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1.Introduction

1.1 Problem definition

The Krammer-Volkerak was originally an open transition area between
river and sea. After the completion of the “Delta works" it was
transformed into a freshwater lake with a more or less constant water
level. Since 1994 the area is characterised by extensive blooms of toxic
cyanobacteria in summer, which form a danger to human and
environmental health. The cause of the excessive growth of these blue-
green algae is the combination of high nutrient import through the
rivers of Brabant and the Hollandsch Diep, combined with a high
retention time in the basin.

The population of cyanobacteria in the Volkerak-Zoommeer is
predominantly comprised of Microcystis species. They grow in colonies
surrounded by a layer of mucus. Certain Microcystis species, such as
the ones in the Volkerak-Zoommeer, produce toxins. The best-known
ones are microcystines that particularly affect the liver. These toxins can
cause mortality in fish and bird populations as well as severe health
problems in humans.

When the concentration of blue-green algae is high, the concentrations
of toxins are high. At such times swimming in the Volkerak-Zoommeer
is dangerous and therefore prohibited. The contaminated water also
cannot be wused for agricultural purposes. The decay of large
cyanobacterial blooms in late summer can cause severe stench
problems. Record levels were reached in the summer of 2002 when
cyanobacteria were the suspected cause of the death of about 5000
aquatic birds.

Apart from the problems with blue-green algae, the heavy load of
nutrients from the rivers negatively affects the water quality in the
area. The Volkerak-Zoommeer therefore does not comply with the
European directives regarding water quality.

The Administrative Consultation Krammer-Volkerak (BOKV) has
commissioned a study into which adaptations in the current
infrastructure would be most effective in reducing the problem of the
annual toxic blooms of blue-green algae in the Volkerak-Zoommeer.
From the several available scenarios a limited number have been
selected for extensive model calculations. More information about the
area, the Microcystis problems and the possible solutions can be found
at: http://www.volkerakzoommeer.nl.

On 12 and 13 October 2006 a workshop was held in Delft to assess the
quality and applicability of these model calculations. The workshop was
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Figure 1.1
Outline map and detail map of the
Volkerak- Zoommeer area

attended by the main parties involved in the previously mentioned
studies and four external experts. This report details the outcome of
this expert review. An introduction to the area and the problems with
blue-green algae was given by René Boeters (RWS). The presentation is
attached to this report in appendix A.

1.2  Area description

The Volkerak-Zoommeer straddles three provinces: Zuid-Holland,
Noord-Brabant and Zeeland. It was created in 1987 by the
construction of the “Philipsdam” and the “Oesterdam”. This enclosure
created a freshwater system used for shipping, recreation and
freshwater supply for agriculture. With a surface area of 6450 hectares
The Volkerak is the third largest freshwater body in the Netherlands,
after the lJsselmeer and the Markermeer. A quarter of this area consists
of former saltmarshes and mudflats that after the closure of the dams
permanently fell dry. The average water depth is 5.2 m and the
maximum depth is 24 m. The Zoommeer and the Scheldt-Rhine channel
together comprise 1850 hectares. Around 7% of this area consists of
emerged seabed. The Zoommeer has an average depth of ém and a

maximum depth of 20 m.
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Several artificial structures regulate the water level and shipping.

= The Volkerak locks

= The Krammer locks

» The Bergsediep lock

» The Kreekrak locks
There are sluice gates in the outflows of the small rivers the Dintel and
the Steenbergse Vliet. Since the closure of the Volkerak these are
virtually permanently open. In the south of the area the sluices at Bath
regulate the discharge on to the Westerschelde. They have a maximum
capacity of 125 m?s™.
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Participants of the workshop

1.3 Committee members

The Directorate General for Public Works and Water Management
(RWS) is responsible for the realisation of the construction works
necessary to combat the blue —green algae problem. The National
Institute for Coastal and Marine Management (RWS-RIKZ) and the
Institute for Inland Water Management and Waste Water treatment
(RWS-RIZA) are part of the project in an advisory role.

Over the past six years The University of Amsterdam (UvA) has carried
out field and laboratory experiments on factors influencing the life cycle
and population dynamics of Microcystis. These fundamental data
served as input parameters for a model predicting the growth and
development of this species under different circumstances. Dr. Jolanda
Verspagen has recently published the results of this work in her PhD
thesis (Verspagen 2006) under the supervision of Prof Jef Huisman.
Delft Hydraulics is responsible for the 2D and 3D hydrological
modelling and the coupling between the hydrological models and the
biological models.

Three international and two Dutch external experts have agreed to
evaluate the models and the different scenario calculations. Below is a
list of the participants of the workshop and a brief outline of
qualifications and affiliations of the invited external experts.

First name Institute Country
Christian E.W. Steinberg Humboldt University Berlin Germany
Liisa Kyllikki Lepistd Finnish Environmental Institute Finland
Timo Huttula Finnish Environmental Institute Finland
Bas W. Ibelings NIOO Netherlands
Jutta Passarge” Hoogheemraadschap Delfland Netherlands
René E.A.M. Boeters RWS Zeeland Netherlands
Paul Boers RWS-RIZA Netherlands
les de Vries RWS-RIKZ Netherlands
Luca A. van Duren RWS-RIKZ Netherlands
Pascal Boderie Delft Hydraulics Netherlands
Harm Duel Delft Hydraulics Netherlands
Simon Groot Delft Hydraulics Netherlands
Hans Los Delft Hydraulics Netherlands
Jolanda M.H. Verspagen UvVA / IBED Netherlands
Jef Huisman™" UvA / IBED Netherlands
Tjeerd Blauw™™ Province of Zeeland Netherlands

" Jutta Passarge was absent due to illness.
“"Jef Huisman was absent on day two.
""Tjeerd Blauw attended part of day one.

1.3.1. Christian E.W. Steinberg.

Prof Steinberg holds the chair of Freshwater Ecology at the Humboldt
University in Berlin. From 1995-2005 he also was the Director of the
Leibniz Institute of Freshwater Ecology and Inland Fisheries in Berlin.
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His research interests comprise:

= Pure and Applied limnology, including eutrophication of lakes
and rivers.

= Aquatic ecotoxicology.

» Ecosystem health and integrity including assessment of adverse
effects on various levels of aggregation (e.g.: energy flow
systematics), and ecosystem stability.

» Ecological role of humic substances: geochemical status of
whole lakes, biochemical interactions on organism and sub-
organism level.

He is an authority on the subject of eutrophication and is (co-)author of
several publications on Microcystis population dynamics.

1.3.2. Liisa Lepisto
Prof Liisa Lepistd currently holds the chair of phytoplankton ecology at
the Finnish Environmental Institute.

Her research interests comprise:
* Long-term changes in phytoplankton in lakes and reservoirs
and related environmental factors (long-term monitoring)
= Blue-green algae
» The raw and treated water in water works connected with algal
blooms
She is an authority on harmful algal blooms, specifically blue-green
algae and is (co-)author on several publications on algal bloom
dynamics.

1.3.3. Timo Huttula

Dr Timo Huttula works at the Finnish Environmental Institute and is the
chief scientist of the unit of “Physical limnology, transport and fate of
harmful substances and nutrients in limnetic environment”. He also
runs his own Environmental Consulting company and teaches courses in
Hydrology at the Finnish Environmental Institute. He has also held
lectureships in the Universities of Turku and Helsinki.

His research interests comprise:
* Ecohydrodynamics
= Lake Hydrology: including projects on e.g. lake Tanganyika and
lake Ladoga as well as an EU project “Eurolakes” in which the
most significant large lakes in Europe were studied.
= Dam safety
» Development of innovative measurement and research
techniques within LUODE Consulting Ltd for spatial water
quality monitoring.
He is an authority on the links between biological processes such as
plankton bloom formation and hydrodynamics in lakes.

1.3.4. Bas Ibelings
Dr. Bas lIbelings is attached to the Netherlands Institute of Ecology
(NIOO) and was previously employed at RIZA.
His research Interests comprise:
» Freshwater ecology
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* Foodweb studies

= Toxic Algal Blooms

= Lake Restoration
He is an authority on cyanobacterial blooms and population dynamics
of freshwater algae and has written numerous publications on these
subjects.
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2.Three scenarios

The World Health Organisation predicts that skin irritation and
intestinal problems in swimmers will be limited if Chlorophyll-a levels
from Microcystis are kept below 10 pg " (Verspagen et al. 2005a).
Also the water framework directive sets chlorophyll standards for water
quality. For Dutch transitional waters (type O2) the standards for “very
good" quality water are < 8 pg I"" while water with chlorophyll contents
of between 8 and 12 may get the qualification “GET" or “good”
(Backx et al. 2006). In the current situation the system is qualified as a
lake (M20). In these systems the standard for obtaining the “GET"
qualification is 14,5 pg I"". The various scenarios have therefore been
chosen to prevent algal blooms with Chl-a levels exceeding 12 pug 1.

2.1 Reduction of the nutrient load

One of the management alternatives is to reduce the nutrient load in
the area to levels where Microcystis cannot form such dense blooms,
without drastically changing the water management. This alternative
involves measures in the catchment area of the rivers of Brabant,
preventing nutrients from entering the water or a relay of some of the
small rivers. The inlet to the Hollandsch Diep is reduced, which also
reduces nutrient transport into the Volkerak-Zoommeer.

Active management of fish stocks, specifically removing more bream
and pikeperch from the area should promote clearer water. Increased
use of helophyte filters should further reduce the nutrient
concentrations, as well as the use of zebra mussels to remove
phytoplankton.

As well as the inflow through the rivers of Brabant this reference
scenario takes into account: an influx of 2.5 m? s from the Hollandsch
Diep through locking losses at the Volkerak locks. At the Krammer locks
an outflow of 10 m?® s is taken into account through locking losses
and an influx of 0.5 m? s of saline water through leaking losses.
Drainage of the excess of water takes place at the Bath sluices in the
south of the area (Figure 2.1).

Three scenarios for nutrient reduction in the river of Brabant have been
assessed:

» Stand-still scenario, in which nitrogen and phosphate remain
constant with respect to the year 2000.

= Middle scenario: stand-still for phosphate and a 15% reduction
of nitrogen levels with respect to the year 2000.

* Maximum scenario: maximum reduction based on maximum
tolerable risk levels (MTR), unless concentrations are already
below MTR levels. These levels are 0.15 mg I for phosphate
and 2.2 mg I"" for nitrogen.
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Figure 2.1
Current water balance in the Volkerak-
Zoommeer
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Similarly three scenarios for nutrient reduction in the Hollandsch Diep
have been assessed:
» Stand-still scenario, in which nitrogen and phosphate levels are
maintained with respect to the year 2000
*= Middle scenario: A reduction of 36% for nitrogen and 18% for
phosphate in the year 2015 with respect to the year 2000
according to the results of the Quick Scan Flux studies
=  Maximum scenario: maximum reduction based on MTR levels,
unless concentrations are already below MTR levels.
In the model calculations no nutrient reduction is enforced on waste
water treatment plants and pumping plants that directly discharge onto
the Volkerak-Zoommeer, since such a reduction would not contribute
to the total load.

2.2 Flushing with fresh water

In this scenario, illustrated in figure 2.2 the retention time in the
Volkerak-Zoommeer is drastically reduced by flushing the system with a
large amount of fresh water from the Hollandsch Diep. In the summer
period supply of fresh water is reduced in comparison to the winter
period, because of limited availability. This option uses the possibility of
an extra lock culvert in the Krammer locks. This allows an extra
discharge of 55 m? s, including a 9 m? s daily average loss through
regular locking losses.

The summer period is defined as the months June through to October.
During this period only a limited amount of fresh water is available
from the Hollandsch Diep that is assumed to equal 100 m® s™".There is
also an influx of 0.5 m® s™" of saline water by leaking losses through the
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Figure 2.2
Discharges in the scenario with
freshwater flushing

Krammer locks. In summer there is an additional supply of around 5 m?
s and at other times of the year 20 m*® s from the rivers of Brabant.
The supply from the different rivers and the associated loads has been
determined by a fixed ratio for the different contributors proportional
to the average annual discharge. In the model input the maximum
discharge capacity of the Bath sluices (125 m? s ) cannot be exceeded.
As well as a simulation with 100 m* s from the Hollandsch Diep, a
calculation with 150 m? s has been carried out, even though it has
been established that such a large discharge is not available throughout
the whole summer period.
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2.3 Flushing with saline water

Microcystis is reasonably tolerant of salt water, but cannot grow at
higher chloride levels. Chloride levels of less than 5 g I' have little
effect on the growth rate, but Microcystis dies off at chloride levels
higher than 10 g |"" (Peperzak 2003).

In the saline alternative (illustrated in figure 2.3) the Volkerak-
Zoommeer is flushed with a large amount of salt water from the
Oosterschelde. In this scenario a daily average intake of 100 m® s™
saline water from the Oosterschelde is discharged through an inlet in
the Philipsdam. The discharge from the Brabant rivers is variable. To
counteract salt intrusion, the discharged water is temporarily stored and
discharged daily at regular intervals. At the Volkerak locks a freshwater
plug flow of 50 m? s is created to counteract salt water intrusion in
the Hollandsch Diep. Outflow through the inlet, including locking
losses at the Krammer locks amounts to about 60 m* s™'. Besides a small
discharge via the Kreekrak locks (3 m*® s"), the rest of the excess water
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Figure 2.3
Discharges in the scenario with salt

water flushing

is largely discharged via the sluices at Bath onto the Westerschelde.
This also is limited by a maximum discharge capacity of a daily average
of 125 m?® s'. An additional simulation has been carried out for a
situation where only 30 m? s of water is let in through the Volkerak
locks to counteract salt water intrusion in the Hollandsch Diep.
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3.Microcystis

Below follows a brief outline of the significant characteristics of
Microcystis as well as the modelling studies carried out by the
University of Amsterdam. More details can be found in appendix B.

3.1 Population dynamics

Microcystis is one of the most common species of freshwater
cyanobacteria, particularly in eutrophic lakes. The cells are roughly
spherical and they usually grow in colonies surrounded by a layer of
mucus. Buoyancy of the colonies can be either positive or negative,
depending on the recent light history. When mixing levels in the water
are low and Microcystis concentrations are high, colonies can
accumulate at the surface in so-called scums. Microcystis toxines can
reach particularly high concentrations in these scums.

Growth starts in spring, generally when water temperatures exceed 15
°C and after the onset of thermal stratification. Pelagic Microcystis
grow exponentially in early summer and reach a stationary phase in late
summer. During this period this species can completely dominate the
phytoplankton. Buoyancy gives them a better access to light and the
increase of growth rate with temperature is stronger in Microcystis
than in other species, giving them a competitive advantage.

From mid-July sedimentation of Microcystis colonies has been
observed. Initially net sedimentation rates are low, but in autumn this
increases, augmented by the breakdown of stratification. The
sedimentation process may be influenced by two mechanisms:
= At lower temperatures growth is reduced. If photosynthesis is
maintained a lot of excess carbohydrates can be produced,
leading to a higher density.
= Colonies can attach to inorganic particles, increasing the
average density of the colony. Inorganic particles are virtually
absent from the water column during stratification, but can be
resuspended during the autumn turnover.

Colonies that reach the bottom of the lake can stay there over the
winter period. They can survive dark and even anoxic conditions.
During winter the benthic population can be very large. This benthic
store will serve the next spring to inoculate the lake. This large benthic
inoculum may be an additional factor why Microcystis is such a
dominant species.

Recruitment in spring can be either active or passive. Active recruitment
occurs by changes of buoyancy through the reduction of stored
carbohydrates. Passive recruitment occurs through resuspension by
wind driven turbulence during the spring turnover.
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3.2  Microcystis modelling

Two types of models have been developed by the department of
Aquatic Microbiology from the University of Amsterdam that
incorporate all the stages of the life cycle of Microcystis: a
phenomenological model and a mechanistic model.

The phenomenological model is based on field monitoring data and
aims to fit the description of the system to the observed dynamics. The
mechanistic model aims to describe all the relevant processes and is
based on field monitoring data and laboratory experiments. The latter
can in theory be used to predict the impact of changes in conditions on
the population dynamics. These models have been extensively
described in the literature and an abbreviated version has been
presented by Jolanda Verspagen at the workshop. The slides of this
presentation have been attached to this report in appendix B.

3.2.1. Phenomenological model.

The details of the phenomenological model developed by Jolanda
Verspagen et al is extensively described in chapter 4 of her PhD thesis
(Verspagen 2006). The slides of this presentation are attached as an
appendix to this report. Field observations suggest that after
sedimentation there is significant horizontal transport from shallow
parts of the lake to deeper parts. Model simulations suggest that the
absence of benthic recruitment would reduce the bloom in summer by
50%. Absence of the small pelagic population in winter would reduce
the summer bloom by 64%. Reduction of overwintering populations
e.g. by flushing may work as a strategy to suppress or delay the dense
summer blooms.

3.2.2. Mechanistic model

Details of this modelling tool have been described in chapter 5 of the
PhD thesis of Jolanda Verspagen and other scientific papers (Verspagen
et al. 2005b; Verspagen 2006). The basis for this model are 2 years of
monitoring data from the benthic and the pelagic populations of
Microcystis in the Volkerak-Zoommeer. Additionally field samples of
Microcystis were incubated in the laboratory to assess growth and
mortality rates as a function of light regime, temperature and salinity.
Recruitment and sedimentation rates have been determined in the lake.
The model predicts that flushing with freshwater will suppress
Microcystis blooms, provided that the flushing rate is sufficiently high.
Also introducing saline water into the system will reduce Microcystis
blooms.
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4.2D and 3D modelling

An extensive description (in Dutch) of the model studies performed by
Delft hydraulics can be found in (Boderie et al. 2006). A comprehensive
summary of the model environment has been presented at the workshop
by Hans Los and of the model results by Simon Groot. The slides of this
presentation have been attached to this report in appendix B.

Both the 2D and the 3D models of the Volkerak-Zoommeer have been
developed with the software package Delft3D, an integrated modelling
environment in which water flow, sediment transport, waves, water quality,
geomorphological development and ecology can be simulated in separate
modules.

Microcystis population dynamics have been incorporated into these models
in two different ways:
» Using the mechanistic Microcystis-model developed by the UvA as
a basis. This approach allows a dynamical forcing of different
processes that regulate the growth and dispersal of Microcystis,
such as transport, light intensity, salinity and temperature. Due to
computational limitations this model can only be used in the 2D
calculations, limiting the application to the reference situation and
the scenario with freshwater flushing.
= Using the pre-existing DBS model DELWAQ-BLOOM-SWITCH.
This module calculates primary production of four groups of algae,
including Microcystis, based on annual changes in water movement
and nutrient loads. This model provides insight into the responses
of the (blue-green) algae to varying nutrient concentrations, light
intensities, temperatures, salinities, as well as competition for
resources with other algae and an enforced grazing pressure by
zooplankton and benthic filter feeders. This model can run both in
2D and 3D and can therefore be used for all three types of
scenarios.

4.1 Model results reference situation

At present the Volkerak-Zoommeer is a system with a relatively long
water retention time that can amount to 100 days. Algal blooms have
therefore ample time to produce very high biomass levels, leading to an
exceeding of standards and complaints about stench. Currently the
Volkerak-Zoommeer is a severely eutrophicated system where nutrients
are not limiting for algal growth. Reduction of nutrient sources to MTR-
levels have a positive effect, but this is not sufficient to prevent the
occurrence of a bloom of blue-green algae.

Source sanitation, e.g. by disconnecting the Brabant rivers (a.k.a.
hydrological isolation), has an important positive effect on the
concentrations of nutrients, chlorophyll and (blue-green)algae. This will
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cause the chlorophyll levels within the Zoommeer to halve in the
reference situation. However, to maintain the water level, it is
necessary to take in water from the Hollandsch Diep, thereby increasing
the nutrient load again. A side effect of the disconnection of the
Brabant rivers is the increase of salinity to an order of magnitude of
1000 mg I”", by the limited influx of freshwater. This is caused primarily
by the leaking losses at the Krammer locks. To maintain an agreed
salinity of 450 mg I CI", even more water from the Hollands Diep will
have to be taken in. Although no calculation has been made of the
disconnection of the Brabant rivers combined with the sanitation of all
other sources to MTR-level little effect is expected from such measures,
as the most important nutrient source, the Hollandsch Diep, currently
has phosphate levels close to MTR levels.

4.2 Model results on the freshwater option.

In all the model runs with freshwater flushing the retention time in the
Volkerak-Zoommeer is reduced to about five weeks. This leaves the
blue-green algae in the Zoommeer still with sufficient time to realise a
substantial bloom. The water body remains eutrophicated, partially
because of the very large influx of eutrophicated water from the
Hollandsch Diep. Available nutrient levels will not be limiting, although
a reduction in biomass is achieved through the reduction in retention
time. Source sanitation, even a reduction down to MTR-levels, has no
effect on the biomass because the influx from the Hollandsch Diep
ensures that nutrient levels will not be limiting. The water supply will
therefore ensure a larger flow-through of the water system, but cannot
flush out the algae altogether. Due to the high nutrient load of the
Hollandsch Diep, flushing the system is not equivalent to cleaning the
system. For this freshwater flushing a large amount of water is needed
from the Hollandsch Diep. Further analysis of availability of water
indicated that such a supply hardly ever be achieved during the summer
months, certainly not in the scenario where 150 m? s’ is flushed
through the system. The Delft hydraulics models indicate that the
freshwater scenarios will not provide a practical solution for the blue-
green algae blooms.

4.3 Model results of the saline option

As in the freshwater option, the retention time in the system is reduced
to about five weeks. Because the water system is flushed with (more)
saline water from the Oosterschelde, a fairly saline system is created
where Microcystis cannot grow. However, this role will be taken over
by non-toxic marine species with ample time and nutrients to grow.
Consequently a reduction of algal biomass is expected. Nutrients will
be imported predominantly through the Hollandsch Diep and the
Brabant rivers. Due to the lower nutrient load of the salt water that is
available for flushing, this scenario is more effective in reducing algal
growth and biomass than the freshwater option. However, also in this
scenario algal growth will still be substantial. Large-scale problems with
excessive growth of “sea lettuce” Ulva are not expected, although local
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blooms of this species may occur in certain shallow parts of the system.
Increases in seagrass meadows are also not expected to be substantial.

Although model calculations without grazing indicate that in a salt
water system algal biomass can still accumulate to significant levels, in
practice grazing by benthic filter feeders, such as mussels, will reduce
the marine phytoplankton concentrations. Based on grazing rates found
in the Veerse Meer, chlorophyll concentrations will reduce to levels
around the water framework directive standard “GET" of between 8
and 12 pg I'". However, the duration of the transition period from the
present freshwater system to a fully developed marine environment is
difficult to establish.

A few other saline scenarios with a slightly larger (although still very
limited) tidal amplitude have been calculated. The tidal dynamics cause
a larger exchange between the Oosterschelde and the Volkerak-
Zoommeer. The associated fluctuations in water level will often be only
a few centimetres away from the upper and lower limits of water levels
in the interim water level directive. Nutrient concentrations, chlorophyll
concentrations and levels of algal biomass of marine phytoplankton in
this weak tidal regime deviate only slightly from the previously
described scenario.

The conclusion of the Delft-Hydraulics modelling is that any saline
option will be effective in combating the blooms of blue-green algae in
the  Volkerak-Zoommeer. The associated non-toxic marine
phytoplankton assemblage will probably eventually reach levels below
the WHO standards, as soon as grazing by benthic suspension feeders
such as shellfish is sufficiently developed. The duration of the transition
period is unknown but will likely encompass several years.
Disconnecting loads through the Brabant rivers has a positive effect on
the nutrient concentrations, but contributes little to a reduction in
biomass of non-toxic marine algal species.
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5.Evaluation external experts

Figure 5.1

Visit to the Volkerak locks and sluices.
By coincidence the committee could
witness a test discharge at maximum
capacity at the sluices.

The workshop evaluating the model results took place over 2 days (12
and 13 October 2006). The first day included a visit to the area to
acquaint all participants with the area. Part of the presentations were
held at the Rijkswaterstaat building at the Krammer locks.

4

During the first day a presentation was given to introduce the area and
the Microcystis problem (Full presentation attached in Appendix A).
Subsequently, the work of the University of Amsterdam was discussed
on the biological parameters and modelling of Microcystis population
dynamics (Appendix B). Finally, Delft Hydraulics showed how this
knowledge was incorporated into the Delft 3D models and the model
results of the freshwater scenario were shown and discussed (Appendix
C). On the second day details of the Delft 3D modelling environment
were explained as well as important issues specific to the Volkerak-
Zoommeer parameterisation (Appendix D). Subsequently the model
results, specifically those of the saline scenario were presented
(Appendix E). The discussion subsequently focussed on the possible
risks of the saline scenario and which components of the modelling
could be improved.

The report below is loosely chronological, but mainly organised per
topic.

5.1 Choice of scenario

5.1.1. Nutrient reduction
It was clear to the whole committee that any scenario entirely geared
towards nutrient reduction and without significant changes in water
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management is not going to have a significant impact on the
Microcystis population. Currently, the system is light limited and
realistic reductions in nutrient availability will not change that. Any
nutrient reduction is positive and in particular efforts to reduce the
extremely high nutrient load in the run-off from agricultural areas
draining into the rivers of Brabant may contribute to the effects of
other scenarios. However, a reduction to levels where the growth of
Microcystis becomes nutrient limited is not feasible. Even if the rivers of
Brabant can be hydrologically isolated, the Hollandsch Diep, supplied
with water from the rivers Rhine and Meuse, still carries a very
significant nutrient load. This not only originates from the Netherlands
but also from areas beyond Dutch control.

Any effective scenario to reduce algal growth clearly has to involve
some mechanism of reducing the long water retention time in the
system.

5.1.2. Freshwater flushing

The OD model from the University of Amsterdam indicated that either
continuous flushing with 75 m* s™', or a summer flushing rate of 65 m?
s and a winter flushing rate of 125 m?® s would just be sufficient to
reduce Microcystis down to acceptable levels. According to René
Boeters this amount of freshwater influx from the Hollandsch Diep
cannot always be guaranteed. There is a risk of salt water intrusion
through the Rhine outflow at Rotterdam which would compromise
fresh water supply for several towns in the province of Zuid Holland.
There is already a problem with salt intrusion. In dry summers (such as
e.g. 1990) there may occasionally be as little as 30 m* s available for
flushing without compromising fresh water supplies. For a scenario
where the system is flushed with 100 m?® s there is enough water
available in summer around 50% of the time. For a scenario with 150
m? s only 20% of the time during summer will there be sufficient
water available.

The OD model however, does not take the morphology of the system
into account. It assumes a complete mixing and an equal flushing rate
throughout the system. The 2D model from Delft Hydraulics using the
0D model from the University of Amsterdam to parameterise the wax
and wane of Microcystis showed that the morphology of the Volkerak
forces the bulk of the water to flow rapidly through the channel,
directly into the Krammer, while a large part of the shallow areas in the
western part of Volkerak is less effectively flushed. Even at a flushing
rate of 150 m?® s this would still result in residence times that allow
high concentrations of Microcystis to build up in large parts of the
Volkerak-Zoommeer (Figures 5.2 and 5.3).
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Figure 5.2

2D model results from Delft-3D. Water
residence times (days) in the system
with a fresh water flushing rate of 150
m3 s,

Figure 5.3

2D model results from Delft-3D
showing the algal concentration (ug
Chla I'") in the Volkerak-Zoommeer if
the system is flushed with freshwater at
a rate of 150 m3s™". Note that the colour
coding in this figure goes up to 200 pg
Chla I, while Microcystis-levels of
more than 10 pg Chla I"" can already
cause health problems, Verspagen et al.
2005a.
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Other freshwater flushing scenarios where part of the freshwater is
discharged through the Krammer locks, would result in a slightly better
flushing of the western part of the Volkerak, but a much higher
retention time in the Krammer and the Zoommeer.

In certain (stratified) lakes measures to increase mixing can be effective
to reduce blue-green algal growth. The Volkerak system is for the most
part too shallow for this and in most places it is already fully mixed.
Therefore this strategy is unlikely to work here.

Biomanipulation (removing fish species such as bream from the lake)
was also suggested as an option. This has worked in a few systems,
both in Finland and in the Netherlands but it requires constant
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maintenance, otherwise the system will quickly “flip back” to the algae
dominated state. Due to the size of the system and the high nutrient
import biomanipulation is not likely to be successful in Lake Volkerak.

5.1.3. Flushing with salt water

As the other two types of scenario are unlikely to be successful in
eradicating the blue-green algae from the system, the committee
agreed that flushing with salt water is the only type of scenario where
the Microcystis problem would be effectively reduced to acceptable
proportions.

The Microcystis assemblage in the system consists for the most part of
Microcystis aeruginosa, although there are probably different strains
present in the system. Although salt tolerance can vary among strains,
all Microcystis should disappear completely at salinities higher than
17%.. The question was raised if this salinity can be achieved
throughout the system without significant salt intrusion. According to
the models this should be possible, certainly in summer when rain fall is
low. At other times of the year the eastern part may be slightly less,
down to 15%.. However, this should still be sufficient to reduce the
Microcystis below nuisance levels.

A number of different saline flushing scenarios with different discharge
rates have been assessed. In all feasible options the retention time in
the system is still relatively high, particularly in the Zoommeer area.
During the meeting a scenario was suggested with an extra saline
exchange between the Oosterschelde and the Zoommeer. This would
significantly reduce the retention time in that area. This scenario should
be investigated with the Delft 3D model.

5.2  Risk of introduction of toxic Marine algae

Toxic algae not only occur in fresh water. Making the system saline
may involve introducing problems into the area with marine species.
The two groups that are most likely to cause problems are 1) other,
more salt tolerant blue-green algae and 2) species from the group of
the raphidophytes.

5.2.1. Other blue-green algae

There are a number of typical brackish water species that are likely to
be able to survive in a saline Volkerak-Zoommeer system. The most
likely species to be introduced here is Anabaena. Aphanizomenon is a
species that is also a potential risk for the area, and is already present in
the system. Both Anabaena and Aphnizomenon can produce toxins,
although not all strains are hazardous (Heinis 1994). Aphanizomenon
occurs in the Baltic up to salinities of 7 psu. Another risk is posed by the
possible introduction of Nodularia. This species can be very toxic and
regularly causes major bloom problems in the northern Baltic Sea. In
principle this species should be able to grow under the salinities that
can be expected. However, for unknown reasons it has until now been
restricted to the Baltic area. In the Baltic Nodularia is a dominant
species at salinities of 5-6 ppt. (Kauppila and Lepistd 2001). At lower
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salinities other species (such as Anabaena) become dominant. As the
Volkerak-Zoommeer system will reach a salinity of more than 15 ppt,
Anabaena is therefore not likely to become a problem.

It was also noted that if a combination of reducing retention times by
salt water flushing and a reduction of nutrient input from the
surrounding area results a nutrient limited status, Anabaena,
Aphanizomenon and Nodularia could start to act as nitrogen fixers.
This would be an extra source of nutrients into the system and deserves
some attention from the modellers. However, due to the fact that the
N:P ratio in the area is likely to become skewed towards phosphorus
(>>16), nitrogen fixation is perhaps not very likely.

5.2.2. Raphidophytes

Raphidophytes form a small group of marine algae that have only
recently been identified in Dutch waters. They were likely introduced in
the late eighties via ballast water. In coastal waters two species appear
to increase rapidly since the late nineties: Heterosigma akashiwo and
Fibrocapsa japonica. In Japan these species regularly cause massive fish
kills, but in Dutch waters they have thus far not caused any significant
damage (van Duren 2006). However, due to their recent introduction
it is difficult to predict if future damage is likely or not. Of the two,
Fibrocapsa is capable of doing relatively well in turbid water with a high
nutrient load. It does not grow well at salinities below 20, so in eastern
parts of the system it is not likely to be a problem. However in the
more saline western part it may find a suitable habitat. As not very
much is known about their ecology and requirements these species
should be well monitored.

5.3 Algal biomass in a saline system

Although flushing with salt water is a fairly certain way to eradicate
Microcystis from the system, the nutrient concentrations in the area are
likely to be high enough to support a high algal biomass. Benthic filter
feeders can be very effective in removing a large proportion of this
biomass. One square metre of a bed of blue mussels (Mytilus edulis) is
capable of filtering several cubic metres per hour (Prins et al. 1996).
However, in recent vyears settlement of mussel larvae in the
Oosterschelde has been extremely low. The only significant settlement
took place in 2001 and the beds that formed have since disappeared.
One species that has good recruitment in the Oosterschelde is the
Pacific Oyster (Crassostrea gigas). This is an aggressive invasive species
that was introduced to the Oosterschelde after stocks of local oysters
collapsed in 1963. Many people see this species as a nuisance and there
are currently plans under development to eradicate the species from the
Oosterschelde.

The Veerse Meer has been quoted as the most appropriate reference
system for the Volkerak-Zoommeer. This area was a closed off brackish
lake from the late eighties until 2004. The first years after closure of the
system the benthic filter feeders were capable of keeping this system
relatively clear. Over time stratification of the system increased. The
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top layer became much less saline and the bottom often became
anoxic. From 2002 onwards the top layer was characterised by very
high concentration of small (mainly unidentified) flagellates.
Simultaneously, the population of benthic filter feeders collapsed.
Whether or not there is a causal relationship between the occurrence of
the microalgae and the collapse of the mussels, or whether both are
related to the low salinity in the upper layers is not known. To prevent
a similar situation arising in the Volkerak-Zoommeer, a model organism
representing the microflagellates should be defined in the Delft 3D
models to ascertain how these are likely to behave. Since 2004 the
situation in the Veerse Meer has improved dramatically since exchange
at the Zandkreek was restored.

The decline of the filter feeders was likely due to anoxia in the very
strongly stratified water. Some extra attention should be paid to
ascertain how enough dynamics in the system can prevent the
occurrence of anoxia.

It may be possible to actively introduce mussels to the system to
promote clear water. The EU project MaBenE (contract n® EVK3-CT-
2002-00071) has developed various coupled hydrodynamical-biological
models describing the interaction between filter feeders and the
surrounding water. Long line cultures (mussels suspended from ropes)
may be particularly effective at preventing the build-up of high biomass
in the surface layers.

5.4 Simplifications in the model

5.4.1. Benthic-pelagic exchange of Microcystis

According to the research of Jolanda Verspagen, the sediment contains
a significant part of the total the Microcystis biomass. Therefore the
exchange of biomass between sediments and water may influence the
dynamics in the water column. However, the model calculations
presented by Pascal Boderie indicate that this process will not affect
conclusions regarding the question whether sufficient fresh water is
available to eradicate Microcystis-problems from the system in the
studied scenarios. Hydrodynamic aspects appear to be more important.

5.4.2. Nutrient exchange at the sediment water interface

The phosphorus dynamics in the deeper layers were identified as
potentially important. At present the nutrient dynamics at the bed are
modelled using a mass-balance approach. This is quite a simplification
from the actual processes that take place at the sediment water
interface. The only way to model these PO,-fluxes accurately is on the
basis of the gradients at the bed.

This part of the model was identified as an area where there is some
room for improvement. For scenarios that strongly reduce the residence
time in the system (either by flushing with freshwater or with saline
water) this will probably not strongly affect the results. However, for
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calculations on scenarios where nutrient reduction is important,
accurate process modelling in biogeochemistry can improve the models.

5.4.3. Buoyancy effects

Very subtle effects, such as micro-stratification, have also not been
taken into account. Also at present buoyancy of the cyanobacteria is
taken as a fixed characteristic, while in reality this can be regulated by
the cell. This may be a modifying factor regarding scum formation.
There are facilities in the model environment to build in buoyancy
regulation. This was in general not seen as an issue of high priority. For
scenarios with artificial mixing these processes need to be accurately
modelled. For the suggested scenarios in the Volkerak-Zoommeer it is
less relevant.

5.4.4. Spatial heterogeneity

For the saline scenario, the model predicts significant gradients in
salinity (horizontal as well as vertical). Particularly if this is associated
with gradients in nutrients and different grazing pressures, it is likely
that this will eventually result in a heterogeneous species composition.
This is another area where the model can be refined. The algae will
flush with the body of water in which they are suspended. There may
be differences in horizontal flow velocity between different layers of
water. If changes in buoyancy result in algae ending up in a different
layer, this may eventually affect their distribution.
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6.Conclusions and recommendations

6.1 Main conclusions and recommendations

6.1.1. Scenario choice
The model simulations conclude:
» Nutrient reduction alone (within feasible limits) is unlikely to
reduce Microcystis
» Freshwater flushing is not really an option to get rid of
Microcystis comprehensively, on top of that there is probably
not enough water available
» Making the area saline is feasible and would get rid of
Microcystis

The reviewers support the model approach. The combination of
2D/3D modelling of hydrodynamics in combination with algal
growth modelling are state-of-the-art and adequate for this
purpose. Although there are a few uncertainties the conclusions
appear justified. The committee concludes that the saline option is
the only scenario that is capable of eradicating Microcystis from
the system.

6.1.2. Recommendations regarding the management scenario
The committee has identified that the current situation and the
management option of introducing salt water into the Volkerak-
Zoommeer comprises three problems that need to be addressed:
» Toxic Microcystis blooms are currently the status quo
= Making the system saline solves the Microcystis problem, but
may provide a habitat for noxious saline species
* Prolonged periods of strong stratification and low salinity in the
top layer may lead to high concentrations of micro-algae that
cannot be grazed down by benthic filter feeders.

The committee recommends a combination of:
= Making the system saline
* Flushing
= Making the system as dynamic as possible.

This strategy should offer the best chance of eradicating all three
problems.

6.1.3. Recommendation regarding monitoring

Regardless of the ultimate choice of management system, the
committee strongly recommends the setup of an appropriate
monitoring system.
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The recommendation of a monitoring system has two purposes. Firstly,
this allows an evaluation of the processes, so lessons can be learned for
the future. Secondly, this will provide an early warning system for the
occurrence of possible nuisance species. The monitoring should include
sufficient stations to provide comprehensive information on the system
and it also should take place at a sufficiently high frequency. The
modellers should be involved in setting up an efficient monitoring
programme as they can provide information on which sites are likely to
give the most important and useful information and what minimum
sampling frequencies are required.

6.2 Assessment of uncertainties

6.2.1. Is it likely that a large and effective grazer population will
develop in Volkerak-Zoommeer?

Due to limited recruitment it is debatable that mussels (Mytilus edulis)
will settle naturally in the area. Pacific Oysters (Crassostrea gigas) will
possibly settle, but they are a nuisance species and it is undesirable to
promote these. Mya arenaria may settle, but it is uncertain how quickly
a population will establish that is sufficiently large to have an impact on
the algal biomass in the system. In Lake Veere this species is not
capable of grazing down the algal biomass efficiently enough.

Further attention needs to be paid to this and possible measures to
actively introduce mussels to the area ought to be investigated.

6.2.2. How likely is it that we get toxic marine or brackish water
species such as Fibrocapsa and Nodularia?

The risk of introducing species such as Anabaena, Aphanizomenon and

Nodularia needs further investigation with models.

The risk of introducing species such as Raphidophytes is significant.
Fibrocapsa and Heterosigma are present in Dutch coastal waters and
the circumstances that are likely to occur in a saline Volkerak-
Zoommeer seem suitable for these species. However, strong blooms
and damage have until now not occurred in Dutch waters.

A good monitoring programme with sample stations at various
locations should be in place to provide an early warning system for
these algae.

6.2.3. Is the PO,-flux to/from sediment going to influence the
outcome?

The present model is unbalanced in the sense that phytoplankton is

modelled in great detail, based on proper process description, while the

sediment interaction with respect to phosphorus is highly simplified
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It is unlikely that this will affect the results with respect to the
suggested scenarios (flushing and salt water introduction). However,
phosphate-reduction scenarios would be sensitive to this.

6.3

Additional recommendations and remarks

Aphanizomenon and Anabaena should be specifically included
in the model

Microflagellates ought to be included. Although this is in reality
a whole assembly of different (largely unidentified) species, in
the model one species can be defined with characteristics
similar to those that caused problems in Lake Veere a few years
ago.

Salt toleration of phytoplankton needs to be better defined in
the models. This possibly needs further measurements, as this is
only characterised in a few species.

An extra inlet from the Oosterschelde to into the Zoommeer to
reduce the retention time in this part of the system should be
studied as a scenario.

Very dynamic fluctuations in salt are likely to reduce the
probability of introducing noxious species into the system.
However, extremely high dynamics may also cause other water
management problems for the area.
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Appendix A: Presentation René Boeters (RWS)
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Appendix B: Presentation Jolanda Verspagen (UvA)
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cyanobacterium
A e

3w

Grows in colonies
surrounded with mucus

Overwinters vegetatively in the sediment

Microcystis contains gas vesicles

that provide buoyancy %

Can produce toxins that can
be harmful to other organisms
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ST water.eolumn, ¥, water column
BOODODDOODE
sediment sediment
turbulent water column vertical stagnant water column
migration

Life cycle of Microcystis

pelagic population

recruitment sedimentation

benthic population

Monitoring Microcystis in Lake Volkerak

From February 2000 — September 2001:

» Water sampling stations C, F and G

» Sediment sampling stations A - H

« Sedimentation / recruitment trap stations 1 - 6
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Nutrient time series Chlorophyll a — time series

Steenbergen (station F) 250

Steenbergen (station F)

200

150 -

N (mg/l)
(yBw) o

mg/m? chl a
g

1BED. |
* B UNIVERSITEIT VAN AMSTERIAM

Chlorophyll a — spatial distribution Lake Volkerak compartments

~—— Krammersluizen (station C)
120 —— Steenbergen (station F)
—— Dinteloord (station G)

mg/m® chl a

Shallow: 0 —6 m
68 % of lake area

Intermediate: 6 — 15 m
27 % of lake area

Feb/00 Jun/00 Oct/00 Feb/01 Jun/o1 Oct/o1

time
Deep:15-21m

No significant differences in spatial distribution of 5% of lake area

chl a concentration of sites C, F and G

Dynamics pelagic population Dynamics benthic population

JA shaow-sm)

Microcystis concentrations increase
. with increasing lake depth

104 * saionE
— smoothed average Nss

10° * . 107
o o sainc o
101 . o station F 1ot | B intermediate (6 - 15 m) . . . .
o saionG . Benthic population increases from mid

pelagic Microcystis
concentration [mg chl a m*]

smoothed average Nyy

02 June onwards
Jan/00 Apr/00 Jul/00  Oct/00 Jan/01 Apr/01 Jul/01 Oct/01

time

Increasing time lag in dynamics
with increasing lake depth

Pelagic population increases from May to September

Amount of benthic Microcystis [mg chl a m™?]

Pelagic population does not disappear in winter 1

—— <moothed average N
102 rage Nsp

Jan00  Apri00  Juli00  OCU00 Jan/0l AprOl Jull0l  Ocy0l
time

B UNIVERSITETT VAN AMSTERDAM
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Benthic-pelagic coupling

300

——————  total pelagic populatior|
— — —  total benthic populatior

g

Lag in benthic dynamics compared to
pelagic dynamics

3
8

100

Microcystis biomass [g chl a m?]
8

Feb/00  Jun/o0 Oct/0o Feb/ol  Jun/ol Octo1
time

__\/\_/ Through resuspension of the
\_/—\/ sediment, benthic Microcystis are

transported from shallow to deep
shallow sediment
107 ~— intermediate sediment pans Of the Iake
= deep sediment

Amount of benthic Microcystis

102
Janf00  Apri00  Jull00 Oct00 Jan/01 Apr/01 Julol  Octo1

time

Measuring benthic-pelagic coupling

Sedimentation / recruitment traps

B 1 Recruitment trap

2 Sedimentation trap

’ 3 Funnel
4 Valve
s 5 Sampling bottle

1BED. |
LB 6 Universmem v AusteRiu

Sedimentation and recruitment
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S " 10
T 3 e 0
£ = P 3 Sedimentation and recruitment
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o7 e
04 = — 1
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Benthic-pelagic model formulations

Pelagic population

N
d—"":;le —mNy —S+R—qgNy
dt M growth rate
Benthic population M mortality rate
Shallow sediment S sedlmentatlon
dN R recruitment
dtSS =Ss —Rs —MNgs — Ty q flushing rate
Intermediate sediment ; benthic transport
dN A area
dtSI =S =R, —mNy +?TTSI )
Deep sediment
Nsp

A
=Sp —Rp -mMNgp +—T
dt D D SD AD 1D

BED
: B B UNIVERSITEIT VAN AMSTERINM

Growth rate

07 0
u=af (1)f,(T)f(h)

Growth rate depends on
light intensity (1),

growth rate [d]

0 500 1000 1500 2000
light intensity [umol photons m? s

o7 M ! o o fih)

10
06 3>
0518 growth rate u 05
©  mortality rate (m x10)

0.0

15

temperature (T), and
salinity (h)

03 o 05

1.0
02 -
0.1 15

00 B 20

growth and mortality [d%]
°
2
a1es ymoib anejel

o a4 8 12 16 20 24 o 5 10 15 20 25 30
temperature T [°C] s

alinity h [g/L]

Contribution of benthic recruitment

& 500
£ —— observed pelagic population
g 200 modelled pelagic population,
5 with only pelagic inoculum
=
2 300
&
£
2 200
2
g
2 100
H
g /\
s o0
Feb/00 Jun/0o Oct/00 Feb/01 Jun/o1 Oct/01

time

Benthic population plays a key role in
the development of the summer bloom !
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Flushing with freshwater

scenario A
0

¢ Scenario 0:
current situation ©

« Scenario A:

000 w00 swor

continuous flushing rate (75 m3/s)

Scenario B
* Scenario B:
low flushing in summer (65 m3/s)
high flushing in winter (125 m3/s)

* Scenario C:
minimum flushing in summer (17 m3/s)
maximum flushing otherwise (300 m3/s)

pelagic Microoyss conceniraion g ch a %]

—_—>
WHO threshold value of =

10 pg cyanobacterial chl a It

time

Flushing with saline water

15
A . .
10
Microcystis unaffected up to é e 1\
I 00
salinities of 10 g L* g . 1
Cells die at salinities higher e
than 17 g Lt S P P A A
salinity [g L]
B
pelagic Microcystls
WHO guideine
Salinity scenario: !
inlet of saline water (17 g/L)
WHO threshold value of g, \J L
10 pg cyanobacterial chl a 1 Jan00 Juioo a1 Julo1 Janoz Juoz a3 Julos Janios

time

1BED. |
LB 6 Universmem v AusteRiu

Conclusions

Scientific conclusions

dynamics of Microcystis in Lake Volkerak

Management conclusions

Microcystis in Lake Volkerak can be suppressed by:
=> Flushing with freshwater (say, ~100 m3/s)
=> Inlet of saline water (> 15 g/L)

« Benthic-pelagic coupling plays a key role in the population

« Microcystis has a relatively high salt tolerance (up to ~15 g/L)

Thanks

For your attention

...and also to:

Eveline Snelder, Luuc Mur, Bas Ibelings, Riks Laanbroek, Jutta Passarge, Herman Gons,
Roel Pel, Wim de Vos, Suzan Verheijden, Kirsten Wolfstein, Paul Boers, the crew of the
Argus, Cindy Koumans, Virgilio Floris, Louis Peperzak, Richard Jonker

Any questions?

= Rijkswaterstaat
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Appendix C: Presentation Pascal Boderie (Delft Hydraulics)
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Microcystis population dynamics in 2D

Presented by Pascal Boderie to the
VZM review panel

October 12th 2006

[ e m_

Contents
+ Development history UvA-2D

*  Why does the 2D model predict higher flushing rates?

Conversion to Delft3D FLOW
Setup Delft3D-ECO

light intensity, salinity, response op
transport, nutrient competition
L |

Grow and fate of Microcystis

in DELWAQ with output Delft of D3D-ECO ]
ing field

‘n wi | delft hydraul g

Growth response to light

1
o o5 1 15
s o
=
05
1
0 2 - bodem
o 500 1000 3 _ :
. £ P= [ P(i)d
3
o 500 1000 opp
0
4
1
5

‘n wi | delft hydraul g

Benthic transport

Tendency of sediments to accumulate in deepest part of shallow
lakes (sediment focusing)

Lit

N\

Direction for focussing
in UvA model
straightforward

In 2D sediment foucssing
more difficult to implement.
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Similar results for water column in
reference year

Shallow bentic population is
overestimated

intermediate sediments|
Microcystis in waterkolom

——
©—nwbap

.
s

)

decp sediments|

el m,.mm

_./"/ Bathymetry and
modelgrid

—— WA Microoystis madel
— 03D-UvA

Microcystis concentratie (gCim’)

£

o o B e 559801
Feb/O) Apei00 Jon0 Aeg0 000 DechD Febill Apoll Junf Augl OctDl

—— UvA Microoystis model .
o  — D3UvA
. © gatien G

Microcystis concentratle (aC/m’)

0001 -
FeblD0 Ap JunD Asg0 0600 Decl0 FebD1 Apr1 Junl1 Augl1 OctDl
Tid

Conclusion Uva-2D

¢ Population dynamics successfully implemented
in Delft3D

¢ Result in 2D for Microcystis in the reference year
2000 are the same

* Flushing scenario’s differ

Flushing (1)

« In the UvA model uses a flushing rate (1/d):
« this assumes equal flushing at all depth’

« In 2D not all segments are flushed with the same
efficiency:
« the less productive deeper parts are flushed more
efficiently

« the more productive shallow parts are flushed less
efficiently

-> overall flushing is less efficient

n w!_ide[ft.m
Flushing (2)

* In the UvA model uses a flushing rate alpha (1/d):
« it assumes the availability of flushing water free of
inoculum, as a result
« the model needs inoculum from another source (either
intitial or from benthic source) for the growth of
Microcystis

* In 2D we assume a very small amount of inoculum te be
available in the flushing water (Hollands Diep, Brabant
rivers).

« less than 1ug/L Microcystis is required for growth
under a flushing regime of 150m3/s
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Bathymetry

* Volkerak has 10% more : I e

volume than assumed

* The bathymetry differs: wf T

« lesss shallow parts I/
+ less deeper parts [/

* more intermediate (4-6m)

parts
* Probably more productive
than assumed (average depth
is the same)

el m«mm._

Different growth rate curves

10
. . al 1
s groeisnelheid = — -
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5
E 04
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3 ]
g o2
0.0
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‘ —— Worstcase —— Realistic (UvA) ‘

Worst-case used in 2D flushing scenario’s (a = 1.19)

Realistic curve used in thesis and publication Verspagen (a=1.019)

ug chif-all.

tjd in dagen sinds 1 jan 2000

——0=0.85max = 59

—— a=1max= 87

| —a=1.1 max= 101

= Meting Gemiddelde|

® Meting_Mediaan

—a=1.2max = 113

Realistic is low, Worst-case is realistic, What is Safe?

Flushing UvA-2D with 150 m3/s

T
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Concluding

¢ Required flushing rate in UvA-2D is higher because of
« the flushing efficiency (a true 2D effect) and
« because of different model inputs (growth curve,
bathymetry)

+ The conclusion of Uva 0D and 2D are different,
flushing rates of 150m3/s still have significant levels
of Microcystis

« UvA-2D and Bloom-2D have similar results with
respect to flushing, therefore

« The MER is continued using Bloom for all
management scenario’s, including freshwater
flushing, salt water and nutrient reduction scenario's
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Modelling system used
for Lake Volkerak Zoom
study

Hans Los
Presented to review pannel
October 2006

el m,.mm

Conclusion adequacy model

« Fresh water model (Delft3D-DBS) is well validated
+ Fresh water model results Lake Volkerak Zoom adequate (‘fit for
purpose’)
* but 2000 agrees better with observations than 2002
« Can be used for scenario prediction

* Marine model (Delft3D-GEM) is well validated
* but a marine Lake Volkerak Zoom does not exist yet
« Empirical results other sy in region valuable but exp d
conditions in Lake Volkerak Zoom not exactly the same
« Relatively high loadings, typical morphometry, short residence
time

Contents

1. Overview of Delft3D modelling system
2. Validation results phytoplankton model
3. Set-up of Lake Volkerak Zoom models

i ot | i | | svoestion| | Semiie | | merma
Physical parameters * A
‘ s |-—p»-" e ik

Transports (SPM, ..)

Water qualit )
quality } b e

Ecology 4 ‘

Fish, Birds s ‘ iﬂl ‘ |

other user functions, I haetatt i- | |
Desneco Lo 1

etc. B ?‘ ‘T”ﬁ .
[T p—p—— L _— '
s e @

Modellingapproach (general)

« Delft3D-FLOW
* hydrodynamics
« Delft3D-SED
» suspended particulate matter (SPM)
« Delft3D-WAQ
« origin of water and residence times (tracer)
« Delft3D-ECO(DBS and GEM)
« nutrients and primary production model

Delft3D-flow

« Generic hydrodynamic modelling system

« Large number of users (world-wide)

« Forcing by irradiance, wind, tide, discharges

« Simulates flows, water level, density, temperature, salinity

« Curve linear or rectangular grids with spatially variable
level of detail

D1
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Grid Venice Lagoon

* Overall * Detail

oy e v

e

Delft3D-flow

* 2D mode

« fresh water application Lake Volkerak
* 3D mode (k-€ turbulence model)

« Zlayer (fixed depth, variable number vertical segments)
Sigma layers (variable depth, fixed number of vertical
segments
marine application Lake Volkerak

< | ,ﬁ

Delft3D-ECO: nutrients and primary
production
« Only one code (DELWAQ - BLOOM) for fresh and marine
applications:

« Delft3D-DBS (fresh water mode)

« Delft3D-GEM (marine mode)

+ Some differences in selection of processes and coefficient
values i.e. definition of phytoplankton species

DELWAQ main program

« Schematisations can be 0, 1, 2, or 3D
* Hydrodynamics are not computed but externally supplied

« Existing interfaces include Delft3D-Flow, WAQUA,
TRIWAQ, SOBEK, POM, user supplied water balance

« Elements can have any shape (rectangular, curve linear etc)

« Different levels of detail can be dealt with (domain
decomposition)

« Different processes may use different grid layouts (bottom)
« Different processes computed with different time steps

« About 10 numerical integration options are available

* Records are made of all processes anywhere (balance)

« Standard procedures for boundaries, loadings and initial
conditions

DELWAAQ proces library

* Many kinetic equations are “predefined”
« Toxic substances
« Suspended matter
« Water Quality
« Nutrients, primary and secundary production
* They are selected in the input
* Processes “know” which other processes should be
included
« Oxygen requires primary production
« Selection hierarchy:
. y information can be
variable
* New processes can be added by the user

or input; fixed or time

Highlights DBS / GEM processes

* Nutrient cycles
« N,P,Si
* Three forms of detritus (different decay rate)
« Various options for sediment module
* Primary production
« BLOOM

« Ulva
« Secundary production
« Forcing function various grazers (zooplankton; shell fish)

* Miscelaneous
« 02; Chloride;
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Principlhytoplankton modelling
Empirical observations

« Lakes with high nutrient levels tend to be dominated by
cyanobacteria
« but green algae may also be dominant
« Light and perhaps grazing seem to be more important than
nutrient requirements or affinity with respect to competition
« In the lab (hence under relatively stable conditions)
nutrients can control phytoplankton competition
+ Species switches during restoration correlate better with
the light regime (Zeu/Zmix) than with the nutrient levels
+ but nutrients do limit the biomass and hence affect the
light regime via the algal contribution to the extinction
« These empirical observations are the basis for competition
in our phytoplankton model

Process formulations BLOOM (1):

competition

+ BLOOM is a multi-species phytoplankton model

« Competition between phytoplankton types is the guiding
principle in BLOOM

* BLOOM selects the optimum composition based on the ratio
of the net growth rate and the requirements for each
environmental resource

« Trade-off principle between growth and requirement:
Relatively high potential growth rates may compensate a
relatively large requirement hence opportunistic species win
when light is high, efficient species win when there is little
light

Process formulations BLOOM (2): general

« BLOOM considers various kinds (3 to 15) of algae, as
different kinds of species respond differently to their
environment. Some kinds (like Microcystis) are considered
nuisance algae.

« Every (kind of) species has its own:

« growth response to light conditions

* response to temperature

« growth response to available nutrients

» stochiometry (composition in C, N, P, Chlorophyll)
. (depending on environmental conditions)

Process formulations BLOOM (3): nutrients

* Variability of stochiometry is modelled as a distinction of the
species in 3 types:
« a nitrogen limited type
+ a phosphorus limited type
* an energy limited type
« Every type has a constant stochiometry
* The model computes the optimal combination of types (or
the most suitable stochiometry)
« Types can instantaneously convert into each other,
(groups of) species can’t convert into each other

Process formulations BLOOM (4): energy

» At sufficient (= not limiting) availability of nutrients
light and temperature become the limiting factors

¢ Analogous to nutrients the available ‘amount’ of
light is calculated

* A ‘critical light intensity’ is reached when growth
averaged over depth equals all losses. This
threshold varies:

* per species
¢ in time and space
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Process formulations (5): time dependency

* The optimum concentration of a (group of) species cannot
always be reached within one time step
* Constraints to the range of possible concentrations are
determined by:
* The concentration at the start of the time step,
+ Maximum growth rate,
+ Maximal mortality rate
* These constraints are considered during the species
selection procedure.

Growth and mortality constraints potential biomass
n- and decrease

i
12

< =
—~a@ 3
o

~>@Q — 0 %
>

P =M =0.1 per day

Phytoplankton characteristics (1)

« Freshwater model version considers

Diatoms

Micro flagellates

Green algae

Aphanozomenon

Microcystis

Oscillatoria

« Data on characteristics of individual species have been
obtained from lab cultures of UVA in the 1980s + other
literature sources

« Some adjustments from numerous model applications

Phytoplankton characteristics (2)

« Marine model version considers
« Diatoms
« Micro flagellates
« Dinoflagellates
* Phaeocystis
« Data on characteristics of individual species have been
obtained from lab cultures
* For Phaeocystis and diatoms work by Roel Riegman was
main source
* Some adjustments from model applications North Sea

Nutrient Constraints

n
> (St,;*Bm;) + Nut, 4, = Totnut,
i=1

Bm;, 20 Nut, 4 20
i = algae typei )
n = number of algae types in calculation )
Sty = stochiometry of nutrient k (k = N, P or Si) in algae type i (gk/gDM)
Bm; = biomass of algae type i (gDM/m*)
Nutygiss = amount of dissolved nutrient k (gk/m?)
Totnut, = total available amount of nutrient k (gk.m?®)
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Maximum growth rate

PPmax, ; = PPmax; * TcPMX/'

PPmax; ; = PPmax; *(T — TcPMX; )
PPmax; maximal net production for algae type i at temperature T (1/day)
PPmax; = for TFPMx = 0: maximal net production at 0 € (1/day)
= for TFPMx = 1: maximal net production per €€ (L/day.®€)
TcPMX; = for TFPMx = 0: temperature coefficient for growth “)
= for TFPMx = 1: temperature where PPmax is zero (€)
T = temperature (¢)

Maximum growth rate vs temperature

25

2 —
7
P1s =
m e
a 1 " e
X = =
/‘//? =
05 /
0+
0 25 5 75 10 125 15 175 20 225 25
Temperature
Flagellates - Greens

‘+ Diatoms

- Microcystis - Oscillatoria

Respiration

Resp, ; = MResp; *TcResp/

MResp; = specific respiration rate for algae type i at 0 € (U/day)
Respir = specific respiration rate for algae type i at temperature T (1/day)
TcRespi = temperature coefficient for respiration O]

Mortality
Mort,;, = Mort0, ,, *TcMrt/
Mort; ; = Mort0, ., for T<5C

Mort;
TcMrt;

Mort . = MortQ, , *(T—25) forT>5C

= specific mortality rate for algae type i at temperature T (1/day)
= temperature coefficient for mortality €]

Salinity dependent mortality
_ (Mort2, - Mort0,)

Mort0; ., = WNBL(CI—MIE2, ) + Mort0;,
2+ )

Mort0;sy =  specific mortality rate for algae type i at 0 1€

(corrected for salinity stress) (1/day)
Mort0; = specific mortality rate for algae type i at 0 €€  (1/day)
Cl = chloride concentration (o/m®)
Mort2i = salinity dependent mortality rate at 0 °C (1/day)
MrtBli = coefficient b1 in the salinity stress function (m¥/Cl)
MrtB2i = coefficient b2 in the salinity stress function (gClim®)

mortality

Salinity dependent mortality

Salinity dependent mortality

0.2
0.18
0.16 1
0.14
0.12

0.1
0.08
0.06
0.04
0.02

— MrtB1 = 0.001
—— MrtB1 = 0.002

0 5 10 15 20 25 30 35 40 45

salinity
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Sedimentation by Algae Mixotrophic growth
dSedPhyt = NM%OOM (fSedAlg, ) dSedAlgN = NA‘EiZLODM (fSedAlg, x NCRAIg; ) .
z (Sty,; *Bm;) + Det, , = Det,
NAGBLOOM NAIGBLOOM i=1
dsedAlgP = 3" (fSedAl, x PORAlg, ) dSedAlgSi = )" (fSedAlg, x SCRAIg, ) n
= > ((St; — Sty ) *Bm;) + Nut, 4, = Totnut,
i=1

MM = mlmm flux of alg* !n Q':\rbon (g:jdaw Stgi = stochiometry of nutrient k originating from detritus in algae type i  (gk/gC)
dSedAlgN = sedimentation flux of algae in nitrogen (g\/day) Det,, = concentration of nutrient k in detritus at the end of the time step  (gk/m®)
dSedAlgP = sedinentation flux of algae in phosphorus (gP/day) Deti.a = concentration of nutrient k in detritus at the start of the time step ~ (gk/m”)
dSedAlgSi = sedimentation flux of algee in silicate (gSilcay)

Nitrogen Fixation Energy Constraints (1)

PPmax; ; *eff, = Mort, ; + Resp; ;
Z(Stfk‘i*Bmi)_FNZ:NZ ' ' Y

i=1

n eff, = production efficiency where production just compensates for mortality and
((St,; —Stg;) *Bm;) + Nut, ;. = Totnut, respiration (0 < eff,, < 1) )
=
Stg,i = stochiometry of nutrient k originating from nitrogen fixation (gk/gC)
3 = concentration of nitrogen gas. Nitrogen gase is assumed to be
never limiting, so both concentrations are infinite (gN/m%)

Energy Constraints (2) Growth Constraints
EXtoini < EXtong < EXtai
min,i — otalg — max,i _ % p ([PPmax; ;*eff —Resp;  J*dt)
Bman’! = an_dt e ! !
Ethini:Kn'in,i_K‘a EXtmax‘i = Kmax.i - Kna
n
_ * Bmax;, = maximum possible biomass of species j at the end of interval dt
Extyg = IZ:, (K; *Bm;) " (gDM)
= - . - . B
Extyins = Minimum extinction by algae needed to avoid photo-inhibition (Um) EITM = biomass of species Jdat ttl?e begtmnlfn(gl;zotfygterf\;al a . (gdm/m’)
P max; = maximum gross production rate ot -type Of) species | al
Extioalg = total_ extinction b)_/ algae ) ) (Um) ar temperaturg T it pectes) (Ucay)
EXtraxi = m_ax_lmum ext_lnct_lon by algae needed to avou_j self-shadlpg 3 (L/m) off = time and depth averaged prodluction efficiency 2
Kaini = m|n|mum extinction at y\h}ch.the r.1et. production of type i is positive; Respyr = respiration rate constant of (E-type of) species j at
below this level photo-inhibition limits growth. Wm) temperature T (Uday)
Krnai = maximum extinction at which the net production of type i is positive; dt = timeinterval (day)
above this level self shading limits growth (U/m)
Kw = total extinction minus extinction by algae (U/m)
Ki = specific extinction of algae type i (mP/gC)
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Mortality Constraints Extinction by Algae
- — Mort; ; *dt) NAlg BLOOM
Bmin, = Bm,,_, *e( M "
it it-dt ExtVIPhyt = Z (ExtVIAlg; x [BLOOMAIg,])
Bmin;, = minimum possible biomass of algae type i at the end of interval dt =t
(gDM.m’).
Bmire« = biomass of algae type i at the beginning of interval dt (gDM.mP).
Mortir = specific mortality rate constant of algae type i (1/day). ExtVIPhyt total extinction of visible light by all algae (m?)
NAlgeLoom  actual number of algae types )
) m . ExtVIAlg; specific extinction coefficient of algae type i (m*gC™)
Bmin,;, = z (Bmin;,) [BLooMAlg]  concentration of algae type i (gc.m?)
i=1
Bmin;, = minimum possible biomass of species j at the end of interval dt
(gDM.m%)
m = number of types in species j )

Monod type model

* Monod term nutrient:

Pn =Pnma [C,; ] (Ks; + C))]

N
12 \\\
c:a X\
I S

04 —]

Net growth per day
°
@

4 6
Extinction (per m)

-* Diatoms _—* Flagellates = Greens - Planktotrix

Monod type model : Monod type model :
jra F
* Monod term nutrient: ,Zs * Monod term nutrient: ,Zs
5 5
Pn =Pnma[C, / (Ks; + C)] o Pn =Pnma[C, / (Ks; + C)]

* Monod-type models consider nutrient and
light terms all at once:

Pn =Pg, > * E * C;/ (Ksy + C) - R, - M
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light terms all at once:

Pn, =Pgm**E *C, | (Ks; +C)-R, - M,

Monod type model :
oolf
* Monod term nutrient: ;::
i
Pn =Pnma[C, / (Ks; + C)] o
« Monod-type models consider nutrient and R R

-

Competition results

« If nutrients high, Monod term ~ 1.0 -~ BLOOM and Monod
model give same result if same light formulation
« If nutrients low:
« competition in Monod model depends on half saturation
constant Ks;

+ BLOOM result depends on nutrient stochiomety and
potential growth rate

* Result could be the same but may be different

Competition results
Species characteristics

« Greens

*« Pmax:1.3

+ Resp: 0.2

« Specific extinction: 0.08
m?/gdry weight

« lopt: 35 Watt

+ Ks, :0.003

« P requirement: 0.006 gP/g dry
weight

Cyanos

Pmax: 0.85

Resp: 0.05

Specific extinction: 0.16
m?/gdry weight

lopt: 20 Watt

Ks;, :0.001

P requirement: 0.004 gP/g dry
weight

Lake Veluwe 1975

< BLOOM + Monod model (steady state)
¢ 04
o o
| os
o * 1 03
H D) o &
o)
i os
3 »
0 < - o
o | -
m
. s w ow om om m W
R Tive
[—oreens — oymos — v

Lake Veluwe 1985

- BLOOM

Monod model (steady state)

Pt m e om0 a4 s o a4 |

[EDitoms DGreens mencs]

® oo
15

006
1
s 00

oW W o % W ™ oW w
Tive

[——Groons —cyanos —pisshu]

Comparison concluded

* In Monod model cyanos always win regardless if there is a
light or nutrient limitation

« In BLOOM cyanos win under light limitation and moderate
nutrient limitation (still high enough to make water turbid)
but Greens wins under moderate to strong nutrient
limitation

+ BLOOM better agreement empirical results
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Contents Validation: general

1. Overview of Delft3D modelling system « First application fresh water model 30 years ago, marine

2. Validation results phytoplankton model version 15 years ago

3. Set-up of Lake Volkerak Zoom models « Both models started with coefficients from literature (lab
and field)

+ Some adjustments were made during previous applications
(calibration)

+ Both model versions have been applied very extensively
(worldwide)

< At present over 90% of the coefficients are considered
‘fixed’, 5% might be adjusted locally (i.e. P sediment
fixation), 5 % must be adjusted locally (i.e. background
extinction)

n wi | delft hydra
i b

Validation DBS Lake Veluwe » Validation DBS Lake IJssel (Microcystis
dominated)

CENTHAAL WSSELMEER 19881969

L ==
n wi| delft hydr:'a'u — e e
=

'Delft3D-DBS validation Lake Pyhajarvi
(Finland)

* Note: Default coefficient values were used

— model run
NO3-N (ug/l) e e ements| Chlorophyll (ug/l)

350 3
300 30
250 2
- 2004 /'\
"Hee roons - = . 150 4+

w N A T
o N VT A A T A Y R Y
NERWALY AR VAR

01011996 31-12-1996 01011998 02-01-1999 02012000 02-01-2001] | 01011096 31-12-1996 01-01-1998 02-01-1999 02-01-2000 02-01-2001f
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Overall validation DBS 46 Dutch cases

0 50 100 150 200 250 300 350 400
Observed Chl-a (ug I-1)

Overall validation DBS trends

« Lake Wolderwijd « Lake Veluwe

Chia (ug 1)
Chia (ug 1)

100 1 — —

50+ —

o+ B L
1975 1976 11977 1978 1979 1980 1981 1982 1983 1985

Observed [l Simulated

o o e
1075 1976 1977 1976 1970 1980 1081 1062 1983 1969 1990 1991 1992 1993

Observed [l Simulated

Validation Delft3D-GEM Terschelling (Dutch Coast)

P

Validation GEM Lake Veere

— « 410 se;rgéﬁts horizontal, 31 layers vertical

meteo: KNMI station Vlissingen

Pdligh computational burdon (5 year period, 1,7 GHz PC): 5,2
ays

—— Surface
— Bottom

Validation GEM Lake Veere

—— Surface
— Bottom
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Validation GEM Lake Veere =~ —— Surface
— Bottom

Contents

1. Overview of Delft3D modelling system
2. Validation results phytoplankton model
3. Set-up of Lake Volkerak Zoom models

Set up ake Volkerak Zoom model
General

« Main question: is flushing a solution for the Microcystis
problem of Lake Volkerak Zoom?

* We have used a generic model for this specific question

< Certain aspects i.e. sediment kinetics, competition between
phytoplankton species, nutrient scenarios and marine
scenarios were considered but focus on answering main
question!

Set up ake Volkerak Zoom model
Both fresh and marine variants

* Meteo forcing from Met office near by (Vlissingen)

+ Water balance based on measurements (present condition)
or calculated (scenarios)

< Nutrient loads from measured concentrations x flow rates

* Mostly default coefficients

+ Some local adjustments i.e. background extinction

* Mixed fresh water — marine phytoplankton species
assembly (first application of its kind this study)

« Salinity dependent mortality

+ partly based on measurements (Microcystis), partly
expert knowledge

Set up Lake Volkerak Zoom model
Difference fresh - marine

« Fresh water conditions: 2D vertically averaged
hydrodynamics
« Sufficient vertical mixing

< Sediment water exchange P based on empirical results
Lake Volkerak - Zoom

« Marine conditions: 3D 10 Layer sigma model
« vertical density gradients due to salinity differences
« Sediment water exchange P based on empirical results
Lake Veere (most comparable)

« Optional grazing by mussels based on observed densities
Lake Veere
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Nutrient loads

Huidige debieten egs
s[nremengenar]  © Under reference conditions

[fonPla | fonP ] fonN X .

T " dominated by Dintel

Dintel s T

Viet T 17 = + Both freshwater and salt

[Kram . .

[Rest 7 water flushing scenarios lead

Totaar =

to enhanced loading by
Hollands Diep

Flushing combined with
nutrient reduction still results
in considerable increases in

load

Referentie (=2000) | Autonome ontwikkeling | MTR normen gehaald
[ionPjaar] Tiontijaar JionPiaar] JlionNjaar] JronPaad TionNjaar .
35| so11]

9

Zoet
Referentie (=2000) | Autonome ontwikkelin
fonPijaar |{onNVjaar][[tonPjaar] ] tonjaar]

WITR normen gehaald
fonPljaar]_[tonNjaai]

57 15034 531 S T T ]
4 3571) 524

b T b 1576} 1 322
1 [ 1 I 14

P2 I S P
T2 W o 6% 100

= iﬁ

conditions

« Empirical relation for
sediment adsorption or
desorption as a function of
period of year

+ Scaled in proportion to
changes external loading

Additional P sediment flux present

Fosfaat nalevering
0015
oo
5 0005
E
E-n 005 \
= oo
0015
2000 2000 ju2000 02000
[—Rer—Au—wr 0

tl e —
L1

L

Crorcphyl-a concentrition (mpiwd)
g &

Calibration Delft3D-DBS 2000

Messurements |
CALIO00

QI2000 032000 042000 013001 OINO0T QIO Q4001 012002
[

Calibration Delft3D-DBS 2000

Your st hare (double cick 1 changa]

I OREEM F - Stowntenger
I FOATENE | -8 -
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Calibration Delft3D-DBS 2000
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Validation 2002

* Inputs partly copied from 2000
« Sediment exchange function taken from 2000 simulation
* Results in overestimation of total P

Validation Delft3D-DBS 2002
—

e
g
g

P em  om  am  om

L T

‘n wi | delft hydraul i

Validation Delft3D-DBS 2002

F - Steenbergen
250
Measrements
al2002
valR0oe
200}
Enw..
E ¥
Elw-
‘\u\ J
50/, v
- S 2O 29 %0 " ——o o o
@1 2002 a2 2002 @3 2002 ©4 2002 a1 200
B

Validation Delft3D-DBS 2002

Nisr e v (St ik 1 )

FIRATOME

SR A W0
Yiour fiemes Rt doutie-cick 1 changs)

T L —
I FVATONS | - Staambargen
I CHOCTS F - Srsrbargen

0e0 1

Conclusion adequacy model

* Fresh water model (Delft3D-DBS) is well validated
« Fresh water model results Lake Volkerak Zoom adequate (‘fit for
purpose’)
* but 2000 agrees better with observations than 2002
« Can be used for scenario prediction

« Marine model (Delft3D-GEM) is well validated
« but a marine Lake Volkerak Zoom does not exist yet
« Empirical results other sy in region valuable but expected
conditions in Lake Volkerak Zoom not exactly the same
« Relatively high loadings, typical morphometry, short residence
time
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Appendix E: Presentation Simon Groot (Delft Hydraulics)
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System-analysis Lake Volkerak — Zoom

The water quality is determined different aspects:

* The hydrodynamics (residence/mixing time);

* The salt concentration and the related occurence of
density stratification;

¢ The load of nutrients over the boundaries (from
Rhine, Brabant rivers, Oosterschelde/Northsea);

e Theinfluence of the bottom/bed (resuspension of
phosphorus, influence of mussels, etc).

Model-simulations Lake Volkerak —
Zoom

» Reference situation (with 2D model)

* Fresh water variant 100 m3/s (with 2D model)
* Fresh water variant 150 m3/s (with 2D model)
» Salt water variant 50 m3/s (with 3D model)

» Salt water variant 30 m3/s (with 3D model)
All above simulations for 3 nutrient-scenarios:

¢ Present nutrient loads (= situation 2000)

* Autonomous developments

» Realisation of MTR standards (Max. Tolerable Risk)

Used kinetics/description for algae
model

* Much time has been spent to define and base the
finally used model descriptions and coefficients;

» All available monitoring data from UvA laboratory
concerning blue-green algae (Microcystis) used;

» The finally chosen algae model formulation has been
validated with monitoring data from 2002;

* A solid and quantitative description of the algae
formulations was considered necessary to obtain
reliable results and conclusions.

Reference / present situation:

« inflow of fresh water through the small
rivers in Brabant;
inflow of 0.5 m3s salt water through
the Krammer sluices by leakage; .
inflow of 2.5 m3s fresh water through
the Volkerak sluices (shipping-loss);
outflow of 10 m3/s water through the
Krammer sluices (shipping-loss);

« outflow of the remaining water to the
south through the ‘Bathse Spui’-sluice

Schematisation / grid for 2D model
application

System-analysis Lake Volkerak — Zoom

e The aimed solution through “flushing” tries to
shorten the residence time in such a way that the
blue-green algae (Microcystis) have not enough
time to develop a significant biomass;

* The alternatives using flushing have on the other
hand also a big influence at the nutrient load of the
water system Krammer-Volkerak-Zoommeer.
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Residence time of HD/HV-water on 1 augustus Residence time of HD/HV-water on 1 augustus
Calculated age, top layer, all sources % W
1-Augustus L
" 3 4( B . £
e~ ) -4 e :
= J x ; '
zout-50 zout-30 =
2000 zoet-100 - f 15
Nk
ho 10
|

10

Used boundary concentrations:

1. Present situation: all boundary concentrations as in the
year 2000;

2. Autonomous development: as in the year 2000, with:

« Brabant rivers: stand-still for P and 15% reduction
for N;

* Hollandsch Diep: 18% P-reduction and 36% for N;

3. MTR-standards have been realised: TotP < 0.15 mg/l and
TotN < 2.2 mg/l.

‘n wi | delft hydraul i

Reference-situation (3 nutrient load

scenarios)
Stesrbergen, debiet= 2000 Ioommess, debist = 2000
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Chlorophyll-a for 2000 reference

Chiorepiyba concetraton gl
wtg O-Sep3000000000

[ | w-_mm

Total nitrogen for 2000 reference

sigae] ighim3)

ot gen (nchcing
w10 O1-5ep200090 0000

»

Total phosphorus for 2000 reference

bt phaghonss (nckekng sigas | (gPamd)
war O1-Sep3000000000

28 018

Conclusions simulations reference/present

situation: ) ) )
* VZMis a water system with a long residence time;

¢ (Blue-green) algae have enough time to grow;

« Eutrophic system — nutrients not limited for growth;

* Therefore high biomass and violation of standards;

¢ Load reduction to MTR-level works, but insufficiently;

* |solation of Brabant rivers: results in a N+P limitation with

o8

a7

chlorofyl concentrations of about 100 ug/l, but the salt
concentration increases to some 1000 mg/l due to leakage
at sluices. Result is almost comparable with MTR-run.

2 Fresh water alternatives

« inflow of fresh water through the rivers
in Brabant;
inflow of 0.5 m3s salt water through
the Krammer sluices by leakages;
inflow of minimal 100 or 150 m?/s fresh
water in the summer through the
Volkerak sluices;
outflow of 55 m3/s water through the
Krammer sluices;
maximum discharge to the south
through the ‘Bathse Spui’'-sluices.

13 m3fs

Fresh watr alternative 100 m3/s (3 nutrient

scenarios)
» ‘Srenbergen, debiet = z0et100 . Zoommesr, deblet= zoet-100
160 160 4
— Wil [—ml ?41
sl —_— kI
- gr.'o- i Nt
E L 4
D w1 |
fa Eul AL
@ A 9 | |
260 ) £601 f
o L a
a0 M\ 404
J2 |
0 i \ 01 |
f \ ]
| I S - 0 — i +
i T ul o jan apr M ok
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Fresh water alternative 150 m3/s (3 nutrient
scenarios)
& ‘Seenbergen, debiet = 2088160 5 Zoommeer, deblet = zoet-150
it 1
160 180
L) —ref 140 —ief |
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Chlorophyll-a for 100 m3/s scenario
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Total nitrogen for 100 m3/s scenario
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[ | w-_mm

Total phosphorus for 100 m3/s scenario
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Conclusions fresh water alternatives:
¢ Short(er) residence times, but....

« (Blue-green) algae still enough time to grow;
« Eutrophic system — nutrients not limited for growth;
* Therefore only small decrease of biomass levels;

¢ Load reduction until MTR-level has no effect due to the
enormous inflow/flux of both water and nutrients;

¢ “Flushing” is not the same as “cleaning” the system;
¢ Availability of enough fresh water is point of concern;

« Release/resuspension of bottom-phosphate needs check.

2 Salt alternatives:

« inflow of fresh water through Brabant rivers;
inflow of 30 of 50 m3/s fresh water through the
Volkerak sluices to combat salt intrusion;

« inflow of 110 m¥s salt water & outflow of 55 .
m3/s through Krammer sluices & Philipsdam;

* maximum discharge to the south through the
‘Bathse Spui’-sluices.

Some pical time-variable results for
salinity

3D-calculation result for salinity (salt
alternative)
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Salinity and chloride-concentrations (salt-50 & salt-
30)

Vollsrkliomnur Zout 7o |, Zout — 12000

12000

11000
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Salinitelt [okal
.-

e
B0E

z
oo

" = 000

9 v . . gLt

. more simulations Lake Volkerak —
Zoom
« Reference situation
« Reference —isolation of load from rivers in Brabant
« Fresh variant - 100 m3/s Volkerak sluices
¢ Fresh variant - 150 m3/s Volkeraksluices
e Salt variant - 50 m3/s Volkeraksluices
e Salt variant - 30 m3/s Volkeraksluices (+/- graas)
e Salt variant - 100 m3/s net Krammer - Diepsl/Volk 30 m3/s
e Salt variant - 100 m3/s net Krammer - Diepsl/Volk 50 m3/s
e Salt variant - 100 m3/s net Krammer - isolation Brabant
¢ Salt variant - 55 m3/s Kr - Volk 30 m?/s - isolation Brabant

. more simulations Lake Volkerak —
Zoom

¢ Check results at the A3-form with salt simulations

Conclusions salt alternatives:

* No blue-green algae due to high salt concentrations;

¢ Short(er) residence time, but....

* Marine algae have enough time to grow;

« Better light conditions in salt water means better growth;
« Therefore relatively limited decrease of total biomass;

« Extrainflow of salt water at Krammer sluices gives only
limited decrease of nutrient levels (especially N);

¢ Isolation of Brabant gives big N-reduction, but P=same

¢ Nand especially P almost everywhere limiting growth.

Conc u5|ons salt alternatives:

(contlnu
Inflow of nut ents and sediment-flux is transformed in a

biomassa of about 80 ug/l for most salt alternatives;

¢ Grazing by mussels may considerably reduce biomass;

* Fresh = Salt Transition period needs more analysis;

¢ Check whether 30 m3/s is enough to combat salt intrusion
through Volkerak sluices;

¢ Check validity of of uniform autonomous P-sediment flux;

¢ What is the risk & probability of toxic marine algae.

Nutrlent Ioads

Huidige debieten
Referenne

Rest 28] 754] 28] 754] 28] 754]
Totaal 156 7188 153 6151 122 2231

ZDUl

lonome onlw\kkelm

H.Diep
Dintel
Tiet
ram
Rest
Totaal 576 13609 440 10545 423 6702

Zuel

H.Die|
Dintel
Tiet

ram 1
Rest 28] 754] 28] 754] 28] 754]

Totaal B12 22764 692 16119 685 10948
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