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Summary

This report provides a quick scan literature review of the ecological consequences of
stratification and hypoxia in semi-enclosed coastal water bodies around the world that are
similar to the Dutch saline lakes Grevelingen and Veere. These lakes, originally estuarine
systems, were transformed by hydraulic engineering as part of the Delta Works, resulting in
reduced tidal exchange and persistent stratification. Seasonal hypoxia and anoxia threaten
benthic habitats, food web stability, and compliance with EU Water Framework Directive and
Natura 2000 targets. A particular knowledge gap is the extent to which stratification and
hypoxia in deeper water have effect on the benthic ecosystem in shallow areas (< 5 m water
depth) and the functioning of the pelagic food web.

To contextualize these challenges, an international comparison was conducted across nine
case studies, including the Baltic Sea, Limfjord, Venice Lagoon, Aetoliko Lagoon, Mar Menor,
Chesapeake Bay, Swan River, Saemangeum Lake, and Jellyfish Lake. Each system
illustrates how stratification and hypoxia emerge from interactions between physical
enclosure, nutrient loading, and internal biogeochemical feedback loops. Ecological impacts
range from benthic die-offs and trophic collapse to altered community composition and
reduced ecological resilience.

Across the nine international case studies, we find indicative evidence that deep-water
stratification and hypoxia can propagate effects into shallow zones, e.g. via episodic mixing
which contributes to benthic die-offs and weakening benthic—pelagic coupling. In multiple
cases, pelagic food webs under stratified low-oxygen regimes show reduced zooplankton
grazing and increased jellyfish dominance, implying a shift from top-down to bottom-up
control.

Some open questions are not answered with this study, such as whether stratification and
oxygen depletion are the main cause of the observed ecological alterations or just one of
many effects caused by the closure of the systems, parallel to and interlinked with changes in
the lakes’ ecology.

Management strategies across systems vary, from nutrient load reduction and artificial mixing
to nature-based solutions and adaptive governance. The findings underscore that single
interventions are rarely sufficient. Instead, the case studies suggest that integrated
approaches, addressing both external pressures and internal feedbacks, are essential in
long-term ecological recovery.

4 0of 43 Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies
11211550-005-ZKS-0003, 10 December 2025

Deltares



1.1
1.2

2.1
2.2

3.1

3.11
3.1.2
3.1.3

3.2

3.21
3.2.2
3.2.3

3.3

3.3.1
3.3.2
3.3.3

3.4

3.4.1
3.4.2
3.4.3

3.5

3.5.1
3.5.2
3.5.3

3.6

3.6.1
3.6.2
3.6.3

3.7

3.71
3.7.2
3.7.3

3.8
3.8.1

50f 43

Contents

Summary
Contents

Introduction
Stratification and ecology of lakes Grevelingen and Veere

Goal of this study

Towards an international comparison
Methodology

Longlist of semi-enclosed coastal water bodies

Selected case studies

Baltic Sea
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Limfjord
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Venice Lagoon
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Aetoliko Lagoon
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Mar Menor
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Chesapeake Bay
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Swan River estuary
Rationale for selection
Ecological consequences of stratification
Management solutions for ecological problems

Saemangeum Lake
Rationale for selection

Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies
11211550-005-ZKS-0003, 10 December 2025

12

12
12
12
14

15
15
16
16

17
17
18
19

19
20
20
21

21
22
22
23

24
24
25
26

27
27
27
28

29
29

Deltares



3.8.2 Ecological consequences of stratification 30

3.8.3 Management solutions for ecological problems 30
3.9 Jellyfish Lake 31
3.9.1 Rationale for selection 31
3.9.2 Ecological consequences of stratification 32
3.9.3 Management of the lake and its ecology 33
4 Conclusion 34
4.1 Recommendations 35
Appendix 36

References 37
6 of 43 Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies

11211550-005-ZKS-0003, 10 December 2025

Deltares



1 Introduction

1.1 Stratification and ecology of lakes Grevelingen and Veere

The saline lakes Grevelingen and Veere are two semi-enclosed coastal systems in the
southwestern Netherlands. Originally estuarine in nature, these water bodies were
transformed during the Delta Works in the 1960s and 1970s, when sluices and dams were
constructed to prevent flooding and facilitate water management. These hydraulic
interventions significantly altered the hydrodynamics and ecological functions of the lakes.

In lake Grevelingen, the Brouwersdam was completed in 1971, cutting the lake off from tidal
exchange with the North Sea. A similar closure occurred in Lake Veere following the
construction of the Zandkreekdam in 1960 and the Veerse Gatdam in 1961. While these
closures offered engineering benefits, they introduced long-term ecological changes and
challenges (e.g. species shifts, bacterial mats, internal nutrient loading). The discontinuation
of natural tidal flow has led to persistent stratification, particularly during summer, which in
turn causes hypoxia and anoxia in the lower water column.

Many aspects of the relationship between stratification/hypoxia and ecology in lakes
Grevelingen and Veere are still poorly understood. Priorities for further knowledge
development were recently listed in an integrated measurement and research plan (Prins et
al., 2024), requested by Rijkswaterstaat from Deltares, which highlights the existing
knowledge gaps and outlines a path forward. The report lists a more comprehensive use of
existing data and models, better integrated and more elaborate monitoring, learning from
research elsewhere, targeted monitoring to fill research gaps and the development of
research questions for fundamental knowledge development as top priorities for the near
future.

Table 1: Summary of relevant physicochemical characteristics of lakes Grevelingen and Veere (Meijers &
Groot, 2007; Richirt et al., 2022; Prins et al., 2024).

Parameter Lake Grevelingen Lake Veere
Surface area 108 km? 23 km?
Average Depth 54m 4.8m
Maximum Depth 48 m 23 m
Residence time 3-6 years ~180 days (since 2004)
DIN 32 ymol L 84 ymol L
DIP 1.1 ymol L 4.3 ymol L
SOD ? ?
Salinity range 27.9-32.6 psu 20.7-34.8 psu
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1.2
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Goal of this study

Understanding how similar problems have occurred and have been addressed in other semi-
enclosed and modified systems may help identify both cause-effect factors and appropriate
management strategies for lakes Grevelingen and Veere. Furthermore, a literature review of
foreign systems may — at least partially — provide answers to some of the knowledge gaps
identified in Prins et al. (2024) and was specifically listed as a research priority. In particular,
Rijkswaterstaat expressed interest in better understanding the impact stratification and
hypoxia have on the benthic ecosystem in shallow areas (< 5 m water depth) and the
functioning of the pelagic food web.

Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies
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2 Towards an international comparison

2.1 Methodology

The selection of water bodies that potentially experience similar ecological problems as lakes
Grevelingen and Veere was carried out in several steps:

e  Prior to this study, the authors were aware of certain well-studied systems with
relevant environmental issues, or of which a relevance for this study was suspected.

e Experts from NIOZ, UU, Radboud with expertise in hypoxic coastal systems were
consulted and provided additional examples of relevant systems.

e Atargeted map search was conducted along the coastlines of Europe and beyond for
systems with geographic features that might indicate stratification. The features that
were taken into account were a limited water exchange with the ocean and a
relatively small surface area.

e The search was extended by asking Microsoft Copilot for additional systems. The
specific query used was: “Can you draft a list of semi-enclosed water bodies that
experience stratification and hypoxia and resulting ecological effects, similar to the
Dutch lakes Grevelingen and Veere?”

By combining these approaches, a longlist of potentially relevant systems (n=19) was
compiled. A structured literature review was then performed for each of these water bodies,
with particular attention to the occurrence and drivers of stratification and hypoxia, the
ecological consequences (with a focus on benthic communities and food web structure), and
the extent to which these conditions were comparable to those in Grevelingen and Veere.

Systems for which sufficient ecological information was available, and which showed the
strongest overall parallels with the lakes Grevelingen and Veere, were retained in the shortlist
(Figure 1). These shortlisted systems (n=9) were then analysed in greater detail through the
following literature study.

: Baltic Sea
: Danish flords (Limfjord)
: Venice Lagoon

- Aetoliko Lagoon
Ambracian Gulf
Etang de Berre

Mar Menor

: Loch Creran

- Lough Furnace

0: Chesapeake Bay

11: Lake Pontchartrain
12: Puget Sound

13: 5an Francisco Bay

14: Guanabara Bay

15: Saemangeum Lake
16: Swan River Estuary
17: Moreton Bay

18: Tokyo Bay

19: Jellyfish Lake

= plceaeich R L hcl e

Figure 1: A map of the systems analysed for comparison to the Dutch lakes. Red dots are short-listed systems
included in this study, while blue dots are the remaining systems analysed, but excluded.
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2.2 Longlist of semi-enclosed coastal water bodies

The longlist contains a diverse set of semi-enclosed coastal systems that exhibit ecological
problems related to stratification and benthic anoxia (Table 2). Figure 1 provides a global
overview of these systems and highlights those that were ultimately selected for detailed
discussion in this report.

While all systems in the longlist experience some degree of water quality degradation
comparable to that observed in lakes Grevelingen and Veere, not all proved equally useful for
direct comparison. For example, some systems are primarily freshwater and therefore did not
undergo the same ecological shifts as saline Dutch lakes (e.g. Etang de Berre or Lake
Pontchartrain), while others lacked sufficient documentation of ecological effects associated
with stratification and hypoxia.

By narrowing the focus to the most comparable and well-documented cases, a shortlist was
established. These systems are marked with an asterisk (*) in the table and discussed in
detail in Chapter 3.

Table 2: Selected and non-exhaustive list of semi-enclosed coastal water bodies that experience stratification
and hypoxia. The systems marked with an asterisk (*) are included in the shortlist.

Water body Location Stratification and hypoxia regime

Baltic Sea* Northern and northeastern Europe Seasonal stratification, bottom
hypoxia, biodiversity loss

Danish fjords (e.g. Limfjord*) Denmark Seasonal hypoxia, eutrophication,
mussel and fish mortality

Venice Lagoon* Italy Confined subbasins experience
hypoxia, elevated sediment oxygen
demand

Aetoliko Lagoon* Greece Persistent stratification, permanent

bottom anoxia, fish kills

Ambracian Gulf Greece Strong stratification, year-round
hypoxia in large part of bottom,
aquaculture risks

Etang de Berre France Chronic salinity stratification,
benthic oxygen debt, low
biodiversity, artificial inflows

Mar Menor* Spain Shallow hypersaline lagoon,
eutrophication, fish kills, seasonal
stratification

Loch Creran Scotland Fjordic sea loch with seasonal

stratification, shellfish farming

Lough Furnace Ireland Small fjord-type estuary with strong
salinity gradient, hypoxia at times

Chesapeake Bay* Maryland/Virginia, USA Seasonal hypoxia, internal nutrient
loading, biodiversity shifts

Lake Pontchartrain Louisiana, USA Salinity-driven stratification post-
canalization, anoxia in bottom
waters

Puget Sound Washington, USA Deep fjord system with seasonal

hypoxia in some basins

San Francisco Bay California, USA Tidal estuary, urbanized, high
sedimentation
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Guanabara Bay

Rio de Janeiro, Brazil

Enclosed bay, highly polluted,
eutrophication

Saemangeum Lake*

South Korea

Vertical salinity stratification,
internal loading, chronic bottom
hypoxia

Swan River Estuary*

Western Australia

Episodic hypoxia, urban runoff,
temperature and salinity
stratification

Moreton Bay

Queensland, Australia

Shallow bay, urban runoff, episodic
low oxygen

Tokyo Bay Japan Enclosed, stratified, summer
hypoxia, high nutrient load
Jellyfish Lake* Palau Isolated marine lake, permanent

Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies
11211550-005-ZKS-0003, 10 December 2025
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3 Selected case studies

In this chapter, a more detailed overview is given of the nine systems that constitute the
shortlist. For every system, a short summary of the relevant physicochemical characteristics
is given (average and maximum depth, residence time, dissolved inorganic nitrogen and
phosphorous (DIN and DIP) and sediment oxygen demand (SOD)). Where no information
was found, the table shows a question mark (?). For each system, we then give a rationale
for its inclusion on the shortlist, ecological consequences of stratification and hypoxia, and
how local managers deal with the existing situation.

These parameters were chosen as they give insight into the potential for stratification, oxygen
depletion, and nutrient cycling. Depth and residence time determine the physical setting in
which stratification can develop and persist, while nutrient levels indicate the degree of
eutrophication pressure on the system. SOD reflects benthic oxygen consumption, linking
organic matter deposition to hypoxia risk. Together, these parameters not only inform benthic
community structure but also provide essential baseline information for comparing physical
and biogeochemical settings across systems. A comparison table, including all systems
discussed in this report, is presented in the appendix.

3.1 Baltic Sea
Table 3: Summary of relevant physicochemical characteristics of the Baltic Sea (Neumann, 2007, HELCOM,
2018a, b).
Parameter Applied to the system
Surface area ~400,000 km?
Average Depth ~55m
Maximum Depth ~450 m
Residence time ~20-30 years, varying between different water layers
DIN (Winter surface (0-10m); 2011-2016) 4-9 ymol L™
DIP (Winter surface (0-10m); 2011-2016) 0.06-1 pmol L
SOD ?
Salinity range 1-25 psu
3141 Rationale for selection

The Baltic Sea (~400,000 km?) is one of the world’s largest brackish inland seas and
currently represents the most extensive area affected by human-induced coastal hypoxia
globally — hosting over 20% of all hypoxic coastal waters worldwide (Conley et al., 2011).
Despite its size and deeper bathymetry compared to shallow systems such as the Dutch
saline lakes, the Baltic shares many key features that drive oxygen depletion: persistent
stratification, restricted water exchange, and high nutrient inputs.

3.1.2 Ecological consequences of stratification
The Baltic Sea is a semi-enclosed basin with limited exchange through the Danish Straits.
Occasional inflows of saline North Sea water underlie the less saline Baltic surface, forming a
persistent halocline that restricts vertical mixing (Vali et al., 2013). This stratification is
maintained by freshwater runoff from the catchment and sporadic saline intrusion events,
such as Maijor Baltic Inflows. As a result, central basins like the Gotland Deep (~250 m) and
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Landsort Deep (~459 m) are often cut off from surface ventilation for extended periods (Vali
etal., 2013).

During these stagnation phases, microbial decomposition of organic matter consumes
available oxygen, driving bottom waters into hypoxic or anoxic states (Vali et al., 2013).
Compared to Dutch saline lakes such as Grevelingen and Veere, where stratification is
typically seasonal and shallower, the Baltic's quasi-permanent density layering creates a
chronic risk of deepwater oxygen depletion (Caballero-Alfonso et al., 2015).

Widespread ecological consequences have been documented. Hypoxia eliminates benthic
macrofauna and flora in deep water, degrading ecosystem structure across both open and
coastal zones (Carstensen et al., 2020). In deeper anoxic layers, microbial processes such
as sulphate reduction and ammonification dominate, reducing biodiversity and altering
nutrient pathways.

Key fish species like cod (Gadus morhua) suffer reproductive failure due to shrinking
oxygenated spawning grounds, leading to long-term population decline (Limburg et al., 2011).
Furthermore, anoxic conditions trigger internal phosphorus loading, wherein phosphorus is
released from sediments and stimulates phytoplankton blooms. This feedback loop intensifies
eutrophication and further oxygen demand upon organic matter decay (Conley et al., 2002).

The ecological response to stratification is spatially variable. Coastal regions with poor
flushing, such as the Gulf of Finland, experience frequent seasonal hypoxia, while better-
ventilated areas with lower nutrient inputs like the Gulf of Bothnia, remain relatively
unaffected (Caballero-Alfonso et al., 2015). Such heterogeneity underscores the role of
bathymetry, mixing dynamics, and catchment pressures in shaping oxygen conditions.

Frequency of
Stratification

Figure 2: Frequency of stratification along study sites. Upward (downward) arrows show increasing
(decreasing) trends with red indicating worsening and green indicating improving. Filled triangles are
significant trends while open triangles are non-significant trends. Figure adapted from Caballero-Alfonso et al.,
2015.
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313 Management solutions for ecological problems
Efforts to address Baltic Sea hypoxia have centred on nutrient input reductions. Regional
strategies under HELCOM'’s Baltic Sea Action Plan have curtailed external nutrient loads in
some regions, leading to modest signs of improvement (Caballero-Alfonso et al., 2015). For
example, bottom oxygen levels in the Stockholm Archipelago have shown long-term
recovery, likely tied to nutrient mitigation and ecological shifts.

Nevertheless, widespread recovery remains elusive due to entrenched feedback
mechanisms (such as the phosphate loop described in 3.1.2) and the low resilience of
stratified systems. Even where external inputs have declined, phosphorus regeneration from
anoxic sediments continues to sustain primary production and fuel oxygen demand.
HELCOM recommends targeted sea-based measures to reduce phosphorus release from
anoxic sediments. Strategies include applying chemical binding agents to immobilize
phosphorus, physically removing nutrient-rich sediments or improving oxygenation through
artificial mixing, and exploring biological approaches like biomanipulation. All interventions
require careful environmental impact assessment, monitoring, and should complement and
not replace land-based nutrient reduction efforts (HELCOM, 2021).

Proposed interventions include artificial mixing and mechanical oxygenation, especially in
enclosed fjords and embayments. Pilot studies in Swedish coastal waters have demonstrated
some success (e.g. Stigebrandt et al., 2015), where surface water was pumped into deeper
water over a 2.5 year period, making it long-term oxic during the experiment period. Bacterial
communities were the first to adapt with aerobic bacteria appearing in the deep waters. Later,
animals started colonising the previously defaunated benthos. However, broader application
remains limited by cost, technical feasibility, and uncertain ecological trade-offs at the scale
of the Baltic proper.

Unexpected biological contributions have also emerged. The spread of the non-native
polychaete Marenzelleria spp. in the Stockholm Archipelago has improved sediment
oxygenation locally via bioirrigation, thereby limiting phosphorus release and alleviating local
hypoxia (Norkko et al., 2012). This suggests that benthic community composition can
mediate feedback loops, although such changes are difficult to manage directly.

The Baltic case study demonstrated that improvements due to nutrient control are observed
in many areas (Figure 2). Nevertheless, this strategy alone is insufficient to manage benthic
hypoxia. The cumulative impacts of climate change (e.g. increasing surface water
temperatures), overfishing, and legacy nutrient stores necessitate integrated, multi-pressure
approaches. As in Dutch lakes Grevelingen and Veere, effective restoration likely requires a
combination of external nutrient reductions, management of internal phosphorus release,
physical mixing interventions, benthic habitat restoration, and monitoring of long-term
ecological responses.

The Baltic Sea case study serves as a large-scale warning for smaller stratified systems:
delaying action can entrench hypoxia, making recovery slow and uncertain. This is because
persistent stratification, legacy nutrient stores, and internal phosphorus loading create self-
reinforcing feedback loops that continue even after external nutrient reductions (Conley et al.,
2002; Vali et al., 2013; HELCOM, 2021). While not strictly irreversible, the Baltic underwent a
regime shift in the early-to-mid 20" century when oxygen demand consistently exceeded
ventilation capacity, locking the system into a hypoxic state (Conley et al., 2011; Zillén et al.,
2008). Beyond this threshold, natural recovery becomes highly unlikely without active
interventions such as artificial mixing or sediment management (HELCOM, 2021). The
cumulative impacts of climate change, overfishing, and historical nutrient enrichment further
reduce resilience, underscoring the need for early, combined measures in more manageable
systems such as the Dutch saline lakes, to prevent crossing similar thresholds.
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Limfjord

Table 4: Summary of relevant physicochemical characteristics of Limfjord (Holmer et al, 2003; Maar et al.,
2010; Maar et al., 2025).

Parameter Applied to the system

Surface area ~1500 km?

Average Depth ~4.5m

Maximum Depth 24 m

Residence time ~1 year

DIN 0-60 mmol m3

DIP 0-2 mmol m™ (even up to 6 at some stations)
SOD 20-40 mmol m2 day"

Salinity range ~19-34 psu

Rationale for selection

The Limfjord system was selected as a comparative case study due to its shallow depth,
seasonal hypoxia, and semi-enclosed morphology. Although the fjord is a coastal estuary
rather than an artificial lake, its mean depth (~5-6 m) and segmented basin structure share
key similarities with the engineered Dutch water bodies. Like the Dutch lakes, the Limfjord
experiences persistent stratification despite its average shallowness, with a stratified layer of
about 4-6 m deep (Teixeira et al., 2014; Schourup-Kristensen et al., 2023), illustrating that
oxygen depletion is not solely a function of depth but emerges from interactions between
nutrient loads, stratification strength, and physical mixing limitations. It is characterised by
inflow from the North Sea (via Thyborgn Channel, Figure 3) and has a general eastward flow,
towards its outflow at Kattegat (via the Hals Barre), but these openings are narrow and
shallow, limiting effective exchange with offshore waters.

Wind forcing plays a central role in modulating stratification and oxygen dynamics in both
systems. This makes the Limfjord particularly relevant for comparison to understand how
wind variability and anthropogenic alterations to circulation might influence oxygen availability
in Dutch lake systems.

20
57°N
16
&
56.8°N 12g
6 3
56.6°N %
8.5°E 9°E 9.5°E 10°E 0

Figure 3: Bathymetry of the Limfjord system, indicating its westward North Sea and eastward Baltic
connection. The south-eastern section, Skive-Lovns fjord-arm, is marked by the deepest bathymetry section
and also has the largest freshwater inflows (27 % of total run-offs). Figure adapted from Schourup-Kristensen
etal., 2023.
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3.2.2 Ecological consequences of stratification
Seasonal hypoxia in the Limfjord is driven by a combination of weak vertical mixing,
freshwater input, thermal and haline stratification, and high organic matter deposition. Despite
being shallow, the system’s segmented arms (e.g. Skive Fjord, Lovns Bredning) exhibit long
residence times and limited exchange with adjacent basins and high nutrient inputs,
predisposing them to oxygen stress during summer (Schourup-Kristensen et al., 2023).

Monitoring since 1974 has revealed annual hypoxia events, with conditions particularly
severe during extended periods of weak wind and high surface heating (Schourup-Kristensen
et al., 2023). Stratification decouples surface waters from the oxygen-demanding benthic
layer, where microbial respiration and organic matter degradation consume available oxygen.
In the absence of tidal mixing, wind remains the dominant physical mechanism capable of
ventilating bottom waters (Maar et al., 2010).

Episodic saline inflows from the North Sea, induced by westerly winds, may ventilate deeper
waters or reinforce stratification depending on timing and intensity (Riisgard and Goldstein,
2014). These inflows have also been observed to introduce Aurelia aurita (moon jellyfish),
which prey on zooplankton, reducing grazing pressure on phytoplankton and indirectly
promoting algal blooms and subsequent oxygen depletion (Mgller and Riisgard, 2007).

Ecological impacts are wide-ranging. Benthic die-offs, particularly of filter-feeding mussels,
have been repeatedly documented during hypoxic episodes which are often linked to
sulphide release from anoxic sediments, especially in areas deeper than 4.5 m (Riisgard et
al., 2012; Johansson et al., 2024). Shellfish mortality affects not only ecosystem functioning
but also aquaculture, a significant economic activity in the region.

Hypoxia-sensitive species have been replaced over time by opportunistic, low-oxygen-
tolerant taxa such as polychaetes and chironomids, leading to a reduction in benthic
biodiversity and resilience. Seagrass meadows (Zostera marina) have also experienced die-
back due to shading from phytoplankton blooms and sulphide toxicity (Brodersen et al., 2017;
Krause-Jensen et al., 2021). These changes collectively reduce the ecosystem’s buffering
capacity against eutrophication and oxygen stress.

3.23 Management solutions for ecological problems
As in the Baltic, the Limfjord has relied almost exclusively on nutrient load reduction as a
mitigation strategy. Currently, neither mechanical nor structural interventions such as artificial
mixing, aeration, or inlet modification are used in the system. National action plans, in
conjunction with the EU Water Framework Directive, have led to significant declines in
nitrogen and phosphorus loads through improved wastewater treatment and changes in
agricultural practices (e.g. a reduction of nitrogen discharges of 74% from point sources;
Kronvang et al., 2008). However, the expected improvements in bottom water oxygen levels
have not materialised to the degree anticipated (Schourup-Kristensen et al., 2023). This is
likely due to delayed responses from internal nutrient cycling, increased water temperatures
(reducing oxygen solubility and increasing biological oxygen demand), and continued
vulnerability to physical stratification.

The Limfjord case highlights that nutrient control alone may be insufficient in shallow, wind-
sheltered, and poorly flushed systems. However, the long-term effectiveness is not yet
known. Given the system’s continued susceptibility to hypoxia under climate-driven warming
and stratification intensification, the incorporation of physical mixing interventions may be
necessary to restore oxygen dynamics more effectively. Management strategies moving
forward could include adaptive shellfish farming, e.g. by spatial redistribution (Holbach et al.,
2020) and seagrass reintroduction as well as sand-capping (covering contaminated
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sediments with ‘clean’ sand) to stabilise sediments and improve benthic light conditions
(Flindt et al., 2022).

3.3 Venice Lagoon

Table 5: Summary of relevant physicochemical characteristics of the Venice Lagoon (Rapaglia et al., 2010;
Facca et al., 2011; Leoni et al., 2022).

Parameter Applied to the system
Surface area ~550 km?
Average Depth ~Tm
Maximum Depth ~21.5 m (up to 50 m in artificial navigation channels)
Residence time 5.8 t0 6.0 days
DIN (2003) 0.66 and 41.2 pmol L™
DIP (2003) 0.01 and 1.75 pmol L™
SOD 0.63gm=d'to24.00gm=d™
Salinity range ~20-35 psu
3.31 Rationale for selection

The Venice Lagoon was selected as a comparative system due to its shallow depth, semi-
enclosed morphology, and anthropogenically modified hydrodynamics, which resemble
conditions observed in lakes Grevelingen and Veere. Despite its larger scale (550 km? vs
~100 km? in Grevelingen), the lagoon exhibits internal confinement, variable residence times,
and oxygen-sensitive benthic habitats which makes it a relevant analogue for understanding
stratification and oxygen depletion in engineered coastal systems.

While the Dutch lakes are entirely enclosed with no tidal exchange, the Venice Lagoon
remains semi-open through three inlets (Lido, Malamocco and Chioggia, Figure 4). However,
the installation of the MOSE (Modulo Sperimentale Elettromeccanico) barrier system has
introduced temporary closures that reduce flushing capacity during high tides, especially
under calm summer conditions. This intermittently transforms sections of the lagoon into
quasi-enclosed basins with elevated residence times, which is closer in character to Dutch
lakes under stratified, low-mixing regimes. As in the Dutch lakes, oxygen depletion in the
Venice Lagoon tends to occur in deeper, poorly flushed areas, particularly where organic
matter loading and sediment oxygen demand are high (Leoni et al., 2022). The role of wind in
modulating water exchange and sediment resuspension is an important factor in both
systems.
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Figure 4: A representation of the major interventions to the Venice Lagoon, from Solidoro et al., (2010).
Numbers 1-4 indicate the diversion of major rivers, 5 is the construction of a seawall, 6-8 are the modification
of inlets, 9-10 are navigation channels, 11-13 are land reclamations and 14 is water reclamation for
aquaculture activity.

3.3.2 Ecological consequences of stratification
Although the Venice Lagoon is predominantly shallow (mean depth ~1 m), stratification and
hypoxia still occur in deeper or confined areas, especially during warm, calm periods. Oxygen
depletion is primarily driven by high Sediment Oxygen Demand (SOD), particularly in areas
with limited water exchange. In situ studies, such as by Leoni et al. (2022), confirmed
elevated SOD rates in confined basins compared to the open lagoon, with critical thresholds
reached once water temperatures exceed ~20°C, a threshold likely surpassed during most
summer periods in the lagoon.

Historically, the lagoon experienced severe anoxic events in the 1980s linked to massive
macroalgal blooms of e.g. Ulva rigida (newly-dominating, opportunistic macroalgae to the
system). This led to intense oxygen depletion during decay phases (Solidoro et al., 2010).
Although such system-wide anoxic events have diminished, localized hypoxia remains
common in hydrodynamically isolated zones (Leoni et al., 2022). In contrast to the two Dutch
lakes where hypoxia is linked directly to stratification and long residence times, Venice's
oxygen stress is more tied to organic matter remineralisation and sediment interactions,
amplified by human activity.

In the Venice Lagoon, intensive clam fishing, particularly with illegal hydraulic dredges, has
had a twofold effect: (1) reducing seagrass cover and enhancing turbidity, thereby degrading
benthic habitat quality; and (2) promoting surface sediment mixing, which may have
temporarily improved oxic conditions in bottom layers but contributed to long-term habitat
instability (Solidoro et al., 2010, Pranovi et al,. 2003, Sfriso et al., 2003). Opportunistic
species and particularly filter feeders, including the Manila clam Ruditapes philippinarum
(formerly Tapes philippinarum), have proliferated in response to these disturbances, while
sensitive benthic communities have declined (Solidoro et al., 2010; Sfriso et al., 2003).
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Seagrass beds, once widespread, were largely replaced by macroalgal assemblages due to
nutrient loading and bottom disturbance (Solidoro et al., 2010). The transformation from
seagrass to algae-dominated regimes reflects a broader ecological decline tied to nutrient
enrichment and altered oxygen dynamics.

3.3.3 Management solutions for ecological problems
In the Venice Lagoon, management of tidal exchange via the MOSE barriers is the primary
tool for regulating water renewal. During high tide events, the lagoon is temporarily closed off
from the Adriatic, but care is taken to reopen the inlets promptly, especially during warm
seasons, to allow oxygen-rich seawater to re-enter and prevent prolonged stagnation (Leoni
et al., 2022). Venice’s tidal exchange approach mimics a natural mitigation strategy and
highlights the role of controlled flushing as a passive method to prevent hypoxia. Operational
modelling and monitoring are used to forecast stratification-prone conditions, guiding
decisions on barrier timing and duration.

This is comparable to the strategy used in lake Grevelingen, which is directly connected to
the North Sea year-round, with the exception of extreme high- or low-water events. Lake
Veere, in contrast, has a fixed water level, limited exchange with the Oosterschelde and no
direct exchange with the North Sea, necessitating artificial intervention to oxygenate bottom
waters, particularly during summer.

Venice's experience also underscores the importance of sediment management. Efforts to
regulate clam fishing and reduce organic matter loading are seen as essential to lowering
SOD and supporting benthic habitat recovery (Adriano et al., 2005). While not explicitly aimed
at destratification, such sediment-focused interventions contribute to long-term oxygen
balance and may be of interest for strategies in Dutch systems, where internal nutrient
cycling and benthic demand remain significant challenges.

The Venice Lagoon illustrates that partial connectivity, when actively managed, can buffer
against persistent hypoxia even in systems with high biological oxygen demand. Therefore,
lessons from Venice particularly on the role of timing in water exchange and the importance
of managing benthic processes, are relevant when considering adaptive management
options for Grevelingen and Veere.

3.4 Aetoliko Lagoon

Table 6: Summary of relevant physicochemical characteristics of Aetoliko Lagoon (Avramidis et al., 2015;
Knutsen et al., 2024).

Parameter Applied to the system

Surface area 16 km?

Average Depth ~15m

Maximum Depth ~30 m

Residence time ?

TN 1.6-3mg g’

TP 0.33-0.55 mg g™

SOD ?

Salinity range ~18 — over 55 psu, depending on depth and location
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3.4.1 Rationale for selection
The Aetoliko Lagoon in western Greece is selected as a valuable analogue to Grevelingen
and Veere due to its depth, restricted exchange with surrounding waters, and long-standing
problems with stratification and anoxia. Despite its smaller surface area (16 km?) compared to
Grevelingen (~100 km?) and Veere (~30 km?), Aetoliko reaches depths of up to 31 meters,
which is comparable to the Dutch lakes (~50 meters and ~25 meters, respectively). It is
connected to the adjacent shallow Messolonghi Lagoon only through two narrow and shallow
channels, limiting water exchange (Gianni et al., 2011 and Figure 5).

Aetoliko Lagoon has three main freshwater inputs from rivers, as well as from a pumping
station near the Missolonghi lagoon connection (Gianni et al., 2012). This configuration
results in pronounced vertical gradients, much like the density stratification seen in lakes
Grevelingen and Veere, especially during summer. In both the Dutch and Greek systems,
poor flushing, anthropogenic nutrient loading, and internal nutrient recycling create conditions
that support persistent stratification and long-term ecological degradation. Aetoliko therefore
serves as a relevant case study for understanding how chronic stratification, bottom water
anoxia and artificial interventions play out in similar coastal environments.
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Figure 5: The Aetoliko Lagoon and surrounding, from Gianni et al., 2012.

3.4.2 Ecological consequences of stratification
Stratification in Aetoliko Lagoon has had severe ecological consequences. The water column
is typically divided into a well-oxygenated surface layer (0-10 meters), a layer with a steep
density gradient (10-18 meters) and a bottom layer (below 18 meters) which is typically
anoxic in summer and hypoxic in winter (Avramidis et al., 2015; Chamalaki et al., 2014).
Bottom water temperatures remain relatively stable, while surface temperatures fluctuate
seasonally (Avramidis et al., 2015). High concentrations of hydrogen sulphide accumulate in
the bottom layer, posing strong toxicity risks (Koutsodendris et al., 2015). Compared to the
Dutch lakes, Aetoliko exhibits even more extreme biogeochemical conditions, with frequent
fish mass mortality events linked to storm-driven mixing that lifts sulphide-rich, anoxic waters
to the surface (Koutsodendris et al., 2015).
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Beyond oxygen stress, Aetoliko’s ecology has been shaped by decades of human
intervention. Between 1972 and 1982, its connection to the polluted Lake Lysimachia, along
with agricultural inflow via irrigation pumping since 1973, greatly increased nutrient inputs and
altered salinity levels (Gianni et al., 2011; Avramidis et al., 2012). Combined with low flushing
capacity, these inputs have intensified eutrophication and organic matter accumulation,
accelerating the upward migration of the oxic-anoxic interface (Koutsodendris et al., 2015).
Artificial barriers for salt extraction and fish farming have further reduced water movement,
exacerbating the problem (Koutsodendris et al., 2015). The lagoon has also experienced
harmful algal blooms and microbial proliferation, contributing to unstable ecological
conditions. Overall, Aetoliko illustrates how stratification acts as both a symptom and driver of
ecosystem collapse, tightly coupled with nutrient dynamics, sediment oxygen demand, and
external pressures.

343 Management solutions for ecological problems
In 2006, an engineering intervention widened the channel connecting Aetoliko to the
Messolonghi Lagoon, increasing the cross-sectional area by around 30% (Koutsodendris et
al., 2015). This change allowed greater marine inflow and temporarily improved oxygenation
throughout the water column, with oxygen reaching the bottom during the winter of 2007
(Gianni et al. 2012). However, these effects were not sustained, and the system reverted to
its previous anoxic state, possibly a result of climate change on top of the anthropogenic
altering of the lake’s ecosystem and persistent internal nutrient loading (Koutsodendris et al.,
2015). This short-lived improvement underscores a common lesson shared with Dutch lakes:
partial or one-off hydrodynamic interventions are rarely enough. Similar challenges have
been observed in Grevelingen, where oxygenation measures have failed to prevent the return
of hypoxic conditions without continuous or structural solutions.

Aetoliko’s history highlights the importance of system-wide and ongoing interventions, such
as mechanical mixing, permanent pumping systems, or large-scale hydrological redesigns, to
restore ecological balance. Additionally, its sensitivity to storm events demonstrates that rapid
destratification can be ecologically harmful, reinforcing the need for carefully managed
solutions. The lagoon’s response also illustrates that restoration efforts must address both
physical and biogeochemical feedbacks, such as sediment oxygen demand and internal
loading, and success is even then not guaranteed. Taken together, these lessons provide
important insights for managing Dutch coastal lake systems, where climate change and
human use will continue to pressure water quality and ecosystem resilience.

3.5 Mar Menor

Table 7: Summary of relevant physicochemical characteristics of Mar Menor (Umgiesser et al., 2014;
Fernandez-Alias et al., 2022).

Parameter Applied to the system
Surface area 135 km?
Average Depth 44 m
Maximum Depth ~7m
Residence time >1 year
DIN 0-50 ymol L'
DIP 0-1 ymol L
SOD ?
Salinity range ~38-46 psu
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3.51 Rationale for selection
Mar Menor is a hypersaline coastal lagoon in southeast Spain, covering approximately 135
km? with an average depth of about 4.5 meters and salinity ranging from 38 to 46 psu
(Alvarez-Rogel et al., 2020). Its shallow depth, artificial inlets, history of connectivity to the
sea, and anthropogenic nutrient enrichment make it an ideal comparative system to Dutch
saltwater lakes. Like the Dutch lakes, Mar Menor has undergone significant human
intervention, including altered hydrology and intensive agricultural land use in its catchment. It
is designated as a wetland of international importance under the Ramsar Convention and is
subject to a semi-arid Mediterranean climate, with hydrological inputs and salinity strongly
modulated by episodic storm events and human land-use practices (Pérez-Martin, 2023).

The lagoon is connected to the Mediterranean Sea via three inlets but suffers from limited
water renewal, much like the Dutch systems. It has experienced severe eutrophication,
stratification-induced hypoxia, and ecosystem collapse, driven by agricultural runoff and
urbanization (Alvarez-Rogel et al., 2020). These parallels, particularly in morphology, nutrient
pressures, and the consequences of reduced water exchange, justify its inclusion as a
relevant case study for learning about hypoxia-related ecological responses and mitigation in
the Dutch saltwater lakes.
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Figure 6: Map of the Mar Menor region, adapted from Fernandez-Alias et al., 2022. It shows the sampling
design and main Mar Menor currents, as determined by modelling studies.

3.5.2 Ecological consequences of stratification
Hypoxia in Mar Menor is episodic yet often intense, particularly during the summer when
water column stratification coincides with nutrient pulses and elevated temperatures
(Fernandez-Alias et al., 2022). Stratification can follow storm-induced freshwater inflows or
calm weather, sometimes resulting in anoxic and sulphidic bottom waters, which cause
widespread mortality of both benthic and pelagic organisms (Alvarez-Rogel et al., 2020). One
of the most significant losses due to this process was that of seagrass, which plays critical
roles in nutrient uptake, sediment stabilization, and habitat provisioning (Torrente et al., 2019;
Alvarez-Rogel et al., 2020). Its disappearance leads to cascading ecosystem effects including
turbidity increases, shifts in nutrient cycling, and reduced biodiversity.
Fish populations experience sharp declines during hypoxic episodes, and although shallow
zones may act as temporary refugia, long-term recovery is limited (Zamora-Lépez et al.,
2022).

22 of 43 Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies
11211550-005-ZKS-0003, 10 December 2025

Deltares



Stratification and hypoxia have significantly disrupted the food web dynamics of the Mar
Menor. Historically, the pelagic food web was stabilized by top-down control exerted by three
jellyfish species: Aurelia, Cotylorhiza tuberculata, and Rhizostoma pulmo. They graze on
phytoplankton and help regulate its abundance (Fernandez-Alias et al., 2022). However,
eutrophication has led to species-specific shifts in jellyfish populations: while Aurelia
increased in abundance, C. tuberculata and R. pulmo declined sharply (Fernandez-Alias et
al., 2022). These changes are likely due to differences in tolerance to low oxygen and altered
nutrient conditions. Aurelia may survive better in eutrophic, hypoxic waters (e.g. Ishii et al.,
2008), whereas the other species are more sensitive to such stressors.

The decline in jellyfish grazing pressure allowed phytoplankton to proliferate unchecked,
triggering blooms. Furthermore, eutrophication and hypoxia have caused drastic reductions in
zooplankton populations (Fernandez-Alias et al., 2022), likely due to both direct oxygen
stress and indirect effects such as reduced food quality and increased predation pressure.
These losses, along with mass mortalities of benthic fish during dystrophic events, have
shifted the system from top-down to bottom-up control. This shift exacerbates oxygen
depletion and drives trophic collapse. The loss of top-down control, phytoplankton
overgrowth, zooplankton decline, and hypoxia are characteristic of other nutrient-rich, poorly
flushed aquatic systems, where hypoxia compresses habitable zones, weakens benthic-
pelagic coupling, and reduces trophic transfer efficiency. These dynamics mirror processes in
Dutch lakes, where poor flushing and nutrient enrichment similarly predispose systems to
trophic collapse under stratified conditions.

3.5.3 Management solutions for ecological problems
At Mar Menor, a range of mitigation strategies as part of their adaptive management strategy
have been adopted, with a focus on nutrient interception and ecosystem restoration. Nature-
based solutions, such as woodchip bioreactors, constructed wetlands, and buffer strips, have
shown high nutrient removal efficiencies, where pilot studies report nitrate reductions of 80—
95% (Alvarez-Rogel et al., 2020). Restoration of coastal wetlands also contributes to nutrient
retention and biodiversity enhancement.

These interventions are coupled with integrated watershed management, promoting better
fertilization practices, controlled irrigation, and denitrification of brine waters. Strategic spatial
planning ensures that interventions are targeted to the most critical sub-catchments (Alvarez-
Rogel et al., 2020).

Technological innovations support adaptive management. Real-time remote sensing and
online geoportals enable continuous monitoring of water quality and stratification risk (Erena
et al., 2019). In addition, participatory governance approaches, including the “zero
discharges” initiative and stakeholder engagement, have fostered social buy-in and
institutional resilience (Garcia-Ayllén, 2019).

Modelling studies have explored more intrusive options such as dredging to enhance water
renewal, but these pose ecological risks including habitat homogenization and loss of
structural complexity (Garcia-Oliva et al., 2018). Despite some signs of recovery following
interventions, system resilience remains limited and is highly dependent on sustained multi-
level action and monitoring (Garcia-Ayllén, 2019).

Given their comparable scale, anthropogenic pressures, and reliance on engineered
hydrological systems, many of the management solutions in Mar Menor (particularly nature-
based nutrient interception and integrated monitoring) offer valuable insights for improving
ecological outcomes in the Dutch saltwater lakes.
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3.6 Chesapeake Bay

Table 8: Summary of relevant physicochemical characteristics of Chesapeake Bay (Feng et al., 2015; Li et al.,
2015; Du & Shen, 2016; Wang et al., 2020).

Parameter Applied to the system

Surface area >11,000 km?

Average Depth ~6.5m

Maximum Depth ~53m

Residence time ~180 days

DIN (decadal average for May pre-2008) 60-100 umol L' near head
<10 umol L at mouth

DIP (decadal average for May pre-2008) 0.4 umol L' near head
0.1 umol L' at mouth

SOD (mesohaline) Ranging from near 0 g m?2 d"! in summer to 1-1.5 g m™
d"'" in spring and autumn

Salinity range 0.5-30 psu

3.6.1 Rationale for selection

The Chesapeake Bay is the largest estuary in the United States and was selected as a non-
European analogue for lakes Grevelingen and Veere due to its similar challenges related to
seasonal stratification, hypoxia, and legacy nutrient loading. Although it differs in scale
(spanning over 11,000 km? compared to 108 km? for Grevelingen) the bay shares critical
biogeochemical dynamics with the Dutch systems, including internal nutrient cycling,
sediment oxygen demand, and the vulnerability of benthic habitats to stratified oxygen-poor
conditions. The Bay’s central channel reaches depths of up to 30 meters and hypoxia is a
recurring seasonal phenomenon, as in the Dutch lakes. Unlike Grevelingen and Veere,
however, Chesapeake remains open to tidal exchange, providing an opportunity to assess
how openness influences long-term ecosystem trajectories. These parallels and contrasts
make it a valuable reference point for understanding the efficacy and limitations of both
biogeochemical and physical restoration strategies.
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Figure 7: Map of the Chesapeake Bay showing water depth and major tributary systems, from Kemp et al.,
2005.

3.6.2 Ecological consequences of stratification
Chesapeake Bay has long experienced seasonal hypoxia, particularly in its deeper central
regions, driven by nutrient over-enrichment, vertical stratification (mainly salinity-driven), and
high sediment oxygen demand (Kemp et al., 2005). Eutrophication from agricultural runoff
and urban wastewater intensified in the 20th century, and oxygen loss in bottom waters led to
major ecological impacts across trophic levels. The decline of oyster populations, which were
once dominant filter feeders, removed a critical ecological buffer (Kemp et al., 2005).

Eutrophication and hypoxia in Chesapeake Bay have had cascading ecological effects across
multiple trophic levels. Hypoxia has altered zooplankton community dynamics, reducing the
survival and reproduction of copepod species like Acartia tonsa and Eurytemora affinis
(Keister et al., 2000). This is likely a result of interference with the species’ daily vertical
migration patterns (feeding near the surface at night, hiding in deeper water during the day to
avoid predation), which are common in zooplankton. In the fish community, eutrophication
and hypoxia has shifted the community structure away from demersal species toward pelagic
species, such as Atlantic menhaden (Luo et al., 2001). Some demersal fish, including
sturgeon, have been functionally extirpated due to a lack of oxygenated benthic habitat
(Niklitschek, 2001). The loss of submersed vascular plants like Zostera marina has further
degraded benthic habitat, by reducing sediment stability and impairing natural oxygenation
processes through root-zone oxygen release (Caffrey and Kemp, 1992).
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Climate variability amplifies these problems. Wet years with increased freshwater input tend
to intensify stratification and exacerbate hypoxia, while dry years offer temporary relief
(Murphy et al., 2011). Similar patterns could become increasingly relevant in the Netherlands
under projected climate change scenarios.

3.6.3 Management solutions for ecological problems
Restoration of Chesapeake Bay has evolved over several decades, beginning with the
Chesapeake Bay Program in the 1980s. Initial efforts focused on external nutrient reductions
through improved wastewater treatment, agricultural best management practices, and urban
runoff control (Boesch et al., 2001; Kemp et al., 2005). However, progress in reducing
bottom-water hypoxia has been slow, largely due to internal nutrient loading from anoxic
sediments (Testa et al., 2012). This is a challenge echoed in Dutch lakes, where phosphorus
and nitrogen in sediments continue to fuel water column productivity despite reduced external
inputs.

More recent efforts in the bay have emphasized integrated, adaptive strategies. These
include wetland and shoreline restoration (Goldman and Needelman, 2015), extensive
monitoring programs (Hood et al., 2021), and experimental reintroductions of oysters and
submerged aquatic vegetation. While rewilding efforts have met with mixed success due to
disease and poor water clarity, they represent a critical component of rebuilding lost
ecosystem functions. This emphasis on biological restoration complements physical
interventions and is a potential model for Dutch systems, where mussel beds or seagrass
could serve as both habitat and biogeochemical buffers.

Similarly as in the Venice Lagoon, the Chesapeake Bay remains tidally connected. However,
also here hypoxia persists despite this connectivity, which underscores that physical
openness alone is insufficient if internal nutrient cycling and sediment feedbacks are not
addressed. This finding supports a similar conclusion for the two Dutch systems: increased
exchange with surrounding water bodies is important, but must be combined with long-term
sediment management, biological restoration, and climate-adaptive planning.

Chesapeake Bay demonstrates the phenomenon of ecological inertia. Despite decades of
nutrient reductions, full recovery remains elusive (Kemp et al., 2005) and restoration may
need to be designed for decadal timescales. The Chesapeake case emphasizes that
sustained investment, flexibility, and a multi-pronged approach are essential for reversing
hypoxia and rebuilding ecological integrity.
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Swan River estuary

Table 9: Summary of relevant physicochemical characteristics of the Swan River estuary (Chan & Hamilton,
2001; Swan River Trust, 2002; Ngrlem et al., 2013; Larsen et al., 2019).

Parameter

Applied to the system

Surface area

~30-50 km?, depending on how far up-river

Average Depth

~8m

Maximum Depth

~24 m

Residence time (upper estuary, 2001)

<0.2 days (peak winter flow)
>1 year (summer)

DIN 0-0.7 mg L' (in 2000 and less downstream of Narrows)
DIP ?
SOD Pre-oxygenation: fluctuating, down to ~0 mmol m? d-! in spring

Post-oxygenation: 93-97 mmol m2 d'

Salinity range

Rationale for selection

5-30 psu

The Swan River estuary, located in Perth, Western Australia, represents a well-documented
case of an urban estuarine system where seasonal stratification and eutrophication have
historically driven bottom-water hypoxia. Although its estuarine nature and microtidal regime
differ from the lakes Grevelingen and Veere, the Swan exhibits comparable internal
dynamics. These include restricted vertical mixing, sediment-driven nutrient recycling, and
periodic oxygen depletion in bottom waters. Moreover, the Swan has been a testing ground
for artificial oxygenation technologies in shallow, stratified systems, offering valuable parallels
for Dutch lake restoration efforts. The system spans approximately 40 km, with mean depths
under 3 m in its upper reaches and a tidal range of about 1.1 m (Larsen et al., 2019).
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Figure 8: Maps of the Swan estuary, showing the observation stations and the two oxygenation plants,

described in and adapted from Larsen et al., 2019.

Ecological consequences of stratification

Stratification in the Swan River estuary develops primarily during dry summer and autumn
months, when freshwater inflow is minimal and saline ocean water intrudes inland. This
creates a density gradient, with a stable salt wedge forming particularly in the upper and
deeper reaches of the estuary (Hamilton et al., 2001). Under such stratified conditions,
oxygen transfer to bottom waters is severely limited, leading to seasonal hypoxia or anoxia.

Stratification, hypoxia and ecological impacts in semi-enclosed coastal water bodies
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Oxygen depletion is further driven by microbial degradation of organic matter, originating from
both phytoplankton blooms and allochthonous sources such as agricultural runoff and
sewage (Hamilton et al., 2001).

The ecological consequences of this hypoxia are profound. Benthic die-offs, fish kills, and
disrupted nutrient cycling have been observed (Larsen et al., 2019). Anoxic conditions
suppress nitrification and denitrification, limiting nitrogen removal, while phosphorus is
released from sediments under reducing conditions. This promotes internal nutrient loading,
fuelling further primary production and reinforcing the feedback loop of eutrophication
(Hamilton et al., 2001). These effects closely mirror those observed in Grevelingen and
Veere, where stratified basins experience seasonal oxygen depletion and biogeochemical
feedbacks that maintain poor ecological conditions.

3.73 Management solutions for ecological problems
To combat eutrophication and hypoxia, the Swan River system has implemented both
catchment-wide and in situ measures. Since the 1990s, nutrient loads have been reduced
through major investments in Perth’s wastewater infrastructure, the construction of treatment
wetlands (e.g., e.g. Ellen Brook Tributary Wetland or Elderfield Wetland Restoration), and
improved stormwater management (Hamilton et al., 2001). These actions were accompanied
by real-time monitoring networks and adaptive management strategies using oxygen and
chlorophyll thresholds to guide interventions (Larsen et al., 2019).

One of the most innovative in situ solutions was the application of artificial oxygenation. After
a pilot destratification trial in 1997 and numerical modelling of the outcomes of artificial
oxygenation (Government of Western Australia, 2014), a fixed side-stream supersaturation
(SSS) oxygenation plant was installed at Guildford in 2009, followed by a second at
Caversham in 2011. These plants draw bottom water, oxygenate it using pressurized liquid
oxygen, and discharge it near the sediment—water interface. During a 12-day trial, the
Caversham system raised bottom DO levels over a stretch of more than 11.5 km and
improved sediment redox conditions (Larsen et al., 2019). The success of this approach,
which avoided bubble loss to the atmosphere, contrasts with earlier bubble-plume systems
that had localized effects (~30-350 m from the diffuser)as they were disrupted by tidally
driven salt wedge migration and non-tidal water level fluctuations (Hamilton et al., 2001).

This case illustrates the importance of tailoring oxygenation technologies to local
hydrodynamics, a lesson directly relevant to Dutch saline lakes. In both Swan and the Dutch
systems, stratification and internal loading require persistent, structural solutions. While re-
opening Grevelingen or Veere to the sea may provide long-term relief, the Swan shows that if
targeted oxygenation is aligned with system-specific conditions, it can offer effective short- to
medium-term mitigation.

Nonetheless, the Swan River example also reinforces that artificial interventions must be part
of a broader, integrated strategy that includes nutrient load reduction and ongoing ecological
monitoring. Without this integration, improvements in oxygenation are likely to be temporary.
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3.8

Saemangeum Lake

Table 10: Summary of relevant physicochemical characteristics of Saemangeum Lake (Lee & Park, 2013; Lee
et al., 2023; Baek et al., 2024, https:.//www.saemangeum.Kr/sda/en/contant.do?key=2010214075031).

Parameter Applied to the system
Surface area 118 km?

Average Depth ~34 m

Maximum Depth ~54 m

Residence time (modelled, 2013)

>135 days in winter

DIN 222.25mgm™
DIP 16.61 mg m™
SOD ?

Salinity range ~20-30 psu

3.8.1 Rationale for selection

Saemangeum Lake in South Korea was selected as a comparison case due to its
resemblance to Dutch saline lakes in both physical alteration and biogeochemical
degradation. Like Grevelingen and Veere, Saemangeum was once part of an open estuarine
environment but was later enclosed to serve development goals such as agriculture, industry,
and land reclamation. The system transitioned from a dynamic estuary with strong tidal
exchange to a semi-enclosed water body isolated from marine flushing by a 33-km-long
seawall (Kwak et al., 2023). This parallels the transformation of Grevelingen following the
Delta Works. Both systems now struggle with persistent stratification, hypoxia, and legacy
nutrient loading, which are ecological problems largely driven by altered circulation and
intensified internal feedbacks. The case of Saemangeum offers insights into the risks and
challenges of large-scale coastal enclosure, especially under warm climate conditions that
favour stable stratification and microbial activity.
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Figure 9: Maps of the Saemangeum Lake, from Jeong et al., 2024.
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3.8.2 Ecological consequences of stratification
Following the completion of the seawall in 2006, hydrodynamic energy in Saemangeum
collapsed, and tidal exchange was reduced to intermittent sluice operations. The result was a
rapid shift to summer stratification driven by freshwater inflows from rivers overlaying denser
saline intrusions (Kwak et al., 2023; Jeong et al., 2024). These stratified conditions strongly
limit vertical mixing and oxygen transport to bottom waters. Even when seawater is
introduced through sluices, a reversing two-layer circulation is created that further inhibits
mixing (Kwak et al., 2023).

Persistent stratification during warm periods isolates bottom waters, leading to chronic
hypoxia and episodic anoxia. During anoxic periods, a severe oxygen debt builds up. When
mixing occurs and oxygen is reintroduced, a sharp spike in sediment oxygen demand (SOD)
is observed (Jeong et al., 2024), caused by the rapid oxidation of accumulated reduced
compounds such as ammonium (NH,*), iron (Fe?*) and hydrogen sulphide (H,S). Both
microbial activity (e.g. Beggiatoa, nitrifiers) and abiotic chemical reactions contribute to these
oxygen spikes, intensifying oxygen deficits shortly after reoxygenation.

Paradoxically, the effective SOD drops again under sustained anoxia because oxygen is no
longer available to fuel oxidation. However, potential demand remains latent until
reoxygenation occurs. This hidden oxygen debt suggests that surface recovery can mask
deeper biogeochemical deterioration.

The breakdown of stratification also results in the release of internally stored nutrients. Under
anoxic conditions, processes such as nitrification cease, and phosphorus bound to iron
oxides is released. Jeong et al. (2024) report that more than 50% of bottom-water ammonium
and up to 85% of phosphate may originate from sediment release. These nutrients
accumulate during stratification and are later mixed into surface waters, triggering
phytoplankton blooms and reinforcing eutrophication. This creates a positive feedback loop
similar to that in Dutch systems.

3.8.3 Management solutions for ecological problems
To mitigate oxygen stress, large sluice gates were installed to allow seawater exchange.
However, these interventions have not restored effective mixing due to persistent density
stratification and the biochemical feedbacks described above (Jeong et al., 2024). Therefore,
hydrodynamic reconnection alone is insufficient when internal biogeochemical drivers
dominate the oxygen balance. Restoration is further complicated by hydrological
segmentation. Infrastructure such as roads and compartmentalized sluice operations have
created spatial heterogeneity in flow regimes between the Mangyeong and Dongjin basins
(Lee et al., 2022). This leads to uneven salinity and oxygen patterns, undermining system-
wide management efforts.

As in the Dutch lakes, internal nutrient cycling has become a dominant driver of
eutrophication, requiring interventions beyond external load reduction. Long-term solutions
must include sediment management, redesign of sluice operation strategies, and possibly
biological rewilding or sediment oxygenation technologies. Monitoring and modelling are
essential to track recovery and adapt interventions.

Saemangeum illustrates how positive feedbacks (i.e. stratification, anoxia, nutrient release,
algal blooms, organic sedimentation) can lock a system into a degraded state. These
processes are consistent with those in Grevelingen and Veere, reinforcing the conclusion that
reversing hypoxia in enclosed saline lakes is a multi-decadal challenge that must address
both physical and biogeochemical system components.
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3.9 Jellyfish Lake

Table 11: Summary of relevant physicochemical characteristics of Jellyfish Lake (Hamner et al., 1982;
Smittenberg et al., 2011).

Parameter Applied to the system

Surface area ~0.06 km?

Average Depth ~15m

Maximum Depth ~30m

Residence time Not thoroughly studied, but in the order of a week for

freshwater input and dependent on season

DIN Above chemocline:

NO2 + NO3 are either undetectable or 0.05 ugN L™
NH4 <0.5 pg L'

Below chemocline:

NH4 >600 pg L™ (around 30 m depth)

PO4 Above chemocline: <0.4 pg L'
Below: ~25 ug L'
SOD ?
Salinity range 25-30 psu
3.91 Rationale for selection

Marine lakes in Palau, particularly Jellyfish Lake (Palauan: Ongeim’l Tketau, “Fifth Lake”),
offer a unique natural analogue for exploring the long-term ecological implications of
permanent stratification and hypoxia in coastal systems. These permanently stratified lakes
are typically around 30 meters deep and have restricted exchange with the surrounding
ocean (Hamner and Hamner, 1998). Some, such as the Jellyfish Lake, are not directly
connected to the ocean by a surface channel, but instead are linked to the ocean via a
network of cracks and fissures in the surrounding limestone bedrock (Hamner and Hamner,
1998). Such systems with limited direct connection thereby resemble the Dutch saltwater
lakes Grevelingen and Veere, which were formerly open marine systems but are now partially
enclosed and exhibit seasonal or near-permanent stratification with recurring hypoxia in
bottom waters.

Palauan lakes are largely unmanaged, which makes them valuable case studies for
understanding the natural ecological outcomes of long-term stratification. The dominance of
jellyfish (particularly endemic Mastigias species) under stratified, low-oxygen conditions
(Martin et al., 2006) presents a parallel to jellyfish increases observed in Dutch lakes.
Furthermore, the system’s resilience to disturbance and long-term ecosystem stability may
offer insights into alternative stable states or biological feedbacks that limit eutrophication
symptoms despite hypoxia.

Since most Palauan lakes are unaltered by direct human interventions, these systems help
clarify the potential trade-offs and feedbacks relevant to restoration efforts in Grevelingen and
Veere. However, although some valuable insights can be obtained from this case study,
stable tropical marine systems are no close proxy to the anthropogenically altered former
estuarine systems in the Netherlands.
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Figure 10: Maps from Cimino et al., 2018, indicating the location of the Jellyfish Lake in Palau with the world
map in (a), a satellite image in (b) and the bathymetry in (c).

3.9.2 Ecological consequences of stratification
Stratification in Palauan lakes creates a defined vertical division between an oxygenated
upper layer (typically 0-15 m) and an anoxic, sulphidic lower layer, with strong gradients in
salinity, hydrogen sulphide, ammonium, and phosphate at the interface (Hamner et al., 1982;
Orem et al., 1991). These chemical gradients structure the biotic communities, filtering
species based on oxygen tolerance and salinity preferences (Lipps and Langer, 1999;
Rapacciuolo et al., 2019). Microbial activity peaks at the oxycline, with distinct bacterial
communities adapted to anoxic conditions dominating the lower layers (Venkateswaran et al.,
1993; Rapacciuolo et al., 2019).

The benthic communities in these anoxic zones are typically species-poor or absent, with
sediments dominated by detrital remains and microbial mats (Orem et al., 1991; Hamner and
Hamner, 1998). Zooplankton diversity is similarly reduced in hypoxic layers, and foraminifera
are entirely absent below the oxygen interface (Lipps and Langer, 1999).

Jellyfish, particularly endemic Mastigias species, are central to the pelagic food web in
stratified Palauan lakes. Their population dynamics are tightly coupled to temperature and
stratification, with collapses and recoveries linked to climate variability such as El Nifio-
Southern Oscillation (ENSO) events (Martin et al., 2006). These jellyfish exert strong top-
down control on phytoplankton, maintaining water clarity and suppressing algal blooms
(Blanchette et al., 2020). This top-down role is ecologically significant, as its disruption can
lead to trophic imbalances and phytoplankton overgrowth.

In Dutch saltwater lakes, similar stratification-induced hypoxia has emerged in deeper basins,
particularly in Lake Grevelingen. Recent increases in jellyfish populations (e.g., Aurelia aurita)
parallel patterns observed in Palau, suggesting similar ecological mechanisms. Thus, the
Palauan lakes serve as a natural case study to better understand the ecological
consequences of sustained hypoxia and jellyfish dominance in temperate systems.
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3.93 Management of the lake and its ecology
Palauan marine lakes are managed by the Koror State Government to limit human
interference: visitation is limited and visitors are restricted by e.g. being prohibited to scuba
diving to avoid mixing the stratified layers. The Jellyfish Lake has been monitored monthly by
the Coral Reef Research Foundation since 1999 and it’s protection allowed the long-term
effects of stratification and hypoxia to evolve without direct human interference. It therefore
lakes provide a reference point for understanding unmanaged outcomes of stratification.
Despite the harsh conditions in the anoxic layers, these lakes maintain relatively stable
pelagic communities, dominated by jellyfish and stratification-tolerant microorganisms
(Hamner and Hamner, 1998). This apparent stability raises questions about whether systems
like lakes Grevelingen and Veere could reach similar alternative stable states, and whether
full remediation of hypoxia is always necessary for ecosystem function. Therefore, not only
the nutrient inputs and hypoxia need to be addressed, but also the ecological role of
emerging dominant taxa like jellyfish.
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4 Conclusion

Stratification and hypoxia in semi-enclosed coastal water bodies are complex, multi-causal
processes that drive ecological degradation and long-term ecosystem change. In lakes
Grevelingen and Veere, these dynamics have contributed to benthic habitat loss, trophic
instability, and persistent eutrophication. Lessons from nine international case studies confirm
that these challenges are global and often intensified by climate change and legacy nutrient
inputs.

Across systems, reinforcing feedback loops accelerate degradation: loss of filter feeders
reduces grazing pressure, promoting phytoplankton blooms; jellyfish proliferate under hypoxic
conditions, further suppressing zooplankton; and increased organic matter deposition
elevates sediment oxygen demand, deepening hypoxia. These cascading effects,
documented in Mar Menor and Limfjord, illustrate how food web restructuring can lock
ecosystems into degraded states. Similar processes are plausible in Dutch lakes and require
explicit consideration in restoration planning.

This review partially addresses knowledge gaps identified in Prins et al. (2024), particularly
the role of benthic-pelagic coupling and trophic feedbacks. Limfjord demonstrates how wind
forcing can maintain stratification even in shallow systems, while the Venice Lagoon
highlights the importance of sediment oxygen demand as a driver of localized hypoxia.
Aetoliko Lagoon shows how chronic stratification and sulphide accumulation can lead to
irreversible benthic habitat loss, underscoring the need for early intervention. Furthermore,
this case shows that storm events can have significant impacts by mixing sulphidic bottom
waters throughout the water column and causing sudden mortality events. The Palauan
Jellyfish Lake illustrates how long-term and stable stratification can lead to a food web that is
dominated by pelagic jellyfish and benthic bacteria.

A consistent finding across the case studies is that physical enclosure and reduced flushing
are the primary drivers of stratification, while elevated nutrient loads, both historical and
current, create conditions conducive to hypoxia. The Baltic Sea illustrates how internal
phosphorus loading under anoxic conditions sustains eutrophication even after external
nutrient reductions, reinforcing hypoxia through sediment feedbacks. Chesapeake Bay
demonstrates that decades of nutrient reduction may not fully restore oxygen dynamics due
to entrenched internal feedbacks and ecological inertia. Similarly, Saemangeum Lake shows
that hydrodynamic reconnection alone cannot resolve hypoxia when internal biogeochemical
drivers dominate, while the Swan River case provides evidence that targeted oxygenation
can mitigate hypoxia locally, but only when integrated with nutrient management and
monitoring.

Taken together, these lessons highlight that successful interventions require an integrated
approach combining hydrodynamic, biogeochemical, and ecological measures. Single
solutions, whether nutrient reduction, physical mixing, or habitat restoration, are unlikely to
succeed in isolation. Instead, adaptive strategies that address both external pressures and
internal feedbacks, supported by predictive modelling and real-time monitoring, offer the best
prospects for long-term recovery.
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4.1 Recommendations

For lakes Grevelingen and Veere, the case studies suggest that an integrated approach in
which nutrient load reductions are complemented by active sediment management and
physical interventions that disrupt stratification or enhance oxygen exchange may have the
highest chances of achieving any desired result. Adaptive oxygenation technologies, such as
those piloted in the Swan River, may offer a useful model for locally tailored solutions.
Parallel efforts to restore benthic habitats, including mussel beds and seagrass meadows,
could strengthen ecological buffering capacity and improve oxygen dynamics. Monitoring and
management of internal nutrient cycling (particularly the release of phosphorus from anoxic
sediments) remain essential for reducing the resilience of hypoxic conditions. In addition,
predictive modelling combined with real-time monitoring could provide valuable tools for
anticipating stratification events and guiding responsive interventions.

In cases where full ecosystem recovery proves unattainable, it is important to acknowledge
potential ecological trade-offs, such as the dominance of jellyfish or other opportunistic
species, and to develop strategies that account for altered food web structures. Lessons from
Mar Menor show how jellyfish proliferation and zooplankton collapse can destabilise pelagic
food webs, while Chesapeake Bay illustrates the long-term consequences of losing benthic
filter feeders such as oysters. Jellyfish Lake provides an extreme example of a potential
alternative stable state dominated by jellyfish and microbial mats, underscoring the need to
anticipate and manage such shifts in Dutch lakes.

Finally, long-term success will depend not only on technical measures but also on inclusive
governance. Engaging stakeholders through participatory processes and transparent
communication will be critical for building support and ensuring that restoration strategies are
resilient, science-based, and aligned with societal expectations. The governance model
developed for Mar Menor, which combines stakeholder engagement with nature-based
solutions, offers a valuable example for lakes Grevelingen and Veere. Similar frameworks
could help strengthen collaboration between authorities, local communities, and economic
actors in the Netherlands.

This literature review is only a piece of the puzzle in order to fully understand the ecological
problems the Dutch lakes face and the challenges linked to it. Some open questions are not
answered with this study, such as whether stratification and oxygen depletion are the main
cause of the observed ecological alterations or just one of many effects caused by the
closure of the systems, parallel to and interlinked with changes in the lakes’ ecology. More
detailed research is needed to address these and other questions, and to develop knowledge
that could potentially also serve researchers and managers abroad. Based on the parallels
identified, Limfjord stands out as a strong candidate for deeper collaboration on physical and
biogeochemical processes, while Mar Menor offers governance and nature-based innovation
that could inform Dutch strategies. Both systems merit priority consideration for joint research
and knowledge exchange.
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Appendix

Table A1: Comparison table with physicochemical characteristics of all systems discussed in this report.

Parameter Lake Lake Baltic Limfjord Venice Aetoliko Mar Chesapeake Swan River Saemangeum Jellyfish
Grevelingen Veere Sea Lagoon Lagoon Menor Bay estuary Lake Lake
Surface 108 km? 23 ~400,000 ~1500 ~550 km? 16 km? 135 >11,000 km? ~30-50 km?, 118 km? ~0.06 km?
area km? km? km? km? depending on
how far up-
river
Average 54m 4.8m ~556 m ~4.5m ~1m ~15m 44m ~6.5m ~8m ~34m ~15m
Depth
Maximum 48 m 23 m ~450 m 24 m <50 m ~30m ~7m ~53 m ~24 m ~54 m ~30m
Depth
Residence 3-6 years ~180 ~20-30 ~1 year 5.8106.0 ? >1year | ~180 days <0.2 days >135 days in ?
time days years days (peak winter winter
flow)
>1 year
(summer)
DIN 32 pymol L™ 84 4-9 pymol 0-60 0.66 and 16-3mgg 0-50 60-100 pmol 0-0.7 mg L™ 222.25mgm™ Above
pmol L mmol m3 | 41.2 ymol 1 pmol L~ | L™ near head (in 2000 and chemocline:
L L ! <10 ymol L less NO2 + NO3
at mouth downstream <0.05 uygN
of Narrows) L
NH4 <0.5
pg L
Below
chemocline:
NH4 >600
Hg L
PO4 1.1 ymol L™ 4.3 0.06-1 0-2 mmol 0.01 and 0.33-0.55 0-1 0.4 pmol L ? 16.61 mg m™® Above
pmol pmol L™ m3 1.75 umol mg g’ pmol L~ | near head chemocline:
L L 1 0.1 ymol L™ at <0.4 ug L!
mouth Below: ~25
pg L
sSobD ? ? ? 20-40 063gm™=2 | ? ? Ranging from Post- ? ?
mmol m2 d'to near0 gm2d | oxygenation:
day’ 24.00 g "in summerto | 93-97 mmol
m=2d 1-1.5gm2d"’ m2d’
in spring and
autumn
Salinity 27.9-32.6 psu 20.7- 1-25 psu ~19-34 ~20-35psu | ~18 —over ~38-46 | 0.5-30 psu 5-30 psu ~20-30 psu 25-30 psu
range 34.8 psu 55 psu, psu
psu depending
on depth
and

location
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