor do they reveal persistent vertical
stratification in the water column that could facilitate prolonged
anoxia. Supporting this, Puttonen et al. (2016) noted that PO4-P
concentrations measured 1 m above the seafloor often fail to reflect
the true conditions at the sediment–water interface.

3.4 Spatial pattern of phosphorus
concentrations

How spatially representative is the data from central stationM in
the Kleines Haff, and can the results be extrapolated to quantify
internal eutrophication across the entire western lagoon or even the
entire Oder Lagoon?

For the years with the highest recorded summer phosphate
(PO4) concentrations, 1989 and 1990, data are available from only
six stations within the Kleines Haff. On 11 July 1989, station M
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recorded 23.0 μmol P/L, while concentrations at the other stations
ranged from 16.4 to 25.5 μmol P/L. On 16 August 1990, station M
showed 24.2 μmol P/L, with values at the remaining stations ranging
between 15.7 and 21.5 μmol P/L. In some cases, the maximum

concentration occurred at a later sampling date at other stations.
These findings suggest that wind-driven transport and vertical
mixing processes effectively distribute phosphate throughout the
water body of the Kleines Haff. Therefore, phosphate data from

FIGURE 4
(a) Annual course of total phosphorus (TP) concentrations and (b) relative share (%) of inorganic phosphate (PO4-P) at station M in the Kleines Haff in
a water depth of 1 m in the years 1988 until 1992.

FIGURE 5
Spatial pattern of near-surface phosphate (PO4-P) concentrations in theOder Lagoon for selected years. Shown is the data of April and August based
on the German and Polish monitoring program. The sampling did not take place on the same date. For 2010 and 2020 lacking Polish data was
complemented from neighboring months. Stations M and C are indicated and the blue arrow indicates the entering Oder River. The divided color bars
apply to all figures.
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station M can be considered spatially representative of the western
lagoon under typical summer conditions.

Figure 5 provides an overview of spatial phosphate
concentrations in the entire lagoon for selected years with good
data availability and based on all stations. In April, all years display a
concentration gradient—with generally lower values in the western
lagoon due to phytoplankton uptake, and higher concentrations in
the eastern parts near the Oder River mouth, where riverine input
continuously replenishes phosphate. By contrast, summer
phosphate concentrations are markedly higher in all years, and
their spatial distribution is more uniform, showing no clear or
systematic gradients across the lagoon. However, it is important
to note that sampling dates between German and Polish stations can
differ by up to 2 weeks, and the figures are based on single-date
snapshots, which may limit their comparability.

Because of these results and data limitations, in the following, we
assumed that phosphorus concentrations measured at station M can
be used as a proxy for assessing internal eutrophication of the entire
lagoon, particularly in summer when phosphate is well mixed and
spatial variability is low.

3.5 Quantification of internal eutrophication

Due to the low temporal resolution and limited spatial coverage
of the monitoring data, only simplified estimations of phosphorus
release under anoxic conditions are possible. Nevertheless, these
estimations provide a useful indication of the quantitative relevance
of internal phosphorus release and can act as a proxy for the

intensity and occurrence of anoxic events. Figure 6 illustrates the
estimated summerly internal eutrophication.

The Oder/Odra River continuously contributes phosphorus
loads to the lagoon. From the early 1980s to the 2020s, summer
riverine loads have declined significantly, from approximately
600 tons of total phosphorus (TP) per month to about 100 tons
per month. Between 1995 and 2021, when more detailed monitoring
data is available, TP concentrations in the river dropped from 11 to
5 μmol/L, while phosphate concentrations declined from roughly
5 to 1.5 μmol/L (not shown), a trend consistent with the observed
decrease in overall loads. Additionally, the declining share of PO4-P
in total phosphorus indicates that primary production within the
Oder River and its contributing lakes and tributaries is actively
consuming available phosphorus. Given the river’s length of 866 km,
water transport from the upper river basin to the lagoon in summer
takes approximately 1 week, providing ample time for biological
uptake and nutrient processing.

As a result, phosphate concentrations in the river during
summer are generally lower than those in the lagoon, meaning
the river does not account for the high phosphorus concentrations
observed in the lagoon during summer. In fact, the inflow of river
water has a diluting effect, especially in the eastern lagoon (Wielki
Zalew). This dilution disguises internal eutrophication at station
near the river mouth and explains why phosphorus concentrations
are typically lower there compared to the western part (Kleines
Haff). This gradient is occasionally visible in spatial data (see
Figure 5), showing increasing phosphorus concentrations from
the river mouth toward the central lagoon. Phosphorus-rich
water in the eastern lagoon is continuously flushed into the

FIGURE 6
(a)Maximum annual increase in phosphate (PO4-P) concentrations in the entire Oder Lagoon over two or three sampling dates during the summer
months for the years 1980–2021 (max. summerly increase) as well as maximum increase in PO4-P concentrations recalculated per month (increase/
month). The calculations are based on data of station M extrapolated to the entire lagoon and expressed in tons. The bars indicate the estimated internal
eutrophication. The shaded area indicates the estimated PO4-P share resulting frommineralization of organic phosphorus compounds in the water.
The numbers above the bars of selected years indicate the factor of which internal eutrophication exceed the averagemonthly summer total phosphorus
(TP) load by the Oder/Odra River. (b) Average monthly organic phosphorus and PO4-P loads by the Oder/Odra River in July and August of the
years 1980–2021.
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Baltic Sea, further contributing to lower concentrations there
compared to the western bay.

Given this context, it is possible to quantify phosphorus release
from the sediment under hypoxic conditions. Between 1980 and
2021, the annual average contribution of internal eutrophication was
approximately 190 tons of phosphorus per year. This number is
based on the maximum increase per month in Figure 6. By
comparison, the average monthly riverine load over the same
period was 294 tons TP/month (104 tons PO4-P/month). In
several years, such as 1983, 1990, 1994, 2007, and 2016, the
phosphorus load from internal eutrophication exceeded the
riverine monthly total phosphorus input by approximately 100%,
effectively doubling the phosphorus flux to the Baltic Sea during July
and August. In 2020, this pattern was even more pronounced, with
internal eutrophication surpassing riverine phosphorus inputs by
nearly 800% (see Figure 6). Although the absolute quantity of
phosphorus released internally appears to have declined from the
early 1990s to the 2020s, the process remains frequent and
quantitatively significant.

In summary, internal eutrophication is a recurring and
important mechanism in the phosphorus dynamics of the Oder
Lagoon. It delivers additional inorganic and bioavailable
phosphorus to the water column, a portion of which is
transported to adjacent coastal waters and the Baltic Sea. This
particularly takes place during the summer months when
primary production in the Baltic Sea is at its peak and limited
by nutrients.

3.6 Model simulations: long-term
development of nutrients and
phytoplankton

Since monitoring data does not reflect hypoxia and phosphorus
peaks in the water allows only a coarse estimation of internal
eutrophication, serving as proxy of anoxia, the 3D-ecosystem
model was employed. Previous validation studies did show that
the model is generally suitable for the Oder Lagoon and provides
stable long-term mass balances and represents annual cycles well
(Neumann et al., 2025). Here we only focus on relevant parameters
and stations for the purpose of this study.

The model captures the effects of long-term reduced external
nutrient loads on phytoplankton, with the decline more pronounced
near the Oder River mouth at station C compared to stationM in the
western bay (Figure 7a). Covering the period from 1995 to 2019, the
simulation indicates a decrease in summer surface chlorophyll-a
concentrations from approximately 75 to 40 μg/L at station C, and
from about 55 to 40 μg/L at station M. Correspondingly, the
monitoring data for the same period shows a smaller decrease at
station M, from about 70 to 63 μg/L.

As with the monitoring data, the model suggests only a moderate
summer decline in chlorophyll-a at station M. However, the observed
data is significantly influenced by occasional extreme peaks, likely
caused by small-scale spatial phytoplankton patchiness, whereas the
model produces a smoother trend. When disregarding these outliers in
the observed data (Figure 3b), model and measurements align closely,
suggesting the model is a reliable tool for hindcasting chlorophyll-a
dynamics (Neumann et al., 2025).

For near-surface phosphate concentrations during summer
(1995–2019), the model simulates a decrease from approximately
2.5 to 1.2 μmol P/L at station C, and from 1.9 to 0.6 μmol P/L at
station M (Figure 7b). In contrast, monitoring data at station M
shows a decrease from around 4.5 to 1.5 μmol P/L. As with
chlorophyll-a, discrepancies between model and observed data
are primarily due to a few exceptionally high observed phosphate
values. Unlike chlorophyll-a, however, these high phosphate
concentrations are not isolated events, resulting from patchiness,
they occur across broad areas of the lagoon and are therefore
resulting from biochemical processes. Consequently, they should
be reflected in the model output. The fact that these extreme
phosphate levels are underrepresented, regardless of whether
surface or near-bottom layers are considered, suggests that the
model underestimates phosphorus release under anoxic
conditions. Although the model does account for this process, it
appears the observed release is substantially higher than simulated.

The model includes a variable describing the amount of
phosphorus bound to iron and for most years this variable
shows, in the bottom layer above the sediment, a strong annual
cycle with low concentrations during summer and high
concentrations in winter (not shown). This suggests that, in the
model, iron-bound phosphorus is released in summer and
precipitated as FePO4 compounds in autumn and winter again.
The phosphorus release from sediments is especially fast under
anoxic conditions. This is why we, in the following, focus on anoxic
conditions in the bottom layer (0–0.3m above the sediment), instead
of focusing on hypoxia.

3.7 Model simulations: long-term
development of oxygen and anoxia

Between 1995 and 2019, the model indicates that anoxia
occurred at station M in nearly every year, with the exception of
2014 and 2016 (Figure 7d). Over this 25-year period, a general
decline in the total number of anoxic days per year is evident. The
highest value was recorded in 1997, with 46 anoxic days, followed by
30 days in 1996 and 26 days in 2006. In each of these years, the
model simulates not a single prolonged period of anoxia, but
multiple shorter episodes: ten events in 1997 (average duration
4.6 days), eight in 1996 (3.8 days), and three in 2006 (8.7 days).

Since 2011, both the frequency and duration of these events have
decreased. According to the model, anoxia is now uncommon at
station M. This contrasts with station C in the eastern lagoon, where
anoxia remains frequent and persistent. Over the same 25-year
period, the number of anoxic days per year at station C ranged from
94 to 178, with long-lasting events (several weeks) still regularly
occurring. The high frequency of anoxia at station C is largely due to
its location in the artificially deepened Świna shipping channel
(10.5 m), where the model simulates reduced bottom water
mixing and an accumulation of organic matter. However, this
may not represent reality, as the model does not account for the
enhanced turbulence and mixing caused by ship traffic.

All simulated anoxia events occur between May and October,
with a clear peak in July and August. The model does not simulate
winter anoxia, even during cold periods like the winter of 2006/
2007 when the lagoon was partially or completely ice-covered.
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In principle, station M is well suited for comparing model and
observational data. However, a key limitation remains: the model results
refer to conditions directly at the sediment–water interface, whereas field
measurements are taken 1 m above the sediment. This vertical offset is
one likely reason for the poor agreement between model and measured
data. Moreover, the model data (representing the layer 0–0.3 m)
confirms that anoxia events are brief and confined to thin bottom
layers, conditions that are missed by standard monitoring programs.

Overall, the model provides a plausible representation of
frequent anoxia in the deeper parts of the lagoon. However, it
fails to reproduce the extreme phosphorus concentrations
occasionally observed in the field. This suggests a mismatch:
while the model supports the occurrence of anoxia and
subsequent internal eutrophication, it underestimates the
resulting magnitude of phosphorus release. Nonetheless, it
reinforces the conclusion that anoxia is a real and recurring
phenomenon, and that internal eutrophication is likely, even if
not fully captured by the model.

3.8 Model simulations: spatial pattern of
hypoxia and anoxia

For selected contrasting years, those characterized by either
strong or absent internal eutrophication based on field data,
Figure 8 presents the spatial distribution of hypoxia and anoxia
as simulated by the model. The results highlight the critical role of
the deepened Świna shipping channel across the eastern Oder
Lagoon (Wielki Zalew), which emerges as a hotspot for both
hypoxia and anoxia. Other deeper parts of the eastern lagoon
also experience hypoxia for more than 50 days per year, whereas
such conditions are less frequent in the western lagoon.

Figure 8b illustrates the extensive spatial spread of anoxia,
particularly in 1997 and 2006. Overall, the western lagoon
appears less affected by anoxia than the eastern section. In 2016,
for example, anoxia was absent at station M, a pattern also reflected
across much of the western lagoon, while some anoxic conditions
persisted in parts of the eastern lagoon outside the main channel.

FIGURE 7
3D-ecosystem model results covering the years 1995 until 2019 for the stations C (central eastern bay) and M (central western bay) of the Oder
Lagoon for the parameters chlorophyll-a (a) and phosphate (PO4-P) (b) for the surface layer as well as oxygen (c) in the bottom layer (0–0.3 m above the
sediment). The trend-lines are based on the data for the summer months (June–August). (d) Accumulated number of days with anoxia above the
sediment at station M as well as number and duration (days) of anoxia events.
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The model also indicates that hypoxia and anoxia are rare in shallow
areas with water depths of 2 m or less.

In summary, the spatial model outputs suggest that when
hypoxia occurs, it often affects broad areas and may significantly
impact benthic fauna on a large scale. Even anoxia can cover
extensive zones, potentially enabling substantial phosphorus
release from sediments.

3.9 Towards a synthesis

The model suggests that during the period 1995–2019 at station
M, on average per year in the bottom layer, 36 days with hypoxia
(<2 mg O2/L) and 16 days with anoxia (<0 mg O2/L) (Figure 9d). In
contrast, according to the model, the layer about 1 m above the
sediment did show only 5.3 days with hypoxia (<2 mg O2/L) and
0.2 days with anoxia (<0 mg O2/L). The model results confirm that
oxygen depletion often occurs in the layer immediately above the

sediment. The model layer thickness above the sediment is about
0.4 m. It can be expected that thinner anoxic layers are even more
common. Furthermore, the model results suggest that anoxic events
typically last only a few days and vary greatly in their spatial extent,
characteristics that are easily missed by monthly sampling
programs. As a result, assessments based solely on monitoring
data tend to significantly underestimate the presence and
frequency of hypoxic and anoxic conditions.

In contrast, 3D ecosystem model simulations provide a more
accurate representation of these processes. They resolve near-
bottom layers and deliver a comprehensive three-dimensional
view of the spatio-temporal dynamics of oxygen-depleted zones.
In the Oder Lagoon our model simulations show that the average
number of days with 5 mg O2/L 1 m above the sediment is similar to
the number of days with hypoxia in the layer above the sediment.
For coastal systems lacking a suitable model, our findings indicate
that even precautionary thresholds for dissolved oxygen, such as the
6 mg O2/L recommended by HELCOM (2023), may not sufficiently

FIGURE 8
3D-ecosystemmodel results representing the accumulated number of days with (a) hypoxia (<2mg O2/L) and (b) anoxia (0 mg O2/L) in the bottom
water layer (0–0.3 m) of the Oder/Szczecin Lagoon for selected years.
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FIGURE 9
3D-ecosystemmodel results for theOder/Szczecin Lagoon: (a)Averagemixing depth for the summermonths of the years 1997, 2001 and 2016. The
dashed lines indicate the monitoring sampling depths at 1 and 4.5 m. (b) Average daily and maximum hourly average wind speed per day near station M
and (c) Relationship between vertical mixing depths and average daily as well as maximum hourly wind speed for the years 1997, 2001 and 2016. The
depth of the lagoon at station M is about 5.5 m (green dashed line).
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reflect hypoxia occurring in thin layers of a few centimeters above
the sediment.

Between 1995 and 2019, on 27 sampling dates, data taken 1 m
above the sediment did show oxygen-concentrations around
8 O2 mg/L (7.4–8.3 mg/L). For these dates the model suggests in
14% of the cases anoxia and in 37% hypoxia (<2 O2 mg/L) directly
above the sediment. Including model data ± 5 days around the
sampling date, we see in 41% of the cases anoxia and in 70% hypoxia
(<2 O2 mg/L) near the sediment. Consequently, an observed oxygen
threshold of 8 mg O2/L seems to be an appropriate site-specific early
warning level for hypoxia risk.

A simplified approach for estimating hypoxia could be the usage
of hydro-physical information. The model’s calculated vertical
mixing depth offers insight into how often bottom sediments are
affected by mixing events that can prevent or interrupt anoxia, as
well as the duration of stagnation periods that allow hypoxia or
anoxia to develop. Figure 9a illustrates this for station M (central
Kleines Haff) during the summers of three contrasting years. In
1997, prolonged near-bottom stagnation occurred between June and
August, promoting oxygen depletion. In contrast, 2016 saw more
frequent and deeper mixing throughout summer. In all years, strong
vertical mixing in September prevented oxygen depletion. Thus,
hypoxia in the lagoon is largely confined to late spring and summer.

Mixing depth is governed by several factors, including
temperature, salinity, and hydrodynamics, but wind speed is the
dominant driver. Figures 9b,c show the wind speeds necessary to
induce full vertical mixing down to the sediment surface. At station
M (water depth ~5.5 m), a daily average wind speed of 6 m/s or a
short-term wind event of 9 m/s lasting 1 hour is sufficient. At the
deeper station C (located in the 10.5 m-deep shipping channel), full
mixing requires average daily winds above 10 m/s or hourly wind
speeds exceeding 14 m/s. These stronger winds are relatively rare
during summer before September.

Wind data, specifically, the frequency of wind speeds exceeding
mixing thresholds and the duration of calm periods below those
thresholds, can serve as a simple proxy for estimating the risk of
oxygen depletion. However, this approach is site-specific. It is
influenced by local conditions such as water depth and coastal
wind sheltering, which are not directly accounted for in standard
wind datasets.

The model enables calculation of the average annual area
affected by anoxia, the maximum spatial extent of anoxic zones
each year, and the total phosphorus release from sediments
(Figure 10). Because of the functional relationship between
P-release from sediments anoxia a close correlation between both
exists. Interesting is the interannual variability. In certain years, such
as 2013 and 2018, the average area affected by anoxia remains below
1 km2, yet the maximum extent exceeds 100 km2, approximately
15% of the total lagoon surface. The model suggests short-term but
widespread anoxic conditions. In more extreme years, such as 1997,
the maximum anoxic area surpasses 150 km2 (around 23% of the
lagoon), while the annual mean reaches nearly 10 km2. Themodelled
P-releases, range from just a few tons to a peak of approximately
70 tons of phosphorus in 1997.

However, the phosphorus release estimated by the model
reaches only about 10% of the maximum values derived from
monitoring data (Figure 6). This discrepancy indicates a
significant divergence between model-based and data-based

assessments of internal eutrophication. On a year-by-year basis,
the agreement between the model and observational data is
occasionally good, for example, in 2006, but overall, the model
cannot be considered a reliable tool for quantifying internal
phosphorus loading, at least retrospective and a close correlation
between modeled anoxia and the calculated release based on
measured P-peaks does not exist.

The limitations in capturing extreme P concentrations during
summer suggest that the model underrepresents short-term, high-
intensity phosphorus releases under anoxic conditions. Despite this,
the model does reproduce realistic seasonal phosphorus patterns, as
well as consistent long-term trends and budgets. This indicates that
phosphorus release under anoxic conditions and its subsequent re-
precipitation may be rapid and episodic processes that do not
substantially influence the long-term phosphorus balance in
the lagoon.

4 Discussion

4.1 Critical assessment of the approaches

The limitations of the long-term monitoring data used in this
analysis—particularly the insufficient temporal and vertical
resolution—are evident. These data alone are inadequate for
capturing spatially and temporally dynamic short-term processes
such as oxygen depletion and offer limited utility in assessing
internal eutrophication.

Our analysis relies primarily on data of station M. Long-term
data from other stations in the lagoon proved less suitable, either
because the water is too shallow for anoxia to develop, or because the
sites are frequently disturbed. Stations B, C, D, and E are located
within the shipping channel (Figure 2). It can be expected that
anoxia and bottom oxygen are strongly affected by the frequent
ship-traffic induced turbulence. This artificial mixing, very likely,
causes discrepancies between model output and observed data.

In contrast, the limitations of the model are less immediately
apparent. Generally, it provides a sufficiently detailed representation
of the ecosystem, including key processes, state variables, and spatio-
temporal resolution, to analyze seasonal and long-term changes in
the lagoon. The model results are most sensitive to the following
input parameters, (a) the exchange with the Baltic Sea, (b)
windspeed and direction and (c) external nutrient loads. With
respect to salinity, the model validation shows a very good
agreement between data and model simulations (Neumann et al.,
2025). This means that the exchange with the Baltic Sea is well
represented and reliable during the 25 years.

With respect to wind, we employed state-of-the-art datasets.
However, vertical mixing can be strongly influenced by gusts lasting
only a few minutes that are spatially highly variable. Similarly,
coastal wind shelter effects near the shoreline can significantly
alter resuspension, mixing and transport dynamics and this is
not fully represented in the wind input data. Performance and
spatio-temporal resolution of our underlying hydrodynamic
model can be regarded as suitable and very reliable for open
parts of the lagoon and for our purpose. Limitations are likely to
be more pronounced when focusing on short-term (days) and
localized processes (e.g., nearshore areas). However, more
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detailed physical studies on mixing and oxygen depletion need to
carried out.

Another important parameter are the external riverine nutrient
loads. The accuracy of these loads depends heavily on both discharge
measurements and nutrient concentration data, with discrepancies
of up to ±20% observed across different data sources. Our used
monthly riverine nutrient is state-of-the-art, but cannot accurately
capture short-term nutrient concentrations changes especially near
the river mouth. Simplifications with respect to spatio-temporal
atmospheric deposition, diffuse surface water loads and the
unknown intrusions of groundwater are one possible explanation
for a differing performance quality of our model in different parts of
the lagoon, e.g., between stations C and M (Neumann et al., 2025).
Correlation analyses show that station M is only affected by long-
term change in riverine nutrient loads and is not affected by coastal
wind modifications. Therefore, the model can, especially for station
M, be regarded as reliable. However, model applications in coastal
waters and near-shore are much more sensitive to the quality and
resolution of external input data, compared model applications in
the Baltic Sea.

The model also relies on assumed initial conditions, which
introduce further uncertainty. For example, it requires an
estimate of FePO4 stored in the sediment at the simulation’s
onset, and assumes that 10% of this FePO4 is released during one
anoxic day. This assumed availability largely determines the model’s
ability to replicate phosphorus peaks. However, reliable data on
sediment FePO4 levels are lacking.

Additionally, the model struggles to represent specific local
conditions. One example is the assumption of persistent anoxia
in the lagoon’s shipping channel. In reality, over 3,000 cargo ships,
many with drafts near 10m, enter the Port of Szczecin annually, with
a peak during the summer months (Schernewski et al., 2025). These
vessels likely cause regular vertical mixing of the water column in the
navigation channel, making sustained anoxia, as predicted by the
model, unlikely.

Overall, the discrepancies between datasets and between model
results and observational data suggest that short-term processes
occurring on the scale of days play a significant role, one that is not
adequately captured in our current modeling approach. These
limitations push our model to its boundaries.

4.2 Hypoxia and anoxia

Phosphorus peaks in summer along with observed organism
die-offs and especially long-term model simulations, suggest that
hypoxia, and even anoxia, are common phenomena in the Oder
Lagoon. In contrast, such events are not apparent in the available
monitoring data. A key reason for this discrepancy lies in the
different sampling depths: while the model represents oxygen
conditions in the 0–0.3 m layer directly above the sediment,
monitoring data are typically collected 1 m above the bottom.
This difference likely explains the absence of hypoxia signals in
the monitoring records. This finding is consistent with the
observations of Puttonen et al. (2016), who concluded that
measurements taken 1 m above the sediment are inadequate for
detecting hypoxia. It is further supported by Fredriksson et al.
(2024), who found that hypoxia frequently occurs temporarily in
thin bottom layers, meaning its prevalence is significantly
underestimated by standard monitoring methods.

Therefore, we conclude that our model provides the most
suitable tool for investigating oxygen depletion. It delivers a
highly resolved, three-dimensional, spatio-temporal perspective
that captures the dynamic nature of oxygen conditions. The
unexpected frequency and spatial extent of hypoxic conditions
revealed by the model may also help explain the limited
distribution of zebra mussels (Dreissena polymorpha) in the
deeper regions of the lagoon (Fenske, 2003), as well as the
observed sudden collapse of local mussel beds (Wolnomiejski
and Woźniczka, 2008).

Since vertical mixing is primarily driven by wind speed, wind
can be used as a proxy to estimate the duration and frequency of
hypoxic events. Mixing depth is site-specific and depends on local
bathymetry. For instance, in the central western bay of the Oder
Lagoon, where water depth is approximately 5.5 m, a daily average
wind speed of 6 m/s, or a short-term wind event reaching 9 m/s for
just 1 hour, is sufficient to prevent hypoxia. These results are based
on the provided wind input data resulting from a regional wind-
model. The direct usage of locally measured near surface wind data
might result in slightly different values.

In coastal water bodies with complex morphometry, where full
ecosystem models are not yet feasible, high-resolution

FIGURE 10
3D-ecosystemmodel results for the Oder/Szczecin Lagoon: The total annual phosphorus release from sediments (t/a) under anoxic conditions, the
maximum extent of the anoxic area as well as the average annual anoxic area for the years 1996 until 2019.
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hydrodynamic models (e.g., Lange et al., 2020) can be a valuable tool
to assess hypoxia risk. Recent approaches, such as the simplified
integration of oxygen consumption into a hydrodynamic model of
the Baltic Sea (Gräwe, pers. com) or of Chesapeake Bay (Scully,
2013) are promising.

Standard oxygen monitoring, conducted 1 m above the
sediment, often fails to capture hypoxic events. When
assessments rely solely on monitoring data, a more precautionary
threshold is needed. HELCOM (2023) proposes a threshold of 6 mg
O2/L for hypoxia in mixed coastal waters. However, our results show
that hypoxia can occur near the sediment even when oxygen
concentrations 1 m above the bottom are relatively high, around
8 mg O2/L (~87% saturation). Therefore, we propose that 8 mg O2/L
should be adopted as a more appropriate early-warning threshold
for hypoxia in such environments.

Model results also indicate a long-term decline in the intensity of
hypoxia in the Oder Lagoon, and today such events are relatively
rare. However, despite the sustained reduction of external nutrient
inputs over recent decades, phytoplankton concentrations have only
slightly decreased, and the lagoon remains highly eutrophic. Thus,
the risk of hypoxia persists. Climate change, in particular, the
increased frequency and severity of hot summers (e.g., Safonova
et al., 2024), along with recent deepening of the shipping channel to
12 m, could potentially exacerbate hypoxia in the lagoon in the
future. Effects of climate-driven warming in promoting hypoxia
have been examined in other estuaries (e.g., Rheuban et al., 2016;
Whitney and Vlahos, 2021; Codiga et al., 2022).

4.3 Internal eutrophication

Puttonen et al. (2016) concluded that phosphorus release from
sediments hampers recovery from eutrophication in coastal waters
near Finland. Similarly, in the Oder Lagoon, internal eutrophication
temporarily leads to the release of significant amounts of
phosphorus, some of which is transported to the coastal Baltic
Sea, where it can contribute to algal growth. However, since
summer primary production in the lagoon is not limited by
phosphorus, these additional releases do not have an immediate
impact on productivity in the lagoon. Furthermore, declining
phosphorus concentrations in autumn and winter suggest that, in
addition to export to the Baltic Sea, a portion of the phosphorus is
likely precipitated again as FePO4 compounds. These compounds
settle into the lagoon sediment, where they may later become re-
available, supporting future internal eutrophication cycles.

Over the past 40 years, the intensity of internal eutrophication
appears to have declined. This trend can partially be attributed to a
reduced frequency and severity of anoxic events. Another significant
factor may be the net loss of FePO4 compounds from the lagoon,
which may exceed the subsequent replacing input of iron via river
inflows, since the high heavy metal load of the Oder River has
declined during the last decades (e.g., Korol et al., 2005).

As a result, the relevance of internal eutrophication as a driving
process in the lagoon has diminished. Nonetheless, we cannot rule
out the possibility that internal eutrophication still occurs, albeit at
levels that are no longer reflected in persistent, multi-week
elevations of phosphorus concentrations in the water. In recent
years, the lagoon has shifted toward a nutrient-limited system. This

shift has resulted in longer periods of low nutrient concentrations
during summer. As a consequence, phosphorus uptake by
phytoplankton may now deplete available phosphorus from the
water more rapidly, leading to shorter-lived peaks that are even
more likely to be missed by monthly monitoring programs.

Several studies have shown that internal phosphorus release
begins under hypoxic conditions and reaches peak values exceeding
50 µmol P m−2 day−1 during full anoxia (e.g., Puttonen et al., 2014;
Eglīte et al., 2014; Anderson et al., 2021). Although our data do not
allow for precise quantification of phosphorus release rates, we can
make rough estimates based on observed concentration peaks.
Assuming phosphorus is released over a 3-day period from
oxygen-depleted areas covering 50% of the lagoon, annual release
rates in many years approximate 10 µmol P m−2 day−1. Based on data
for Station M, in specific years, such as 1983, 1989, 1991, 2006, and
2020, estimated rates exceed 30 µmol P m−2 day−1, with values in
1990 surpassing 50 µmol P m−2 day−1. These estimates suggest that
our approximations are of a realistic order of magnitude. The model
assumes that intense phosphorus release only takes place during
anoxia and based on the FePO4 pool established during the year. The
model cannot take into account the eutrophication and pollution
history and FePO4 pools in older sediments, which, at least partly,
explain differences in phosphorus release between model and data-
based calculations.

In the early 1990s, surface sediments in the Oder Lagoon
(fraction <63 µm) contained an average of 3.3% iron, with
maximum values reaching 5.7% (Leipe et al., 1998). Based on
sediment analyses from this period, it was estimated that at least
10,000 tons of phosphorus were stored in the upper 10 cm of the
muddy sediments in the Kleines Haff region alone (Meyer et al.,
1998; Schernewski andWielgat, 2001). These high concentrations of
iron and phosphorus reflect the lagoon’s history of long-term
pollution from the Oder River (Glasby et al., 2004). They
strongly suggest that, at least in the early 1990s, large quantities
of FePO4 compounds were present and available to support intense
internal eutrophication. However, direct measurements of FePO4

compounds in sediments are lacking, and such data are essential for
refining model simulations and enabling more accurate model-
based nutrient budget calculations.

Currently, reliable model-based estimations of hypoxia and
phosphorus release during ice-covered periods in cold winters are
not feasible, and corresponding monitoring data are missing.
Nevertheless, recent studies conducted during the cold winter of
2018 in the Oder Lagoon indicate that such events can trigger the
mobilization and redistribution of several chemical elements
(Bełdowska et al., 2021), highlighting the need for further
investigation.

4.4 Practical consequences

Our findings have several implications for both the quality
assessment and the monitoring approach within the Oder
Lagoon. The standard bio-chemical monitoring strategy, monthly
sampling near the surface and approximately 1 m above the
sediment, is inadequate for capturing short-term events lasting
from days to weeks, such as floods, droughts, or heatwaves.
Furthermore, this monitoring is typically limited to the period
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between early spring and early winter, leaving a significant data gap
during the winter months. This is a notable shortcoming,
particularly during periods of complete ice cover.

Limitations in vertical data resolution are especially critical for
parameters such as oxygen. Detailed knowledge of the timing,
duration, and spatial extent of hypoxia and anoxia is essential for
assessing the condition of benthic communities and understanding
internal eutrophication processes. This necessitates oxygen
measurements close to the sediment surface and a more spatially
comprehensive sampling strategy, especially when concentrations
fall below the precautionary threshold of 8 mg/L. Additionally, care
must be taken to avoid disturbance of the water column by research
vessel operations during data collection.

Above the water surface, wind data can offer valuable
supplementary information. Wind-derived mixing depth
calculations could enhance the interpretation of oxygen dynamics
and support hypoxia assessments.

For evaluating the ecological status of benthic fauna, new
insights into the extent, frequency, and duration of hypoxic
events must be incorporated. In the eastern part of the lagoon,
known as Wielki Zalew, most monitoring stations are located within
the shipping channel. Regular ship traffic induces deep mixing, and
since most stations are located in the channel, the available data may
not reveal the real extent of hypoxia in the eastern lagoon. It is likely
that the sampling stations cause an underestimation of hypoxia in
deeper areas of the eastern bay, that are not affected by ships.
Additionally, the impacts of the recently completed deepening of the
navigation channel, from 10.5 to 12 m, require further evaluation,
particularly in relation to hypoxia.

Chlorophyll-a and nutrient monitoring data from the lagoon
frequently exhibit single high values. In the case of chlorophyll, this
is attributed to small-scale patchiness of phytoplankton. In contrast,
the exceptionally high phosphorus concentrations result from short-
term internal eutrophication. These extreme values, when simply
averaged, can obscure long-term trends and should ideally be
excluded from assessments of water quality status. Alternatively,
using median values can provide a more representative metric.
When such outliers are removed, there is good agreement
between monitoring data and model simulations, indicating that
model-based approaches can reliably enable the establishment of
realistic future water quality targets in line with the EU Water
Framework Directive.

For the station M, the present water quality threshold values for
a good status according to the WFD, are 14.5 mg/m3 chlorophyll-a,
45.5 mmol/m3 total nitrogen, 2.8 mmol/m3 total phosphorus, and
0.8 m Secchi-depth between as averages over the period between
April and September (Schernewski et al., 2015). In recent years the
observed nutrient concentration in the river in summer and the
resulting annual riverine loads meet the legal thresholds for both
river and marine water quality. Therefore, recent observed nutrient
and chlorophyll-concentrations in the lagoon should reflect a status,
close to the thresholds. The averaged observed values covering the
period between June and September for the years 2018–2021 at
station M are 62 mg/m3 chlorophyll-a (Median: 54 mg/m3),
87 mmol/m3 total nitrogen (median: 84), 5.1 mmol/m3 total
phosphorus (median: 4.1 mg/m3), and 0.65 m Secchi-depth
(median: 0.5). Both approaches differ with respect to assumed
riverine nutrient and atmospheric deposition, but the strong

difference between the threshold values for all parameters,
indicate that meeting a good water quality in the river does not
cause a good status in the lagoon. In summer practically all nutrients
in the water column are bound to organic material, while especially
the concentrations of inorganic nitrogen are often close 0.2 mmol/
m3. It seems that the lagoon can maintain a high phytoplankton
biomass after nutrient load reductions and it is questionable whether
total nitrogen and total phosphorus are suitable indicator
parameters. However, despite water quality improvements, the
lagoon is still in a highly eutrophic state and it is not likely that
this will change. A reconsideration of societal and ecological
expectations and resulting water quality targets in the river-
lagoon-sea continuum seems necessary.

Despite some improvements, all available data indicate that
the lagoon remains in a highly eutrophic state. Continued climate
change, particularly reductions in summer water discharge and
nutrient loads, may lead to improvements in water quality.
However, it is hardly possible that the lagoon will achieve a
non-eutrophic condition. Even future-oriented and updated
target values are expected to confirm that the lagoon is
naturally eutrophic.

In several years, internal eutrophication has led to the summer
export of substantial amounts of phosphorus to the adjacent coastal
Baltic Sea, potentially promoting algal blooms. Similar impacts of
excess phosphorus have been observed in other Baltic coastal
systems (Tammeorg et al., 2020; Helminen, 2025; Stoicescu et al.,
2020), and this may influence water quality assessments in the
coastal Baltic region. However, the summerly phosphorus export to
neighboring systems such as the Dziwna, Peenestrom, and
Achterwasser is unlikely to cause harm, as these areas exhibit
nutrient limitation dynamics comparable to those of the
Oder Lagoon.

5 Conclusions and recommendations

So far, hypoxia in the Oder Lagoon was considered as of low
relevance and the effects of internal eutrophication were unknown.
Our results point out the relevance of these processes in the lagoon
especially in the past. In recent years, the frequency of these events
declined. The model simulations are most suitable for reflecting
frequency, duration, and spatial extent of oxygen depletion. In
contrast, monitoring data, taken 1 m above the sediment, is not
sufficiently reliable to indicate hypoxia. In the central Oder lagoon,
already slightly reduced oxygen concentrations of 8 mg O2/L near
the water surface indicate the risk of near bottom hypoxia. If lacking,
daily and hourly wind data can serve as site specific proxy for oxygen
depletion. Summerly peaks of phosphorus concentrations can serve
as a proxy for anoxia, but does not allow detailed assessments. A
solution to overcome weaknesses in the data, could be a daily
vertically profiling and recording floating station, that
complements the present ship-based monitoring. This should
include the continuous collection of wind data. Alternatively, an
expanded spatial monitoring with data collection down to the
sediment surface should be carried out as soon as reduced
oxygen concentrations are observed. Further, organism mortality
events should be reported and systematically documented as
complementary data. Models or a combination of data with other
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proxies, such as wind speed are able to overcome short-comings in
hypoxia assessments.
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