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Abstract. The Ems estuary faces rising turbidity and increased flood risk due to 
sea-level rise. We investigated three Nature-based Solutions (NbS) through hydro-
morphological modeling to address these issues by 2100: converting a polder to 
wetland, facilitating salt marsh growth with brushwood groynes, and re-using 
dredged sediment. Without NbS, turbidity is projected to increase, especially with 
sea-level rise. Reconnecting a polder can help reduce turbidity in the Dollard while 
expanding facilitating new wetland, but may not fully counteract the increased 
sediment import projected with sea-level rise. Extracting mud from the Delfzijl 
harbour is the most effective measure in reducing turbidity, while marsh expan-
sion with brushwood groynes does not significantly affect turbidity. Nevertheless, 
groynes facilitate both marsh expansion as well as significant local flood risk 
reduction. 

Keywords: Nature-based solutions · Sea-level rise · Flood risk · Turbidity · 
Sediment management 

1 Introduction 

Located within the Wadden Sea along the border between the Netherlands and Germany, 
the Ems estuary has undergone substantial transformations due to natural processes and 
human interventions. Centuries of land reclamation and maintenance dredging from the 
latter half of the 20th century onwards for shipping are believed to be responsible for the 
current turbid state of the estuary [1]. The abundance of fine particles in the water limits 
light penetration for phytoplankton growth, severely restricting primary production [2]. 
Additionally, sea-level rise increases the risk of flooding and saltwater intrusion into the 
surrounding low-lying, subsiding polders.
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Sediment management strategies as part of a Nature-based Solution (NbS) could 
provide solutions for these challenges. Fostering the deposition of suspended sediments 
is expected to reduce turbidity while restoring and creating new habitats. As part of 
the EmsDollard2050 program, various pilots are being conducted. These initiatives aim 
to mitigate current issues and provide a blueprint for sustainable estuary management 
in the future. The main goal of this study is to develop a long-term morphological 
process-based model and predict how the proposed sediment management strategies in 
the EmsDollard2050 programme will contribute to biodiversity and ecosystem services 
in the estuary on the long-term. 

2 Methods 

2.1 Hydro-Morphological Model 

We developed a set of three nested Delft3D – Flexible Mesh models to predict the 
impact of sediment management strategies and sea-level rise. The largest model, the 
Dutch Continental Shelf Model (DCSM) [3], is used for a hydrodynamic hindcast of the 
year 2018. This hindcast provides synthetic hydrodynamic boundary conditions for a 
representative spring-neap period, following the procedure developed by Schrijvershof 
et al. [4]. The intermediate model covers the Ems estuary and includes the Wadden 
Sea from the islands of Norderney to Ameland. The wave- and wind climate were 
schematised from a nearby observation buoy into 12 representative wave-wind classes 
following the procedure described by Walstra et al. [5]. 

A smaller model that simulates sediment dynamics and morphodynamic evolution 
is nested inside the intermediate model, with a seaward boundary at Eemshaven and a 
landward boundary at the lock near Herbrum (Germany). This smaller model is forced 
with the tides and waves that are propagating through the mouth of the Ems estuary from 
the intermediate model. Additionally, for each wave- and wind climate class the expected 
non-tidal residual from 10 years of observations is imposed on the model boundaries. 

The morphodynamic sediment transport model only accounts for muddy sediment 
because for two reasons. First, the focus on Nature-based Solutions (NbS) for restoring 
muddy intertidal flats and reducing turbidity. Second, the predominantly sandy features, 
such as tidal channels, will not change significantly up to 2100 while morphological 
predictions of such features are prone to errors (such as artificial deepening). Such 
errors would strongly influence the impact of the interventions. 

Vegetation is included in the model simulations by exerting resistance to flows [6] 
and attenuating wave action [7] where marshes are present. The vegetation coverage is 
updated every five simulated years, according to simple ecotope rules from Bouma et al. 
[8]. 

After calibration, the model reproduces the general pattern of suspended sediment 
concentration in the Ems estuary and Dollard, increasing from Eemshaven into the 
Dollard, matching observations by Brinkman et al. [9]. Major sediment pathways, such 
as circulation across the Geise dam observed by van Maren et al. [10], are accurately 
reproduced, and sediment accumulation in marshes is well captured. Large spikes in 
suspended sediment and fluxes upstream from Emden and up to the Ems River are 
underestimated due to the absence of vertical transport gradients in the 2D-model and
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omitted processes like fluid mud formation. Despite these limitations, we consider the 
model suitable for studying the effect of sediment management scenarios. 

Fig. 1. Map of the Ems estuary and Dollard with the locations of the NbS strategies. 

2.2 Scenarios 

Three NbS are explored through numerical modelling (Fig. 1): 1) the creation 300 
hectares of intertidal wetland (Groote Polder); 2) promote sediment deposition and salt 
marsh expansion using 400x400 meter brushwood groyne field in the western Dollard 
(with groynes permeable to flow but blocking incoming waves); and 3) the extraction of 
sediment dredged from the harbour of Delfzijl, where instead of disposing the sediment 
outside the harbour entrance, it is removed from the model domain. The NbS mea-
sures are assessed for the short-term (2030), mid-term (2050) and long-term (2100) for 
three sea-level rise scenarios: no sea-level rise (ssp000), low sea-level rise (ssp245), and 
high sea-level rise (ssp585), corresponding to the latest IPCC shared social economic 
pathways (ssp’s) at the location of Delfzijl up to 2100 [11]. 

The NbS are assessed based on three metrics: 
Flood risk reduction. The model is forced with a hindcast of storm Herwart (Oct-

2017) to derive the change in wave height along the estuary as a result of morphological 
changes and the implemented NbS measure. 

Water quality. Water quality is assessed by turbidity as the average suspended 
sediment concentration along a transect from the Oost Friesche gaatje through the main 
navigation and tidal channel of Groote gat into the Dollard. 

Ecotopes. Ecotopes are categorized form the model results with the D-Eco Impact 
model [12] and the classification rules for the Wadden Sea as described in Baptist et al 
[13].
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3 Results 

3.1 Flood Risk Reduction 

Only changes in storm wave height by 2100 are discussed to illustrate the findings (see 
Fig. 2). Without sea-level rise, wave heights are projected to decrease locally by up to 
25 cm due to the expansion of salt marshes and the infilling of the Bocht van Watum. 
With sea-level rise, wave heights are expected to increase near Delfzijl and the southern 
Dollard marshes, but decrease near areas with substantial salt marsh development. The 
new channel connecting Groote polder with the Ems increases local wave exposure, while 
brushwood groynes in the western Dollard significantly reduce wave heights locally. The 
extraction of sediment leads to a negligible increase in wave height (<1 cm) across the 
estuary. 

3.2 Water Quality 

The model predicts a significant increase in turbidity in the Ems estuary over time, exac-
erbated by sea-level rise (see Fig. 3). By 2100, turbidity is expected to rise across all 
scenarios, with suspended sediment concentrations in the Dollard increasing by 25% 
without sea-level rise and nearly doubling under ssp585. While NbS measures have 
some impact, their overall capacity to regulate turbidity is limited. Sediment extraction 
from Delfzijl shows a decrease in suspended sediment between 10 and 20 km of the 
transect by 2030. The Groote Polder acts as an effective sediment sink initially, prevent-
ing increases in sediment concentrations up to 12.5 km of the transect, but is insufficient 
to offset the projected increase in sediment import under high sea-level rise condi-
tions. Brushwood groynes in the western Dollard do not significantly affect suspended 
sediment concentrations. 

3.3 Projection of Ecotopes 

The model projects marsh ecotopes and tidal channels (infralittoral zone) to expand at 
the expense of the lower unvegetated intertidal (littoral) zone, even without sea-level rise. 
This trend becomes more pronounced with sea-level rise. The Groote Polder measure is 
expected to add most new marsh area, and similarly, the brushwood groynes are projected 
to cause a noticeable expansion of marshland within the western Dollard. Sediment 
extraction at Delfzijl partially counteracts the increasing mud content on the tidal flats, 
resulting in a larger area of sandy littoral ecotopes and a corresponding reduction in 
muddy ecotopes compared to a situation without this intervention.
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Fig. 2. A) Change in wave height in 2100 compared to 2020 during storm Hewart at various 
sea-level rise scenarios and B) Change in wave height due to implemented measures in each sea 
level rise scenario 

4 Discussion 

The model in this study predicts a significant increase in sediment import with sea-
level rise, suggesting that the up-estuary transport capacity will strongly increase. This 
could lead to more sediment deposition in the estuary, enhancing marsh expansion but 
also increasing turbidity, which may further limit primary production. Nevertheless, it is 
also projected to result in greater sediment availability and marsh expansion, mitigating 
hazards like flooding and coastal erosion but worsening water quality. This is, however, 
highly conditional on the availability of sediment from the Wadden Sea. Sediment supply 
from the Wadden Sea is likely to decrease in case of rising sea levels because of higher 
deposition of sediments in updrift areas. Sediment extraction from Delfzijl was found
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to be the most effective in reducing turbidity, with no benefits for wetland restoration or 
flood risk reduction. Brushwood groynes are effective locally in reducing wave heights 
and increasing marsh area, yet are not effective in reducing turbidity in the Ems estuary. 
The reconnection of 300 ha of polder for wetland restoration has benefits in reducing 
turbidity as well as increasing marshland, but locally increases flood risk where the polder 
is reconnected. A combination of measures is thus required to improve all metrics: water 
quality, flood risk reduction, and wetland restoration. 

Fig. 3 Projected change in average suspended sediment concentration without NbS (0 no 
measures), and the effect of the different NbS as a % change in concentration.
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