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Summary

Fish have problems passing the Afsluitdijk Dam that separates the Wadden Sea
from Lake IJsselmeer. To re-establish the connectivity and thereby allow fish to
pass there is an initiative to build a fishway, the Fish Migration River (FMR), at
the Kornwerderzand sluice complex. This report proposes a monitoring
program to evaluate the functionality of the FMR, but also to monitor passage
possibilities through the existing sluices. The goals of the monitoring plan are
to estimate 1) The overall passage past the Afsluitdijk dam to and from Lake
IJsselmeer, 2) The attraction efficiency, 3) The passage efficiency, and 4) The
use of the FMR as habitat and for acclimatization for the transition into
freshwater.
We present an overview of previous and ongoing monitoring in the area to
establish the current state of knowledge. The report also includes a presentation
of available and suitable methods for a future monitoring program considering
the broad spectra of target fish species, and their abundances. The proposed
program includes a description of study design and available techniques and
cost-estimates of the monitoring program.
The proposed program will target ten species: European eel (aal), flounder (bot),
three-spined stickleback (driedoornige stekelbaars), twait shad (fint), North Sea
houting (houting), river lamprey (rivierprik), smelt (spiering), Atlantic salmon
(zalm), brown trout (forel) and sea lamprey (zeeprik). The monitoring program
includes plans for how to capture, tag and track the study fish using the most
suitable tagging techniques. Furthermore, the most optimal sites for installation
of automatic data detection stations are identified.
The total cost for the proposed project is 1.7 M€ and covers both investments
in equipment and costs for personnel. However, if costs for investments in
techniques such as RFId-stations and fish counters are excluded, the total cost
is reduced to 1 M€ for a program running two years before and four years after
the completion of the FMR. The program is considered sufficient to evaluate
the FMR at Kornwerderzand from the most important perspectives: the overall
passage efficiency and the use of the FMR as habitat.
It should be noted that this report is the first step towards a full-scale
monitoring program, giving insight into possible methods, study design and
associated costs. The next important step will be to develop the program in
more detail and to start the initial phase of the monitoring project. We predict
that such activities will identify the need for, and the relevance of, a more
extensive monitoring program to study the effects of the FMR on a population
level and on a large geographical scale.
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2 Background and goals
The Zuiderzee, a natural estuary in the delta of the River Rhine, was separated
from the Wadden Sea in 1932 when the Afsluitdijk Dam was constructed to
protect inland parts against storm floods, connect northern parts of the
Netherlands, open up new land for agriculture and create a freshwater reservoir.
By this construction a new freshwater system, named IJsselmeer, was created
and the brackish estuary disappeared (Figure 1). There are two major rivers
providing the system with freshwater, the large River IJssel, the northernmost
of the three lower branches of the River Rhine, and the small River Overijsselse
Vecht. Discharge sluices and ship locks were incorporated into the dam to
allow for freshwater to be discharged to sea and for ships to be able to pass the
barrier. Sluices and locks complexes are located both on the western side of the
dam at Den Oever and on the eastern side at Kornwerderzand.
Not only does the dam prevent saltwater from entering the IJsselmeer, but it
also prevents most fish from passing from sea to freshwater, as described in the
review by Winter et al. (2014). For most fish species the passage problems have
not been studied in detail, but species with high swimming capacities can still
periodically enter freshwater by swimming through the sluices as they are
opened to discharge freshwater from the IJsselmeer into the Waddenzee
(Winter et al. 2014). The barrier has contributed to the extirpation of some
diadromous species such as sturgeon (Acipenser sturio) and allis shad (Alosa alosa).
The populations of several other diadromous species have declined, but are still
present, e.g. twaite shad (Alosa fallax), European eel (Anguilla anguilla), threespined stickleback (Gasterosteus aculeatus), river lamprey (Lampetra fluviatilis),
flounder (Platichthys flesus), sea lamprey (Petromyzon marinus), and Atlantic salmon
(Salmo salar). The populations of North Sea houting (Coregonus oxyrinchus) and
smelt (Osmerus eperlanus) also declined, but today they are present both as
diadromous and land-locked subpopulations, i.e. part of the populations
complete their life-cycles in freshwater by using the IJsselmeer for feeding and
accelerated growth. Sea trout are migratory individuals of brown trout (Salmo
trutta) populations in the River Rhine that are partly resident/potamodromous
and partly diadromous, which is commonly observed among populations of this
highly flexible species
IMARES has performed several studies on the marine side of the dam structure
to try to understand the dynamics in the distribution of fish during the tidal
cycle. Other activities have included monitoring searching behavior and passage
success of sea trout, houting and sea lamprey, studying the residence time and
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behavior of river lamprey and the relation between the occurrence of
diadromous fish and discharge events (Griffioen et al. 2014b, Winter et al. 2014).
Rijkswaterstaat, which is a part of the Dutch Ministry of Infrastructure and the
Environment, has also tried to operate the sluices in a ”fish-friendly way” to
improve the possibilities for fish to pass the discharge sluices during ebb
current when the water level in IJsselmeer is lower than or equal to the level in
the Wadden Sea. The first tests were carried out in spring 2014 and have
identified a migration window, albeit limited in time, which to some extent
allows fish migration from the Wadden Sea through the sluices and into the
IJsselmeer.
During the past decades several “fish-friendly” discharge schemes were in
operation, but most of these were not ideal and facilitated only passage for fish
species with high swimming abilities such as salmon and trout. To mitigate
migration problems for all fish present a large fish pass has been
conceptualized, which provides migratory opportunities for fish to reach
freshwater. A 5 km long artificial ‘Fish Migration River’ (FMR) will provide
longer migration windows and will feature lower water velocities as compared
with the current situation at the discharge sluices. The FMR will also enable
incoming flow from the Wadden Sea to the IJsselmeer, which will allow fish
species with low swimming abilities, such as flounder larvae and glass eels, to
drift inside using selective tidal transport (Gibson 1997, Jager and Mulder 1999,
Trancart et al. 2014, Trancart et al. 2012). The current FMR design foresees
three parts: a 1-km-long sea part, a 100-m-long 10-m-wide, open culvert
through the dyke and a 4-km-long freshwater/brackish part. The discharge
through the lake-inlet of the river and the culvert through the dam will be
controlled by gates to prevent saltwater to enter the freshwater IJsselmeer. The
idea of the FMR is that it can remain open before and after the discharge
sluices are being opened/closed, creating a larger time-window for fish to enter
the freshwater lake.
The overall goal of the FMR is to strengthen the populations of diadromous
species, by providing them with passage possibilities and a brackish habitat
inside the FMR at the Kornwerderzand. The estimated cost for building the
FMR is substantial, the project being the first of its kind, and the monitoring of
its functionality is of uttermost importance. Hence it is fundamental to design a
monitoring program to be incorporated into the overall budget of the project.
The overall study should be designed as a before and after comparison where
data is collected two years before and four years after the completion of the
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FMR. The goals of the monitoring program should be to, for the species
present, quantify the functionality of the FMR with regards to:
1.
2.
3.
4.

Overall passage past the Afsluitdijk Dam to and from IJsselmeer
Attraction efficiency
Passage efficiency
Use as habitat and for acclimatization for the transition into freshwater

Another highly relevant topic, but not within the scope of this proposal, will be
to study changes at the population level after the implementation of the FMR,
and to identify to which populations fish passing the FMR at Kornwerderzand
belong.

Figure 1. Overview of the Afsluitdijk, Wadden Sea, IJsselmeer and the sluice and lock complexes at
Den Oever and Kornwerderzand.

The monitoring plan described in this report was developed developed for De
Nieuwe Afsluitdijk by a partnership consisting of Karlstad University, IMARES
Wageningen UR, and the program “Towards a Rich Wadden Sea” (Dutch
Ministry of Economic Affairs). We appreciate the comments by the Wadden
Academy on a previous draft.
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3 Present and past monitoring and research
To reach the goals of the monitoring program the ongoing monitoring should
continue, and parts of it should be extended. The most important activities,
from a FMR perspective, are further described by IMARES below. Both longterm monitoring (LTM) and short-term studies (STS) are included.
3.1

Long time monitoring of abundances of different fish species

A demersal fish survey started in 1970 by using a research vessel in the Dutch
coastal area (Figure 2:1). Within the program approximately 130-140 hauls
yearly (beam trawl) are taken in the Wadden Sea.
NIOZ fyke started in 1960 in the Marsdiep near ‘t Horntje on the island Texel.
Daily catches between April-June and September-October from one fyke net
are counted and registered (Figure 2:2). Results and information are available
from www.waddenzeevismonitor.nl.
In IJsselmeer several program are ongoing. A monitoring program of rare fish
species started 1994 in the IJsselmeer in collaboration with fishermen (Figure
2:12). Methodology and effort has changed over the years due to changes in the
commercial fisheries in the area (Kuijs et al. 2012, Tulp and van Willigen 2003).
Electric dipping nets monitoring started in 2007 where the shores are being
monitored at the end of the summer period (Figure 2:13). Trawl nets fishing
started in 1966 and includes trawling during September-November (Figure
2:14). Monitoring of large water bodies started in 1993 and is a program in
collaboration with fishermen who use fyke nets in the largest water bodies in
the Netherlands (Figure 2:15). Originally it included 32 locations, but is now
limited to two locations along the coast of the Netherlands. Results from these
studies are presented in de Boois et al. (2014).
Glass eel monitoring occurs at several sites along the Dutch coast by using 1x1
lift nets. This is also carried out at the Den Oever discharge sluices since 1938
and at Harlingen since 2002 (Figure 2:10; de Graaf and Bierman 2012). The
Silver eel index started in 2012 at seven sites in the Netherlands including Den
Oever and Kornwerderzand. Abundance of migrating silver eel and other
diadromous species is monitored in co-operation with commercial fishermen
during March-May (started in 2014) and September-November (Figure 2:11).
Diadromous fish abundance is monitored since 2001 during three months in
spring/summer and three months in fall/winter (Figure 2:7). Five fykes in the
discharge basin and two along the Afsluitdijk. They are lifted twice a week by
professional fishermen and the catch is counted and registered per species.
7

Figure 2. Overview of the Afsluitdijk at the Kornwerderzand sluice complex illustrating present and
past monitoring and research in the area. Orange squares shows programs in the Wadden Sea and
IJsselmeer and white squares shows programs along the Afsluitdijk on the saltwater side, mainly at the
discharge sluice complexes.

3.2

Short term studies of fish migration and eel

In sluice passage studies, 2007–2009, large traps and sonar were used to
estimate the numbers of fish that were 1) flushed out, 2) actively swimming
towards the Wadden Sea, or 3) migrating upstream through the sluices during
discharge events (Figure 2:4; Witteveen+Bos 2008).
A lamprey mark-recapture study was performed during the winter 2013-2014 by
IMARES, in collaboration with a fisherman. Totally 308 river lamprey were
caught and marked by using fyke nets and pelagic nets (Dutch: kuil; Figure 2:5;
Griffioen et al., 2014b).
The diadromous fish monitoring program was temporally extended with three
extra fykes and the frequency of lifting was also increased (Figure 2:7)
(Griffioen and Winter 2014, Griffioen 2014, Griffioen et al. 2014b). In addition,
a fyke net efficiency study was done during spring 2014 by using beach seine
and commercial fisheries data (Figure 2:7). The goal was to estimate annual
abundance of diadromous fish migrating to Lake IJsselmeer (motivated
migrants) or that occur in the discharge basin area, e.g. for example for feeding
(Griffioen et al. 2014a).
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A sea trout and houting telemetry study was done by the former RIZA Institute
(now Waterdienst) in 1997-2000 and 2005-2009, respectively (Figure 2:8) to
study if trout and houting were able to pass the discharge sluices. In total 70
trout and 195 houting were tagged and released in the Wadden Sea and
IJsselmeer, respectively (Bosveld 2008, Winter et al. 2008, Borcherding et al.
2008). Several glass eel migration projects have been started by RIVO (former
IMARES) in the 1950s and 1990s (Figure 2:9). Results are presented in Deelder
(1952, 1958), Dekker (1998), and Dekker and van Willigen (1997, 2000).
3.3

The current knowledge of fish passage at Kornwerderzand

In spring 2014 several studies were done by IMARES focusing on 1) the spatial
distribution dynamics of small migratory fishes (three-spined stickleback, smelt,
flounder larvae and glass eel), 2) the searching behavior and passage success of
larger migratory fish (North Sea houting, sea lamprey and sea trout) and, 3) the
presence of diadromous fish outside the seaward discharge basin (‘spuikom’)
(Figure 2:3; Griffioen et al. 2014b). Examples of techniques used were: fyke
nets, lift nets, acoustic camera (Didson) and acoustic telemetry (Vemco). All the
outcomes of the studies were combined and integrated in Griffioen et al.
(2014b). In summary, a large number of migratory fish are present at
Kornwerderzand, most of which are small-bodied, and the annual total
estimated abundance ranges from millions to hundreds of millions. The species
composition varies between seasons. The spatial dynamics of fish within the
discharge basin is considerable and no specific hotspots where fish aggregated
for longer periods could be identified (i.e. over many tidal cycles). The large
variation in densities of small fish in the discharge basin, both within one tidal
cycle and between different days, suggests large dynamics in movement
patterns. Factors as tidal currents, discharge events, wind and active swimming
appear to be important underlying factors, with the relative weight of each
factor may differ between species. Intensive search behavior of large migratory
fish occurs at the spatial level of at least the discharge basin and partly on a
larger scale. There was a limited passage success (12-25 %) for sea lamprey in
the current situation, and indications of a passage success of >50 % for North
Sea houting and sea trout.
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4 The target fish species
Almost 100 different fresh- and saltwater fish species have been caught in the
vicinity of the Kornwerderzand sluices and lock and ten of these species have
been defined as target species for the FMR and the monitoring program (Table
1). Due to ongoing re-introduction programs for allis shad in the River Rhine
(Anonymous 2011), pilot-studies for Atlantic sturgeon in the Rhine and several
German Rivers (Geßner et al. 2010) and also ongoing studies regarding the
possibilities to re-introduce sturgeon into the River Rhine (Breve et al. 2014, de
Kok and Meijer 2014), these two species are still considered as potential target
species, despite the fact that they are currently extirpated from this area.
Considering the abundance, size and behavior of the different species the
possibilities to study them will vary and these aspects have been considered
when developing the monitoring plan. In addition to the target species, the use
of the FMR by estuarine species, or by fish returning to IJsselmeer after having
been ‘flushed out’ during freshwater releases, can be addressed using the
installed measures and infrastructure as proposed for the target species.

5 Monitoring techniques
The target species differ in size, behavior and ecological demands during their
life-cycle. The implication of these species’ specific characteristics is that a
detailed monitoring program will have to use several different techniques. In
most cases fish will have to be caught and manually handled to collect
information, but there are also techniques that allow for observing and
counting fish from a distance. The techniques are briefly described and
discussed under three headings: 1) capture techniques, 2) tagging and tracking
techniques and 3) observation techniques.
5.1

Capture techniques

The ongoing monitoring program has been running for more than a decade and
has provided a robust knowledge-base on capturing techniques suitable for the
conditions and species present at Kornwerderzand (Table 2)(Winter et al. 2014).
With that in mind, and the fact that a consistent long-term series of comparable
data are of great value for the evaluation of the FMR, i.e. comparing before and
after data, we propose that the capture techniques remain the same with few
exceptions. One exception will be to try out new techniques, when necessary, to
improve the catches of species and individuals needed for tagging.
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Table 1. Relevant fish species for the Fish Migration River including notations of target species (TS),
abundance, and life-history. Abundance refers to annual catches at Kornwerderzand (Griffioen and
Winter 2014, Griffioen et al. 2014a, b), n.d. = no data.
Species (Dutch name)

Latin

TS

Abundance

Life-history

European eel (aal) A

Anguilla anguilla

1

>106

Catadromous

Flounder (bot) A

Platichthys flesus

2

104-107

Three-spined stickleback

Gasterosteus aculeatus

3

>108

Anadromous

Allis shad (elft)

Alosa alosa

-

Extinct

Anadromous

Twaite shad (fint)

Alosa fallax

4

101-103

Anadromous

North sea houting (houting)

Coregonus oxyrinchus

5

101-104

Anadromous

River lamprey (rivierprik)

Lampetra fluviatilis

6

103-105

Anadromous C

Smelt (spiering)

Osmerus eperlanus

7

105-108D

Anadromous C

Atlantic sturgeon (steur)

Acipenser sturio

-

Extinct

Anadromous

Atlantic salmon (zalm)

Salmo salar

8

101-102

Anadromous BC

Brown trout (forel)

Salmo trutta

9

102-103

Anadromous BC

Sea lamprey (zeeprik)

Petromyzon marinus

10

101-103

Anadromous

European perch (baars)

Perca fluviatilis

-

n.d.

Potamodromous B

Roach (blankvoorn)

Rutilus rutilus

-

n.d.

Potamodromous B

Bream (brasem)

Bramis brama

-

n.d.

Potamodromous B

Ruffe (pos)

Gymnocephalus cernuus

-

n.d.

Potamodromous B

Zander (snoekbaars)

Sander lucioperca

-

n.d.

Potamodromous B

Catadromous/
estuary resident

(driedoornige stekelbaars)

A Refers
B Can

to abundance of juvenile stage, i.e. glass eels and flounder larvae.

migrate between freshwater and brackish water.

C

Some populations are land-locked, i.e. migrating between rivers and lakes

D

105-106 individuals >13 cm, 106-108 individuals <13 cm,
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Fyke net and beach seine

Fyke net and beach seine

Fyke net and pelagic
trawl net

Fyke net, pelagic trawl
net and lift net

Fyke net and beach seine

Fyke net

Twaite shad (fint)

North sea houting (houting)

River lamprey (rivierprik)

Smelt (spiering)

Atlantic salmon (zalm) Brown
trout (forel)

Sea lamprey (zeeprik)

Successfully used for flounder larvae in the Eems estuary (Jager and Mulder, 1999)

Drift nets
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Adults caught in low numbers in fyke nets, but additional nets in strategic locations should
increase catches.

Salmon & trout are rare in the area, but additional fyke nets and possibly beach seines could
increase catches.

Smelt caught in high numbers in fyke nets and pelagic trawl nets. Lift nets can also be used, but
only small individuals are caught.

Adults caught in low numbers in fyke nets, pelagic trawl nets are believed to be more efficient
when used just above the bottom.

Adults caught in low numbers in fyke nets, more nets could increase the total catch.
Adults and juveniles caught using a large beach seine in spring 2014.

Adults caught in low numbers in fyke nets. Inefficient method, individuals are vulnerable and
often killed.
Juveniles (100-200 mm) caught in high numbers in a large beach seine in spring 2014.

Larvae caught using lift nets in spring 2014 and in high numbers in the ongoing fyke net
monitoring

Larvae (5-7 mm) caught in intermediate numbers using lift nets in spring 2014

Adults have been caught in high numbers in fyke nets in the ongoing monitoring.

Glass eels caught in large numbers, e.g. during lift net experiments in spring 2014.

Silver eel caught in large numbers at the IJsselmeer side. Few silver eels caught on the Wadden
Sea side.

Additional information

Lift net (i.e. 3x3m)

Fyke and lift nets

Flounder larvae

Fyke net

Three-spined stickleback
(driedoornige stekelbaars)

Flounder (bot)

Lift net (i.e. 3x3m)

Fyke net

European eel (aal)

Juvenile eels

Catch technique

Species (Dutch name)

Table 2. Relevant fish species for the Fish Migration River, including notations of suitable catch techniques and additional relevant information
(Griffioen and Winter 2014; Griffioen et al. 2014a).

To adapt the monitoring program to the new conditions associated with the
FMR in place, however, the program needs to be extended. In fall 2013 and in
spring 2014, three traps were temporarily added to the ongoing monitoring
program, but some additions may still be needed, as described under “6.
Proposed monitoring program”. The presence of the FMR will affect the
optimal trap locations and so some of them will have to be relocated, which
should be addressed as soon as the FMR has been built.
River lamprey (the only relatively large-bodied species), smelt (mix of
freshwater and anadromous), and stickleback have been considered as the only
species easily caught and abundant in large numbers at the Kornwerderzand
(Table 2). Recent tests and discussions with fishermen indicate that catches of
most species could be increased by adding more traps in strategic locations and
possibly by testing more methods. There will hence be a need for continuous
improvements and tests of new catch techniques within the monitoring
program.
5.2

Tagging and tracking techniques

There is a wide variety of fish tagging techniques, ranging from external marks
or individually coded tags that require close contact with the tagged fish for
identification, to the more sophisticated telemetry transmitters that can be
detected and identified from a large distance (Zale et al. 2012). There is also a
large price difference between the techniques, and their applicability varies
between sizes, species and the studied habitats in question. The suitability of the
different techniques to the target species is summarized in Table 3.
Individuals too small to be externally tagged can in most cases be group-tagged
using a coloring mark, e.g. visible implant elastomers (VIE), dyes and tattoos
Such techniques can be applied to glass eels or any other fish for which grouptagging is sufficient for the aim of the study. Small individuals of some species
can be individually tagged using techniques such as coded wire tags, but since
the fish will have to be killed in order to read the individual code, this technique
is not discussed further. Most fish can be tagged with external tags with an
individual code printed on the tag. Such numbered tags come in many different
sizes and shapes, where streamer- and T-bar tags are examples of commonly
used types. Fish tagged with color and external tags typically have to be
recaptured to be identified. The expected life of the marking varies between
species and the habitat or habitats visited, for example VIE marks could last for
over a year.
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Table 3. Target fish species for the evaluation of the Fish Migration River and notations of techniques
considered as feasible for studying them and general conclusions on their suitability as study species.
The techniques referred to are: traps (TRAP), visual counters (VIS), color marking (COL), external
tagging ID-tags (EXT), radio frequency identification (RFId) and hydroacoustic telemetry (AT).
Species (Dutch name)
European eel (aal)

VIS

COL

EXT

RFId

NEDAP

AT

+

++

++

++

++

++

++

++

++

+

++

Juvenile eel

++

Flounder (bot)

++
Flounder larvae

+

+

Three-spined stickleback
(driedoornige stekelbaars)
Twaite shad (fint)

++

++

+

+

+

+

North sea houting (houting)

++

++

++

++

++

++

+

++

++

++

++

++

++

++

++

+

+

River lamprey (rivierprik)
Smelt (spiering)
Atlantic salmon (zalm)

++

++

++

++

++

++

Brown trout (forel)

++

++

++

++

++

++

+

++

++

++

++

++

Sea lamprey (zeeprik)

Radio Frequency Identification (RFId) is a technique that uses PIT-tags

(Passive Integrated Transponders), that do not contain a battery, but instead
they are charged by the magnetic field generated by an antenna and the tags
hence need to be within the range of the antenna for this to occur. RFIdsystems can either be full-duplex (FDX) or half-duplex (HDX), but some
antenna types can pick up both types of tags. The typical reading distance of an
RFId-antenna is about one meter and individual antennas can be placed as
arrays and can cover river stretches as wide as 70 m (personal communication,
Heiden Bliss, Biomark).
Considering that the smallest PIT-tags are only 12 mm long, all targets species
except for juvenile flounder and glass eels should be possible to tag using this
technique. The alternating salinity inside the FMR will affect the performance
of the antennas, but it should be possible to construct arrays of antennas that
will detect most fish. As previously described, fish have to be in the immediate
vicinity of an antenna to be recorded and identified and it can be used on all
tagged fish passing close enough to the antennas within the FMR. This
technique can be used to tag a large number of individuals, considering the low
15

price per tag, and fish can also be detected further inland when they enter rivers
and creeks. As the tag does not have a battery the duration of the tag is not a
limitation and the study could last over a longer period of time compared to e.g.
radio- and acoustic-telemetry described below.
NEDAP TRAIL System ™ is a telemetry method based on inductive
coupling. There are two detection stations covering the full inside of the
complexes in the Afsluitdijk Dam at Den Oever and Kornwerderzand. In
addition to these, there is an intensive array of 60 stations in the catchment
areas of the Meuse and Rhine basin (de Vaate et al. 2003). It is however not
feasible to install detection stations on the outside, i.e. to determine outside
arrival and searching behavior on the sea side and as a consequence passage
success cannot be established (only a minimum estimate). Moreover, the
transponders are only suitable for larger fish (63 mm tag length) and would
hence not be ideal to be used for the FMR evaluation project.
Radio-telemetry is frequently used for fish migration studies and fishway

evaluations, but does not function in deep and/or brackish waters and can
hence not be used for the FMR evaluation project.
Hydroacoustic telemetry works well both in brackish and deep waters, and will

be the most suitable technique to study detailed fish movements and route
choices at the FMR. Following the recommendations of the relationship
between the relative ratio between the weight of the transmitter and the weight
of the fish, only relatively large individuals can normally be tagged (>30 g)
(Jepsen et al. 2002). However, salmon smolts as small as 15 g have been
successfully tagged using this technique (Norrgård et al. 2013). Detection range
and battery life both decrease with size of the transmitter, e.g. c. 30 days for a
small transmitter. Also, the cost per transmitter is high. The detection range is
typically high, from 50 m to several kilometers, and the technique has been
proven to work well in environments with the same conditions as those that
will be present in the FMR (Griffioen et al. 2014b).
5.3

Observation techniques

There are several rather new and innovative techniques to monitor fish by
observing them without capturing or in some other way handling them.
Silhouette and video counters require fish to pass close to the recording device,
which is also the case for visual counting through an underwater window.
Sonars use sound propagation to detect and identify objects underwater, and so
fish can be detected without disturbance, but the technique typically involves
16

extensive manual analysis of the data and speciation is difficult. The technique
can be used both in salt- and freshwater and it has a very limited, if any, effect
on fish behavior. Sonar has been used by IMARES for studies on fish behavior
studies and abundance (Griffioen et al. 2014b). Species determination is only
possible when fish are clearly recognizable, such as the case of eels, large bream
and zander. It is difficult to distinguish between species such as river lamprey
and sea lamprey using this technique, and so sonars should only be used as a
complement to other monitoring techniques, e.g. beach seines, pelagic nets
and/or lift nets. Sonars have proven to work well under conditions similar to
those that will be expected in the FMR, as long as turbulence is limited
(Griffioen et al. 2014b). Consequently a suitable site for the IMARES sonar
should be chosen after the FMR has been built, preferably in the entrance area.
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6 Proposed monitoring program
To reach the goals of the monitoring program, extensive surveys will be
required. The proposed program primarily aims at reaching the goals
considering factors such as costs and species suitability and availability.
1.
2.
3.
4.

Overall passage past the Afsluitdijk Dam to and from IJsselmeer
Attraction efficiency
Passage efficiency
Use as habitat and for acclimatization for the transition into freshwater

To cover the multitude of fish species and uses of the FMR, the monitoring will
need to include several different approaches and techniques. Furthermore, the
quality of the data collected will differ between species and life-stages, but it will
also eventually be decided by the acceptable cost. The evaluation focuses on the
ten target species, but when other species can be monitored at no or limited
extra costs, they will also be included.
In order to be able to draw robust conclusions from the observations, the
program will have to be carefully planned with a study design including control
groups and large enough sample sizes. The proposed design of the future
monitoring focuses on passage through the FMR, and is planned as a study
where two years of monitoring before the FMR is built will be compared with
four years of monitoring after the completion of the FMR. This is described
below under the headings “Strategies and techniques” and “Costs”.
6.1

Strategies and techniques

To get information on the passage ability of fish through the FMR, sluices and
locks, fish will have to be caught, tagged and either tracked or recaptured.
Considering the large number of target species, in combination with their
differences in size and behavior, one cannot expect to get detailed information
on all species, in particular not on small-bodied and sensitive species (Winter et
al. 2014). Fish will have several different alternative routes to choose between
when passing Kornwerderzand (Figure 3), and even though the passage success
will be the most important factor, the route selection will be important to map.
Documenting the preferred routes, the associated passage successes and delays,
will provide crucial information for future improvements. It will also increase
the scientific value and transferability of the study results. Furthermore, it will
be important to map large scale movements in the Wadden Sea and IJsselmeer,
and to the tributaries and so it will be of paramount importance to coordinate
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monitoring of the FMR and Kornwerderzand with that in the tributaries, in
particular those in which monitoring programs are already running.
Fish migrating from the Wadden Sea past the Afsluitdijk, can pass via the
Kornwerderzand or the Den Oever facilities, or fail to pass (Figure 3). At
Kornwerderzand several routes will be available, including the entrances to the
FMR. This means that fish can choose from at least six different routes to pass.
To map the movements of tagged fish, to distinguish between the different
routes and to identify possible passage bottle-necks, all available routes need to
be covered by automatic stations.

Figure 3. Possible passage routes for fish migrating from the Wadden Sea into the IJsselmeer and its
tributaries.

The main rivers of relevance connected to the IJsselmeer are the River
Overijsselse Vecht and the River IJssel, the latter being connected to the River
Rhine (Figure 4). Rivers of particular interest directly connected to the Wadden
Sea are River Ems and the tributaries of Lauwersmeer (Figure 4). Adding these
routes to the aforementioned, the total number will be at least four major
tributaries and six routes past the Afsluitdijk. However, the receivers for
monitoring of these tributaries are not included in the budget for the
monitoring plan of the FMR, and they are only discussed as relevant parts of
the future overall monitoring of the Wadden Sea/IJsselmeer area.
In total 40 hydrophones will be needed to cover all the routes of interest for
FMR monitoring program (Figure 4 & 5):
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1.
2.
3.
4.

5.

Kornwerderzand: 25
Den Oever: 10
Afsluitdijk: 5
Houtribdijk - not included in the current proposal
a. Krabberssluizen (Enkhuizen)
b. Houtrib sluizen (Lelystad)
Relevant tributaries - not included in the current proposal
a. Wadden Sea tributaries
b. IJsselmeer tributaries

In total three PIT-antenna arrays will be needed to cover all the routes of
interest for the FMR monitoring program (Figure 4 & 5):
1.
2.

Kornwerderzand: 3
Relevant tributaries - not included in the current proposal
a. Wadden Sea tributaries
b. IJsselmeer tributaries

Figure 4. Proposed placement of hydrophone stations (orange circles) and PIT-antenna arrays (red line)
at Afsluitdijk, Den Oever, Kornwerderzand and in rivers connected to the Wadden Sea and IJsselmeer.
The setup for Kornwerderzand is specified in Figure 5.
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Figure 5. Proposed placements of hydrophone stations, PIT-antenna arrays, VAKI video-counter and visitor center with a viewing
window in and around the Fish Migration River at Kornwerderzand, IJsselmeer/Wadden Sea.

In addition to acoustic- and PIT-receivers, we recommend that a fish counter
and a trapping facility are placed at the innermost part of the FMR, which is
further described under the separate heading 6.3 “Counting and trapping
facility”. Monitoring of the sluices and locks should be planned in relation to
already performed studies on passage through the sluices and locks (Winter et
al. 2014). These studies should be used as basis for the evaluation of the FMR
to give measurements of “before FMR” passage that later could be compared
with “after FMR” passage. This setup will allow for finding answers to the first
three goals of the monitoring program:
1. Overall passage past the Afsluitdijk dam to and from IJsselmeer - will be defined
as the number of tagged fish passing the Afsluitdijk dam, regardless of
the specific route, out of the total number of tagged fish that approach
the dam at least once. The passage efficiency can also be calculated for
each of the alternative passage routes.
2. Attraction efficiency - will be defined as the number of tagged fish entering
the FMR, out of the total number of tagged fish that approach the dam
at least once.
3. Passage efficiency - will be defined as the number of tagged fish passing the
FMR and entering the IJsselmeer, out of the total number of tagged fish
that enter the FMR.
The trapping techniques used for catching fish will also be used in the FMR to
address the fourth goal of the monitoring program:
4. Use as habitat and for acclimatization for the transition into freshwater - will be
defined as the proportion of tagged fish staying prolonged periods in the
FMR.

6.2

Tagging program

To evaluate the effects of the FMR passage, tagged fish should be released both
in the Wadden Sea and in the IJsselmeer in the vicinity of Kornwerderzand, the
latter acting as a control group for confounding factors associated with
capturing, handling and tagging fish. The release site for the control group may
have to be relocated, if the release of fish captured in salt- and/or brackish
water into freshwater is considered to be inappropriate. The tagged fish will be
divided into groups, e.g. 2/3 of the tagged fish will be released close to the
FMR on the Wadden Sea side and 1/3 will be released inside or close to the
FMR on the IJsselmeer side. All taggable fish will be PIT-tagged, and those
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large enough will be also be tagged with hydroacoustic tags, until the total
number of study fish is reached.
The largest knowledge gap for fish passage in general is the passage efficiency
of the smaller target species and life-stages, i.e. smelt, stickleback, glass eel and
flounder larvae. For glass eels and flounder larvae the only viable technique for
tagging is VIE, whereas stickleback and smelt can be PIT-tagged. PIT-tagged
individuals can be detected by handheld detectors when recaptured, and by
automatic stations in the FMR and in tributaries where antennas exist and/or
fishing surveys are carried out. The externally marked fish can only be visually
identified when recaptured, but it could also be worth testing to what extent
externally marked fish can be observed in the proposed video-counter and the
viewing window (see 6.3 below).
The proposed total number of marked fish is a suggestion that might have to
be changed depending on how many fish that can be caught. We consider tag
prizes, fish sizes and minimum numbers needed to make good estimations. The
suggested number of PIT-tagged fish is 1500 for each of the five target species;
eel (adults), three-spined stickleback, shad, river lamprey and smelt (Table 3).
Houting, salmon (adults), trout (adults) and sea lamprey are more difficult to
catch in large numbers, and so we propose that 150 individuals of each species
will be PIT-tagged. In addition we propose that 60 individuals of seven of the
more large-bodied species and life-stages should be tagged with hydroacoustic
tags to allow a more detailed mapping of their movements at the FMR (Table
4). Finally, at least 1500 of the juvenile eel and flounder classified as too small
to tag with transmitters should be VIE-tagged and released in two locations
close to the FMR on the Wadden Sea side and one location inside the FMR.
Fish tagged with acoustics and RFId will be detected by the automatic stations,
whereas externally marked fish will be identified when recaptured in the FMR
and possibly also identified in the video-counter/viewing window.
6.3

Counting and trapping facility

An important part of the FMR-project is to make it accessible to the public for
education and tourism. To facilitate this accessibility there will be a visitor
center at the FMR. An important feature of this visitor center will be a large
viewing window, which allows visual observation of the migrating fish and the
fishway. For such a viewing window to be functional, fish have to be guided to
the point of observation. This required guidance also means that conditions will
be ideal for observation and capture of fish for monitoring purposes.
Consequently, we propose that a visitor center should be located at the
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innermost part of the FMR, towards the IJsselmeer side. Fish passing in the
vicinity of the viewing window will be lead through a video-tunnel equipped
with a RFId-antenna where they will be automatically counted and filmed, and
the material can be used both for educational and monitoring purposes (Figure
6 & 7). Tests exploring the potential of the viewing window to count and
identify tagged fish should also be carried out. A trapping facility will constitute
the proposed last step at the visitor center, in which fish passing the center can
be captured and analyzed.
Table 4. Proposed techniques and number of tagged individuals for the target species at
Kornwerderzand to evaluate the fish migration river (FMR) during two years of pre-study and four
years of evaluation. The techniques referred to are: color marking (COL), radio frequency identification
(RFId) and hydroacoustic telemetry (AT).
Species (Dutch name)

COL

RFId

AT

-

1500

60

1500+

0

0

1500

150

0

Three-spined stickleback
(driedoornige stekelbaars)

-

1500

0

Twaite shad (fint)

-

1500

60

North sea houting (houting)

-

150

60

River lamprey (rivierprik)

-

1500

60

Smelt (spiering)

-

1500

0

Atlantic salmon (zalm)

-

150

60

Brown trout (forel)

-

150

60

Sea lamprey (zeeprik)

-

150

60

Extra

-

1600

0

3000

8100

840

European eel (aal)
juveniles
Flounder (bot)

For fish to be guided to the viewing window and video-tunnel, we propose the
installation of low-sloping racks similar to those found at intake channels at
hydropower plants (Calles et al. 2012, Calles et al. 2013). In this case so called βracks would be most appropriate to guide fish to the Southern side of the FMR,
with a ≤ 30˚ angle in relation to the flow direction (Figure 6 & 7). Two racks
should be installed to allow two-way observations of fish migrating through the
FMR. One gate on each side of the viewing window will make trapping of fish
possible, by opening the gates and diverting fish into the trapping facility. Fish
should be kept in large pools, from which water is returned to the FMR
through screens preventing passage of the study fish.
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Figure 6. A schematic overview of the proposed combined visitor and research center at the FMR, Kornwerderzand, Afsluitdijk.
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Figure 7. Illustrations of A) VAKI-counter, B) typical image from a VAKI-counter, C) Lowerable racks, River Mörrumsån, Sweden, D) β-rack in a turbine intake, River Ätran,
Sweden b) E) the Bonneville visitor center and viewing window, Columbia River, USA..

6.4

Netting focusing on smaller fish

To determine overall passage success of fish past the Kornwerderzand complex
one needs estimations of the fish abundance in the discharge basin and passage
of fish through of each route in the complex (Figure 8). For large fish acoustic
telemetry (Vemco transmitters), possibly in combination with RFId-techniques,
are suitable (Table 5). Estimations of passage success for smaller fish, i.e. glass
eel, stickleback, smelt and flounder larvae, is more difficult but estimations of
abundance and passage efficiency of smaller fish at the tidal barrier can be
achieved by using lift nets and drift nets (Table 5). As lift nets have a fixed
surface the abundance per area or volume can be calculated. In combination
with mark recapture experiments (group dye marking for glass eel and
individual PIT tag for stickleback and possibly smelt), density, delay and spatial
dynamics and can be estimated. Further, by using drift nets in combination with
flow meters estimations of the amount of fish per cubic meter entering the
FMR (entrance, Wadden Sea), passing the FMR (exit, IJsselmeer), and passing
the discharge sluices and passing the ship locks can be achieved. And finally,
comparison between all catches (expressed as number of fish per 1000 m3) in
combination with mark recapture will give an indication of delay, spatial
dynamics and passage success of the smaller fish.

Figure 8. Overview of the different routes (FMR, discharge sluices and ship locks) migratory fish can
use to enter IJsselmeer. 1 = the total amount of fish present in the discharge basin, 2 = entering FMR, 3
= exiting FMR and entering Lake IJsselmeer, 4 = discharge sluices, 5 = ship locks, 6 = IJsselmeer, 7 =
fish staying in the FMR.
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Density
measurement in 1
(lift net) (n/1000m3),
perhaps better to use
pelagic trawl net to
estimate total n

Density
measurement in 1
(lift net) (n/1000m3)

stickle back

flounder larvae

smelt

Density
measurement in 1
(lift net) (n/1000m3)

Abundance
discharge basin (1)
Absolute numbers of
fish in basin based
on mark-recapture
(fyke net monitoring)

glass eel

salmon
sea trout
houting
sea lamprey
river lamprey

Species

driftnet, flux, 2
(n/1000m3)

2, Measure flux
with traps in
combination
with PIT
tagging

driftnet, flux, 2
(n/1000m3)

1Æ2 (%),
VEMCO, PITtag

FMR
attraction (2)

driftnet, flux,
3 (n/1000m3)

3, Measure
flux with
traps in
combination
with PIT
tagging

driftnet, flux,
3 (n/1000m3)

FMR
passage (3)
FMR passage
1Æ(2)Æ3
(%),
VEMCO,
PIT-tag
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4, assumed
negligible

4, Measure flux
with driftnet in
combination with
PIT tagging,
difficult to assess

driftnet, flux, 4
(n/1000m3),
passage with ‘leakwater’ is difficult to
assess

1Æ4 (%) VEMCO

Discharge sluices
passage (4)

5, assumed negligible

5, Measure flux with
driftnet in combination
with PIT tagging,
difficult to assess

driftnet, flux, 5
(n/1000m3), passage
with ‘leak-water’ is
difficult to assess

1Æ5 (%),VEMCO

Ship lock passage (5)

1, 2 and 3 are
assumed to be the
most important to
measure

Difficult, perhaps
with traps in
combination with
mark recapture

6: difficult if not
impossible to catch
in fresh water.

1Æ 6 or 3+4+5

Overall passage
(6)

Juvenile now colonize
IJsselmeer to some
extent presumably by
dispersal in late
summer

Mark recapture (PIT
tagging), but fish are
very fragile

Mark recapture (PIT
tagging)

Group dye marking to
measure delay and
dynamics in discharge
basin

Mark recapture, during
fyke net monitoring
(PIT tagging)

Remarks

Table 5. Proposed methods to determine abundance, attraction and passage at different routes pass the Afsluitdijk at Kornwerderzand of the target species. The
numbers under each column refers to different routes presented in Figure 8. .

6.5

Costs

To study the overall passage past the Kornwerderzand (Figure 5), and to some
extent also at Den Oever (Figure 4), in a robust way will be associated with high
costs. The total cost for the proposed evaluation project would be around 1.7
M€, for which the costs for the PIT-antenna-arrays make up a significant part,
i.e. 0.5 M€ (Table 6). Furthermore, if the costs of VAKI-counter with
integrated PIT-antenna and the associated costs for maintenance are included
in the cost for the visitors’ center and viewing-window, the total budget is cut
down to around 1 M€ (Table 6). This budget is estimated to cover the studies
described under chapter 6, but not the extended studies described below in
Chapter 7, that hence will have to be financed separately.
Table 6. Budget of the proposed study on “Functionality of the FMR”. All prices are in €.
Type of gear

Company

Hydrophones

Vemco

Acoustic transmitters

Vemco/

Number

Cost per unit

Total cost

40

1 164 €

46 554 €

Small

Vemco

120

240 €

28 838 €

Large

Vemco

720

367 €

264 490 €

PIT-antenna arrays

Biomark

2

226 107 €

452 214 €

PIT-tags

Biomark

10000

2€

19 144 €

Fish counter + RFId

VAKI (+Biomark)

1

113 668 €

113 668 €

Service

VAKI

6

10 000 €

60 000 €

Labor (A)

IMARES

2+4

4 960 €

486 080 €

Fishermen

IMARES

6

20 000 €

120 000 €

6

5 000 €

30 000 €

6

5 000 €

30 000 €

Traps
International
collaboration

KAU

Basic budget (B)

1 025 106 €

Total budget

1 650 987 €

Labor during six years, two years before and four years after the completion of the FMR. Including
fish tagging over six years and netting experiments during two out of six years.

(A)

(B)

Basic budget excluding PIT-arrays and VAKI-counter.
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6.6

The next steps

If the monitoring program proposed in this report is approved of, a more
detailed plan for the program has to be developed. The 2-year-long pre-study
will have to be started as soon as possible, and the results from these activities
will also be of great value when planning for the details of the evaluation of the
FMR.
Before the FMR is built it will also be of fundamental importance to arrange
meetings and site-visits for manufacturers of for example RFId- and fish
counting equipment, so that they can conduct feasibility studies of the
proposed monitoring techniques and deliver quotations of the estimated costs.
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7 Other relevant study topics
Here we present some studies that bring up additional aspects of the FMR,
which are not included in the main monitoring program. However, they are
important and interesting and should be considered to be added to the earlier
proposed monitoring program. The proposed studies include effects of the
FMR on the fish community on a larger geographical scale, proportion of fish
passing through the discharge sluices and ship-locks as well as the colonization
and establishment of various communities in the FMR.
7.1

Changes at the population level and at a large geographical scale

In order to study the effect of the FMR on the population level and at a large
geographical scale, analyses will have to include data from ongoing monitoring
programs. Reference locations that will not be affected by the improved
passage conditions at the Kornwerderzand (acting as controls) should also be
included. Further, this should be combined with fish tracking investigations at
the FMR, to identify what proportion of fish from the FMR that eventually
reaches lotic environments and where these are situated as well as proportions
of fish that never enter the FMR and eventually reaches other regions.
One study should focus on effects of the FMR on the fish community in
IJsselmeer and on the proportions of upstream spawning migrating species
such as salmon and trout that actually reach the IJsselmeer main tributaries,
River IJssel and River Overijsselse Vecht. This would represent the upstream
passage on a broader population level. To collect data on possible changes in
the fish community in IJsselmeer one needs to do test fishing using for example
gill nets, trawls etc. in the lake. To monitor the movements of spawning
migrating salmon and trout through IJsselmeer and into the tributaries
hydrophones and PIT-antennas should be placed at the entrances to the
important tributaries. Thereby one would get measurements of the proportion
of fish that pass IJsselmeer and enter tributaries, which will require that a large
enough number of fish are tagged.
A second study would focus on the fish community in Wadden Sea and the
downstream movements of salmon and trout populations, i.e. on their smolts
and kelts. The downstream migration of the smolts would have to include
catching and tagging of smolts at various sites in Lake IJsselmeer’s main
tributaries. Additional hydrophones and PIT antenna would be needed at
different sites in Lake Ijsselmeer and around the sluices as well as in the
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Wadden Sea. In addition one needs to monitor the fish community in Wadden
Sea by test fishing methods.
Today there is ongoing monitoring of diadromous fish near the discharge
sluices (started in 2012 fall and 2014 spring). The programs in question are
open water monitoring (beam trawl) in IJsselmeer (since fall 1980), demersal
young fish survey in the Wadden Sea (since 1977) (all IMARES monitoring
programs) and of course the monitoring at Kornwerderzand (since 2001). From
this monitoring one could possibly detect changes in catches that could be due
to future FMR related changes of fish searching and recurrence behavior as well
as if residence time decrease.
7.2

Fish passing through the discharge sluices and ship-locks

After the completion of the FMR fish will have several possibilities to migrate
from salt to fresh water (Figures 3 and 8), besides the FMR, both discharge
sluices and ship-locks can function as passage routes for fish with high
swimming abilities, e.g. Atlantic salmon and sea trout. Therefore it is of interest
to estimate the proportion of these species that use the FMR, discharge sluices
and ship-locks, respectively. Further, as both Atlantic salmon and trout are
repeat spawners, at least some of them will return to the sea after spawning, it is
of interest to estimate their downstream migration path.
By tagging a large enough sample of large and strong swimmers with PIT-tags,
and placing PIT-arrays not only in the FMR, but also in the discharge sluices
and ship-locks it will be possible to collect data on the amount of fish passing
through these possible routes as well. However, as the function of the PITarrays are uncertain so close to the large currents through the discharge sluices a
visit by Biomark for consultation is required.
7.3

Extended studies of the FMR as a habitat

The FMR does not exist today, and as it is built there will be an initial
colonization including both aquatic and terrestrial species. However, these
species are not considered in the monitoring proposal above, but might well
interact and affect the target species that are included in the monitoring
proposal. Hence, it is important to study both target fish species and other
species’ usage of the FMR as well as the interactions between these species.
Here we propose some studies that focus on mapping species distribution and
abundance in the FMR, as well as the temporal variation for such use.
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Glass
flound

One study should include information on the species’ longitudinal distribution
in the fishway. This could be done by placing receivers at strategic places in the
FMR to collect data from tagged fish on migration rates through different parts
of the FMR, as well as preferred locations. In addition, one could use
conventional sampling techniques inside the FMR to study both the fish
community during different conditions and other trophic levels such as the
macro- and microbenthos. By using sampling methods such as gill netting or
electro fishing at various places along the FMR non-tagged species could also
be studied. Gill netting would also somewhat allow conclusions about the
vertical distribution of the species. Measurements of abiotic variables will also
help interpreting the fish data. Important abiotic variables are longitudinal and
vertical salinity profiles as well as temperature and oxygen measurements.
A second study would focus on the aspect that the predation pressure probably
will be different once the FMR is built compared with today’s situation.
Consequently, it would be of interest to study both avian and fish predation in
the new FMR. This could be done by sampling of predatory fish in the FMR as
well as inventorying potential avian predators. One should then investigate the
diet and/or try to detect predated PIT-tags around nearby locations of avian
predators.
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Fish Migration River Monitoring Plan
Fish have problems passing the Afsluitdijk Dam that separates the Wadden Sea
from Lake IJsselmeer. To re-establish the connectivity and thereby allow fish to
pass there is an initiative to build a fishway, the Fish Migration River (FMR), at
the Kornwerderzand sluice complex. This report proposes a monitoring program
to evaluate the functionality of the FMR, but also to monitor passage possibilities
through the existing sluices. The goals of the monitoring plan are to estimate:
1) the overall passage past the Afsluitdijk Dam to and from Lake IJsselmeer, 2)
the attraction efficiency, 3) the passage efficiency, and 4) the use of the FMR as
habitat and for acclimatization for the transition into freshwater.
The proposed program will target ten species: European eel (aal), flounder
(bot), three-spined stickleback (driedoornige stekelbaars), twait shad (fint), North
Sea houting (houting), river lamprey (rivierprik), smelt (spiering), Atlantic salmon
(zalm), brown trout (forel) and sea lamprey (zeeprik). Furthermore it includes
general descriptions of study designs, available techniques and cost-estimates of
the monitoring program.
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