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Executive Summary 

The Delta21 project aims to restore the natural values of the south-western delta while 

simultaneously ensuring freshwater security, water safety and sustainable energy storage. The closing 

of the Haringvliet from the North Sea had severe consequences for key natural processes. The current 

situation in the Haringvliet is influenced by the initiation of the Kierbesluit in 2018, whereby the 

occasional opening of the Haringvliet sluices allows for the temporary removal of physical barriers 

when freshwater needs to be discharged from the Haringvliet. Although some migrating fish species 

have been shown to use this passage, natural migration processes remain limited by the lack of a 

permanent opening to bypass the Haringvlietdam. The commissioner, Delta21, has expressed interest 

in exploring the potential for a fish migration river (FMR) to further improve the current ecological 

situation.   

In this report, we present our findings on the ecological and hydrological requirements required for a 

permanently open fish migration river that facilitate the migration of a select number of flagship fish 

species. These include the Atlantic salmon (Salmo salar), European eel (Anguilla anguilla), Atlantic 

herring (Clupea harengus), and three-spined stickleback (Gasterosteus acleatus), and were chosen 

considering their potential to serve as indicator species for the other 12 migratory fish species present 

in the area.  

The most important requirements for the FMR are that it has a low enough flow velocity for fish to 

enter, that a suitable salinity gradient is created for the migrating fish, while at the same 

time confining this gradient (or any other salt intrusion) to the FMR itself. The FMR would need to 

have a sufficient water quality, in terms of oxygen, temperature, salinity, acidity, nutrients 

and clarity. Furthermore, a lure current would need to be created in order to make sure the fish can 

locate the FMR and thus increase the effectiveness.   

To meet these requirements, we would advise a FMR with multiple channels, a minimum length of 6 

km and a width of 20-50 meters. One of the channels should have a depth of at least 5 meters. The 

FMR would need to have an abundance of hiding places for migrating fish, which include 

sandy/gravelly bedding, rocks, artificial reefs and seagrass and other vegetation. To ensure water 

quality, shellfish banks and seagrass needs to be located in and around the FMR.   
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1. Introduction 

1.1 Problem Analysis 

Since 1970, the Haringvliet estuary has been closed off from the North Sea by the construction 
of the Haringvlietdam, with serious consequences for natural fish migration. Since 2018, the 
Kierbesluit was initiated to partly restore this key ecological process. Through the occasional 
opening of the Haringvliet sluices, the physical barrier to fish migration is temporarily removed 
and allows for the creation of a brackish zone through the mixing of salt and freshwater. 
However, in practice the infrequent opening of the sluices does not allow for the creation of a 
permanent brackish zone necessary for many species on their migration journey. Additionally, 
fish migration remains limited due to the short windows of opportunity, because most of the 
time the Haringvlietdam is still closed.  

The goal of Delta21 is to restore the natural values of the area while simultaneously ensuring 
freshwater security, water safety and sustainable energy storage in the South-Western delta. 
Permanently opening the Haringvliet sluices has been proposed as a solution to facilitate natural 
recovery in the area with a special focus on the recovery of natural fish migration. This measure 
would allow permanent brackish conditions to establish and remove the barriers to fish migration 
between the North Sea and the Haringvliet. This would enhance the recovery of fish species 
populations such as the Atlantic salmon (Salmo salar) and the European eel (Anguilla anguilla). 
However, permanently opening the Haringvliet sluices would jeopardize freshwater provisioning 
through salt intrusion and has led to severe opposition from key stakeholders from the agricultural 
sector and drinking water companies such as Evides. For that reason, the commissioner is 
investigating a second-best measure to restore nature in the area that is still in line with the 
Delta21 objectives. Hence, they want to explore the idea of designing a river that can facilitate 
fish migration between the Haringvliet and the North Sea while minimizing salt intrusion. A fish 
migration river in this scenario would have to be permanently open and provide a gradual 
transition from saltwater to freshwater through the creation of a stable brackish zone. This would 
enable fish species to acclimatize at their own pace and bypass the Haringvlietdam to reach their 
spawning, living, and growing areas further upriver. 

 However, there is still a lack of knowledge to realize a stable, permanently open fish migration 
river in the South-Western delta. Defining the ecological and hydrological thresholds to design a 
successful fish migration river is required before the measure can be executed.  Besides, the 
location for and the design of a fish migration river in the Haringvliet has yet to be determined. 

1.2 Team Purpose 

An ideal fish migration river should facilitate the migration of many different types of fish species 
which use the Haringvliet delta and river Rhine for inland migration. For this report we have selected 
four flagship species which will be a great indicator of the effectiveness of the FMR. This flagship 
species are selected and used to base the requirements of the fish migration river on. In a fish 
migration river hourly conditions vary a lot which means that there is a time window for each of the 
flagship species to pass the Haringvlietdam barrier (Bruins Slot Interview). Similar species are likely to 
follow if the FMR is suitable for the flagship species. Our purpose is therefore to define the ecological 
and hydrological requirements of a stable and permanently open fish migration river needed to 
approach the ecological situation before the closing of the Haringvliet, while fitting in with the other 
objectives of the Delta21 project. Increasing the biodiversity of both the river itself and the Haringvliet 
delta can enrich the area in multiple ways. It strengthens and enlarges the food web, increases the 
water quality, supports fish stocks and increases recreational value.  
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1.3 Structure of Analysis 

In order to achieve our desired objectives, we have defined a sequence of incremental steps that 
would need to be taken. This report will be structured according to these steps.  

1.3.1 Flagship fish species 

The first step towards defining the ecological and hydrological requirements of a fish migration river 
at the Haringvliet will be to identify which migrating fish species should be prioritised in this report. 
Although a large variety of migrating fish could likely make use of a FMR, an in-depth analysis of each 
individual species would not be possible within the timeframe attributed for this project. Instead, 
“flagship” fish species will be chosen based on several factors such as their presence in the 
surrounding area, threat status, role within food webs, economic importance, cultural importance, 
charisma and their potential to serve as indicators for other migrating species. The chosen fish species 
will then be researched in depth to uncover what requirements need to be met by the FMR for their 
successful migration. This will include exploring their ecological requirements (specific supporting 
species, predation pressures, key habitat characteristics etc.) as well as their hydrological 
requirements (salinity gradient, depth, length, width, flow velocity etc.). 

1.3.2 Ecological requirements 

Once the flagship fish species have been designated, the ecological requirements of the FMR will be 
examined in more depth. This will be done by analysing the ecology of supporting species, predators 
of the migrating fish and non-indigenous species to see how they will be integrated into and/or 
affected by the FMR. Supporting species may be organisms that have a particular importance in setting 
the right conditions for the migration of our flagship fish species, for instance by providing shelter or 
food. Non-fish predators are another important aspect to consider as a high concentration of these 
species near the FMR may limit the survival of migrating fish. In this section, we will therefore consider 
how a FMR may affect non-fish predators and thereby determine the importance of predation 
pressures on the flagship fish species in a FMR scenario. Finally, non-indigenous species that have 
been introduced in local systems by human influence (either accidentally or intentionally) can have 
significant and potentially overbearing impacts on the structure and functioning of current ecosystems 
(Mooney et al., 2013). As a result, it will be important to consider species that may exert an important 
influence on the FMR system. 

1.3.3 Hydrological requirements 

Once the ecological components have been established, we will explore the key hydrological aspects 
of the fish migration river that are relevant to satisfy these. In addition, this section will also consider 
the hydrology requirements of the FMR that are important to the different stakeholders in the area, 
in particular ensuring water safety and limiting salt intrusion to minimise impacts on freshwater 
extraction and agricultural activities. The mechanisms of the different components important to the 
FMR design will be explained within the context of the current and desired future state of the 
Haringvliet hydrological dynamics. 

1.3.4 Suggestions for the FMR design 

Once the ecological and hydrological requirements have been determined, we will bring together all 
the information gathered in the first sections of the report to draw insights on the implications for the 
FMR design. This section will not focus on determining an actual design for the FMR but will rather 
seek to define how these requirements can realistically be implemented. Conclusions will be drawn 
on the river’s required morphology (depth, width, length, sinuosity) and suggestions for its location 
will be discussed. This section will draw inspiration from the Afsluitdijk fish migration river design as 
well as from discussions with Jeroen Lokker and Bart van der Wolff from Hogeschool Rotterdam who 
are currently working on a design for the Haringvliet FMR in collaboration with Delta21. 
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1.3.5 Implications for stakeholder awareness 

In order to generate greater awareness and support for the Delta21 fish migration river, we suggest 
sharing some of the information in this report to relevant stakeholders through more popularly 
accessible means. In this next part of the analysis, we will discuss what information may be relevant 
to communicate with different stakeholders and make suggestions on the structure and design of an 
information leaflet. In particular, we compare the three scenarios (Kierbesluit, fully-opened sluices 
and the fish migration river) with regard to their effect on ecology and hydrology of the Haringvliet 
and identify this as one of the key elements to communicate to stakeholders. 

1.3.6 Discussion 

To conclude our analysis, we will discuss the limitations of this report and knowledge gaps that remain 
to be addressed. In addition, we will discuss and suggest the next steps that could be taken by the 
commissioner to finalise this project. 
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2. Background information 

2.1 Past Situation 

2.1.1 Pre-closing of the Haringvliet 

The Haringvliet used to be one of the most important estuaries in the Netherlands, located at the end 
of the rivers Meuse and Rhine and forming an opening for many migrating fish species. Salt water 
gradually transitioned into brackish water, before the water turned completely fresh. This salt 
intrusion from the ocean occurred all the way up to the Biesbosch (Kranenbarg, 2018). The strong 
influence of tides resulted in a dynamic hydrological system and established the conditions for 
ecosystems of high diversity (Jager et al., 2004). This large estuary was home to more than 50 fish 
species such as the characteristic Atlantic Herring (Clupea harengus), Atlantic Salmon (Salmo salar), 
European Sturgeon (Acipenser sturio), European Eel (Anguilla anguilla), European Smelt (Osmerus 
eperlanus) and Twaite Shad (Alosa fallax). The Haringvliet itself was home to large numbers of these 
fish species and historic catches from fisheries between 1870 and 1970 were up in the hundreds of 
thousands (Jager et al., 2004). However, this open area was also vulnerable to storms and flooding. 
People who were living in the deltas, were poorly protected concerning water safety and reached a 
catastrophical disaster in 1953 called the "Watersnoodramp”. The people realised that the water 
safety in the Haringvliet required strong improvements for the future and the development of the 
Deltaworks was initiated and separated the Haringvliet from the North Sea with the Haringvliet locks 
in 1970. 

2.1.2 Post-closing of the Haringvliet 

The consequences of closing off the Haringvliet are best illustrated with the anadromous fish species 
European smelt and twaide shad. Both species were declining already because of fisheries and 
contamination of the rivers. However, their migration behaviour was suddenly interrupted because of 
the locks which resulted in a rapid decline of the fish stocks. (Jager et al., 2004). The salmonid smelt 
and the herring-like twaide shad were both important to fisheries, just like the Atlantic herring and 
the European eel. Herring started to disappear from the Haringvliet and the fraction that remained of 
the total eel population was only 1% (Kranenbarg, 2018). The Haringvliet locks made it impossible for 
all migratory fish and marine residents to visit the Haringvliet. The fish species composition started to 
look more towards that of a lake after the water turned completely fresh, dominated by bream, pike, 
roach and zander (Kranenbarg, 2018). Contamination of the water kept occurring and 
bioaccumulation of PCBs was the result in many organisms. The closing off of the Haringvliet also had 
effects on the hydrology and morphology. Due to the construction and closing of the sluices, the 
Haringvliet area changed from a salt and brackish to a freshwater area. The closing also changed the 
dynamics of the area. The flow of water stopped completely, changing the type and amount of 
sediment which were being deposited. At the same time, mudflats and saltmarshes in the area 
changed due to this change in sediment transport. 

2.2 Current Situation 

In 2018 the Kierbesluit was implemented by the Dutch government to improve the natural values as 
well as to promote the migratory fish to swim up into the Haringvliet. The Kierbesluit is expected to 
have a great effect on migratory species such as the Atlantic salmon and the European eel of which 
the population is expected to increase. The sluices open ajar when the water level at the Haringvliet 
is higher than at sea. Since the implementation of the Kierbesluit, saline water has started to intrude 
into the Haringvliet. Due to the higher density of this saline water compared to freshwater and in the 
absence of mixing of freshwater and saltwater, this saline water is found primarily at the bottom of 
the Haringvliet, a so-called salt tongue. The bottom part of the water has a salinity of about 0 – 18 
PSU. However, even after the partially opening of the sluices, the Haringvliet remains an important 
source in fulfilling freshwater needs by providing water for agriculture and drinking water companies. 
The agriculture has a higher tolerance compared to drinking water companies, but this is crop 
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dependent. The agricultural field near the Haringvliet does not have many salt-sensitive crops (van 
Rooij et al., 2012). Another consequence is the increase of turbidity (van Wieringen, 2019). These 
changes in salinity and salinity fluctuations have caused vegetation on the bottom of the Haringvliet 
to die out completely. Under the current circumstances, no benthic life can survive at the bottom. This 
causes the bedding of the Haringvliet to be completely dead and muddy at the moment (Tinka Murk, 
Interview). 
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3. Flagship fish species 
The Haringvliet is populated by many fish with different characteristics. In order to design a FMR that 
can be used by all fish, species representative have been chosen based on the migration characteristic. 
Table 3.1 shows the selected flagship species, the ecological requirements for their habitat, and what 
species they represent.  

Table 3.1. Requirements of flagship fish species 

Migration 
characteristics  

Species  Requirements Represent for  

Anadromous  Atlantic salmon 
(Salmo salar)  

 

 

·     Temperature: 10 – 28 °C (1)  

·     Water flow: < 2 m/s (2a)  

·     Dissolved Oxygen: > 6 mg/l (1)  

·     Salinity: 19 – 34 PSU (4)  

.      Sprint speed: 2.44 m/s (10) 

  

·    Allis shad (Alosa alosa)  

·    Twait shad (Alosa fallax)   

·    Houting (Coregonus oxyrinchus)   

·    River lamprey (Lampetra fluviatilis)  

·    Sea lamprey (Petromyzon marinus)  

·    Smelt (Osmerus perlanus)  

·    Sea trout (Salmo trutta trutta)   

·    Sturgeon (Acipenser sturio)  

Catadromous  European eel 
(Anguilla Anguilla)  

 

·     Temperature: 10 – 29°C (1)  

·     Water flow: 0.5 m/s (2a)  

·     Dissolved Oxygen: > 2 mg/l (1)  

·     Salinity: ± 36 PSU (5)  

.     Sprint speed: 0.5 m/s (glass 
eel) (8) 

.      Sprint speed: 1.7 m/s (silver 
eel) (8) 

 

·    Flounder (Platichys flesus)   

·    Thinlip grey mullet (Liza ramada)  

Marine resident 
in the Haringvliet  

Atlantic herring 
(Clupea harengus)  

 

·     Temperature 8 – 12(3)  

·     Water flow: 0.5 m/s (2b)  

·      Dissolved Oxygen: 7 – 11 mg/l 
(6)  

·     Salinity: 28 – 32 PSU (3)  

.     Sprint speed: 1.5 m/s (9) 

 

·    Sea bass (Dicentarchus labrax)   

·    Sprat (Sprattus sprattus)  

Migratory form Three-spined 
stickleback 
(Gasterosteus 
aculeatus)  

 

·     Temperature: 4 – 20°C (1)  

·     Water flow: 0.3 m/s (2b)  

·     Dissolved Oxygen:  ± 8 mg/l 
(7)  

·     Salinity: 5.1 – 5.9 PSU (7)  

 .    Sprint speed: 0.7 m/s 

 

- 

1)van Emmerik, 2016 ; 2) Waterstaat, 2001 ; van der Wolff & Lokker, 2021; (2b) Gemeenschap, 2005; van der Wolff & Lokker, 2021; (3) 

Stevenson & Scott, 2005; (4) Byrne et al., 2018; (5) Politis et al., 2018; (6) Reid, 1999; (7) Glippa et al. 2017; (8) Klein Breteler & van 

Emmerik, 2005; (9) Brevé, 2007, (10) Laak et al. 2007 
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3.1 Atlantic salmon (Salmo salar) 

In the Netherlands, there was a healthy Atlantic salmon population in the Rhine River until 70 years 
ago, before the closure of the sluices (Groot, 1989). Some attempts have been made to restore the 
different migratory species, including Atlantic salmon, that get through the North Sea to Rhine River 
by Germany, France and Switzerland. Considering the Haringvliet is the largest tidal barrier in Europe, 
it negates many of the possible positive effects by these countries. One of the important species would 
be the Atlantic salmon.  Moreover, the Atlantic salmon spends a short period in the Haringvliet since 
this fish is able to acclimate rapidly and thus can be a representative species to other anadromous 
species such as allis shad (Alosa alosa), twait shad (Alosa fallax), houting (Coregonus oxyrinchus), river 
lamprey (Lampetra fluviatilis), sea lamprey (Petromyzon marinus), smelt (Osmerus perlanus), sea trout 
(Salmo trutta trutta) and sturgeon (Acipenser sturio). Atlantic salmon and sturgeon have some 
similarities on their life cycles and habitat requirements. The maximum size of sturgeon is 600 cm with 
400 kg weight, and the length at maturity is about 165 cm (FishBase, 2021a). Each life stages of the 
sturgeon require specific habitat, according to Auer (1969), the larvae are hatched on the river and 
remains on the gravel until the yolk is totally absorbed and then moving to downstream, meanwhile, 
when they reach juvenile stage, the preferred habitat is on fine sediment.  The adult sturgeons spend 
their life on estuary and sea to forage and continue growing.  The mature adult sturgeons migrate to 
upstream and usually spawn between May and August on the fast-flowing water in the Rhine River. 
The sturgeon is a slow-growing species which is expected to have a lifespan up to 50-years-old and 
reach maturity at about 10 to 20-years-old, making this fish an important indicator of the river health 
and changes on the ecosystem. Besides, the sturgeon is a charismatic fish species with precious 
historical and cultural values which is a flagship species in conservation. For these reasons, the 
European sturgeon should be introduced. 

Figure 3.1: Sturgeon (source: Google image) 

The current status of Atlantic salmon (Salmo salar) is defined as a lower risk and least concern (LC) 
species by the IUCN (World Conservation Monitoring Centre, 1996). Atlantic salmon is an anadromous 
species, defined as fish that spawn in freshwater, migrate to the ocean to forage and mature, and 
return to freshwater to spawn and begin the cycle again, in which most of the population mature for 
the first time at age 1 – 3 years with a length of about 73.1 cm and the maximum length approximately 
120 cm for females and 150 cm for males (FishBase, 2021b). The smolt, a young salmon which has 
silvery colour and ready to migrate to the sea, is going to the sea to forage and once they are sexually 
mature, they will return to their home rivers to spawn (Chaput, 2012). The adult can live in a water 
temperature ranging from 10 – 28 °C, the dissolved oxygen > 6 mg/l and salinity from 19 to 34 PSU 
(Byrne et al., 2018). The temperature plays important role in migration process. The high temperature 
difference between seawater and saltwater results in poor smolt seawater challenge performance 
(Rusell et al., 2012). According to Moore et al. (2012), the temperature influences the timing of 
freshwater entry and the activity on the estuary. Furthermore, during migration going upstream, the 
minimum water depth needed is ranging from 0.18 until 0.24 metres (Bell 1986; Bjornn & Reiser, 
1991), and the maximum velocity is ideally < 2 m/s (Waterstaat, 2001; van der Wolff & Lokker, 2021) 
or about 2.13 up to 2.44 m/s (Thompson, 1972; Bjornn & Reiser, 1991). The swimming speed 
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decreases with temperature when it exceeds optimum temperature (16°C) and increase with a 
temperature lower than the optimal (Salinger and Anderson, 2006). Furthermore, Armstrong et al. 
(2003) state that several requirements such as boulders covers, overhung banks and deep pools are 
essential to avoid sunlight and protection from predators. 

 

Figure 3.2: Atlantic salmon (source: Google image) 

3.2 European eel (Anguilla Anguilla) 

The European eel is placed as 'critically endangered' on the red list of the IUCN (Freyhof & Kottelat, 
2010). Across all of Europe, this species has trouble migrating towards fresh waters on the continental 
shelf (Cresci, 2020). This is also true for the Netherlands since the building of the Haringvliet locks, the 
Eel population has decreased by a significant proportion (Klein Breteler & van Emmerick, 2005). With 
regards to achieving the Natura2000 and Kader Richtlijn Water (KRW) goals, restoring the migration 
activity of the Eels will be of most importance for the FMR. Next to the legal obligations, Eel could 
form an important income for fisheries because of its delicacy. The European eel represents other 
catadromous species, defined as fish that spawn in saltwater, migrate to the river or estuary to forage 
and mature, and return to the sea to spawn and begin the cycle again, like flounder (Platichys flesus) 
and thinlip grey mullet (Liza ramada). 

The catadromous European eel spawns in the Sargasso Sea, where the larval stage called Leptocephali 
will make a 5000 km long journey towards African and European coast lines (Miller et al., 2015). The 
Leptocephali develops into a Glass eel before the moment it arrives at the coastlines. In order to find 
estuaries, they make use of their internal magnetic compass and lunar- and tidal cycles (Jellyman & 
Lambert, 2003; Cresci et al., 2017). Glass eels wait in front of the estuary until it becomes ebb. They 
possess an exceptionally good olfactory system, with which they can sense chemical cues and salinity 
differences (appendix 1) coming from the freshwater outflow of the river (Huertas et al., 2008). Their 
susceptibility towards chemical cues depends on the stage of their life cycle, environment and sex 
(Cresci, 2020). Besides chemical cues and salinity differences, the glass eel also sense pheromones 
from conspecifics living in fresh water (Schmucker et al., 2016).  

 

  Figure 3.3: European eel (source: Google image) 
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When eels finally reach estuaries, they need a couple of weeks of acclimatization before they can 
enter fresh waters (Rankin, 2009). After this moment, Glass eels decide to stay in the estuary, which 
can take a few weeks till a couple of years, or they move upstream in the rivers. This mainly depends 
on their body condition, when this condition is relatively high, they will choose for freshwater nursery 
grounds upstream and otherwise will stay in the brackish area until they migrate back to the ocean 
(Edeline et al., 2006). Their ability to swim against the current of the river they will migrate to, depends 
on tidal activity in the estuary (McCleave & Kleckner, 1982; Dou & Tsukamoto, 2003). Glass eels rely 
on flooding of the estuary, because they only have a critical swimming speed (Ucrit) of 10-12 cm/s 
which eels can maintain only for a short moment (Langdon & Collins, 2000; Wuenschel & Abel, 2008). 
It is observed that eels will burrow into the sandy bottom during ebb (Trancart et al., 2012). 

Finally, glass eels will pigment into elvers during their upstream migration and further into yellow eel 
and silver eel while foraging in the freshwater parts. The silver eel stage will stop eating and makes its 
return home to the Sargasso Sea.      

 

3.3 Atlantic herring (Clupea harengus) 

The Atlantic herring has an important historical and cultural value and represents the marine juveniles 
in the Haringvliet. Other marine juveniles in the Haringvliet are sea bass (Dicentarchus labrax) and 
sprat (Sprattus sprattus). Eating maatjes herring is a cultural tradition for Dutch since 14th century. 
Besides, the Atlantic herring holds important role in food web since it is a prey for many marine 
mammals and birds. 

 

Figure 3.4: Atlantic herring (source: Google image) 

The current population of Atlantic herring (Clupea harengus) shows a positive trend, since the 
enforcement of fisheries regulation, and least concern (LC) status, according to the IUCN (Herdson & 
Priede, 2010). The maximum length of Atlantic herring is about 40 cm, with length at maturity about 
16.7 cm at 2 until 9 years (FishBase, 2021c). The adults spawn at sea at the depth 20-40 metres. As 
the larvae grow, they perform vertical migration and swim actively. The larvae metamorphose to 
juvenile stage in the spring season. Furthermore, the juveniles migrate to the Haringvliet as nursery 
ground to forage and leave the nursery ground at age 1 until 3 years, and then join the adult schooling 
to migrate to the spawning grounds (Dickey-Collas, 2005). The juveniles prefer temperatures ranging 
from 8 - 12°C and shows physiological stress when the temperature drops below 4°C and raises above 
16°C. The preferred salinity of the juveniles is about 28 – 32 PSU (Stevenson & Scott, 2005) and the 
dissolved oxygen between 7 – 11 mg/l (Reid et al., 1999). In addition, the preferred salinity is 
temperature dependent. When the temperature is lower than 10°C, they prefer the habitat with 
salinity higher than 29 PSU, while shows no preference on the temperature above 10°C (Stickney, 
1969; Stevenson and Scott, 2005). Based on Gemeenschap (2005) and Van der Wolff & Lokker (2021), 
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the water flow for Atlantic herring is 0.5 m/s. Furthermore, according to Eggers et al. (2015), mature 
Atlantic herring conduct annual migrations for wintering, feeding and spawning in different areas. 
Most of the Atlantic herring population in the North Sea starts to spawn at the beginning of 
September. The Atlantic herring spawners aggregate the eggs on the shells and gravels, which is 
usually an area with high flow velocity (Petitgas et al., 2010). 

 

3.4 Three-spined stickleback (Gasterosteus aculeatus) 

Being one of the most common fish species in the Netherlands, the three-spined stickleback will be 
found almost everywhere in Dutch waterbodies. There are three different morphological forms 
distinguished, one living permanently in fresh water (Leiurus), an anadromous form (Semiarmatus) 
and one spending their life entirely in salt or brackish water (Trachurus). The red list of IUCN indicates 
this species as 'least endangered', however this is only true for the Leiurus forms (NatureServe, 2019). 
The Semiarmatus and Trachurus forms have shown declines in population numbers in the past years 
due to migration barriers like the Afsluitdijk and the Haringvliet (Emmerik & Nie de, 2006). The 
stickleback also contributes to the Haringvliet serving as bulk food for migratory species like salmonids 
and piscivorous birds (Griffioen et al., 2017; Reeze et al., 2017). 

 

Figure 3.5: Three-spined stickleback 

The Semiarmatus form will migrate between February and May to freshwater areas to spawn and 
juveniles will return to sea around June-September. The FMR at the Haringvliet’s main purpose will be 
a corridor function for the Semiarmatus form (anadromous), nursery grounds in the brackish area for 
the Trachurus form and spawning habitat for the Leiurus form in the freshwater areas. The stickleback 
have no problems with acclimatization between fresh and salt water, as this time period is relatively 
short and forms no migratory problems (Grøtan et al., 2012). The spawning areas in the Haringvliet 
can be brackish or fresh water and will need a sandy substrate with enough vegetation and cover to 
build their nests (Reeze et al., 2017). With the Haringvliet locks ajar, the prognose for these species 
are relatively good. The population of the Leiurus sticklebacks can thrive towards stable numbers and 
the migratory sticklebacks can make a return with the opportunity of a fish migration river (Griffioen 
et al., 2017). 
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4. Ecological Requirements 

 

4.1 Predators  

This section will describe the effects of a FMR on fish predators, and how this will affect the fish 
crossing the FMR. The last subsection will discuss the predation risks of different predatory species on 
the migrating fish, and how these predation risks can be limited within the design of a FMR.  

4.1.1 Marine mammals  

Two different seal species live in the Voordelta: the harbour seal (Phoca vitulina) and the grey seal 
(Halichoerus grypus). Both seal species need sandbanks to rest, to give birth and to nurture their 
young. Also, human disturbance needs to be absent and seals should have direct access to deep water 
(Hoekstein et al., 2019). The most important sandbank for the seals in front of the Haringvliet locks is 
the Hinderplaat, but seals also use the sandbanks Slufter en Oogeiland, Kwade Hoek and 
Garnalenplaat (Figure 4.1 and 4.2) (Hoekstein et al., 2019; Schop et al., 2018). The FMR is expected to 
reduce these important sandbanks from eroding in comparison to fully opening the sluices, while still 
allowing seals to migrate in and out of the Haringvliet at all times which is not possible within the 
current Kierbesluit.  

 

Figure 4.1: Sandbanks (Kwade Hoek, Garnalenplaat, Hinderplaat, and Slufter en Oogeiland) in front of the 
Haringvliet locks that are utilized by the harbour seal, the grey seal, and all kinds of bird species. Source: 
Google Earth. 

  

Figure 4.2: Distribution of the use of sandbanks by two seal species around the Haringvliet: adult harbour seals 
(a) and adult grey seals (b). Based on counts in season 2018-2019. Source: Hoekstein et al., 2019. 
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Next to harbour seals and grey seals, harbour porpoises (Phocoena phocoena) are occurring in the 
Voordelta. Harbour porpoises are by far the most numerous cetaceans in the North Sea. It is estimated 
that there are around 250.000 animals in the North Sea (Hammond et al., 2002; Macleod, 2008).  

Seals and porpoises can occur in freshwater environments such as the Haringvliet. The species are 
currently only occurring occasionally to the east of the Haringvliet locks. When emerging in the 
Haringvliet however, seals and porpoises often have a difficulty returning to their usual foraging 
grounds in the North Sea. The fact that the species cannot always return and might need to survive 
for a long time in freshwater might eventually lead to death of the seal and the porpoise, because of 
a lack of locally available food sources. By creating a FMR there will be a permanent opening for the 
seals and the porpoises to move between the North Sea and the Haringvliet (Schop et al., 2018). 
Besides, seals and porpoises will profit from the increase in fish abundance due to a FMR (Van 
Wieringen, 2019). 

A FMR might cause a higher presence of seals in the Haringvliet. It is predicted that seals will more 
often cross a barrier with a permanently open connection to the sea compared to when there is no 
permanent opening (Schop et al., 2018). This expected increase in the occurrence of seals will increase 
their predation pressure on the migrating fish. However, seals are currently able to easily predate on 
the fish species that are stuck in front of the Haringvliet sluices (Winter et al., 2020). A FMR might 
make it more difficult for seals to catch the migrating fish, because the FMR is expected to reduce the 
fish density compared to the current situation without a permanent opening for the migrating fish. 
The same might also apply to porpoises, but no literature is available on this. It is however important 
that the FMR is designed in such a way that shelter such as seagrass is provided for the migrating fish, 
and that there is enough space for the migrating fish to escape from predation. The predation risk is 
an important factor that should be taken into account when the depth, the width, and the length of 
the FMR are determined (Section Predation risks). 

4.1.2 Birds 

Birds visit the Haringvliet area to roost, to forage and to breed. The closure of the Haringvliet from the 
North Sea however severely affected the presence of birds. Mainly wading birds and piscivorous birds 
have declined in numbers over the years. The decrease in wading birds such as the Kentish plover 
(Charadrius alexandrinus) and the ringed plover (Charadrius hiaticula) is predominantly related to the 
disappearance of a brackish habitat. The decline of piscivorous birds such as the sandwich tern 
(Thalasseus sandvicensis) and the common tern (Sterna hirundo) has mainly to do with a decrease in 
the supply of fish (Vergeer et al., 2016). The FMR would enhance fish migration and increase both the 
fish availability and the diversity of fish from which piscivorous birds will benefit. Moreover, 
piscivorous birds that are hunting on sight might benefit from a higher transparency of the water, 
because of the low flow velocity of the water within the FMR (Noordhuis, 2017). However, many fish 
can adapt to this by migrating during the night.  

However, the FMR might also make it more difficult for piscivorous birds to catch fish compared to 
the current situation without a permanent connection where the fish can get stuck in front of the 
Haringvliet sluices. To prevent a high fish density in a small spot, it is important to design a FMR that 
limits high concentrations of fish accumulating in one spot of the FMR (section Predation risks).   

The presence of sandbanks in the Voordelta are next to being important to seals, also important to all 
kinds of bird species (Figure 4.1). For instance, the sandbanks are used by cormorants, wading birds, 
ducks, and migratory water birds. In some periods, more than 20 000 water birds are present at the 
Hinderplaat (Hoekstein et al., 2019). 

The creation of a so-called “bird island” in the FMR could function as an additional breeding area for 
birds from which a species such as the common tern will benefit. This island can also be used by wading 
birds as a refuge area to forage and to roost during high tides. This will have a positive effect on wading 
bird populations such as the ringed plover. These bird islands are often made of shells and gravel. 



18 
 

Taking the FMR Afsluitdijk as an example, the bird island should be made in a way that it can 
occasionally be flooded by salt water. The salt water will prevent the development of vegetation on 
the island which will ensure that the island remains a suitable breeding area (Van Banning et al., 2018; 
Mulder, 2017). It is however important that the bird island does not flood during the breeding season. 
Besides, the banks of the FMR can provide additional roosting, foraging and breeding areas from which 
bird species such as oystercatchers, gulls, lapwings, and titlarks might benefit.  

4.1.3 Predation risks: shape and hiding places  

When fishes are crossing the FMR, they are susceptible to all kinds of predators such as piscivorous 
birds, seals, porpoises, and predatory fish. Predation is a natural process, but a FMR that is from an 
ecosystem point of view relatively small might cause an increased predation pressure on the migrating 
fishes. Making sure that the predation pressure on the migrating fishes will not strongly increase is an 
important aspect to consider when designing a FMR. 

The presence of predatory fish in the FMR can be a risk factor to the fishes crossing the FMR. However, 
because of the strong salinity dynamics within the FMR, it is unlikely that marine predatory fish will 
stay in the FMR for a long time (Winter et al., 2014). A way for migrating fish to escape from predation 
by predatory fish is by hiding. Therefore, it is important for the fish crossing the FMR that hiding places 
are provided within the FMR. This will enable migrating fish to hide for not only predatory fish, but 
also for piscivorous birds, porpoises, and seals. For instance, by working with a sandy subsurface in 
the FMR, fish species such as glass eels (Anguilla anguilla) and flounders (Platichthys flesus) can hide 
in the sand to escape from predation. The FMR Afsluitdijk makes use of such a sand-based system for 
instance. Another example of shelter would be the inclusion of reed banks in combination with a 
shallow depth (<60 cm) to prevent predation by diving piscivorous birds. Diving piscivorous birds will 
avoid this area to predate on fish in order to prevent their beaks being buried in the sand. This will 
provide a safe haven for fish species such as the stickleback and the glass eel (Bruins Slot Interview). 
The inclusion of seagrass and shellfish beds can also provide shelter to different species. Besides, rocks 
can function as a hiding place for fish against predation by diving piscivorous birds such as cormorants 
and grebes (Winter et al., 2014). However, rocks can also be used as a hiding place by predatory fish 
which can affect the non-predatory, migrating fish again. 

A previous ACT group proposed another type of shelter which was the inclusion of artificial reefs 
within the FMR (Figure 4.3). Three different types of artificial reefs were proposed: reef balls, layered 
cake, and piles of basaltic rock. In addition to providing hiding places, these artificial structures can 
also provide hard substrate for the establishment of shellfish (section Benthic species). Reef balls 
however are not attractive for (smaller) fish to hide from predation as there is only a single large 
shelter opportunity, while layered cakes and piles of basaltic rock contain multiple layers and 
therefore provide much more hiding places. The layered cakes are constructed from concrete and the 
rock piles are made from natural basaltic rocks (Hylkema et al., 2020). A study conducted by Hylkema 
et al. (2020) proved that structures that provide more hiding places will sustain a higher fish 
abundance and fish biomass. These artificial reef structures will increase the fish biomass, the fish 
abundance, and the species richness compared to a barren sand system (Hylkema et al., 2020). 
Therefore, the subsurface of the FMR must contain at least some of the above described hiding places 
for the migrating fish. 
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Figure 4.3: Two types of artificial reefs that can be used by the migrating fish crossing the FMR to hide for 
predators. From left to right: layered cake and piles of basaltic rock. Source: Hylkema et al., 2020.   

In the FMR not only hiding places should be included to prevent migrating fishes from being predated 
upon, but fishes should also be given sufficient space to escape from predators within the FMR. To 
reduce the predation pressure from piscivorous birds such as gulls and terns, that catch fish in the 
upper water layers, the FMR should be at least a few meters deep. This will allow fishes to escape 
from predation by these birds. However, this will not affect the predation pressure of bird species 
such as cormorants and grebes, because these species are not limited to the upper layers of the water 
column (Noordhuis, 2017; Winter et al., 2014). As described in the paragraph above, fishes could hide 
behind rocks, in artificial reefs or in reed banks for instance to find shelter against these bird species. 

Moreover, fish-eating predators are attracted by large concentrations of fish, also called prey 
hotspots. Therefore, it is of importance to make sure that the FMR is nor too narrow neither too 
shallow (at least a few meters deep), and as long as possible. These elements are essential to give fish 
species a chance to escape from predation, and to reduce the accumulation of fish in a small spot to 
limit an additional loss of fish biomass by predation. 

4.2 Supporting species 

To ensure the fish migration river is suitable to live in and not only to pass through some non-fish 
species can be used to create a lively river. Sea grass will function as the lung of the river and make 
sure the oxygen levels stay above the threshold mentioned above. Sea grass not only generates 
oxygen, but it can also function as a food source, a hiding place, a breeding ground or a nursery area 
(Boström et al., 2006). For instance, young cod need the seagrass as a nursery so they are safe from 
predators. To ensure that seagrass survives, the river should meet the parameters in which seagrass 
can grow and survive. One of the most important requirements for sea grass is that the water is clear. 
Important species that can facilitate sea grass and make sure the water is clear enough are shellfish 
(Fitzsimmons et al., 2019). Their ability to filter the water is necessary to allow enough sunlight into 
the river for the seagrass to grow. Other benefits of shellfish beds are providing shelters, surfaces, a 
rich nutrient source and feeding grounds, reducing wave energy, denitrification and stabilising the 
substrate (Figure 4.4). 
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Figure 4.4: The benefits of a shellfish reef (Fitzsimmons et al., 2019). 

4.2.1 Seagrass 

The reintroduction of seagrass in the Waddensea area could be used as an example for the FMR. The 
species present in the Waddensea are dwarf eelgrass (Zostera noltei) and common eelgrass (Zostera 
marina), both the annual and perennial kind (Katwijk, 2012). Seagrass can survive in a depth range 
between 0 and 15 meters depending on the species. Dwarf eelgrass can survive in intertidal areas and 
up to 15 in depth while common eelgrass can live in depths from 0 to 5 meters. These shallower depths 
are more optimal since more sunlight can penetrate here, which will allow them to grow better. If the 
waterflow of the river is too fast, the seagrass might not be able to root and stay rooted (Tyler-Walters, 
2008a). This should be considered when constructing the river, otherwise sea grass would not be able 
to be present in the river. The flow should ideally be lower than 0.5 m/second. If there are waves 
coming into the fish migration river, the orbital should be less than 0.5 m/ second. Substrates ranging 
from mud or sand are the most ideal since seagrass cannot root if the substrate is too loose, too dense 
or too hard (Tyler-Walters, 2005; Tyler-Walters, 2008a).  If there are fish, benthic species or plants 
that require another substrate, the fish migration river should be divided into different substrate 
areas. Seagrass also has a preferred salinity range. Both probably need to be closer to the sea 
entrance, so they are further away from the freshwater. The PSU that is most suitable for dwarf 
eelgrass is between 30 and 40 PSU but they can survive in salinities ranging from 18 to 40 PSU (Tyler-
Walters, 2005).  For common eelgrass there are two optimal ranges of PSU. The low salinity variant 
prefers 6 to 20 PSU and the high salinity variant prefers 10 to 25 PSU (Salo et al., 2014). Their tolerance 
gradient varies from 2 up to 40 PSU.  

4.2.2 Shellfish species 

Shellfish and sea grass go hand in hand. If there are no filter feeders present, it is unlikely the water is 
clear enough for sea grass to survive. A healthy mussel or oyster population will be essential for a well 
working food web in the Haringvliet area. In a previous ACT report, shellfish beds composed of the 
European flat oyster (Ostrea edulis), the Pacific oyster (Magallana (previously Crassostrea) gigas) and 
the blue mussel (Mytilus edulis) were suggested as an important component of healthy seagrass 
habitat in a potential fish migration river at the Haringvlietdam (Baas et al., 2020). As the report failed 
to provide detailed explanations of the hydrological and ecological requirements of these species, we 
examine this here to determine how these species could be integrated into the FMR design. The flat 
oyster and blue mussel can create shellfish reefs on soft or hard substrate by using their byssal 
attachment (O’Donnell et al., 2013). This way they can form large reefs that can filter the water and 
be used as a food source. Both species can handle a large range of salinities, the flat oyster can survive 
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in water up to 5.5 PSU (Colsoul et al., 2021) and the blue mussel can withstand salinities up to 4 PSU 
(Eymann et al., 2020). They also have a high sediment tolerance and can handle variability in exposure 
to sediments (Somers, 2019; Perry et al., 2017; Tyler-Walters, 2008b). If sea grass is to be implemented 
in the river itself there should also be shellfish nearby. The blue mussel Mytilus edulis can attach itself 
to the leaves of eelgrass. Therefore, this species might help to ensure the water is clear enough for 
eelgrass to survive. Most shellfish are pretty sturdy and will close their shells when the salinity drops 
below a certain point. This will cause them to be shut when fresh water pours in the direction of the 
ocean and to open when saltwater streams into the fish migration river. If the river were to be closed 
off, or there is a special tide, some of the individuals can die due to being exposed to fresh water for 
too long.  

4.2.3 Summarizing requirements table 

Table 4.1: The requirements for the mentioned supporting species. 

Species Requirements 

Dwarf eelgrass (Zostera noltei) 

 

Temperature between 12 °C and 23.2 °C 

Depth ranging from intertidal to 15m. 

Produce between 97.5 and 1001.3 mg of oxygen/m/h 

Prefer substates of mud, muddy sand and sandy mud. 

Tidal strengths between 0 and 1.5 m/sec. 

PSU of 18 to 40, ideally 30 to 40 

Common eelgrass (Zostera 
marina) 

 

Depth ranging from 0m to 5m. 

Prefers substrates of gravel/shingle. Muddy gravel, muddy sand and 
sandy mud 

Tidal strengths between 0 and 0.5 m/s 

PSU of 2 to 40, the low salinity variant prefers 6 to 20 PSU and the high 
salinity variant prefers 10 to 25 PSU. 

Blue mussel (Mytilus edulis) 

 

Acclimated to temperatures ranging from 5°C to 20°C, with an 
tolerance limit of 29°C for adults.  

Depths ranging from intertidal to 5m. 

Prefer substrates of artificial reefs, bedrock, biogenic reef, caves, 
crevices/fissures, large to very large boulders, mixed muddy gravel, 
muddy sand, rockpools, sandy mud, small boulders and under boulders.  

Tidal strengths between 0 and 3 m/s. 

Tolerant of PSU 4 to 40 with a preference for salinities >18PSU. 

Flat oyster (Ostrea edulis) 

 

Highest filtration at 18 °C to 24°C, with lethal temperature at 36°C.  

Depths of 0 to 80m 

Prefer substrates of bedrock, cobbles, gravel/shingle, large to very large 
boulders, mud, muddy gravel, muddy sand, pebbles and small boulders. 

Tidal strengths between 0 and 0.5 m/s 

PSU of 5.5 to 40 with a preference for 30-40 
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4.3 Non-indigenous species 

Non-indigenous species can sometimes be very successful in invading new ecosystems and in those 
cases they can sometimes cause significant alterations to native environments (Mooney et al., 2013). 
In this section, we aimed to identify species that are not originally native to the Haringvliet or the 
surrounding areas but may have an important influence on the current and/or future system. 
Although this section does not aim to offer a completely comprehensive list of such species, it 
identifies some of the species which could have an important effect on the specific ecological and 
hydrological aspects outlined in the previous sections of this report. In order to fully assess the 
potential impact of non-indigenous species on a FMR at the Haringvlietdam, a more detailed analysis 
would be necessary. 

4.3.1 Chinese mitten crab (Eriochir sinensis) 

This species of crab is well known worldwide for its high potential to cause significant ecological, 
economic and social damages yet such appears not to be the case in the Netherlands (Bouma & Soes, 
2010). This species has been present in Dutch waters since at least 1931 and occurs at the highest 
densities in coastal areas and estuaries in the downstream stretches of the Rhine, which includes the 
Haringvliet (Bouma & Soes, 2010). As a euryhaline species, it is able to thrive in waters of various 
salinities and completes a catadromous life cycle. Adult mitten crabs first migrate from freshwaters to 
estuaries to mate in brackish and salt waters. Brooding females then continue towards the sea, where 
they release the eggs that will eventually develop into the juveniles that migrate back into freshwater 
systems further inland (Bouma & Soes, 2010). Although the mitten crab’s ability to migrate over land 
(Bouma & Soes, 2010) suggests that the Haringvlietdam may not serve as an important obstacle to its 
reproductive cycle, a fish migration river and the formation of a brackish water zone is likely to 
facilitate their reproduction and enhance their densities in the surrounding areas. Although the 
current impacts of the Chinese mitten crab remains of low concern in the Netherlands (Bouma & Soes, 
2010), potential increases in densities may lead to the species becoming more problematic within the 
Dutch territory. Additionally, their ecology and behaviour may directly affect the migration of fish 
species. 

The presence of Chinese mitten crabs in the fish migration river could lead to significant changes to a 
FMR’s carefully designed morphological and hydrological characteristics. The burrowing behaviour of 
this species can cause significant damages to human infrastructures by stimulating erosion and can 
also precipitate the release of phosphates and pollutants from the sediment and decrease water 
clarity (Bouma & Soes, 2010). Additionally, heavy preying on invertebrates suggests that this species 
may affect invertebrate community composition and dynamics, with potential effects on energy flows 
(Rosewarne et al., 2016). Through their opportunistic feeding habits, Chinese mitten crabs can also 
interfere with recreational and commercial fishing through bait-stealing, damage to traps and 
captured fish and increasing handling time (Bouma & Soes, 2010). Through predation of eggs, they 
may also affect fish reproduction further upstream although actual records are lacking (Bouma & Soes, 
2010). Recent studies have confirmed that given the opportunity this species will show egg-feeding 
behaviour with a preference for larger eggs (1-6mm) such as those of the Atlantic salmon (Webster et 
al., 2015). This species has been observed in far upstream stretches of the Rhine (Bouma & Soes, 
2010), suggesting that their densities may also increase at the spawning grounds of fish species that 
reproduce further inland. Altogether this suggests that this species may become more abundant due 
to the creation of a brackish transition zone and may have important effects on the FMR itself through 
its burrowing behaviour and predation of macroinvertebrates. 

Higher future abundances of Chinese mitten crab may be somewhat controlled by the expected 
increase in the densities of natural predators. Various natural predators have been reported to feed 
on Chinese mitten crabs in nearby Germany, including mammals, birds and fish (Bouma & Soes, 2010). 
Eels may serve as an important predator of the smaller individuals in Dutch waters (Bouma & Soes, 
2010), and could therefore exert important top-down control if their own densities are successfully 
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increased by the FMR. Additionally, expected positive effects of the FMR on local bird densities could 
also help control Chinese mitten crab populations as several common Dutch species such as the grey 
heron, stork, ducks, crows and sea gulls have been reported to predate on this species (Bouma & Soes, 
2010). Humans are thought to be the most important predator of this species yet in the Netherlands 
they are only consumed on a small scale (Bouma & Soes, 2010). This suggests that densities may still 
increase despite higher predator densities. Monitoring of the densities and impacts of this species 
within the FMR may be needed to determine if additional control measures are needed to curtail 
potentially important impacts on the river’s ecology and/or morphology. 

4.3.2 Non-indigenous shellfish 

As discussed previously, shellfish beds may play an important role in the FMR by acting as shelters for 
benthic species, food sources and facilitating the establishment of seagrass habitat through water 
filtration (section 4.2.2). Determining what non-indigenous species may establish in the FMR can be 
important to determine their relative roles in the future system. Figure 6.1 summarises the potential 
distribution of the species explored in this section according to salinity tolerance. 

4.3.2.1 Non-indigenous Mussels 

Non-indigenous mussels have been repeatedly recorded in Dutch waters and may either carry out 
those beneficial functions in the FMR or may instead lead to significant ecological and economical 
damages at high densities. 

A non-indigenous species of mussel that could influence the composition of shellfish reefs in the FMR 
is Conrad’s false mussel (Mytilopsis leucophaeata). This species is adapted to brackish environments, 
with a high salinity tolerance (0.1-26.4PSU) as well as optimal salinity (0.75-20.9PSU) (Verween et al., 
2010). They have been found to occur in the estuarine delta of the Rhine (Verween et al., 2010) and 
although true seawater is outside of their survival range, the development of a brackish habitat may 
create conditions that facilitate their spread and establishment in the FMR. They require artificial or 
natural hard substrates such as stone, woody debris and oysters to attach and establish (GISD, 2021). 
Given their occurrence in nearby locations and their tolerance of brackish conditions and wide 
fluctuations in salinity, this species could become an important component of shellfish reefs that 
establish in the FMR. It may be important to monitor their occurrence within the newly create brackish 
zone as M. leucophaeata can cause important biofouling problems by settling on hard substrates in 
high densities (Verween et al., 2010). Although this may not affect the FMR itself, it may become an 
issue if the brackish transition zone is located near the Haringvliet sluices or the Delta21 infrastructure 
as this may lead to biofouling of these key infrastructures.  

Zebra mussels (Dreissena polymorpha) have been found to co-occur with M. Leucophaeata in the 
estuarine delta of the Rhine (Verween et al., 2010), which suggests that they may also be able to 
colonise the FMR. The zebra mussel is a non-native species currently found in important densities in 
the Haringvliet (Figure 4.5, Schonenberg & Gittenberger, 2008) and could therefore potentially 
integrate sections of the FMR where there are lower salinity levels. If it does spread into the FMR, this 
species can rapidly reach high densities and has been reported to cause significant changes to local 
macroinvertebrate abundance and diversity with potential knock-on effects on ecosystem processes 
(Ward & Ricciardi, 2007; bij de Vaate et al., 2010). Similarly to M. Leucophaeata, zebra mussels are 
known to cause important biofouling issues and lead to significant financial costs (bij de Vaate et al., 
2010). It is unlikely to spread further than the sections of the FMR that will be closest to the freshwater 
inflow given it generally tolerates salinity levels up to 6 PSU (Verween et al., 2010).  Establishment of 
this species in the FMR and brackish transition zone is unlikely to be an issue due to the species’ low 
tolerance for relatively low salinity levels >6 PSU, especially considering that the Haringvliet is no 
longer fully freshwater due to the Kierbesluit opening.  
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Figure 4.5: A mussel bed specimen from the Haringvliet taken in 2006. All but one specimen are Zebra mussels 
(Dreissena polymorpha). Figure taken from Schonenberg & Gittenberger, 2008).  

4.3.2.2 Pacific Oyster (Magallana gigas) 

The non-indigenous Pacific oyster (Magallana (previously Crassostrea) gigas) has been found 
expanding in the nearby Westerscheldt estuary (Wijnhoven, 2017) and Wadden sea (Fey et al., 2010) 
and are cultivated in the closed-off Oosterscheldt and Grevelingenmeer (van Houcke et al., 2016). This 
species has also been proposed as a potential actor in the shellfish reefs of the Haringvliet FMR by a 
previous ACT group (Baas et al., 2020) and in reefs can host high macrofaunal diversity and 
abundances (van Broekhoeven, 2005). Pacific oysters can establish on hard substrata or on hard pieces 
in soft substrates, using the first established individuals as hard substrate to subsequently build on 
(van Broekhoven, 2005). Despite their expansion over beds of native blue mussels (Mytilus edulis), 
they can also have positive effects on the establishment of this native species by providing a hard 
substrate for the bivalves to colonise (Fey et al., 2010; Wijnhoven, 2017, Reise et al., 2017). Although 

Figure 4.6: Observed dominance patterns of shellfish beds by the non-indigenous Pacific oyster (Magallana 
crassostrea) and native blue mussel (Mytilus edulis) in the Wadden Sea. Figure from Reise et al., 2017. 
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the establishment of blue mussels does not completely depend on the presence of Pacific oyster reefs, 
their overlap in occurrence suggests a high overlap in their ecological requirements. Additionally, 
although the two species co-dominate on slopes, blue mussels are still able to dominate shellfish beds 
above the mean tide level (Reise et al., 2017, Figure 4.6). 

Although their optimal salinity is recorded to be between 20-25 PSU, the sites at which Pacific oysters 
were found in the Western Scheldt showed a large salinity gradient from approximately 0 PSU to >30 
PSU (Wijnhoven, 2017). The species prefers firm substrates but can also be found on mud or sand-
mud bottoms and can establish from the lower intertidal zone up to 40m depth (Reise et al., 2017; 
FAO, 2021). This suggests that this species may colonise the full length of the FMR and can aid in 
forming the basis of the shellfish reefs by providing hard substrate for other species such as the blue 
mussel to establish. Reef-building bivalves, and the Pacific oyster specifically, are known however to 
locally enrich the sediment through mass production of fecal matter (van Broekhoven, 2005), which 
may cause deterioration of the surrounding aquatic environment (Wijnhoven, 2017). Additionally, the 
space taken by the formation of dense Pacific oyster reefs in the FMR could have an effect on the 
hydrological dynamics within, for instance by slowing flow velocity. In the Dutch Wadden Sea, Pacific 
oysters have been found predated upon occasionally by crabs and birds such as herring gulls and 
oystercatchers (Fey et al., 2010) although the only significant predation pressures comes from human 
consumption, which is not possible when the individuals are established in reefs (Fey et al., 2010). 
Altogether, this suggests that Pacific oysters may be able to naturally colonise a FMR at the Haringvliet 
and form the basis of shellfish reefs, thereby establishing the conditions suitable for the establishment 
of other shellfish and seagrasses. Considering that they also have a very wide saline tolerance, this 
species may be interesting to artificially establish in the FMR to facilitate and kickstart the 
development of desirable benthic habitat. However, due to their tendency to create large, dense, 
unharvestable reefs, it may be important to monitor their densities and effects on the FMR system, 
for instance their domination of the benthic system or effect on water quality through defecation. 

4.3.3 Summary of non-indigenous species ecology 

Table 4.2: Overview of key information for the four non-indigenous species focused on for this report. 

Species Status Effects Requirements 

Chinese mitten 
crab (Eriochir 
sinensis) 

Image: Bouma & 
Soes, 2010 

Currently low 
impact in 
Netherlands but 

brackish transition 
zone could 
increase local 
abundances 

 

 

Monitor in FMR 

 

Positive 

(low) predation by birds and fish; 

(low) demand for consumption. 

 

Negative 

Burrowing (erosion, release of 
pollutants, lower water clarity); 

Feeding (lower 
macroinvertebrate diversity, 
lower fish reproduction, effect on 
recreational and commercial 
catch). 

Wide salinity tolerance; 

Mating in brackish and salt 
waters; 

Catadromous life cycle; 

Able to migrate via land. 

 

 

 

Conrad’s false 
mussel (Mytilopsis 
leucophaeata) 

Found in estuarine 
delta of Rhine 

Positive 

Water column filtration, 
structural habitat component 
(shelter, food). 

 

Wide salinity tolerance: 
0.1-26.4PSU; 

Optimal salinity: 0.75-
20.9PSU; 

Requires hard substrates 
to establish 



26 
 

Image: Verween et 
al., 2010  

Negative 

Potential biofouling of Haringvliet 
sluices and Delta21 
infrastructure. 

. 

Zebra mussel 
(Dreissena 
polymorpha) 

Image: Verween et 
al., 2010 

High densities in 
Haringvliet, found 
in estuarine delta 
of Rhine 

 

Positive 

Water column filtration, 
structural habitat component 
(shelter, food). 

 

Negative 

Significant changes to 
macroinvertebrate community; 

Potential biofouling of Haringvliet 
sluices and Delta21 
infrastructure. 

 

Low salinity tolerance: up 
to 6 PSU; 

Unlikely to show important 
abundances in FMR. 

Pacific oyster 
(Magallana 
Crassostrea) 

 

Image: Reise et al., 
2017 

Increasing in 
nearby Western 
Schedlt estuary 
and in Wadden Sea 

 

 

Potential benthic 
habitat kickstarter; 

Monitor in FMR 

 

Positive 

Water column filtration, 
structural habitat component 
(shelter, food); 

Allows for establishment of 
native blue mussel (Mytilus 
edulis); 

Harvested if not in dense reefs; 

(Low) predation by birds and 
crabs. 

 

Negative 

Decrease in water quality through 
local enrichment; 

Can create large, dense, 
unharvestable reefs. 

Wide salinity tolerance: 
near 0 to >30PSU; 

Optimal salinity: 20-25 
PSU; 

Requires hard substrate to 
establish (can then build 
on already established 
individuals); 

Mud or sand-mud 
bottoms. 
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5. Hydrology 
When looking at an FMR, hydrological requirements need to be taken into account to ensure 
functionality and function. Species using the FMR need certain conditions to survive and thrive. In this 
chapter, the hydrological requirements like flow velocity, morphology and salinity will be discussed. 
We will try to give an overview of the factors and their influence on both the FMR and the local 
environment. We will not be looking at the political side of these requirements and the way these 
stakeholders should be prioritized.  

5.1 Flow velocity 

In large parts of the FMR the flow velocity will likely be variable, due to the variable discharge of 
freshwater and the influence of the tides. When designing a permanently open fish migration river, 
this changing flow velocity must be taken into account. The flow velocity is important for a number of 
reasons. The flow velocity is important for fish and other wildlife, for morphology and salt intrusion. 

The flow velocity is of great importance to fish, as they need to be able to swim upstream. They need 
to be able to enter the fish migration river either permanently, or by using the tidal current. Thus, the 
critical swimming speed of fish needs to be taken into account. Adequate measures need to be taken 
to make sure the flow velocity does not continuously exceed this critical swimming speed. 
Furthermore, the flow velocity is important for the morphology of the FMR. A too high flow velocity 
will cause erosion and a too low flow velocity will cause sedimentation. In the ideal situation there will 
be no nett sedimentation or erosion in the final form of the FMR system. Either nett erosion or nett 
sedimentation would require additional maintenance which is not desirable. It is however a different 
story in the start-up phase of the FMR. In the beginning, a morphologically stable state needs to be 
reached. This may take some time. It is also possible that sedimentation is required to construct 
certain parts of the FMR. This depends on the final design and should not influence the functioning of 
the FMR. The flow velocity, more specifically the discharge, should be high enough at high tide to keep 
salt water out. It also needs to be high enough to flush out the saline water from the river part of the 
fish passage, or at least far enough back, so that is does not intrude into the Haringvliet during the 
next high tide. This is important to prevent salt intrusion. If the discharge is not high enough and salt 
water intrudes too far into the FMR, it might need to be closed to prevent the saline waters from 
reaching the Haringvliet. This is of course not a desirable outcome. The length of the FMR is in this 
case very important, since a longer length means the salt water has more space and thus time to mix 
with the fresh water. It also enhances the distance salt may intrude and as a result, the timespan over 
which lower then desired discharge can occur is extended. 

5.2 Morphology and sedimentology  

The critical flow velocity for sediments is dependent on the grainsize figure 5.1. The sedimentary 
composition found at the mouth of the Haringvliet has changed after the construction of the 
Haringvliet locks. Before the construction, it was mostly sandy. After the construction of the locks a 
clay layer has been deposited on most of these sandy deposits (TNO Dinoloket, 2021). From figure 5.1 
it can be gathered that the critical erosion velocity for sands is ~0.2 m/s. However, this is in the case 
of no coverage by vegetation, shellfish or artificial reef structures. In more recent documents (Sweco, 
2018) this number has been raised to 0.3 m/s. This would mean that a flow velocity above 0.3 m/s 
would lead to erosion in the FMR and as a consequence sedimentation elsewhere (possibly also in the 
FMR). Thus, to create a morphologically stable system, it is crucial that the flow velocity does not 
exceed this limit of 0.3 m/s anytime during a regular (non-storm event) tidal cycle. It is however very 
unlikely that this can be prevented at all times and all along the FMR. Thus, at places where this limit 
is exceeded, the riverbed needs to be reinforced, either naturally (vegetation cover, mussels) or 
artificially (concrete reinforcement). A too low flow velocity is also not desirable, since this could cause 
particles which had previously been suspended in the water to settle (sedimentation). Furthermore, 
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it could cause the water quality to drop significantly, since the water is not being filtered by filter 
feeders, nutrients may build up and oxygen levels in the water may drop. 

 

Fig 5.1: Hjülstrom diagram, showing the critical velocity for erosion and/or sedimentation of particles.  

5.3 Discharge 

The discharge is an important factor to take into account when looking at salt intrusion and at the 
possible dimensions for the FMR.  

𝑄 = 𝑢 × 𝐴        (1) 

Wherein: ‘Q’ is the discharge [m3/s], ‘A’ the cross-sectional area of the river [m2] and ‘u’ the flow 
velocity [m/s].   

The discharge is directly related to the width and depth of the fish migration river. The maximum and 
minimum possible discharge need to be taken into account when designing the river. This is because 
a minimum flow is still required to keep the saline water out. The source of the water which is being 
discharged through the Haringvliet is the Rhine. However, most of the fresh water from the Rhine 
needs to be discharged via the Nieuwe Waterweg to prevent salt intrusion there, since it is in open 
connection with the sea. This means only a limited amount of water discharge is available for the 
Haringvliet. In times of higher discharge, this is not a direct problem. It may however become 
troublesome during times when the discharge of the Rhine is low, for example during summer. Over 
the last few years, there have been periods where discharge through the Haringvliet has been very 
limited or even negative. In figure 5.2, we see that in the last few years, the discharge through the 
Haringvliet has been above ~100 m3/s most of the time. We can use this number as an estimate for 
the discharge which is available for the FMR. If we use a maximum flow velocity of 0.5 m/s (section 

5.2), the cross-sectional area of the river could be a maximum size of  𝐴 =
100

0.5
= 200𝑚2. 

In times of high discharge, their needs to be a way to deal with the excess of fresh water. If too much 
fresh water is discharged through the FMR, this could lead to a too high flow velocity and a change in 
salinity. This could cause problems for species using or living in the FMR. To deal with this discharge, 
another way for the fresh water to leave the Haringvliet is needed. Looking at the FMR being built at 
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the Afsluitdijk could present a potential solution. At that location, excess water is discharged through 
pumping the water out, called “Spuien”. The location of these Spuien needs to be carefully considered, 
since the discharge of extra fresh water into the sea could mess with the navigation of migrating fish. 
This could cause them to not be able to find the entrance to the FMR (section 5.5).  

Furthermore, flood safety is also a concern. The purpose of the Haringvliet sluices is to secure flood 
safety. By constructing a FMR, this flood safety would become compromised. In order to keep this 
flood safety, measures should also be taken in the FMR. In the FMR, a locking mechanism should be 
in place in case of emergency situations. Emergency situations include storms or other extreme high 
water events. 

 

Fig 5.2: Discharge through the Haringvliet in the years 2015 to 2020 (data: https://waterinfo.rws.nl) 

5.4 Salinity 

The FMR river needs to form a place for migratory fish to travel from salt to fresh water and vice versa, 
while also offering a place to adjust to the different conditions. For this reason, a suitable salinity 
gradient needs to be present and no salt wedge may form. A salt wedge occurs when no mixing occurs 
between fresh and saline water and the freshwater flows on top of the saline water, as illustrated in 
figure 5.3. In this way, saline water is able to intrude far inland. Thus, sufficient mixing needs to occur. 
At the same time, in the interest of the drinking water provisioning and surrounding nature areas, the 
salt must not intrude inland or into the Haringvliet. Thus, in order for migrating fish to utilize the FMR 
in an optimal way, the saline and fresh water must mix sufficiently over a large enough length, so that 
a suitable salinity gradient forms. This will give fish the opportunity to adapt to the change in salinity. 
For this gradient to be present, it is important that no salt wedge forms. In the interests of the 
freshwater provisioning, saline water must not intrude too far into the Haringvliet. Currently, with the 
Kierbesluit, the maximum salt may intrude is to the line Middelharnis-Spui. Ideally, this line is pushed 
back again to (close to) the Haringvliet sluices. As a minimum requirement, this line should not be 
exceeded. Water is considered fresh with a PSU value of 0.45 (Practical Salinity Units). In order to 
provide a suitable salinity gradient for the fish, mixing of salt and fresh water needs to be stimulated. 
Furthermore, sufficient mixing length must be present. The length of the FMR also plays a role in 
preventing salt water from intruding into the Haringvliet. 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwaterinfo.rws.nl%2F&data=04%7C01%7Cmaarten.heijmans%40wur.nl%7Cbe70da6b0bda478c028708d90333d0c5%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637544343347619725%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=%2BaIVprNtyEXTTr4Jx42ZvzsBwAtkQ5gBelww1x6kDTo%3D&reserved=0
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To create a salinity gradient, mixing needs to 
occur. Mixing between the salt and fresh 
water can happen in two ways: Dispersion 
and turbulent mixing. Turbulence thus needs 
to be stimulated to promote mixing. At the 
same time, turbulence causes stress for 
some fish species, and completely washes 
others away. It can also effect the structure 
of the FMR in a negative way. Turbulence is 
thus something which needs to be 
monitored well and has both an upper and a 
lower limit. For fish, the value which is seen as 
undesirable is at 0.05 m2/s2.Turbulance can be 
stimulated by adding resistance. Resistance is 
dependent on the bed structure. An irregular 
bed, for example with boulders or artificial 
reefs, stimulates active mixing. 

In order to increase mixing and lessen the 
intrusion, groynes can be installed in the river 
(fig. 5.4). Research from Arcadis (2018) indicates 
that these both increase hydraulic resistance 
and decrease salt intrusion. From this same 
research, it can be gathered that the groynes can 
be placed in both the bends and the straight 
parts, with a limited difference in salt intrusion 
but a higher difference in flow velocity, 
turbulence and depth. We would advise to use 
groynes in the straight parts with a reinforced 
riverbed between the groynes.  

5.5 Lure current 

To attract the fishes to the seaside entrance of the fish migration river, a lure current will have to be 
created. This is especially important when the brackish zone is mainly located within the FMR. In that 
case, migratory fish need to be able to find the entrance of the FMR when they are swimming along 
the Dutch coastline. Fish can sense fresh or brackish water that exits the FMR and have a natural 
instinct to swim upstream. Without a lure current, fish tend to not find entrances of fish passages 
(Kroes & Monden, 2000). There are different requirements the lure current has to meet. 

Firstly, the flow rate of the current has to match the swimming speed of the species that make use of 
the fish migration river. Based on the flagship species, the flow rate of the lure current should drop 
below 0.2 m/s during high tide, to make sure all species are able to enter the FMR. However, during 
high tide the flow rate can be higher, in order to reach as far away from the entrance of the FMR as 
possible and attracting fish from further away. 

Secondly, the current cannot be too turbulent. Smaller migratory species might easily get disoriented 
and become an easy prey to predators like birds when they get pushed to the surface of the water. 

Lastly, it is important to choose a suitable location for the lure current. The lure current should reach 
far out from the entrance of the FMR in order to attract as many fish as possible. Besides, other 
waterflows have to be taken into account too, since they can both disrupt or enhance the lure current. 
When excess fresh or brackish water is being discharged into the North Sea, migrating fish will group 
at the location of the discharge. In this case it is important that the lure current is as close to the 

Figure 5.3: Classification of estuaries based on the vertical 

structure of salinity. Different types of stratification (solid black 

lines) are controlled by the relative strength of tidal versus 

riverine flow as illustrated by the length of the arrows in the four 

models. Adapted from Valle-Levinson, 2010 

Figure 5.4: Example of groynes in a river to stabilize 

the channel and its banks. (Rijkswaterstaat) 
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discharge as possible, in order for the fish to be able to find the entrance of the FMR (scenario 1 figure 
5.5). 

 

Figure 5.5:  Possible situations for the location of the entrance to the FMR in relation to sluices,weirs and other 
sources of freshwater. Source: Kroes & Monden, 2000.  

 

On the other hand, discharged water can also amplify the effect of the lure current. In the FMR that is 
currently being constructed through the Afsluitdijk, discharged excess water is going to be used to 
enhance the lure current (van Banning et al., 2018). During the times the Haringvliet sluices are being 
opened, as agreed in the Kierbesluit, excess fresh water is being discharged into the North Sea, so this 
situation might be recreated and benefit the FMR at the Haringvliet (Griffioen et al., 2017). 

However, the discharge of excess water can also be dangerous for fish. The huge amounts of fresh 
water might cause heavy turbulence, and cause fishes to either get disoriented and be eaten or might 
even pull the fish away from the actual entrance of the FMR. In the last case, the entrance of the FMR, 
and thus the lure current, can be placed on the side of the discharge point, just before the area where 
the turbulence is too strong for the migratory fish species. In this way the fish can still enter the FMR, 
but experience less turbulence (Kroes & Monden, 2000). 
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6. Suggestions for the FMR design  
To construct a functional FMR with limited impact on quantitative and qualitative (salinity) water 
safety, measures need to be taken in the design of the FMR. In this chapter, measures which could 
be taken to make sure these requirements are met will be discussed. Below is a short overview of 
these requirements. 

6.1. Overview of the requirements 

6.1.1. Ecology 

• Temperature 
o For a successful migration for fish, a gradual temperature range of 4°C to 25°C should be 

respected during the different seasons.   

• Salinity 
o The salinity gradient has to drop gradually and no salt wedges must be formed, as the fish 

can adapt properly during their acclimatization period. 
o Most of the flagship species can maintain themselves at salinity gradients of up to 36 PSU. 

For stickleback it is still unknown which salinity levels they can tolerate, but the studies of 
Arai et al. (2020) suggests that anadromous stickleback can easily live in and around 
brackish environments and in close distance within the sea from brackish waters. 

o Apart from species that travel through the river there will also be species that have a more 
permanent and set location in the FMR. These species may occupy different sections of the 
FMR according to their salinity tolerances, as displayed in figure 6.1.  

• Acidity 
o Salt water usually has a stable pH value of 8.2, whereas river water may fluctuate between 

6.5 and 8.5 pH. The tolerable pH range for Atlantic salmon and eel are known and rang from 
6.2 - 8.5 and 5.0 - 8.0 respectively. 

• Swimming speed 
o Atlantic salmon are strong and endurable swimmers and can reach a maximum speed of 

2.44 m/s. 
o Herring can also swim against relatively strong currents as they can reach an Ucrit of 1.5 m/s. 
o The European eel's swimming ability depends on their form. The glass eel is a weak 

swimmer and will find more trouble to keep up with stronger currents as their sprint speed 
is only 0.5 m/s. Silver eel have much more endurance and strength than glass eel with a 
swim speed up to 1.7 m/s. 

o The three-spined stickleback can reach a maximum speed of 0.7 m/s and thus, just like glass 
eel, need weaker currents to migrate in the FMR.  

o Resting spots with relatively stagnant water, can provide resting places for migrating fish to 
rest.   

• Dissolved oxygen 
o The critical mortality threshold for most organisms is < 2 mg/l dissolved oxygen. Fish will 

not be able to survive under these conditions. 
o The flagship species need at least 2 mg/l (preferably 6-8 mg/l) dissolved oxygen for a 

successful migration. 

• Shellfish  
o The presence of the shellfish would increase the water quality through filtration, however, 

in very high density shellfish can lower the water quality through mass defecation. 

• Vegetation 
o Seagrass can provide shelter and nursery ground, and reduce the water flow as the 

migratory fish in the Haringvliet prefer a flow < 2 m/s. 
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o The introduction of seagrass is needed to enhance the dissolved oxygen and create a stable 
temperature. The eelgrass can be introduced on the FMR close to the saltwater since its 
salinity preference is relatively high (Figure 6.1). 

• Hiding places 
o Artificial reefs such as layered cakes and rock pile shapes (Figure 4.3) provide hiding and 

resting places for (small) migratory fish. These reef structures can also function as a hard 
substrate for the establishment of shellfish. 

o Hard substrate such as gravels and rocks are important to allow migratory fish to hide from 
predators such as diving piscivorous birds (e.g. cormorants and grebes).  

• Substrates 
o Sandy and muddy substrate are needed to grow seagrass and provide a burrowing place for 

e.g. eel and flounder. 
o Gravel and rocks substrates are essential to initiate shellfish to adhere. The establishment 

of larger species such as the Pacific oyster can then provide additional hard substrate for 
reefs to build on. 

• Bird islands  
o A FMR also gives the opportunity to enhance bird populations in the area. By constructing 

bird islands in the FMR design additional breeding, foraging and roosting areas will be 
provided for birds. 

Figure 6.1: Expected distribution of key indigenous and non-indigenous supporting species within the Haringvliet 
FMR according to their respective optimal and tolerated salinity preferences. The common eelgrass (Zostera 
marina) may diverge in their optimal salinities according to the specific population’s native salinities (Salo et al., 
2014). 

 

6.1.2. Hydrology 

• Flow velocity 
o Regularly below 0.2 m/s during high tide so all fish can enter. 
o During low tide, flow velocity may be higher but at places where it is higher than 0.3, the 

riverbed needs to be reinforced by either natural or artificial means to prevent erosion. 
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o For common eelgrass the flow velocity should be below 0.5 m/s, while dwarf eelgrass can 
handle flow velocities up to 1.5 m/s. 

o For bigger fish (salmon, sturgeon), the flow velocity during low tide can be as high as 1.5 to 
2 m/s. 

• Discharge 
o The discharge of freshwater should be sufficient to keep saline water out of the Haringvliet. 

During low tide, the discharge must be high enough to flush saline water from further 
upstream in the FMR. 

o There should be a way to deal with excess discharge. This opening, sluice or spui should be 
located in a way so that it does not negatively impact the working of the FMR. 

o The discharge should create a lure current, so that migrating fish are able to find the 
entrance to the FMR. 

• Salinity 
o Active mixing should occur between salt and fresh water to ensure a salinity gradient. No 

salt wedge must form. 
o Turbulence should be present to ensure mixing, but it should not exceed 0.5 m2/s2 as to not 

negatively impact fish, flat oysters and common eelgrass. 
o The salt water must not intrude into the Haringvliet, which means that the mixing must take 

place primarily, if not completely, in the FMR. 

• Dimensions 
o The length should be sufficient to create a suitable salinity gradient and prevent salt water 

from reaching the Haringvliet. For the FMR at the Afsluitdijk, this was a length of at least 6 
kilometres to completely prevent water from entering the Ijsselmeer. The final length of 
that FMR is 4 km (Arcadis, 2018). 

o The width depends on the available water to be discharged through the Haringvliet. It 
should preferably be a minimum of around 20 meters, to lessen predation. The width is 
most variable and depends on the amount of discharge available for the FMR. 

o The depth should be around a minimum of 5 meters to prevent predation by bird species 
(e.g. gulls and terns) and lessen predation in general. 

6.2. Measures in implementation 

6.2.1. Location and general structure  

An important factor in the development and construction of a FMR is the location. Broadly speaking, 
there are three possibilities for the FMR: at the north side of the sluices, through the sluices, or the 
south side of the sluices. The advantage of a FMR at the north side, is that previous research into this 
location has been done. However, there are a lot of recreational activities on the north side (badstrand 
Rockanje, holiday parks). Thus, a FMR at this location would disturb or hinder these businesses, which 
could lead to more social resistance to the plan.  

The south side has the advantage of a pre-existing body of water (Zuiderdiep). This body of water has 
no destination or purpose as of writing (Huibert van Rossum, Interview WSHD), so it could be 
restructured to form a basis for the FMR. Furthermore, at the moment, migrating fish are primarily 
using the south side of the sluices to pass through, which would suggest a southern FMR would be 
more effective (Interview Bruins Slot). On the south side of the Haringvliet there are also 2 ports and 
a set of sluices that connect these. This human activity could potentially disrupt the fish migration, but 
at the same time, the fish migration river could disrupt the port activities. This is something that should 
be taken into account if the decision is made for a FMR on the south side. One option would be to 
construct the entry to the FMR parallel to the port entry so that they have less interference with one 
another. 

The option for the FMR to pass through the sluices is currently being researched by students of the 
Hogeschool Rotterdam. The advantage of this option is that it already has a locking mechanism in 
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place. Furthermore, this option could potentially be beneficial to the lure current, as all fresh water 
would be discharged close to this spot. At the seaward side of the FMR, the entrance to the river could 
even be located close to the energy storage lake, since recent developments of “fish friendly pumps” 
can prevent high risks of fish mortality (Interview Lavooij, Kok & Berke). The downside is that it would 
need restructuring of the sluices, and that the construction of the FMR in the current path of fish 
migration could be damaging to the fish.  

Whichever location is chosen in the end, it is important to make sure the surroundings are also fish 
friendly. This would mean gill netting should not be allowed along the migration routes and for this 
case specifically, near the entrance of the FMR, since this would defeat the purpose of the FMR (Tinka 
Murk, Interview). 

To ensure the specific optimal conditions of different species are present in the FMR, multiple 
channels could be constructed. This way, variations in water depth and flow velocity could be 
implemented. This would allow for more optimal conditions for the wide variety of species living in 
and utilising the FMR. There is also the option to construct multiple FMR’s, for example one on the 
north side and one on the south side. This option has however no clear added value. However, the 
disadvantage of multiple FMR’s is that the total discharge through these FMR’s is the same, so if 
multiple FMR’s are constructed, the individual size of these FMR’s will decrease drastically, which 
would make it harder to meet the required ecological conditions to best enhance the creation of a 
brackish transition zone and the process of fish migration, for example by increasing predation risks.  

6.2.2. Kierbesluit 

With the construction of the FMR, the Kierbesluit might need to be reconsidered. The Kierbesluit was 
initially implemented to allow for the migration of fish. With the construction of a FMR, this purpose 
would expire. People might not want to roll back the Kierbesluit, since it took many years to finally 
bring about. Furthermore, the Kierbesluit has been recorded to facilitate the passage of various fish 
species (Binsma, 2021) so keeping the sluices partly open can also help facilitate fish migration. Also, 
keeping the Kierbesluit in place allows a way for excess discharge to exit the Haringvliet. It is important 
to note that this option to use it as a way to discharge excess water could lead to a disruption of the 
lure current for the FMR (section 6.2.3). At the same time, if the Kierbesluit is stopped, salt intrusion 
into the Haringvliet would likely lessen, which is the point on which the decision for the Kierbesluit 
was stuck.  

6.2.3. Discharge and lure current 

To attract migratory fish to the seaside entrance of the fish migration river, a lure current will need to 
be created. This lure current will disperse fresh or brackish water which can be sensed by migrating 
fish into the North Sea. The lure current will need to have a flow velocity that drops below 0.2 m/s 
during high tides so that weaker swimmers, like the European Eel, can also swim into the FMR. During 
low tide, the discharge and flow velocity of fresh or brackish water will be higher. 

If fresh water from the Haringvliet is discharged in another way than through the FMR, this could also 
have an influence on the lure current. The discharge of excess fresh water can both enhance the range 
of the lure current but can also have a negative influence by creating too much turbulence or drawing 
fish away from the entrance of the FMR. An important point here is the location where this excess 
discharge enters the sea (section 5.5). 

6.2.4. Resistances 

To facilitate mixing, objects which cause resistance should be added to the water to lower the flow 
velocity and to ensure sufficient mixing of the saline and fresh water. There are several possibilities to 
add resistance. One would be the shape of the river. Meanders in the river add resistance to the flow 
and create turbulence. An added benefit of adding these meanders would be that it compacts the size 
of the FMR without compromising the length. 
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Mixing is also increased by resistances on the bed of the river, like gravel, boulders or other structures. 
Possible structures that could be placed in the FMR to increase resistance on the river bed are artificial 
reefs (section 4.2.3). These artificial reefs would add bed friction and thus slow flow velocity and 
stimulate mixing as denser saltwater rises to mix with freshwater. The added benefit is that it works 
as a shelter for fish and a settling ground for shellfish. 

A third option to increase hydrological resistance is to install groynes (Figure 5.4) in the river. These 
groynes make the channel smaller, which increases turbulence and flow velocity in between (Arcadis, 
2018). This could lead to erosion due to the increase in flow velocity (section 5.1). A solution would 
be to add reinforcements, like the artificial reef or vegetation, to prevent this erosion. The groynes 
could be added either in the meanders or on the straight part of the river. In the meanders, they would 
likely increase turbulence to a level at which fish experience negative effects. If the groynes are 
installed on the straight parts of the FMR, they would lead to an increase in flow velocity, and 
potentially a deeper channel if this is desired, but that could be prevented by reinforcements. Thus, 
the negative impact of the groynes could be compensated by other measures. The added effect of the 
groynes on the mixing is beneficial and would be a good addition to include in the FMR. 

6.2.5. Vegetation and supporting species 

Seagrass will be introduced in the FMR close to the entrance with the sea (section 4.2.1). To make sure 
that seagrass will survive, filter feeders such as flat or pacific oysters and blue mussels should be 
facilitated in the FMR (section 4.2.2). Introducing these species is however only step one, afterwards 
we should allow for natural succession to occur in the FMR. This way, the FMR stays natural and lively 
and does become as less static and artificial as possible. The shellfish reefs and seagrass beds can 
function both as wave protection and decrease the chance of erosion. Common eelgrass is best placed 
in areas where the flow velocity is lower, since dwarf eelgrass can withstand flow velocities up to 1.5 
m/s while common eelgrass can withstand only up to 0.5 m/s. The shellfish reefs can be placed 
regardless of the flow velocity since mussels and oysters can withstand higher flow velocities relative 
to the fish species.  

6.2.6. Substrates 

For the substrate in the FMR, a division can be made between soft and hard substrate. The soft 
substrate is sandy and/or muddy substrate and is required for seagrass to elongate the rhizomes and 
fasten the roots. This substrate can be introduced along the FMR or introduced with a higher 
concentration in the mouth of the FMR close to the seaside to reduce the flow velocity. The soft 
sediment can also be used by eel and flounder to burrow in order to hide for predators. The hard 
substrate consists of gravel or rocks and can allow the migratory fish to hide from predators and the 
shellfish to adhere. The presence of shellfish is essential in increasing water clarity and quality, but 
their densities should be monitored to prevent negative impacts. The hard substrate can be placed in 
the mouth of the FMR to facilitate better mixing (section 6.2.5.). Another hard substrate which can be 
used for the shellfish to adhere to, as well as providing shelter for the migrating fish is the artificial 
reefs. Altogether, it is important in the design of the FMR to provide different substrate areas or 
combine both soft and hard substrate, so that migrating fish can find shelter, and both seagrass and 
shellfish can occur in the FMR. 
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7. Conveying the advantages of a FMR to stakeholders  
In this section, we aim to give insights on how to convey the advantages of a FMR to different 
stakeholders. The large variety of stakeholders that may be affected by the construction of a FMR 
have different interests according to the potential consequences the project may have on their 
respective interests. Additionally, it is important to clarify the added value of an FMR to the current 
situation (occasional opening of the Kierbesluit) as well as compare it to the proposed permanent 
opening of the Haringvliet sluices as a method to re-establish natural processes. In this section, we 
therefore will briefly compare the advantages and disadvantages of these three scenarios with regard 
to their effects on the ecology and hydrology. In addition, we will explore how to communicate the 
benefits of a FMR to the stakeholders depending on their interests and stakes in the project. The main 
conclusion we draw in this section is that a permanently open Haringvliet can lead to important 
positive impacts on the ecology and hydrology, but this comes with significant consequences for 
Natura 2000 areas and freshwater provisioning (Table 7.1). Although the effects of an FMR are more 
limited, its construction would allow to improve the current situation by enhancing the success in 
achieving the same objectives set by the initiative behind the Kierbesluit (Table 7.1).  

 

Table 7.1: Overview of the potential positive added value (+), negative added value (-) or no added value (0) of 
two alternative scenarios to the current Kierbesluit system. 

 Kierbesluit Permanently 
open Haringvliet  

Kierbesluit  Kierbesluit + 
FMR  

Migratory fish  ++ + 

Birds   ++ + 

Marine mammals   ++ + 

Stable brackish habitat  ++ + 

Haringvliet Natura 2000 areas -- + 

Freshwater provisioning  -- 0 

Ecotourism + + 

 

7.1. Ecology 

7.1.1 Scenario 1: Kierbesluit (current situation) 

In the current situation in which the Kierbesluit is operative, fish cannot pass the Haringvlietdam at all 
times. In this scenario, the sluices are opened to release excess freshwater, creating a lure current to 
attract migrating fish and removing the physical barrier to migration. However, although the 
Kierbesluit has been recorded to facilitate the passage of various fish species (Binsma, 2021), this 
process remains limited as fish are only able to migrate up- or downriver during short windows of 
opportunity. Although fish currently tend to converge in front of the sluices (Interview, Bruins Slot) 
this reduces the number of total individuals that can go through. Additionally, some species such as 
the Atlantic salmon require specific conditions to stimulate migration (section 3.1), meaning that 
migration may also be limited if the sluices are opened while these conditions are not met. The sluices 
are also only opened when the Haringvliet water levels are higher than the sea, meaning that it 
involves high discharges of freshwater into the sea. As some fish species such as the European eel are 
weak swimmers and depend on the tidal inflow to bring them into riverine systems, this system could 
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limit their migration into the Haringvliet. Besides, fish species will benefit from a brackish transition 
zone to facilitate their migration between salt and freshwaters (section 3). In this situation, no stable 
brackish zone is created, because the saline and fresh water can only mix with enough turbulence and 
while the sluices are opened. Both of these are limited in the current situation, leading to stratification 
and a salt wedge creeping into the Haringvliet. In addition to the effect on the migrating fish, the 
occasional opening of the sluices also affects other species such as marine mammals. For instance, 
seals and porpoises may pass through the opened sluices but may end up stranded in the freshwater 
system if the sluices close before they are able to return. This means that they cannot return to their 
usual foraging grounds in the North Sea and remain stuck in freshwater areas where local food 
availability can be limited (section 4.1.1).   

7.1.2 Scenario 2: Permanently open Haringvliet sluices 

Permanently fully opening the Haringvliet sluices is the most beneficial option for facilitating fish 
migration and for creating a stable brackish transition zone. This method would allow for significant 
volumes of freshwater and seawater to pass through the Haringvlietdam and thereby better approach 
the natural riverine and tidal dynamics normally present in estuaries. As this approaches the historical 
situation, we can assume that the physical and hydrological barriers to fish migration will be largely 
removed. The establishment of these conditions will likely lead to the natural restoration of large areas 
of brackish habitats as specialist species from the surrounding areas become able to establish in the 
newly created conditions.   

This option may however have a negative effect on the aquatic and terrestrial systems that have 
developed in the Haringvliet area since its closing. The creation of brackish or even salty environments 
far into the Haringvliet is in contradiction with the Natura 2000 decree on this area. The habitat types 
that have to be protected or improved by this decree are muddy riverbanks and moist alluvial forests, 
which will be threatened by the intrusion of salt water (Directie Natuur & Biodiversiteit, 2015). The 
decree also protects specific species, of which some can only survive in a fully fresh environment. 
These are fish species like Bullhead (Cottus perifretum), but also two mammals: the Eurasian beaver 
(Castor fiber) and tundra vole (Microtus oeconomus arenicol). (Directie Natuur & Biodiversiteit, 2015). 
Besides threatening the protected habitats and species in the Haringvliet, there is some concern that 
fully opening the Haringvliet sluices might threaten the Biesbosch National Park which also hosts a 
wide array of protected habitats and species. Although prior to closure of the Haringvliet saline 
intrusion was known to reach this area at high tide, under this scenario this is not expected to occur 
(Figure 7.3). 

7.1.3 Scenario 3: Fish migration river 

A FMR could serve as a compromise to reconcile the two options.  The construction of a FMR would 
allow to create a permanent opening for the migrating fish to pass the Haringvlietdam. Although the 
opening will be limited which means that it is more difficult for the migrating fish to find their way up 
the rivers compared to fully opening the Haringvliet sluices, migrating fish would be able to cross the 
barrier at all times. Additionally, a FMR could continue to attract migrating fish through the creation 
of a lure current that could be enhanced by the discharge of water from the Kierbesluit (section 5.5). 
A carefully designed FMR can also provide the necessary habitat and conditions for fish to migrate 
upstream, such as shelters to hide from predators or low flow velocities that allow weaker swimmers 
to make it through. Additionally, it can better create a stable brackish transition zone than the 
Kierbesluit by stimulating the mixing of salt and freshwater within its confines (section 5.5), although 
this area will be smaller than if the sluices were fully opened. In addition to facilitating migration of 
certain fish species, the creation of brackish conditions can allow for the establishment of new 
brackish habitat and associated species. The FMR can also be adapted to be large enough to allow 
larger sea mammals to swim back and forth across the dam at all times. Additional foraging 
opportunities and the construction of bird islands for breeding could also stimulate local bird 
populations. The FMR could therefore allow for a large improvement in the local ecology as compared 
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to the current Kierbesluit. Additionally, a carefully designed FMR could also serve as an improvement 
to the full opening of the Haringvliet as by preventing additional salt intrusion, it would prevent large 
impacts on the nearby Natura 2000 areas. Altogether therefore, the FMR offers an interesting 
compromise between the two options as it can improve fish migration, provide a stable brackish 
transition zone (albeit more spatially limited) and stimulate local biodiversity while preventing 
important damaging effects to Natura 2000 areas. 

7.1.4 Stakeholders concerned with nature recovery 

A number of stakeholders are primarily concerned with restoring natural fish migration between the 
sea and the Haringvliet as well as enhancing the natural value of the landscape. This would involve 
those organisations that took part in the establishment of the Kierbesluit and involved in the 
Haringvliet Droomfonds project such as Natuurmonumenten, Staatsbosbeheer, Vogelbescherming, 
ARK, WWF and Sportvisserij Nederland. Reaching this objective in 2018 was a huge accomplishment 
and is likely to continue to be intensely supported by these organisations. The Haringvliet Droomfonds 
Project plans to use the hydrological dynamics instigated by the Kierbesluit to stimulate the natural 
recovery of the estuarine nature around the Haringvlietdam (Haringvliet, 2018). They also highlight 
their plan to promote visitation to the area for ecotourism and recreational activities such as biking 
and hiking through the development of a fast boat connection from Rotterdam to Dordrecht 
(Haringvliet, 2018).  

When approaching these stakeholders, it will therefore be important to highlight how the FMR could 
fit within the existing Kierbesluit arrangement and highlight that it will improve those very same 
objectives for which the Kierbesluit was implemented. In particular, these stakeholders should be 
shown how the Kierbesluit continues to limit the migration of certain fish species such as the critically 
endangered European eel and highlight how an FMR could improve this. It would also be crucial to 
inform these stakeholders of the added value an FMR could provide to improve the diversity and 
richness of the landscape. In addition to the FMR’s potential to enhance birds and marine mammals, 
it can also allow for the creation of more stable brackish conditions than the Kierbesluit alone. Brackish 
habitats are relatively rare in north-western Europe (Tangelder et al., 2017) and communicating the 
potential for the FMR to restore these in the Haringvliet area would likely generate support for the 
project from these groups. In addition, the FMR could provide a more unique ecotourism experience 
by integrating a viewing station to observe the passage of fish through the dam, as will be present at 
the Afsluitdijk FMR (Arcadis, 2018). Altogether, it will be important to communicate the FMR as a 
compromise that allows to address some of the limitations of the Kierbesluit for nature recovery 
without the important impacts of saline intrusion that would be caused by permanently opening the 
Haringvliet sluices. 

The added value of an FMR to boost natural recovery is also interesting for parties that would benefit 
from healthier and richer aquatic ecosystems, for instance commercial and recreational fishing 
organisations. This group may provide significant resistance to a FMR as they would need to make 
short term concessions such as terminating gill fishing activities on the seaside of the Haringvlietdam 
as these can strongly hinder efforts to facilitate fish migration (Murk, 2021 private communication). 
For this group of stakeholders, we suggest to focus on communicating the potential for long-term 
returns of an FMR.  These parties should be informed of the potential of the FMR to boost depleted 
fish stocks by further enhancing the reproductive cycle of key species such as the Atlantic salmon and 
Atlantic herring. It would be beneficial to highlight that in the longer-term facilitating migration could 
help the recovery of these fish stocks and thereby allow to relax current fishing regulations. 
Additionally, it will be important to inform these parties of potential indirect positive feedbacks of 
ecosystem recovery on fish stocks. For instance, improving the migration of the three-spined 
stickleback, which plays an important role in food web interactions, could help the current systems 
host higher abundances and diversities of larger fish. 
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7.2 Hydrology 

7.2.1 Scenario 1 Kierbesluit (current situation) 

The Kierbesluit opens up only during the tidal ebb, where water levels in the Haringvliet are higher 
than the sea. The size of the opening can be adjusted according to the river discharge (Baas et al., 
2020). The Kierbesluit is specifically designed to allow some saline intrusion into the Haringvliet 
although this is limited so it does not exceed 0.3g/L Cl beyond the virtual line between Middelharnis 
and the opening of the Spui (Binsma, 2021; Figure 7.1). This scenario allows for some mixing of salt 
and freshwater close to the sluices but only when there is enough turbulence and while the sluices 
are opened. Occasional opening of the sluices does not stimulate mixing itself but rather allows for 
the creation of a salt wedge whereby the denser saltwater remains stratified beneath the freshwater 
(Baas et al., 2020). Water safety should not be compromised however as the sluices can still be closed 
when necessary, for instance during storms. To summarise, the Kierbesluit prevents extensive salt 
intrusion into the Haringvliet and allows the exchange of freshwater and saltwater but does not 
restore the tidal dynamics of a brackish area, preventing significant mixing and the creation of a stable 
brackish zone. 

 

Figure 7.1: Salt intrusion (red) into the Haringvliet as agreed under the Kierbesluit scenario. Figure adapted 
from Binsma, 2021. 

7.2.2 Scenario 2: Permanently open Haringvliet sluices 

Fully opening the Haringvliet sluices on a permanent basis would best restore the natural hydrological 
dynamics and return the Haringvliet to a brackish/saltwater system. Although this is mostly desirable 
from an ecological point of view, this will lead to much more significant saline intrusion into the 
Haringvliet system than the Kierbesluit (Figure 7.3). This option has been met by fierce opposition 
from various stakeholders concerned with the negative effect on freshwater provisioning for human 
consumption or agricultural activities (Interview Lavooij, Kok & Berke, Interview van Rossum).  

Although lesser volumes of water can pass through the open sluices as compared to pre-construction 
of the Haringvlietdam, this still amounts to significant amounts of water. As a result, under this 
scenario, changes to water flows within the Haringvliet are also expected, with consequences for the 
morphology of the water body for instance through changed erosion and sedimentation dynamics 
(Interview Wil Borm). As with Scenario 1, water safety should not be compromised as the sluices can 
still be closed when necessary. In summary, this scenario is best for restoring natural hydrological 
dynamics but is very unlikely to be a feasible option as it would allow undesired levels of saltwater 
intrusion into the Haringvliet with impacts on natural systems and freshwater extraction. 
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Figure 7.3: Expected saline intrusion (red) into the Haringvliet under the permanent, fully opened sluices 
scenario. Figure adapted from Binsma, 2021. 

7.2.3 Scenario 3: Fish Migration River 

A FMR at the Haringvliet could limit salt intrusion while allowing for the creation of a brackish 
transition zone, albeit smaller than would be created by a permanent opening of the sluices. The FMR 
at the Afsluitdijk is specifically designed towards limiting salt intrusion in the Ijsselmeer, for example 
by means of a technical part to close the river if necessary (Arcadis, 2018). In this scenario therefore, 
we can expect there to be no additional negative effects of saltwater intrusion in the Haringvliet on 
freshwater extraction. The FMR can be designed in such a way as to allow for more extensive mixing 
between freshwater and saltwater than is currently allowed by the Kierbesluit (section 6.2.4). Rather 
than the entire Haringvliet being subject to natural estuary hydrological dynamics as in the fully 
opened sluices scenario, these dynamics can be restored within the more limited space of the FMR, 
allowing for a more stable brackish transition zone than that created by the Kierbesluit. Additionally, 
a permanent opening can allow for a constant inflow of freshwater from the Haringvliet into the sea. 
As Delta21 plans to partially close of the marine area right beyond the Haringvlietdam to turn it into 
a tidal lake, constant inflow of freshwater can also render this entire area less saline, facilitating the 
transition (Figure 7.4). Finally, the opening of the FMR will be smaller than the fully opened sluices in 
Scenario 2 and therefore should cause less important changes in waterflow in the Haringvliet and 
thereby less important impacts on the morphology. With respect to water safety, the FMR design 
would include a lock mechanism that could be used if the situation requires it. In summary, the FMR 
can be designed to prevent further saltwater intrusion into the Haringvliet and restore some key 
hydrological dynamics of a brackish estuary system although these would be largely limited to the 
smaller area of the FMR itself. 
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Figure 7.4: Schematic of generalised direction of freshwater and saltwater movement between the North Sea, 
the Delta21 Tidal Lake and the Fish Migration River (FMR). The location for the FMR is not definite. Original 
figure provided by the commissioner. 

7.2.4 Stakeholders affected by altered hydrology 

Some stakeholders such are particularly concerned about saline intrusion past the Spui-Middelharnis 
limit affecting freshwater extraction stations for drinking and agricultural activities. This factor 
remains one of the main bases of opposition against the permanent opening of the Haringvliet sluices 
for the purpose of restoring natural hydrological dynamics. When approaching these actors, it will be 
important to communicate that the FMR will be constructed in such a way that saltwater intrusion will 
not breach the level of saltwater intrusion agreed upon with the implementation of the Kierbesluit. In 
addition, it could be useful to point out that “This has been done before” by using the approved design 
of the Afsluitdijk FMR to reassure stakeholders that this point will be respected. We expect that these 
stakeholders may also be more open to the idea of the FMR after the construction of the Afsluitdijk 
FMR is completed and is (hopefully) shown to mitigate saltwater intrusion into the Ijsselmeer. 
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8. Discussion 
To bring back migratory species in the Haringvliet delta, a fish migration river is proposed. In this 
report, we analysed and determined the ecological and hydrological requirements necessary to 
ensure that the FMR enhances fish migration. However, this report does not offer a completely 
comprehensive overview of all the aspects involved in ensuring the ecological success of this 
endeavour. In this section, we highlight the main limitations that should be considered by the reader 
when considering the conclusions draw in this report. 

The location of the fish migration river is challenging to define. There are several options for the 
location of the FMR, each with consequences for its design and different advantages and 
disadvantages for various stakeholders. Another thing to keep in mind is that the building process 
should not disturb nature or people too much. This ties into the selection of the location, as some 
possible locations are now used by either fish, marine mammals, birds or humans. There are 3 
scenarios available, which each has pros and cons that equally important. Each of those scenarios also 
has a risk that can impair the interests of the stakeholders. Therefore, the collaboration and 
integration between stakeholders and government are very encouraged to minimize the conflict. 

To make sure the fish migration river has the desired success, the sustainable and integrated fisheries 
management should be implemented. The availability of food and the accessibility to the good 
spawning ground should also be guaranteed. In order to provide the access, the fish-friendly sluices 
seem a good alternative. If the entry ways remain blocked, the FMR will not yield the wanted effects 
for the fish stocks. For example, if salmon cannot reach far enough into the delta and rivers to spawn, 
the goal in bringing back and increasing the number of populations would be difficult to find success. 
Another example are fish that live their juvenile lives at sea and then migrate upstream to spend their 
adult life. If they cannot reach these areas, they cannot make the Haringvliet delta their home. 
Moreover, the areas surroundings the FMR should meet the purposes of migration, such as good 
spawning ground, low predation risk and high food availability.  

For this report we selected only four flagship species to explore in detail due to time restrictions. This 
choice was influenced by the commissioner’s preferences and were presumed to serve as indicators 
for similar species. However, successfully enhancing the migration of the selected species may not 
lead to similar effects in the other 12 migratory species. For instance, although the Atlantic salmon 
and European sturgeon are similar in characteristics, there are likely significant differences in their 
ecology and life cycle that could lead to differences in the specific requirements. As the sturgeon is 
still being re-introduced in the area, further insights on their specific requirements may become 
clearer in the near future. As a result, although the flagship species were chosen to be representative 
of other migratory fishes in the area, more detailed analysis of their specific requirements would be 
necessary to ensure they benefit from the FMR. 

It is very difficult to predict how the system within the FMR will naturally develop. Even if the 
circumstances are right, the uncertainty remains, so it will not ensure that certain species will use the 
river or establish home there. There might also be species that manage to reside in the river even 
though the circumstances are less than ideal. Additionally, this report only analysed a very limited 
selection of indigenous and non-indigenous species that could colonise the FMR system. Although this 
report provides an idea of some of the key species that would likely be part of this new system, other 
species that were not investigated may also colonise the FMR and influence the development of the 
new ecosystem. A more comprehensive overview of which species may or may not colonise and 
influence the FMR ecosystem is required to address this knowledge gap.  What the FMR will look like 
a couple years later is almost impossible to determine. It will depend on many different factors of 
which many cannot be controlled. For instance, climate change can cause different effects like 
extreme weather, sea level rise and increased water temperatures. The changes in water temperature 
might cause an alteration in migration pattern of the species mainly on the timing of migration. 
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There is a high chance that marine mammals like seals and porpoises will also make use of the FMR. 
They might use it to hunt for prey, to rest or to enter the delta. Even if this is unwanted, it will be 
difficult to keep them out. Their presence might attract tourists to the location, since these animals 
are well-liked by the public. Birds might also be attracted to the FMR as they will be able to use the 
banks of the FMR for additional foraging, roosting and/or breeding areas. These birds also attract a 
specific group of people, the birdwatchers. It is thus also an important thing to consider since it brings 
additional value through tourism, but these species might impair the success of the FMR since the 
predation might have a larger effect on migration success than anticipated. Monitoring of the effect 
of predators on fish migration would have to be implemented to determine the significance of this 
effect.  

The FMR can improve the current ecological situation but may not be able to achieve as much as 
letting nature take back the Haringvliet delta. Whether the river will enhance the migration of fish and 
allow for the restoration of brackish habitats to the level we expect remains elusive as many 
uncertainties still exist. However, this report explores in the detail the aspects that would be important 
to ensure the FMR is a success and offers some initial insights on how these can be integrated into a 
design. We expect the information contained in this report to be helpful in particular for Jeroen Lokker 
and Bast van der Wolff from the Hogeschool Rotterdam as their technical design for the FMR will 
require an ecological perspective to ensure that it achieves the desired results (Interview Lokker & van 
der Wolff).  
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10. Appendix 
Appendix table 1: List of chemical compounds that cause attraction/repulsion in glass eels. The 
compound, the odour category to which it belongs, and its role in eliciting behaviour in glass eels are 
shown. The salinity (FW, fresh water; SW, salt water) at which a specific compound elicits a specific 
behaviour, and the minimum concentration thresholds at which attraction or repulsion was observed are 
also indicated (Cresci, 2020). 

Chemical cue Odour 
category 

Role Water Detection 
threshold 

Reference 

Geosmin 

(trans‐1,10‐
dimethyl‐trans‐
9‐decalol) 

Earthy odour Attractant 

Repellent 

FW 

SW 

10−13 mg/l 

10−13 mg/l 

Tosi & Sola 
(1993) 

MMP 

(2‐methyl‐3‐
methoxypyrazi
ne) 

Green odour Attractant 

Repellent 

Attractant 

Attractant 

FW 

SW 

Brackish (30‰) 

Brackish (15‰) 

10−13 mg/l 

10−13 mg/l 

10−13 mg/l 

10−9 mg/l 

Sola (1995); 
Sola & 
Tongiorgi 
(1996) 

ETMCE 

(2‐isobuthyl‐3‐
1‐ethyl‐2,2,6‐
trimethylcycloh
exanol) 

Green odour Attractant 

Repellent 

Attractant 

Attractant 

FW 

SW 

Brackish (30‰) 

Brackish (10‰) 

10−13 mg/l 

10−13 mg/l 

10−13 mg/l 

10−9 mg/l 

 

MT 

(4‐
methylthiazole) 

Green odour Attractant 

Repellent 

FW 

SW 

10−12 mg/l 

10−11 mg/l 

 

L‐MF 

(l‐2‐
methylfenchol) 

Earthy odour Attractant 

Repellent 

FW 

SW 

10−12 mg/l 

10−12 mg/l 

 

D‐MF 

(d‐2‐
methylfenchol) 

Earthy odour Attractant FW 10−9 mg/l  

IBMP 

(2‐isobutyl‐3‐
methoxypyrazi
ne) 

Green odour Attractant 

Repellent 

FW 

SW 

10−11 mg/l 

10−9 mg/l 

 

TMCE 

(1,2,2,6‐
tetramethycycl
ohexanol) 

Earthy odour Attractant 

Repellent 

FW 

SW 

10−11 mg/l 

10−11 mg/l 

 

IPMCET 

(4‐isopropyl‐7‐
methycyclohex
athiazole) 

Green odour Attractant FW 10−10 mg/l  

https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0090
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0076
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0077
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Fresh water 
(0‰) 

Salinity 
difference 

Attractant Eels kept in FW  Tosi et al. 
(1988) 

d‐glutamine aa (CS) Attractant 

Attractant 

FW 

SW 

10−7 M 

10−7 M 

Sola & 
Tongiorgi 
(1998) 

d‐glutamic acid aa (CS) Attractant 

Attractant 

FW 

SW 

10−7 M 

10−8 M 

 

d‐asparagine aa (CS) Attractant 

Repellent 

FW 

SW 

10−7 M 

10−7 M 

 

d‐alanine* aa (CS) Attractant 

Repellent 

Repellent 

FW 

FW 

SW 

10−9 M 

10−7 M 

10−8 M 

 

β‐alanine aa (CS) Attractant 

Attractant 

FW 

SW 

10−9 M 

10−9 M 

 

l‐asparagine aa (CS) Stimulant OE – 10−9 M Crnjar et al. 
(1992) 

l‐glutamine aa (CS) Stimulant 

OE 

– 10−9 M  

Conspecific 
odour 

(A. rostrata) 

Conspecific 
wash 

Conspecific 
wash 

Attractant 

Attractant 

FW 

Brackish 

0.2 g of glass 
eels l−1 h−1 

6.3 g of elvers 
l−1 h−1 

Schmucker et 
al. (2016) 

Galbraith et al. 
(2017) 

Glycocholate Bile salts (CS) Attractant 

Attractant 

FW 

SW 

10−11 M 

10−10 M 

Sola & Tosi 
(1993) 

Taurodeoxycho
late 

Bile salts (CS) Attractant 

Attractant 

FW 

SW 

10−11 M 

10−10 M 

 

Taurocholate Bile salts (CS) Attractant* FW 10−11 M  

Cholate Bile salts (CS) Attractant* 

Attractant* 

FW 

SW 

10−11 M 

10−11 M 

 

Deoxycholate Bile salts (CS) Attractant* 

Attractant* 

FW 

SW 

10−14 M 

10−10 M 

 

Glycochenodeo
xycholate 

Bile salts (CS) Attractant* 

Attractant* 

FW 

SW 

10−12 M 

10−11 M 

 

Taurochenodeo
xycholate 

Bile salts (CS) Attractant* 

Attractant* 

FW 

SW 

10−14 M 

10−12 M 

 

Taurine Taurine (CS) Attractant 

Attractant* 

FW 

SW 

10−12 M 

10−9 M 
 

https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0091
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0078
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_116
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0027
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0075
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0044
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-bib-0079
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_121
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_122
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_123
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_124
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_125
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_126
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_127
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_128
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_129
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12609#brv12609-note-0002_130
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