The influence of a mussel
seed collector on
phytoplankton of the
Wadden Sea

Thesis report
Pascalle Jacobs
2009

The influence of a mussel seed collector on phytoplankton of the
Wadden Sea

MSc student:
Supervisors:

Pascalle Jacobs
Prof. Han Lindeboom
Dr. Roel Riegman
Dr. Bert Brinkman

May-November 2009
Report nr 014/2009
Wageningen University
Chair Aquatic Ecology and Water Quality
&
IMARES Texel
Institute for Marine Resources and Ecosystem Studies

Photo front page from www.marlin.ac.uk

This report is for internal use only
Not to be cited without permission of the supervisors
2

Preface
This report is the result of a MSc thesis project for Management of Marine
Ecosystems, specialization of Marine Ecology at Wageningen University. The study
was conducted at the Institute for Marine Resources & Ecosystem Studies
(IMARES) in Texel, under the supervision of prof. dr. Han Lindeboom, dr. Roel
Riegman and dr. Bert Brinkman. For 6 months, I was introduced into the world of
phytoplankton, mussels and their mutual interactions.
The Dutch Ministry of Agriculture, Nature and Food Quality aims to ban mussel seed
fishery by 2020 in the Dutch Wadden Sea because of its destructive effects on
mussel beds and other benthic fauna. However, a ban can only be put in place,
according to the Ministry, when there is an alternative for seed fishing. A promising
alternative for fishing is the collection of mussel seeds on ropes and nets which are
hanging in the water column. At present there are several collectors in place in the
Wadden Sea and studies are needed on the effect of these collectors on the
ecosystem before up-scaling the number of collectors. In this study the local effect
of one seed collector on the phytoplankton in the Wadden Sea was investigated.
In six months, I have learned a lot and only a very small portion of what I learned,
ended up in this report. I especially want to thank Roel Riegman, who is an
inexhaustible source of information!
Others who I would like to thank are Han Lindeboom and Bert Brinkman for being
my supervisors (that must have not always been easy ☺), Gerhard Cadée (NIOZ)
for assistance with phytoplankton determination, Eric Meesters for advice on
statistical analysis, Pauline Kamermans (IMARES Yerseke) and Jacco Kromkamp
(NIOO) for advice, Karel Bakker (NIOZ) for nutrient analyses, Piet Wim van
Leeuwen and Arnold Bakker for navigating the vessel “Zilvervisje”. Maarten van
Hoppe and Elisa Bravo Rebolledo for assisting with field work and Sophie Brasseur
for taking the extra effort of flying over the msc to take pictures. And everyone at
IMARES Texel and Den Helder for being such good company.
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Summary
In this study the effect of a mussel seed collector (msc) on phytoplankton in the
Wadden Sea was investigated. Msc’s are developed to serve as an alternative for
the mussel seed fishery, which damages the benthic ecosystem.
Mussels filter water and in this way clear water from particles like phytoplankton,
zooplankton and silt. It is unknown what the effect is of a large scale introduction
of msc’s on the Wadden Sea ecosystem. To study the possible effect the following
was executed; Samples were taken on three occasions in the summer of 2009 at
locations (before, in and after) around the msc. Samples were subsequently
analyzed for nutrients, chlorophyll-a and pheophytin (a degradation product of
chlorophyll-a) and species composition. Also light, temperature and salinity
measurements were performed.
It was expected that mussel grazing would increase water clearance, decrease
phytoplankton biomass and would increase nutrient recycling (PO4 and NH4) due
to excretion by mussels. Excreted nutrients can be taken up by phytoplankton
and this would hypothetically result in an increased growth rate of plankton after
passing through the msc, when allowed to grow for a few days. With regard to
phytoplankton species composition it was expected that some species would be
preferred by mussels. The abundance of these species in samples after passage
would then be lower. Species that are inedible would not be affected.
Picoplankton, due to its small size, was expected not to be eaten by mussels and
would therefore be present in a higher percentage of total phytoplankton in the
samples after passage compared to before. With regard to picoplankton nothing
could be concluded; the filters got clogged and the results are therefore unreliable.
Results showed that there was no measurable effect of the msc on light
attenuation. There was no effect of the msc on nutrient concentrations and
phytoplankton did not seem to have taken up any nutrients when passing the msc.
The concentration of chlorophyll-a increased in July and August, in samples after
the msc. For the other parameters there was no differences between the locations
before and after the msc. In both August and September this is expected to be
due to the possibility that the measurements around the msc were not done in
the same water mass. The phytoplankton composition confirmed this for
September; samples taken before the msc had a lower number of cells than
samples taken after the msc.
It was concluded that it is very difficult to measure differences in the parameters
mentioned and very accurate methods need to be applied to prove any possible
effects of the msc. It was further suggested that in the future it would be needed
to set-up mesocosm experiments to study nutrient recycling and plankton
preferences of mussel seed. With the up-scaling of the number of msc it is
necessary to monitor changes in the Wadden Sea, for example the growth of
mussels. Reduced growth is a stress-indicator. And stress-indicators can act as an
early-warning system of changes in primary production in the Wadden Sea.
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Samenvatting
Dit rapport beschrijft de resultaten van een onderzoek naar het effect van een
mossel zaadinvang installatie (mzi) op het fytoplankton van de Waddenzee.
Mzi’s zijn ontwikkeld als alternatief voor mosselzaadvisserij, door op mosselzaad
te vissen wordt het bodemleven beschadigd.
Mossels filtreren water en halen op deze manier deeltjes zoals algen, zooplankton
en slib uit het water. Het is onbekend wat het effect is van het introduceren van
een groot aantal mzi’s op het ecosysteem van de Waddenzee. Om dit te
onderzoeken is het volgende ondernomen: Op drie momenten in de zomer van
2009 zijn er monsters genomen rondom een mzi (voor, in en achter). De
monsters zijn geanalyseerd voor aanwezige nutriënten, chlorofyl and faeofytine
(omzettingproduct van chlorofyl) en soortensamenstelling. Ook werden het licht
onder water, het zoutgehalte en de temperatuur gemeten.
Verwacht werd dat filtratie van het water door de mossels zou leiden tot
helderder water, verminderde algen biomassa en een verhoogde recycling van
nutriënten (PO4 and NH4) door uitscheiding door mossels. Uitgescheiden
nutriënten kunnen worden opgenomen door algen en dit zou kunnen leiden tot
een toegenomen groei van algen die de mzi zijn gepasseerd na een aantal dagen.
Wat betreft soortensamenstelling van het fytoplankton werd verwacht dat
sommige soorten selectief werden begraasd, deze soorten zouden na het
passeren van de mzi een lagere dichtheid hebben. Voor soorten die niet eetbaar
zijn zal er geen effect zijn van de mzi op de dichtheid. Picoplankton wordt
waarschijnlijk niet effectief begraasd door mosselzaad vanwege de kleine
afmetingen. Om deze reden wordt verwacht dat picoplankton een groter aandeel
van het totale plankton zal uitmaken na passage van de mzi.
De resultaten laten zien dat er geen meetbare effecten zijn van de mzi op de
lichtuitdoving. Er is geen effect gevonden van de mzi op nutriënten concentraties
en fytoplankton dat door de mzi is gegaan leek geen nutriënten te hebben
opgenomen.
De chlorofyl concentratie nam toe na passage in de maanden juli en augustus,
terwijl de verwachting was dat de concentratie zou afnemen. Over een toename
van picoplankton kon niets worden geconcludeerd; de filters raakte verstopt en
dit leidde tot onbetrouwbare gegevens.
Voor de meeste parameters is dus geen effect van de mzi gemeten. In zowel
augustus als september bestaat het vermoeden dat dit komt doordat de monsters
voor en na passage gemeten zijn in verschillende water massa’s. De fytoplankton
samenstelling bepaald voor de verschillende monsters in september bevestigde
dit; in monsters na passage zaten meer algen cellen dan daarvoor.
Geconcludeerd werd dat het erg lastig is om effecten van een mzi te meten en er
zijn dus zeer nauwkeurige meetmethoden nodig om mogelijke effecten aan te
kunnen tonen. Verder werd gesuggereerd dat voor toekomstig onderzoek het
verstandig is om mesocosm experimenten op te zetten. Alleen op deze manier
kan de nutriënten recycling en de voorkeur van mossels voor bepaalde soorten
plankton accuraat worden bestudeerd.
Wanneer het aantal mzi in de toekomst opgeschaald gaat worden, is het nodig
om mogelijke veranderingen in de Waddenzee goed in de gaten te houden. Dit
kan bijvoorbeeld door de groei van mosselzaad te monitoren. Verminderde groei
is een indicatie van stress. Deze, en andere stressindicatoren kunnen dienen als
een ‘early-warning’ systeem. Maatregelen kunnen dan worden genomen om
verdere negatieve veranderingen tegen te gaan.
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1.

Introduction

1.1
Why this research
The Wadden Sea is recognized as a unique nature area, both nationally and
internationally (UNESCO World Heritage site). This tidal area has many different
habitats and offers therefore room for more than 10.000 animal and plant species.
Every year 10 to 12 million migrating bird visit the area to rest and feed here
(World Heritage, 2009). The Wadden Sea is protected by both national (‘PKB
Waddenzee’) and EU regulations (Bird and Habitat Directives). But although the
protection and restoration of nature is given priority, there are possibilities for
sustainable co-use of the Wadden Sea (LNV, 2009).
At present still some activities take place in the Wadden Sea that are considered
unsustainable. One of these activities is the harvesting of mussel seed. Fishing for
seed is destructive for natural mussel beds and other benthic organisms. The
Dutch government wants to allow the harvest of mussel seed in the Wadden Sea
only when an alternative is found for the disruptive seed fishing (Kamermans et al,
2008). Research has been done to investigate alternatives and a promising one is
the collection of seeds on ropes or nets, so called mussel seed collectors (msc).
In 2005 some pilot projects started in the Wadden Sea (Scholten et al, 2007) and
the results led to the aim of the Ministry of Agriculture, Nature and Food Quality
to replace all seed fishing by mussels seeds collectors by 2020. The total amount
of seeds harvested then is expected to be 40 million kilograms fresh weight a
year (LNV, 2009). As a start, 20% of the catch areas in the Wadden Sea have
been closed to seed fisheries in spring 2009. Collection devices are placed to
compensate the lost. In the following years the number of collection devices will
increase in a step wise manner (LNV, 2009).
Although msc will decrease the disturbance on the bottom community it remains
unknown whether the large scale introduction of mussel seeds devices has any
negative effects on the ecosystem. Research is needed to establish the carrying
capacity of the Wadden Sea ecosystem for msc. Carrying capacity is defined here
as the amount of mussel seed that can be captured in the Wadden Sea without
negatively influencing the food supply for mussels or other primary consumers
(Kamermans and Smaal, 2009).
This study will focus on the local effects of msc on the base of the food web of the
Wadden Sea; the phytoplankton. In this introduction the ecology of mussel seeds
will be discussed as well as the principle of the mussel seed collectors. Results
from other studies on the effect of mussel cultures, mainly hanging cultures, on
ecosystem level will be presented as well as some preliminary results from pilot
projects on msc in the Wadden Sea. Finally the hypothesis that will be tested in
this thesis project will be mentioned.
1.2
Mussel seed feeding behavior
The blue mussel, Mytilus edulis, is a filter-feeder; water is filtered through the
gills and the nutritional components of the suspended matter are retained. The
rate at which water is filtered and food is taken up depends on several factors.
One factor is mussel size, with larger mussels filtering more water per unit of
time, but smaller mussels having a higher filtering rate per unit of body weight
(Brinkman and Smaal, 2003). Another factor is particle size, with larger mussels
being able to effectively filter out larger food particles (Kiørboe and Møhlenberg,
1981). Riisgard et al. (1980, in Raby et al, 1997) found that mussel larvae of 5
days and 13 days old (150 and 170µm in size respectively) consume no particles
smaller than 1 µm or larger than 9µm. The most effective clearing rate was found
for particles between 2.5 and 3.5µm. Nanoplankton is considered the main food
for mussel larvae, because of the body size ratio between mussel larvae (150300µm) and nanoplankton (2-20µm) (Hansen et al, 1994). Picophytoplankton
(0.2-2.0um) is not captured effectively (Cranford et al, 2006).
Mussels can also regulate their filtration rate (volume water filtered through gills
per unit time) in response to particle quality (Prins, 1996). A higher organic
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content of the SPM (suspended particle matter) leads to an increase in clearance
rates (volume of water cleared of particles per unit time), while the presence of
large quantities of the species Phaeocystis is thought to inhibit filtration (Prins,
1996). Bivalves seem to be able to selectively feed on higher quality food
particles (Navarro et al, 1992), thus having the potential to alter the
phytoplankton species composition (Prins et al. 1997). Particle quantity is said not
to influence filtration rate. According to Navarro and co-authors (1992) Mytilus
edulis maintains a constant pumping rate independent of the food concentration.
At higher particle concentrations pseudo-feces production is increased.
Filtration rate is also said to be influenced by wave impact and current velocity
(Buschbaum and Saier, 2001). Widdows and Navarro (2006) did not find
inhibition of filtration rates up to 0.8m/s as was suggested by Wildish and Miyares
(1990) but they did find local algae depletion at very low velocities (<0.05 m/s).
Particles retained by the gills and not rejected as pseudo-feces are ingested and
digested. After digestion excess material is excreted as feces. In addition to the
excretion of feces and pseudo-feces mussels are known to excrete large amounts
of NH4+ (Dame and Dankers, 1988) as well as other nutrients as a by-product of
the digestion process.
Most authors consider phytoplankton to be the main food sources for mussels but
more recently the importance of (micro) zooplankton is recognized as well
(Horsted et al, 1988, Trottet et al, 2008a,b). Trotted and co-researchers (2008b)
found a low preference of mussels for picoplankton, an intermediate preferences
for dinoflagellates, pennate diatoms and centric diatoms and a high preference for
ciliates and Chrysophytes (heterotrophic flagellates). In another study they found
a negative relationship between mussel cultures and both ciliates and
heterotrophic nanoflagellates (Trottet et al, 2008a). It was argued that the
preference for ciliates over diatoms was due to ciliates being more nutritious than
phytoplankton cells. They are relatively rich in nitrogen and contain more carbon
per cell than phytoplankton (Trottet et al, 2008a).
1.3
Mussel seed collectors
A mussel seed collector is a set of ropes or nets hanging under water. The device
makes use of the principle that in spring mussels reproduce and produce small
planktonic larvae. The larvae remain planktonic for 3 to 6 weeks before settling
on hard structures. At the time of settling the larvae are about 0.3mm in size and
have formed the beginning of a shell. After settling the larvae are called seed.
The seeds that settle on existing mussels beds experience high mortality due to
predation. Settling on ropes or nets in the water increases the survival of the
seeds. Seed is harvested several times a year, usually when between 5-20mm.
The final harvest takes place around September; seeds by then have reached
sizes between 5 to 35mm. The mussel seed is harvested and subsequently sown
on culture lots to grow to their full size in two to three years (Kamermans and
Smaal, 2009).
1.4
Expected ecosystem effects of MSC
Not much is known of the effect that mussels seeds collectors can have on
phytoplankton. The studies that have been conducted focused on the effect of
mussel hanging cultures on a given ecosystem. Conclusions on the effect of
mussel cultures on phytoplankton vary. Dolmer (2000), Ogilvie et al (2000 and
2003) in winter and Cranford et al (2007) found a decrease in phytoplankton
biomass in areas with mussel cultures, while others found no effect (Trottet et al,
2008a) or an increase in chlorophyll-a (Ogilvie et al, 2003, Ogilvie et al, 2000) in
summer.
Trottet and co-authors (2008a) found an increase in primary production in areas
with mussel cultures. Other effects of mussel cultures on plankton were an
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increase in picophytoplankton densities (Olsson et al, 1992, Cranford et al, 2003,
Trottet et al, 2008b) a decrease in zooplankton (Lehane and Davenport, 2006)
and a decrease in ciliates (Cranford et al, 2006, Trottet et al, 2008b).
That mussels enhance nutrient recycling has been found in several studies (Dame
and Dankers, 1988, Richard et al, 2006, Cranford et al, 2003). And nutrient
recycling was found to be different for the different nutrients involved. The
magnitude of fluxes at the mussel line interface decreased from NH4 >> Si(OH)4,
PO4 >NO3 > to NO2. With the latter two nutrients being the product of
mineralization of NH4 by bacteria. A study by Prins and co-authors (1994) showed
a decrease in suspended particulate matter due to mussel filtration.
These effects of mussel cultures are likely to interact. Since mussels do not
efficiently capture the smaller sized fraction of the phytoplankton (picoplankton:
0.2-2.0µm), the relative numbers of this size group might increase. A further
increase of picoplankton might occur because predators of picoplankton, ciliates
and flagellates, are effectively ingested by mussels (Cranford et al, 2009) and
grazing pressure is thus relaxed for picoplankton.
Increased nutrient availability due to excretion by mussels is likely to favor
phytoplankton growth (Riegman et al, 1993) in a nutrient limited system. In a
light limited system, reduced turbidity due to a reduction of suspended particulate
matter might increase phytoplankton growth, but to a much lower extent.
Especially fast growing species are likely to profit from the increase in nutrients or
light. Species that have a high specific growth rate are small species because of a
high surface/ volume ratio and some diatoms because building a silicate skeleton
is less costly compared to a carbon skeleton (Cranford et al, 2003). It is even
hypothesized that large amounts of mussel cultures can lead to the increase in
abundance of harmful species and a higher likelihood of harmful algal blooms
(Cranford et al, 2009).
Another possible effect of large scale mussel cultures is the increased deposition
of organic matter. It is argued that this deposition causes an energy transfer from
the pelagic food web to the benthic food web (Cranford et al, 2006). Deposition of
organic material might also lead to habitat degradation and anoxic conditions at
the bottom, with the latter also having an effect on nutrient recycling (Cranford et
al, 2003 and 2006). At some point these organic compounds are mineralized and
the inorganic nutrients become available to the phytoplankton (Cranford et al,
2003). Deposits of organic feces to the bottom also mean that nutrients are
retained into the Wadden Sea for a longer period of time, instead of being
exported to the North Sea.
1.5
Preliminary results
In 2008, the first results from pilot studies on msc in the Dutch Wadden Sea have
been analyzed. A total of 2.7 million kg seed was harvested (from an effective
production space1 of 385 hectares). The biomass development of the mussel
seeds was modeled and calculations showed that the extra filtration pressure of
the mussel seeds was no more than 1.1% per day. Most likely, the number of
msc present had no measurable effect on phytoplankton biomass in the Wadden
Sea (Kamermans and Smaal, 2009). It was therefore recommended to study the
possible effects of a msc at a local level e.g. around one msc. A modeling exercise
by Brinkman (in Riegman et al, 2009) on possible outcomes of measuring around
a single msc indicated that the filtration pressure is sufficiently high to measure
differences in phytoplankton biomass before and after the msc (see Box 1
Modeling).
1

Length of the msc + distance between msc* width of msc + space needed to
maneuver between msc's (Kamermans and Smaal, 2009).

9

In this study measurements were done to validate the model calculations.
Questions to be answered are whether msc influence chlorophyll-a concentrations
(a proxy for phytoplankton biomass), what limits phytoplankton biomass (light or
nutrients) and, if nutrients are limiting, what nutrient is limiting phytoplankton
growth. It was also expected to answer the question whether limitations
decreased due to increased nutrient recycling by mussels. The following
hypotheses were formulated:
1. Water is less turbid after passage through the msc due to filtration of the water
by mussels. So more light is available after passage through the msc for
phytoplankton growth
2. Nutrient concentrations are higher inside and after passage through the msc
because mussels excrete nutrients, both organic and dissolved inorganic nutrients.
So more nutrients are available for phytoplankton growth after passage through
the msc.
3. Excreted dissolved inorganic nutrients can be taken up by phytoplankton.
Uptake of (limiting) nutrients allows phytoplankton to continue growth. When
allowed to grow for a week, phytoplankton in water samples taken after passage
through the msc can attain a higher biomass compared to samples from before
passage.
4. Adding nutrients to nutrient limited algae is expected to lead to a decrease in
steady-state fluorescence due to increased cell activity as well as to a more
efficient use of the phytoplankton’s photosystem (Roberts et al, 2008, Beardall et
al, 2001a,b). Using these two indicators might prove a useful method to
demonstrate which nutrient is limiting in field samples.
5a. Total chlorophyll concentration is expected to be lower in water samples taken
after passage through the msc compared to before passage due to consumption
of phytoplankton by mussel seed.
5b. Grazing by mussels degrades chlorophyll-a into pheophytin. It is therefore
expected that pheophytin concentrations are higher at locations after the msc
compared to before the msc.
6. It is expected that in water samples taken after the msc, picoplankton (0.23.0um) as a percentage of total algae, is larger compared to samples taken
before the msc since mussel seeds are thought not to graze effectively on this
size class of phytoplankton.
7. Because of selective grazing by mussels it is expected that species abundances
in water samples before and after passage through the msc is different. Edible
species will show a lower abundance after passage and inedible species will not
be affected.
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Box 1. Estimated effect of a msc on phytoplankton
The msc consists of a number of nets hanging from a tube, 3 meter under water. The distance between nets
from east to west is 40 meters and the distance between from north to south is 20 meters (figure 1). In total
there are 7 nets in the east-west direction.

N
net: 110m

net: 110m

20m
water flow
40m
Figure 1 Box 1. A simplified drawing of two sets of nets to collect mussel seeds.
Water with particles passes the nets and mussels filtrate the water, reducing the concentration of food
particles. To estimate the effects of a msc on phytoplankton biomass some calculations have been done. A
thorough description can be found in Riegman et al (2009).
Important parameters for the estimation of the msc effect are 1. The size of mussels because size determines
filtration rate (filtration rate=a*(Mussel mass)b). The assumption is that at each moment all mussels are of
the same size. 2. The filtration capacity (m3 water filtered per unit time per individual). If the number of
mussels on one net is known, the filtration capacity of that net (m3 water filtered per unit of time) can be
estimated. The density on the net varies throughout the year. Here we calculate the effect of a msc in mid
July.
Estimates by Brinkman (in Riegman et al, 2009) show that in mid July the filtration capacity per net equals
125m3 water/ m-2 net/ day (food content is 1 g DW/m-3). Each net has a surface of 330m2 and water passes
7 nets before leaving the msc again. So, the total volume of water that can be filtered by the mussels on this
strip of the msc is 125*330*7=2.8 105 m3 water per day, this equals 1.2 104 m3/ hour.
The velocity of the water together with the length of the msc determines the residence time and thus the
time mussels have to filtrate the water.
Velocity here is set at 0.2m/s-1, the estimated velocity just before high or low tide.. The length of the msc is
1000m (770m and 40m distance between two nets). It thus takes 1.4 hours (5000 seconds) for the water to
pass the msc. The water mass that passes the 7 nets is the length of the msc including spaces between nets
(1000m), width between nets (20 meters) and the depth of the nets (3m) (figure 1). This is a mass of 6.0
104. Mussel can filtrate 1.2 104 m3/ hour and the water has a residence time of 1.4 hours, the mussels can
thus filtrate 1.7 104 m3. This is 28% of the water mass that passes by.
Note that the biomass per net, the velocity and the food content of the water all influence the above
calculation. A higher biomassincreased filtration capacity/unit time, increased velocityreduced resident
timelower percentage filtered and a high food contentreduced filtration per unit time. Figure 2 shows an
example of the expected reduction in chl-a at different food concentrations (given in µg/m-3 chlorophyll-a)
and a flow velocity of 0.1 m/s-1.

Figure 2 Box 1. The modeled fraction of chlorophyll filtered out of the water by the mussel seed during the
time between settlement and final harvest for three different concentrations of chlorophyll-a (µg/m-3). Mid
July corresponds with day 45 approximately.
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2.

Material & methods

2.1
Description study area
The Wadden Sea (see table 1 for some general characteristics) is a shallow tidal
sea with a high internal productivity. The western Wadden Sea receives a large
input of organic material originating from Lake IJssel and the North Sea.
Both light and nutrient concentrations determine phytoplankton growth (Colijn
and Cadée, 2003). In general it can be said that in winter productivity is limited
by light. In spring hours of light per day increase, nutrient concentrations are
sufficient and productivity increases fast. Diatoms are generally the first
phytoplankton group to show a bloom. The diatom bloom decreases when silicate
becomes limiting. Other phytoplankton species increase in biomass until
phosphorus begins to limit productivity. Higher temperatures and grazing
decrease the phytoplankton abundance and increased mineralization increases
the availability of phosphorus again. A new increase in primary production takes
place until phytoplankton growth is limited again, either by nitrogen, phosphorus
or light later in autumn (Lindeboom and Rijnsdorp, 2006). An overview of nutrient
and phytoplankton concentrations throughout the year is given in Appendix 1.
2.2
Study system and site
The mussel seed collector installation (msc) ‘Prins and Dingemans’ (P&D) (see
below) is situated at the westernmost tidal inlet, the Marsdiep, of the Wadden
Sea (figure 1).

N

Figure 1. The island of Texel, with
in the left bottom corner the
Marsdiep area. The arrow indicates
the location of the Prins and
Dingemans msc. Map from
Scholten et al, 2007.

The msc P&D is situated in a somewhat deeper area of the western Wadden Sea,
with local depth around the msc ranging between 3 and 10 meters.
The msc studied here was owned by entrepreneurs Prins and Dingemans.
A single msc consisted of a 110m long tube with square net attached to it. The
net, with a mesh size of 4 to 4.5 cm hangs down in the water from the surface to
a depth of 3 meters. Nets were placed in sets, with a total of 8 to 12 sets in the
north-south direction and 7 sets from east to west (Figure 2). The total length of
a msc sums up to approximately 800 to 1000m. In this thesis a msc is defined as
the total number of tubes owned by Prins and Dingemans at this location (see
figure 2 and 3). The average harvest for this type of msc was 55 kg per m2
(Scholten et al, 2007), summing up to about 1.4 106 kg for this installation.
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Figure 2. Vertically there are 6 sets of 2 nets each. Each net has a length of 110m. the
distance between sets is 20m. Most sets consisted of a total of 12 rows, but some sets
only had 8 rows. Horizontally there are 7 sets in a row with a distance between sets of
40m. the total length of the msc is 800-1000m.

Table 1. Some general characteristics of the Western Wadden Sea. References from
Philippart et al, 2000, De Jong et al, 1996, Colijn and Cadée, 2003, Oost et al, 2002,
Brinkman, pers. comm).

Location
Volume
Depth (mean)
Water residence time
Salinity gradient from lake IJssel to
North Sea
Chlorophyll-a
SPM
Primary Production
Current velocity
Tides
Tidal exchange

Between 52.8-53.3 °N and 4.7-5.5 °E
4.66x109 m3
3.3 m
5-20 days, depending on the location
5-10 to >30 PSU
3 µg/l in winter to 37 µg/l in spring
20-30g/m3
250 g C/m2/year
0.0-1.5 m s-1
1.92 day-1
3.60x107 m3/tide

Figure 3. Part of the msc owned by Prins and Dingemans. On this picture there are 7 tubes,
with the buoys indicating the location of the anchor. Photo: S. Brasseur, IMARES.
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The msc is located in the western part of the Wadden Sea in a fairway and there
are no wild mussel beds situated underneath the msc. Harvest of the seeds is
done by brushing and scraping the seeds from the net. As soon as seeds start to
fall from the nets, seeds are thinned out; in this way harvest can take place more
times a year. Total harvest of seeds from all msc in the Wadden Sea in 2008 was
2.7 million kg fresh weight (Kamermans and Smaal, 2009).
2.3
Methods and material
Three trips to the msc ‘Prins and Dingemans’ were executed on July 21st, August
3rd and September 10th 2009 with the Imares research vessel the ‘Zilvervis’.
Measurements were performed from approximately an hour before the turn of the
tide till an hour after the turn of the tide (see table 2). At falling tide water flows
from the Wadden Sea in the direction of the North Sea, at rising tide the other
way around.
Samples were taken and measurements done at locations before the water
entered the msc, inside the msc and after the water had left the msc as well as at
some control locations (no effect of msc). In August measurements were also
taken at different depths. For the exact locations of measurements and water
samples see Appendix 2. At the start of water sampling, a weighted buoy with
GPS was released into the water to monitor the flow of the water mass. As soon
as the buoy reached the other side of the msc sampling was done on that side of
the msc.
Table 2. Time of low or high tide for the three measurement dates. The msc location had a
low tide/high tide intermediate the tides in Den Helder and Oudeschild. Data from
www.getij.nl
date
LT/HT
Den Helder
Oudeschild
21-07
LT
14.06
14.36
03-08
LT
12.44
13.46
10-09
HT
11.24
12.14

Light
Light was measured at 1m above water and at distances from 0.10 to 2.5 m
under water using two LI-192 underwater sensors connected to a multi-meter,
measurements were in mV. Light under water was made relative to ambient light
and subsequently ln-transformed.
Statistics: To compare attenuation coefficients between locations Mann-Whitney U
test (test parameter: Z) were performed in SPSS 15.0 for Windows. In August,
data before and after the msc was analyzed by designing two models with a
regression analysis using the statistical program ‘R’. In the first model light
under water (Y) depends on depth (X) and location (L) (were the measurement
was performed) according to: Y=X + L + X*L and a second model in which there
was no interaction between location and depth: Y=X + L. A significant interaction
indicates that light diminishes sooner at one location compared to the other.
In September a comparison between locations before and after the msc was
made by comparing attenuation coefficients belonging to row 7 and 8. When
comparing light attenuation close to the msc net and between two nets the
coefficients calculated at row 5 and 6 were compared (Figure 2 and Appendix 2).
Salinity and temperature
For all water sub-samples salinity and temperature was measured using a multimeter before sub-samples were mixed (appendix 2). Salinity and temperature
were only measured in September.
Seed biomass
There is no information available yet on seed biomass at the time of
measurements. Harvest took place in the week of 27th-31st of July, just before the
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second measurements in August, so at the that time biomass of seeds was low.
At the 10th of September only seeds from the first three rows were harvested.
Measurements were done on rows south of the harvested rows (Appendix 2).
Nutrient limitations
Ratio 480/665nm
To see whether phytoplankton is light or nutrient limited, the ratio of carotenoids
to chlorophyll-a is calculated for a sub-sample of each water sample. Cells make
more carotenoids when limited by nutrients and more chlorophyll-a when limited
by light. The absorbance at 480nm and 665nm was determined with a
spectrophotometer (Shimadzu UV mini 1240) (Riegman and Rowe, 1994) with the
exception that water samples were used instead of acetone extracts.
Statistics: to test for differences in limitation between North Sea water and
Wadden Sea water the Mann-Whitney test was performed.
Bioassays
A sub-sample (500-1000ml) of each water sample was well mixed and 100ml was
added to 5 Erlenmeyers (250ml). Per Erlenmeyer the following nutrients were
added:
Addition

NaNO3
40mM
none
0.5 ml
0.5 ml

Control
N+P
N + Si
P + Si
N + P + Si 0.5 ml

NaH2 PO4
2mM
none
0.5 ml
0.5 ml
0.5 ml

NaSiO3
40mM
none
0.5 ml
0.5 ml
0.5 ml

Mixtures were incubated at 18° C at an average irradiance of 370µE m-2s-1 and a
light-dark cycle of 18-6 h. for 7-8 days.
After incubation 25ml per Erlenmeyer was set aside for species counting. 50ml
per Erlenmeyer was filtered over 0.45µm (cellulose nitrate, Sartorius), with filters
placed in 90% acetone (25ml) and stored at -20° C for 24h for chlorophyll-a
extraction. Filters with the algal size fraction were destroyed by sonification and
chlorophyll-a was determined fluorometrically following Lorenzen (1967) but
using a PAM fluorometer (AlgaeLabAnalyzer, Moldaenke) in stead of a
spectrophotometer. Isolated chl-a from spinach (Sigma-Aldrich) was used as a
standard.
In August 2x75 ml was filtered per Erlenmeyer over 0.45µm and 8.0 µm filters
(cellulose nitrate, Sartorius) and 50ml was set aside for species counting. In
September 75ml was filtered over 0.2µm and 3.0µm sized filters respectively and
50ml was set aside with lugol for species count (see ‘species counting and
determination’). Note: the samples were not counted due to limited time.
NIFT response and Fv/Fm ratio
Linking changes in fluorescence output to nutrient limitations has not been
evaluated properly yet for natural phytoplankton population (Beardall et al,
2001b). In this study both measures for limitation in phytoplankton, the change
in Fv/Fm ratio and the change in steady-state fluorescence after the addition of
nutrients was applied first to N and P limited cultures of a diatom (Chaetoceros
tenuissimus) and a dinoflagellate (Pavlova lutheri) (Appendix 4). NaNO3 (40mM)
or NaH2PO4 (2mM) were added to 25ml of the appropriately limited cultures.
Change in Fv/Fm ratio and NIFT response were determined with the PAM
fluorometer (AlgaeLabAnalyzer, Moldaenke) (Beardall et al, 2001a and Roberts et
al 2008 respectively).
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Nutrient concentrations
A sub-sample of each water sample was prepared and stored for analysis
according to the NIOZ protocol (see Appendix 3). Final nutrient analyses were
performed by analysts of the NIOZ lab.
Statistics: To test for difference in nutrient concentration before, after and inside
the msc the Mann-Whitney test (Z) was performed when comparing two groups
and Kruskal-Wallis when comparing more than two groups (Χ-square). For posthoc comparisons the Tukey test (F values) was performed.

Box 2. The principle of the PAM Fluorometer.
Light energy absorbed by chlorophyll molecules can be processed in three ways: it can
be used in ATP synthesis/ NADP+ reduction (photochemical energy), light energy can be
emitted as heat or it can be re-emitted as fluorescence. The amount of energy used for
photochemical processes is inversely proportional to light emitted as fluorescence
(Beardall et al 2001a, b).

0

Figure Box 2. Principle of a PAM fluorometer (taken from UvA, 2009). The fluorescence
of chlorophyll pigments is plotted against time. See text for explanation.
A PAM fluorometer meter, which stands for Pulse Amplified Modulation, makes use of the
three ways in which light energy can be converted. The PAM meter works as follows: An
algae culture is dark adapted for 20 minutes and placed in the fluorometer. A so-called
measuring light is switched on that induced only a minimal reaction in the photons of the
algae: F0 or minimum fluorescence (1). Then a saturated light pulse is given to the
culture, which causes all photo reaction centers in the algae to close and re-emit the
light energy as fluorescence (2). This is the maximum fluorescence Fm. After some time
photons return back to their previous state. An actinic light is switched on causing some
of the photo reaction centers to close and this yields a second increase in fluorescence.
After some time photo pigment rearrange and the fluorescence signal becomes stable
(3) at a so-called steady state fluorescence level: F. When another saturated pulse is
give (4) a new maximum fluorescence is reached (F’m) which is lower that the Fm
because now also some of the light energy is emitted as heat (UvA, 2009).
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Box 3. Background on the NIFT response and Fv/Fm ratio
Active cells will transfer light energy into photochemical energy and the energy reemitted as fluorescence will be low (see Box 2). If on the other hand cells are inactive
(for example in a nutrient poor environment) the process of transferring light into
photochemical energy is low and fluorescence is high. Fluorescence can be seen as a
waste of energy from the cells perspective. A measure that can be used for the
efficiency of the cells’ photosystem is the Fv/Fm ratio, in which Fv=Fm-F0 (Beardall et al
2001a, b) (see Box 2 for explanation). Nutrient limited algae have an inefficient
photosystem and thus a low Fv/Fm value. The Fv/Fm ratio can increase after a re-supply
of the limited nutrient and the increase can be taken as a measure for the limitation.
This recovery, however, is a slow process, taking up to 24 hours.
A more rapid change in fluorescence emission in reaction to re-supply of a nutrient to a
limited culture is the so-called NIFT response. NIFT stands for
Nutrient Induced Fluorescence Transients and it refers to a change of steady-state
fluorescence within minutes. Beardall and co-workers (2001a) looked at the drop in F’m
after re-supplying phosphorus to a phosphorus limited culture, while Roberts and coauthors (2008) took the relative maximum change (%∆) in steady state fluorescence (F)
as a measure of limitation (see figure below).

Figure Box 3. Stylized representation of the changes in fluorescence after the addition of
phosphate to a phosphate-limited culture of the marine green algae Dunaliella tertiolecta
(after Roberts et al, 2008)

Chlorophyll-a measurements
Chlorophyll-a was measured for two or three size fractions. 045µm and 8.0µm
pore size cellulose nitrate filters (Sartorius) were used in July and August. In
September filter sizes 0.2µm, 3.0µm and 8.0µm were used to make a distinction
between picoplankton (0.2-3.0 µm) and larger phytoplankton. For each size
fraction a separate new sub-sample was filtered (250ml for all sizes except for
0.2 µm (125ml). Filtration was done using a vacuum pump. Filters were placed in
90% acetone (50ml) and further treated as described under ‘bioassay’. To
calculate the size fraction 0.45-8.0µm the chl-a on the filter with 8.0µm pore size
was subtracted from the chl-a concentration on the 0.45µm filter.
Note: In July, filters, after sonification, were subsequently filtered using a 0.45µm
acrodisc filter (GelmanSciences) to remove debris from the extract. However, it
appeared after handling the field samples from July that the acrodisc filters
dissolved in the acetone used as extraction fluid. The samples collected in August
were subsequently filtered through Whatmann GF/F filters. With this method,
however, the filter holder corroded and caused leakage. In September samples
were centrifuged after sonification (Beckman GS-6R centrifuge, 15 min at 3000
rpm) and then decanted.
Samples are measured before and after acidification (see Lorenzen, 1967) so the
fluorescence of chlorophyll and pheophytin could be determined separately.
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Statistics: to test for differences in both chlorophyll-a and pheophytin
concentrations between locations Mann-Whitney U test were performed.
Species count and determination
To a sub-sample (50ml) of each water sample 1 ml lugol was added and samples
were stored at a dark and cool place till further use. Due to time constraints only
the samples from September were analyzed. For each sub-sample dominant
phytoplankton species (>2.0 µm) were determined until family level and cell
counts were performed using an Olympus Inverted Research Microscope (IMT-2)
following nomenclature from Hoppenrath and co-authors (2009). The total
number of cells corresponds to 25 ml of the original sub-sample.
Statistics: to increase group size for statistical analysis some families were
grouped together. Combinations were made based on similar appearance.
Skeletonema was grouped with Thalassiosira chains, Coscinodiscus with individual
cells of Thalassiosira and Cerataulina and Guinarida.
Using the statistical program PRIMER (v6.0) a Bray-Curtis similarity matrix was
calculated after √√ transformation of the cell abundance data. With these
similarities an ANOSIM (a one-way analysis of similarities) was performed.
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3.

Results

3.1

Light attenuation, salinity and temperature

H1. Water is less turbid after passage through the msc due to filtration of the
water by mussels, so more light is available after passage through the msc for
phytoplankton growth.
This hypothesis was tested by measuring light attenuation at different depths in
water before and after the msc.
It was assumed that the relation of ln-transformed data of relative light (light
above water I0/ light under water Iz) and depth is a linear relation, intersecting
the x-axis at zero2. Figure 4 shows that the relation of the ln I0/Iz and depth is
linear, but the intersection with the x-axis is not at zero. The x-axis crosses at
zero when Iz (z=0) is equal to I0. However, due to reflection of light at the surface
Iz is slightly lower than I0. To force the regression through zero a lower value than
1 can be used for Iz (z=0)/ I0.
In July, light under water was measured at the eastern side of the msc at ebb
flow, so before water passed the msc, and at the east side after the turn of the
tide (flood flow). Water had then passed the msc. Results of light attenuation for
the two locations is shown in figure 4.
July: Light under water at different locations
-ln I0/Iz
0
0.00
-0.5

0.05

0.10

0.15

0.20

0.25

0.30

Depth
(m)

-1
-1.5
-2
-2.5
-3

East at ebb
East at flood

Figure 4. The ln-transformed values of relative light under water, measured at different
depths. Measurements were done in water before passing through the msc (east at ebb
flow, rc: 0.0013) and after passage, after the turn of the tide (east at flood flow, rc:
0.0011).

The water before passage had a attenuation coefficient of 0.0013 and water after
passage had a coefficient of 0.0011. There was no significant difference in the
attenuation coefficient of light between the two locations.
In August, light was measured at three locations: (1) at the eastern side of the
msc at ebb flow, in water before passage through the msc, (2) at the western
side at ebb flow, when water passed through the msc and (3) at the eastern side
of the msc at flood flow when water passed through the msc again. (Appendix 2
for sampling locations). The results are depicted in figure 5a.

2

Iz =I0 * e –k*z for which Iz is light at depth z (meters), I0 is light above water and k is the
attenuation coefficient
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The differences between the three lines is significant (p<0.01, model comparison,
Material and Methods).

August: Light under water at different locations
-ln I0/Iz

Depth (m)

0
0.00
-0.5

0.50

1.00

1.50

2.00

-1
-1.5
-2
-2.5

before msc: ebb flow
after msc: ebb flow
after msc: flood flow

-3

Figure 5a. The ln-transformed data for relative light (-I0/Iz) at different depths for the
three locations ‘before msc at ebb flow’, ‘after msc at ebb flow’ and ‘after the msc at flood
flow’.

Figure 5a shows that the relation between depth and light attenuation is not
exponential as assumed; the data points per location are not on a straight line.
This deviation of linearity is limited to the first meter. The first meter appears not
to be mixed equally with the deeper layer, this might be due to wind. Wind
blowing in the opposite direction of the current might cause two distinct water
layers. Comparison between water masses at the different location were therefore
made based on light at depths deeper than 1 meter (figure 5b).
Results show that the relation between depth and light attenuation is linear, so
suspended matter is equally distributed through the water column at depths from
1-2.5 meters.
August: Light under water at 1-2.5m depth
before msc: ebb flow
after msc: ebb flow
after msc: flood

-ln (I0/Iz)
0.00

0.50

1.00

1.50

2.00

depth (m)

0
0.5
1
1.5
2
2.5
3

Figure 5b. Light under water (-ln I0/ Iz) plotted on the x-axis and depth (in meters) plotted
on the y-axis. Attenuation coefficients are the regression coefficients when plotted ln I0/ Iz
against depth. The attenuation coefficients are respectively: ‘before msc at ebb flow’: 0.77,
‘after msc at ebb flow’ : 0.87 and ‘after the msc at flood flow’: 0.67.

20

Light attenuates faster in water after passing the msc compared to water before
passage. So, water is more turbid after the msc. After the turn of the tide, water
that passed the msc, is less turbid compared to water before passage (after msc
at ebb=before msc at flood).
In September, measurements were done in water masses before and after the
msc at flood flow. No significant differences were found in attenuation coefficient
between water before (n=4) and after (n=2) the msc (Z=-1.85, sign. 0.133).
It is expected that close to the net the effect of mussel grazing is higher than
further away from the net. Therefore attenuation coefficients of locations close to
the net were compared to locations further away from the net. No significant
differences were found between light extinction coefficient close to the net
compared to coefficient between nets (Z=-1.55, sign. 0.333).
Salinity and temperature
Salinity and temperature were only measured in September. For all samples, no
differences were found in salinity or temperature; results of these measurements
were not further analyzed.
3.2

Nutrients

480/665 ratio
To determine what is limiting algae growth in the Wadden Sea the ratio of
carotenoid/ chlorophyll-a was determined for each field trip. Table 3 gives the
average absorption ratio at 480/665nm for the three field trips.
Table 3. An overview of the average absorption ratio at wavelengths 480/665 nm ± sd for
the three field trips, N is the number of samples.

Month
July
August
September

ratio
1.54
1.25
1.11

480/665nm
± 0.15
± 0.06
± 0.03

N
30
24
12

The results show that there is a decrease in the ratio from July to September.
And, the average ratio of Wadden Sea water at ebb (1.47 ± 0.08) was
significantly lower compared to the ratio at flood (1.62 ± 0.20), Z=-1.97, p<0.05.
This was calculated from July data.
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Nutrient concentrations
H2. Nutrient concentrations are higher inside and after passage through the msc.
Mussels excrete dissolved inorganic nutrients, which are directly available for
phytoplankton growth.
Table 4. An overview of average nutrient concentrations (µM ± sd) in water samples taken
during the three field trips at different locations. N is the number of samples analyzed per
location. For both July and August the first ‘before’ and ‘after’ concentrations refer to water
flowing from the Wadden Sea to the North Sea and the second values refer to water
flowing from the North Sea to the Wadden Sea. ‘Outside’ refers to samples taken in water
outside the influence sphere of the msc. See for more explanation Material and methods as
well as Appendix 2.
date
21-7
21-7
21-7
21-7
3-8
3-8
3-8
10-9
10-9
10-9

location
before
after
before
after
before
after
after
before
after
inside

current
W
W
E
E
W
W
E
none
W
W

PO4 (µM)

NH 4 (µM)

NO2 (µM)

0.42
0.44
0.42
0.40
0.35
0.40
0.31
0.61
0.58
0.61

2.34
2.36
2.13
1.54
4.37
5.20
3.73
6.91
6.33
6.71

0.25
0.25
0.26
0.25
0.62
0.70
0.55
0.41
0.40
0.41

0.05
0.03
0.05
0.10
0.03
0.04
0.09
0.20
0.20
0.14

6
6
6
5
4
4
2
5
5
2

3-8
3-8

outside
outside

W
E

0.42 ± 0.06 5.11 ± 0.35 0.72 ± 0.02 2.67 ± 0.07
0.28 ± 0.001 3.16 ± 0.11 0.54 ± 0.03 2.37 ± 0.04

2
2

± 0.04
± 0.03
± 0.03
± 0.06
± 0.03
± 0.01
± 0.06
± 0.02
± 0.01
± 0.02

± 0.18
± 0.28
± 0.42
± 0.38
± 0.31
± 0.22
± 1.09
± 0.24
± 0.21
± 0.09

±
±
±
±
±
±
±
±
±
±

NO3 (µM)

0.01 0.70 ±
0.01 0.69 ±
0.01 0.71 ±
0.03 0.65 ±
0.01 2.51 ±
0.01 2.68 ±
0.04 2.39 ±
0.003 2.20 ±
0.005 1.82 ±
0.01 1.82 ±

N

For measurements in July, no significant differences were found in nutrient
concentrations in water samples taken before, inside and after the msc. In August,
results show that, for all nutrients, the concentrations in water that had passed
the msc (current direction west) were higher than concentrations in water
samples before the msc (Z values between -2.18 and -2.34, p<0.05). After the
turn of the tide (current direction east) differences in nutrient concentrations
were no longer found.
Also, nutrient concentrations at some distance from the msc (‘outside’) were
compared to the concentration in water samples after passage through the msc.
No differences between the two locations were found (table 4).
In September, nutrient concentrations were higher at locations before the msc
compared to locations after the msc, for all nutrients (F :4.25-11.23, p< 0.05).
No differences were found to be significant (p<0.1) between water samples
before and inside the msc nor between water after the msc and inside the msc.
For PO4 and NH4 there is an increase in concentrations (µM) from July to
September (table 4). NO2 and NO3 (µM) increase from July to August and
decrease again slightly in September, but concentrations then are still higher than
in July (table 4).
When nutrient concentrations are compared for the 4 locations ‘outside’ with
2 samples taken at the Western side of the msc (North Sea side) and 2 samples
taken at the Eastern side of the msc (Wadden Sea side) it can be seen that
the samples ‘outside west’ have a higher nutrient concentration compared to
samples ‘outside east’. This is true for all nutrients (table 4). This indicates a
nutrient concentration gradient in the Wadden Sea.
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Bioassays
H3. Excreted dissolved inorganic nutrients can be taken up by phytoplankton.
Uptake of (limiting) nutrients allows phytoplankton to continue growth.
Phytoplankton in water samples from after passage through the msc can attain a
higher biomass compared to samples from before passage, when allowed to grow
for a week..
To test this hypothesis water samples were taken from different locations around
the msc. Phytoplankton in these samples were allowed to grow in an incubator for
a week. The results of this bioassay can also be used to find out what nutrient is
limiting algal growth in the Wadden Sea.
Table 5a. An overview of chlorophyll-a concentration in the original water sample and the
concentrations after 7 days incubation. Sampling periods were July and September.
‘Original’ refers to the chlorophyll concentration of the sample taken at the day of the field
trip. Treatment ‘0’ means that no nutrients are added to the sample, NP=addition of
nitrogen and phosphorus, NSi=addition of nitrogen and silicate, PSi=addition of
phosphorus and silicate and NPSi=addition of nitrogen, phosphorus and silicate.
Chlorophyll was measured again after 7 days after filtering the sample over one filter size
(July) or two filter sizes (September). For added concentrations of nutrients see the
Material and methods section. The shaded numbers refer to the treatments that caused a
considerable increase in total chlorophyll concentration.

July
location
before
before
before
before
before
before
after
after
after
after
after
after
after
after
after
after
after
after
filter

Sept.
treatment
original
0
NP
NSi
PSi
NPSi
original
0
NP
NSi
PSi
NPSi
original
0
NP
NSi
PSi
NPSi

chl-a
µg/l
6.6
6.0
54.7
38.3
1.8
24.9
6.0
0.8
49.0
3.0
no value
35.3
6.0
4.0
13.9
3.4
4.8
93.2
0.45µm

location
before
before
before
before
before
before
in
in
in
in
in
in
after
after
after
after
after
after
filter

treatment
original
0
NP
NSi
PSi
NPSi
original
0
NP
NSi
PSi
NPSi
original
0
NP
NSi
PSi
NPSi

chl-a
chl-a
µg/l
µg/l
5.5
5.9
2.8
3.1
3.3
4.2
1.0
1.5
1.4
1.6
53.4
53.9
5.2
5.7
1.0
1.2
3.5
5.3
1.5
1.9
2.2
2.9
25.0
29.3
4.3
5.5
0.9
1.2
17.8
20.0
1.2
1.7
1.1
1.4
81.3
86.2
0.2µm 3µm

Comparing the chlorophyll concentration of samples at day 0 and the chlorophyll
concentration after 7 days without the addition of nutrients it can be seen (table
5a) that the chlorophyll concentration was lower after 7 days of incubation. This
is true for both field trips and all locations.
Furthermore, for samples taken after passage through the msc the decrease in
total chlorophyll appear to be larger than for samples taken from before the msc
(table 5b).
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Table 5b. The decrease in chlorophyll-a concentration of water samples after 7 days
without the addition of nutrients. Decrease is given in % of the chlorophyll concentration
on day 0.

July
before
after
after
September
before
in
after

% decrease
8.0
87.2
33.7
% decrease
47.9
78.8
78.3

In July the addition of nitrogen en phosphorus (NP) and all nutrients (NPSi) gave
a increase in phytoplankton biomass (before and after samples), while the
addition of nitrogen and silicate (NSi) also gave an increase in chlorophyll-a
concentration in the water sample taken before passage through the msc (figure
6 and table 5a).
July: before passing the msc

Chlorophyll-a (ug/l)

60,00
50,00
40,00
30,00
20,00
10,00
0,00
0

NP

PSi

NSi

NPSi

Treatment

Figure 6. The increase in chlorophyll-a for the 5 treatments after 7 days. The sample was
taken in July at 1m depth before water passed the msc. Chlorophyll values were taken
from the 0.45µm filters.

In September only the addition of all nutrients together (all locations) and adding
NP to water taken after the msc increased the total chlorophyll-a concentration
(values calculated from the 3µm filter) (table 5a).
In August all water samples were taken after passage through the msc, at
different depths. Table 5c gives a summary of the results. In August, the addition
of nitrogen and phosphorus (NP), nitrogen and silicate (NSi) (for samples taken at
1 and 5 meter depth) and all nutrients (NPSi) gave an increase in total
chlorophyll-a biomass. The addition of all three nutrients gave the largest
increase in chlorophyll-a.
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Table 5c. Continuation of table 5a. Results of bioassays of samples taken in August.
Samples were taken at different depth, all samples were taken after water passed through
the msc.

Aug.
depth
1
1
1
1
1
1
3
3
3
3
3
3
5
5
5
5
5
5
filter

treatment
original
0
NP
NSi
PSi
NPSi
original
0
NP
NSi
PSi
NPSi
original
0
NP
NSi
PSi
NPSi

chl-a
µg/l
9.9
5.1
30.4
26.2
8.9
137.2
10.1
0.8
45.7
1.6
1.4
110.9
8.1
0.8
56.4
32.6
5.6
107.9
0.45µm

chl-a
µg/l
6.8
4.2
27.6
28.2
8.7
131.2
8.0
1.1
41.1
1.6
1.3
115.1
6.8
0.8
46.6
33.7
5.4
109.1
8.0µm

NIFT response and Fv/Fm ratio
Another way of looking at which nutrient is limiting phytoplankton growth is
analyzing at the so called NIFT response or changes in the Fv/Fm ratio after the
addition of nutrients (Box 3 in Material and Methods).
Because these methods for detecting limitations in algae have not been tested for
field samples yet, the first step in this study is to apply these methods to
monocultures of algae. Nitrogen and phosphorus were added in surplus to the
nitrogen and phosphorus limited cultures of both Chaetoceros tenuissimus and
Pavlova lutheri (Material and Methods).
It was expected that adding nutrients to nutrient limited algae would lead to a
decrease in steady-state fluorescence, due to increased cell activity. Also a more
efficient use of the phytoplankton’s photosystem is expected to occur after adding
limiting nutrients (Roberts et al, 2008, Beardall et al, 2001a,b). Using these two
indicators might prove a useful method to demonstrate which nutrient is limited
in field samples. However the addition of nutrients did not provoke a significant
decrease in steady state fluorescence (NIFT). Also re-supplying nitrogen and
phosphorus limited cultures with a surplus of nitrogen or phosphorus did not
cause significant reductions in the Fv/Fm ratio (data not shown). Thus, the two
methods mentioned could not be used in this study to determine limitations.
3.3

Chlorophyll-a and pheophytin

Chlorophyll-a
H5a. Total chlorophyll concentration is expected to be lower in samples taken
after passage through the msc compared to before passage due to consumption
of phytoplankton by mussel seed.
H6. It is expected that in samples taken after the msc, picoplankton (0.2-3.0um)
as percentage of total phytoplankton is larger compared to samples taken before
the msc. It is expected that mussel seeds do not graze effectively on this size
class of phytoplankton.
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Table 6a. An overview of average chlorophyll-a concentrations ± sd in the different
samples during the three field trips. Water was filtered using two different filter sizes,
0.45µm and 8.0µm in July and August and three sizes (0.2µm, 3.0µm and 8.0µm) in
September. Chlorophyll values are given per size fraction. N is the number of samples.
chl-a (µg/l)
date
location current
0.45-8.0µm >0.45µm
>8.0µm
N
6.3 ± 0.2
21-07
before
W
1.1
5.2 ± 0.7
6
21-07
in
W
2.8
7.1
4.3
1
21-07
after
W
0.2
6.4 ± 0.5
6.2 ± 0.4
6
21-07
before
E
0.3
6.5 ± 0.9
6.2 ± 0.7
6
5.9 ± 0.5
21-07
in
E
0.2
6.1 ± 0.7
2
21-07
after
E
0.1
7.0 ± 1.4
6.9 ± 0.6
6
03-08
before
W
1.6
8.7 ± 0.8
7.1 ± 0.3
4
03-08
after
W
2.2
9.3 ± 1.7
7.0 ± 0.7
4
9.5 ± 3.0
03-08
outside
W
2.5
7.0 ± 0.5
2
03-08
after
E
2.1
11.2 ± 1.9
9.1 ± 1.5
4
03-08
outside
E
1.2
10.7 ± 1.0
9.6 ± 1.2
2
0.2µm
3.0µm
8.0µm
N
4.6 ± 0.9
10-09
before
none
5.4 ± 0.8
5.1 ± 0.7
5
10-09
in
W
4.8 ± 0.7
5.7 ± 0.02
5.7 ± 0.4
2
10-09
after
W
5.5 ± 0.8
5.1 ± 0.5
6.0 ± 0.9
5

For the sampling data in July and August the chlorophyll-a fractions between
0.45-8.0µm and >8.0µm were calculated (table 6a). Most chlorophyll-a originated
from the size fraction larger than 8.0µm. In September different filter size were
used than in July and August. It can be seen that when calculating the algal
fractions 0.2-3.0µm and 3.0-8.0µm in September, values will either be very small
or even negative (table 6a).
When considering the phytoplankton fraction larger than 8.0µm for all three
sampling months, there are no differences in chlorophyll-a level between the
locations before and after water passing through the msc, except for July. In July,
at ebb flow, the concentration chlorophyll-a is significantly larger in water after
passage through the msc (Z=-2.406, p<0.05). The same pattern can be seen for
the size fraction between 0.45 and 8.0µm (July: chlorophyll-a before>after, Z=2.882, p<0.05).
In August, no differences were found in chlorophyll concentrations between the
locations after the msc and the locations ‘outside’, for all of the size fractions.
Table 6b. An overview of average chlorophyll-a concentrations ± sd in water samples
taken in August at different depths. Water was filtered using two different filter sizes,
0.45µm and 8.0µm. Chlorophyll values are given per size fraction. N is the number of
water samples. To compare chlorophyll-a in water before passing through the msc and
after the averages is calculated for all depths per location.
chl-a (µg/l)
average
depth (m) location current
0.45µm
8.0µm
N 0.45µm 8.0µm N
1
before
W
8.7 ± 0.8
7.1 ± 0.3
4
7,7
7,1
3
before
W
7,4
6,7
1
5
before
W
7,5
6,7
1
7
before
W
8,2
7,1
1
10
before
W
6,8
7,9
1
1
after
W
9.3 ± 1.7
7.0 ± 0.7
4
9,2
7,3
3
after
W
10,1
8,0
1
5
after
W
8,1
6,8
1
1
after
E
11.2 ± 1.9 9.1 ± 1.5
4
10,1
8,4
3
after
E
9,3
8,6
1
5
after
E
10,7
8,5
1
7
after
E
9,7
8,2
1
10
after
E
9,6
7,7
1
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6

8

For chlorophyll-a, determined in samples taken at different depths, there is some
variation in total chlorophyll content but because there is only one sample taken
for most depths it is really difficult to draw conclusions on differences between
chlorophyll-a concentration between depths. Chlorophyll-a values at the different
depths seem to be within the standard deviation of the values taken at a depth of
1 m (N=4). When looking at the average chlorophyll-a concentration for all
depths per location (table 6b) it can be seen that the chlorophyll-a concentration
is higher for samples after passing the msc at ebb flow and again for water that
passed the msc at flood flow.
Pheophytin
Table 7. An overview of average pheophytin concentrations (µg/liter) ± sd in the different
samples during the three field trips. Water was filtered using two different filter sizes,
0.45µm and 8.0µm in July and August and three sizes (0.2µm, 3.0µm and 8.0µm) in
September. Pheophytin values are given per size fraction. N is the number of samples.
pheophytin (µg/l)
date
location current 0.45-8.0µm >0.45µm
>8.0µm
N
21-07 before
W
0.2
4.0 ± 0.3 3.3 ± 0.3
6
21-07 in
W
0.2
3.8
3.0
1
21-07 after
W
0.1
3.6 ± 0.4 3.3 ± 0.5
6
21-07 before
E
0.2
2.3 ± 0.2 2.0 ± 0.2
6
21-07 in
E
0.2
3.2 ± 1.2 2.6 ± 0.9
2
21-07 after
E
0.1
3.8 ± 0.4 3.3 ± 0.4
6
03-08 before
W
0.1
2.6 ± 0.3 2.2 ± 0.6
4
03-08 after
W
0.3
2.5 ± 0.5 1.8 ± 0.2
4
03-08 outside
W
0.4
2.7 ± 0.6 1.7 ± 0.001
2
03-08 after
E
0.4
3.0 ± 0.6 1.9 ± 0.3
4
03-08 outside
E
0.2
2.5 ± 0.1 1.9 ± 0.5
2
>0.2µm
>3.0µm
>8.0µm
N
10-09 before
none
3.1 ± 0.5
2.5 ± 0.6 4.2 ± 0.5
5
10-09 in
W
3.0 ± 0.3
2.3 ± 0.1 4.8 ± 0.4
2
10-09 after
W
3.9 ± 0.5
2.8 ± 0.5 4.7 ± 0.7
5
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H5b. Grazing by mussels degrades chlorophyll-a into pheophytin. It is therefore
expected that pheophytin concentrations as well as the chlorophyll-a/ pheophytin
ratio are higher at locations after the msc compared to before the msc. This was
tested both for the fraction >8.0µm and the fraction between 0.45 and 8.0µm
(July and August).
There were no significant differences in pheophytin concentrations between
locations except for the samples taken in July at high tide. Here, for the fraction
>8.0µm, there was a higher concentration of pheophytin in samples after the msc
(Z=-2.88, p<0.01).
Chlorophyll-a/ pheophytin ratio
Table 8. Average chlorophyll-a/pheophytin ratio ± sd is calculated for the different
locations and for the three field trips. Water was filtered over different sized filters
(0.45µm and 8.0µm in July and August and 0.2µm, 3.0µm and 8.0µm in September). N is
the number of samples taken per location. In July and August the first ‘before’ and ‘after’
refer to the measurements done at ebb, the second ‘before’ and ‘after’ refer to
measurements at flood.
chl/pheo ratio
date
location
current
>0.2µm
>0.45µm/3.0µm >8.0µm
N
1.6 ± 0.2
21-07
before
W
1.7 ± 0.1
6
21-07
in
W
1.9
1.4
1
21-07
after
W
1.7 ± 0.1
1.9 ± 0.3
6
21-07
before
E
2.8 ± 0.6
3.2 ± 0.4
6
21-07
in
E
2.0 ± 0.5
2.4 ± 1.1
2
21-07
after
E
1.9 ± 0.4
2.2 ± 0.3
6
03-08
before
W
3.4 ± 0.4
3.1 ± 0.6
4
03-08
outside
W
3.5 ± 0.4
4.0 ± 0.3
2
03-08
after
W
3.7 ± 0.6
4.2 ± 0.8
4
03-08
outside
E
4.3 ± 0.6
5.2 ± 1.9
2
03-08
after
E
3.7 ± 0.1
5.1 ± 1.7
2
10-9
before
none
1.5 ± 0.1 2.2 ± 0.3
1.2 ± 0.1
5
10-9
in
W
1.6 ± 0.4 2.5 ± 0.1
1.2 ± 0.01
2
10-9
after
W
1.4 ± 0.1 1.9 ± 0.4
1.3 ± 0.03
5

There are no significant differences in chlorophyll-a/pheophytin ratio’s (for all
fractions) between the locations before and after, except for the measurements in
July (at flood flow). Here the chlorophyll-a/pheophytin ratio in samples before
passage through the msc is higher compared to samples taken after passage
(Z=-2.57, p<0.01).
When looking at the ratio’s over time it can be seen that the ratio’s (fraction size
> 8.0µm) are especially high in August (3.1-5.2), while the lowest ratio’s are
found in September (1.2-1.3).
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3.4

Phytoplankton abundance

H7. Because of selective grazing by mussels it is expected that species
abundances in water samples before and after passage through the msc is
different. Edible species will show a lower abundance after passage and inedible
species will not be affected.
For the water samples taken in September the number of diatoms (family level),
dinoflagellates and protozoa cells per 25ml of sample were counted (table 9).
A Bray-Curtis similarity matrix was calculated (see Material and Methods) and
subsequently it was tested whether locations before, inside and after passage
through the msc differed from each other in species abundance and composition.
Significant differences were found between locations before, inside and after
passage (R=0.352, p<0.01). Water samples in September, after passage through
the msc, have on average a higher cell number for the families Skeletonema spp.,
Coscinodiscus spp., Eucampia spp. and Rhaphoneis spp. and a lower cell number
for Lauderia spp.

Protozoa

total cell nr

31 81 252 0 19
25 20 492 0 30
65 85 832 0 12
29 62 1123 0 26
15 91 1032 3 21
26 35 814 3 50
29 218 1000 9 56
20 260 900 5 55
30 90 1035 10 30
32 41 659 0 9
21 88 935 9 59

Dinoflagellates

1
8
3
12
18
18
21
20
10
21
15

Thalassionema

12
8
15
18
15
15
18
0
0
0
6

19 4 8 32
97 9 8 35
0 0 15 65
191 0 9 68
173 15 41 53
103 0 26 32
276 0 18 53
340 50 25 45
550 0 50 75
182 0 15 44
458 0 29 68

773
1413
1912
2116
2192
1807
2296
2545
3415
1845
2642

Skeletonema

Rhizosolenia

Odontella

Rhaphoneis

Nitzschia

Pseudonitzschia

Navicula

0 35 39 26
0 19 79 62
3 118 35 85
0 112 65 26
0 24 32 79
9 12 159
9
0
0 59 91
0 15
0 60
0
0 45 185
0
6 15 62
0 35 65 53

Paralia

Mediopyxis

25
30
85
126
15
129
41
70
105
35
176

Lithodesmium

Guinardia

14
0
0
0
32
35
38
0
95
0
3

Lauderia

Eucampia

153
9 7
468
5 2
438 12 3
176 12 21
299 21 3
283 32 6
262 79 12
605 60 15
885 130 5
603 96 9
494 103 15

Hemialus

Ditylum

6
16
41
12
41
0
18
0
10
0
12

Coscinodiscus

0
0
0
29
171
12
0
0
75
18
0

Chaetoceros

Biddulphia

location
bef ore
bef ore
bef ore
bef ore
inside
inside
after
after
after
after
after

Asterionellopsis

Table 9. Number of cells per family for each location in September (in 25ml of sample).
Protozoa are ciliates, tintinnia and foraminifera. The shaded areas refer to significant
differences in abundances between samples before and after passage through the msc, see
text for explanation. In sample nr. 9 also two colonies of C. socialis of 0.5mm were found.

As can be seen in table 9, the locations before the msc have a lower total number
of cells than locations after the msc.
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4.

Discussion

4.1
Light
In July, water is very clear compared to the other months. When light attenuation
is compared for this month between water before and after passage through the
msc no significant differences in attenuation coefficients were found. Mussels
grazing did not seem to have influenced the suspended matter concentration and
thus the, already low, turbidity of the water.
In August, comparing the light attenuation coefficients in water before and after
the msc at ebb flow, the results show that water after passage is more turbid
(figure 5a; Results). This is contrary to the expectation, since mussel grazing was
expected to reduce turbidity. After the turn of the tide, light attenuates less
quickly and water is thus less turbid.
In September no differences were found in attenuation coefficients between
locations before and after the msc or between location close to the net and
locations at some distance from the net.
Other studies showed that bivalve clearance can significantly increase light
penetration (Alpine and Cloern, 1992, Wall et al, 2009). In this present study an
effect of mussel grazing on turbidity was not demonstrated. Several factors might
explain the absence of an effect of gazing on turbidity.
First of all, in August, the absence of an effect of grazing on light availability
might have been due to a low abundance of mussel seed. A week before
measurements were done seeds were harvested, meaning that remaining
biomass of seeds was low (Material and Methods).
Also, measurements of light attenuation at the different locations might not have
been performed in the same water masses. A buoy was released in the water at
the time of measuring light before passage, in this way the water masse could be
followed through the msc (Material and Methods). But, the buoy got stuck into
the nets a few times, so when the buoy came out of the msc, the water masses
measured before passage was in reality already a few meters ahead.
Considering the above sampling in different water masses means that spatial
differences or local variation in turbidity is measured rather than the effect of the
msc on turbidity.
Furthermore, at the moment of sampling water velocity was low. Filtration of
adult bivalves seems not to be negatively affected at low current velocities
(between 5-35 cm/s) (Widdows and Navarro, 2006). But algal depletion occurs at
very low velocities (1-2 cm/s) (Widdows and Navarro, 2006). For small bivalves
local depletion might occur at somewhat lower velocities, negatively affecting
filtration rate. A difference in light attenuation might thus be smaller at low
velocities.
4.2
Nutrients
The absorption ratio of carotenoid/ chlorophyll-a was determined, with values
ranging approximately between 1, indicating a light limitation and 2, indicating
nutrient limitation. Measurements on the 480/665nm ratio indicated that North
Sea water is more nutrient limited than Wadden Sea water.
An other indication of a higher nutrient limitation for algae in North Sea water is
the lower concentration of nutrients in water after the msc at flood (North Sea
water mixed with Wadden Sea water) compared to the concentration in the
sample before the msc at ebb (Wadden Sea water). The nutrient rich Wadden Sea
water is being diluted with poorer North Sea water, causing lower nutrient
concentrations (measurements in August; table 4; Results).
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The results on absorption ratios also indicate that in July and August algae are
mainly nutrient limited, while in September light is the main factor limiting algal
growth. When looking at the nutrient concentrations it can be seen that for PO4
and NH4, nutrients excreted by mussels, there is an increase in concentrations
from July to September (table 4; Results). At the same time, it can be seen that
the phytoplankton biomass is lowest in September (table 6a; Results). Together
with decreasing solar irradiances from July to September, this explains the
change from a nutrient limited system in July and August to a light limited system
in September. Riegman and Rowe (1994) found a similar pattern of limitation in
the Wadden Sea. From the end of winter until May, phytoplankton in the Wadden
Sea was limited by light. In summer, nutrients became the limiting factor. No
data is available for autumn and winter, but it might be expected that light is
limiting phytoplankton growth in these seasons as well.
The results from the bioassays (figure 6, table 5a,c; Results) indicate a nitrogen
limitation in July and a nitrogen and phosphorus limitation in August. Nutrient
concentrations confirm this (table 4; Results). The Redfield ratio indicates that
the average content of nitrogen and phosphorus in phytoplankton cells is 16 to 1.
The ratio of nutrient concentrations in the water gives an idea whether there is a
limitation or not. In July the concentration of nitrogen in the water is to low (NH4
+ NOx), with a ratio of nitrogen to phosphorus of 8:1. In August the phosphorus
concentration is to low, with a nutrient ratio of 20:1 in the water. In September
the ratio of nitrogen to phosphorus is around 16:1, thus corresponding to the
average ratio inside algal cells.
It was expected that nutrient concentrations would be higher inside and after the
msc (Dame and Dankers, 1988, Richard et al, 2006). The results (table 4) are
ambiguous, with no differences found between locations in July. In August
nutrients concentrations in water that had passed the msc were higher than
concentrations in water samples before the msc. No differences were found after
the turn of the tide.
In September nutrient concentrations were higher at locations before the msc
compared to locations after the msc. No significant differences were found
between water samples before and inside the msc or between water after the msc
and inside the msc.
In August the differences in concentration is most likely due to a difference
between nutrient concentration in Wadden Sea and North Sea water and not due
to excretion by mussels, since the mussel biomass was very low (Material and
Methods).
It was expected that nutrients excreted by mussels should relax the nutrient
limitation of algae (Riegman et al, 1993). Algae passing through the msc would
be able to take up excreted nutrients and could therefore grow more rapidly
compared to algae that did not pass the msc. Bioassays however, showed that
there was no significant difference in total biomass in algae before and after
passage through the msc (table 5a,c; Results). Furthermore, when comparing the
control samples of the bioassays (no addition) it is seen that chlorophyll content
decreased from day 0 to day 7 (table 5a,c; Results), with chlorophyll
concentration decreasing faster for samples taken after the msc compared to
samples before the msc (table 5b; Results). An explanation for this decrease in
total chlorophyll might be the damage of phytoplankton cells due to passage
through the msc.
NIFT responses and Fv/Fm ratios were measured to see whether these
parameters could be used to demonstrate a nutrient limitation in phytoplankton.
This was tested for nutrient limited cultures. It was expected that adding the
limiting nutrient would induce a rapid decrease in steady-state fluorescence, as
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well as an increase in the Fv/Fm ratio after 24 hours. The reactions induced by
adding nutrients were insignificant, especially when compared to results found by
others (Beardall et al, 2001a, for Fv/Fm ratio and Roberts et al, 2008, for NIFT
response). The lack of response could be due to the operation of the PAM
fluorometer used in this study. Beardall and co-authors (2001a) described that
the NIFT response depends on the photon flux of the actinic light (Box 2; Material
and Methods). When this flux is too low, no response will be found. For the PAM
fluorometer used in this study the photon flux is unknown. In the experiments
done by Beardall and co-authors (2001a) the saturated photon flux is given once
and could be regulated, while with the fluorometer used in this study regulation of
pulses was not possible.
Another explanation for the lack of response is that a NIFT response might not be
found for diatoms (Beardall et al, 2001a), this might be due to a different
operation of the photosystem in diatoms (Kromkamp, personal communication)
or that the cultures were too extremely limited which could also cause a very
small response (Beardall et al, 2001a).
4.3
Chlorophyll-a and pheophytin
It was hypothesized that chlorophyll concentration (µg/l) would be lower in
samples collected after the msc, due to grazing of phytoplankton by mussels seed
(e.g. Dolmer, 2000, Cranford et al, 2007). Based on the results of this study the
hypothesis should be rejected. Mussels do eat phytoplankton, the fact that
differences in phytoplankton biomass before and after passage through the msc
were not shown indicate that either the differences in phytoplankton biomass are
much lower than assumed based on modelling (Box 1; Introduction) or samples
taken after passage through the msc were not from the same water mass as
samples taken before the msc.
In July, the chlorophyll-a concentration is higher after the msc compared to
before msc. The increase, for example, in chlorophyll-a concentration on the
8.0µm filter is approximately 11 percent. Nutrient concentrations in the water are
low and the water is very clear, indicating that light is not limiting phytoplankton
growth. Recycled nutrients by mussels might readily be taken up. In August,
when considering the average chlorophyll-a concentrations of all depths together
(table 6b) there is also an increase in chlorophyll-a in samples taken after
passage through the msc. Although it is generally assumed that phytoplankton
have a doubling time in the order of days (Fuhrman and Azam, 1982) the results
of this study indicate that growth of phytoplankton might be faster than assumed.
Note however, that the results of the bioassays in July and August did not
indicate an up-take of nutrients.
It was also expected that pheophytin levels would be higher in samples collected
after the msc. No differences were found between locations before, in and after
the msc in pheophytin concentration. The same explanation as given for
chlorophyll-a concentrations might apply here. In addition it should be noted that
chlorophyll-a degrades into pheophytin in an acid environment, for example the
mussel’s stomach. After digestion, waste products are removed as feces.
Therefore, it can be expected that the ratio of chlorophyll to pheophytin would be
high in phytoplankton and low in feces. In this study the ratio of chlorophyll/
pheophytin was determined in particles. The absence of a difference in ratio
between locations before and after the msc might be contributed to the absence
of feces particles in the samples. Feces is heavy and heavy particles sink fast
(Stokes law3) and therefore these particles might not be present in samples taken
at one meter depth.
3

Ws=gd2(ρc-ρw)(18η)-1
Sinking rate (m s-1)=gravity (m s-2)*diameter2 (m2)*(density of a cell-density of water)
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Furthermore, it was expected that in water samples taken after the msc the
picoplankton (0.2-3.0µm) as percentage of total phytoplankton would be larger
compared to samples taken before the msc. It was hypothesized that mussel
seeds do not graze effectively on this size class of phytoplankton.
For July and August, no distinction could be made between picophytoplankton and
larger phytoplankton because of the filter sizes used (0.45 and 8.0µm).
In September, filter sizes of 0.2, 3.0 and 8.0µm were used, but calculating the
different size fractions of chlorophyll gave only very small or even negative values.
This might be due to incomplete extraction of picoplankton with the applied
method. Also, the 0.2µm filter can get clogged with silt and other particles. This
might than subsequently lead to a less efficient extraction of chlorophyll-a. The
problem of clogging is not expected to happen for the 3.0 and 8.0µm filters, since
silt particles will pass through these filters.
4.4
Phytoplankton abundance
It was expected that species abundances in water samples before and after
passage through the msc is different. Edible species are expected to have a
higher abundance before passage and inedible species having the same
abundance before and after passage. A first analysis of the data however
revealed that samples taken before the msc did not only have lower cell numbers
per sample, but also had a different species composition compared to samples
taken from after the msc (table 9; Results). From this it was concluded that in
September, samples were not taken from the same water mass and further
analysis on species abundance was omitted.
4.5
Summary
Light attenuation did not differ for the locations before, inside and after the msc.
In July this might have been due to the already very low turbidity of the water.
For August and September it was suggested that measurements of light at the
different locations around the msc did not take place in the same water mass.
The absence of a measurable effect of mussel grazing on turbidity of water is
possible due to the large spatial variation or a gradient in turbidity in the
Marsdiep area.
There was no expected increase in nutrient concentration caused by mussel seeds.
And, there was also no increased plankton growth due to an increased up-take of
nutrients after phytoplankton passed the msc.
With regard to phytoplankton biomass (chlorophyll-a), a reduction up to 20% was
expected in July, based on modeling exercises (Riegman et al, 2009). For August
and September the reduction was expected to be lower (figure 16b, chlorophyll-a
conc. 10µg/l, Riegman et al, 2009) (see also Box 1; Introduction).
For July and August it was shown that there was an increase in chlorophyll-a
concentration in samples taken after the msc. Whether this is due to nutrients
excreted by the msc remains unknown.
No change in pheophytin was found. An expected increase in picoplankton as
fraction of total phytoplankton could not be tested due to problems with the
filtration method used.
The influence of msc on all parameters under investigation in this study, can only
be proven, provided that all samples per period were taken from the same water
mass. During all sampling periods efforts were taken to make sure this
prerequisite was met (Material and Methods). However, when analyzing the
results it was suspected that the samples taken after the msc were not taken
form the same water mass as before, in both August and September. As
(kg m-3)*(18*absolute viscosity of the fluid)-1 (kg-1 m-1 s-1)
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explained before, the buoy used to follow the water mass got stuck a few times in
the nets when sampling.
When analyzing the number of species and species distribution, the suspicion of
measuring in different water masses was confirmed for samples taken in
September. The number of plankton cells was lower in samples before the msc
than after. Also, species composition of samples before and after confirmed that
samples were taken from different water masses.
Looking at species composition probably gives the best indication of identical
water masses, the species composition can be seen as a finger print of a water
sample. Because species composition was not determined for samples taken in
August it can not conclusively be concluded that samples were taken in different
water masses.
Another explanation for the absence of a measurable effect of mussel seeds on
the chosen parameters might be that mussel seeds are not (very) active at low
velocities. Based on modeling exercises it was decided to perform the
measurements at a low velocity, mussel would than have maximal time to clear
the water. But it remains unknown what the effect of low current velocity is on
filtration rate of mussel seed.
A concluding remark regarding future measurements: It is recommended to take
into account the natural variation in the Wadden Sea. Results from this study
show that, for example, the variation in chlorophyll-a concentration within
samples taken before, inside and after the msc is quit considerable, up to 15%
(table 4a; Results). The expected decrease in chlorophyll-a due to msc is thus in
the same order as the variation within samples. This makes it difficult to show
any significant changes in chlorophyll-a caused by mussel grazing.
4.6
Expected changes in ecosystems
It is recognized that the interaction between mussel cultures and the ecosystem
is extremely complex (Cranford et al, 2009) and the absence of a measurable
effect of mussels on the ecosystem in not unique to this study.
A comparison between the effects found in this study and other studies is tricky
because most other studies have focused on adult populations and not on mussel
seed. Also, the different study systems can be quite different, it is therefore
difficult to extrapolate results from one site to another (Cranford et al, 2009). In
the introduction it was already mentioned that in some studies there was a
decrease in chlorophyll-a biomass due to mussel cultures (Dolmer, 2000,
Cranford et al, 2007), while others found no effect (Trotted et al, 2008a). Ogilvie
and co-authors (2000 and 2003) found a decrease in chlorophyll-a in winter while
they found a increase in chlorophyll-a in summer. Ogilvie and co-authors describe
their study system as light limited in winter and nutrient (especially nitrogen)
limited in summer. And, the increase in chlorophyll-a in summer is attributed to
increased nutrient recycling.
It is hypothesized that differences in the response of an ecosystem on an increase
in mussel biomass depends on the limiting factor for phytoplankton biomass and
primary production. The following relation between increased predation on
phytoplankton and both chlorophyll-a primary production is hypothesized (figure
7).
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Figure 7. In a irradiance controlled system (A) it is expected that with an increase in
predation by mussels there will be a decrease in phytoplankton biomass as well as a
decrease in primary production. In nutrient controlled systems (B), however, a slight
increase in chlorophyll-a is expected as well as an increase in primary production. Pictures
from Riegman et al, 2009.

The assumed relations correspond well with what Ogilvie and co-authors (2000
and 2003) found in winter months, when their system was light limited and with
the results found in summer, when their system was nutrient controlled.
Next to possible changes in primary production and phytoplankton biomass it has
been suggested that a shift in species composition might take place in areas with
increased mussel cultures. Especially an increase in picophytoplankton abundance
has been mentioned (Olsson et al, 1992, Cranford et al, 2003, Trottet et al,
2008b).
Based on the foregoing it is now hypothesized that in a system that is both
limited by light and nutrients, like the Wadden Sea, the following effects on
primary production and phytoplankton biomass can be expected (figure 8):
Chlorophyll-a concentrations are expected to remain more or less constant,
independent of mussel seed biomass. Increased nutrient availability due to
recycling of nutrients by mussels will increase primary production of
phytoplankton. Larger species, assuming that these are eaten by mussel seeds,
will experience greater losses at high densities of mussel seeds and will decrease
in biomass depending on the biomass of mussel seeds. Smaller phytoplankton
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(<3µm), that is not being eaten by mussels seeds will increase in biomass.
Furthermore, increased predation on ciliates, the predator of picoplankton,
reduces the grazing pressure on picoplankton, so their numbers can increase
even more.

Chlorophyll-a

In the Wadden Sea it was shown that phytoplankton biomass was limited by
nutrients in the summer months. Due to an increased recycling of nutrients algae
blooms might be come more likely. In September, phytoplankton is limited by
light. The introduction of msc might cause the amount of food to decrease much
faster than without msc (figure 7) with all due consequences for the higher
trophic levels.

Picoplankton

Prim. Prod.

Mussel biomass

Picoplankton

Mussel biomass
Figure 8. A theoretical relation between increased predation on phytoplankton by mussel
seeds and chlorophyll-a biomass (upper picture) and primary production (lower picture).
The upper lines in both pictures depict the expected relation when measuring chlorophyll-a
and primary production and the shaded area in the figure depicts the edible phytoplankton.
The differences between the shaded area and the line is the amount of picoplankton.
Pictures from Riegman et al, 2009.

36

5.

Conclusions and recommendations

Methodology
This study shows that it is difficult to measure the effect of a single msc on
phytoplankton. Even though everything was done to ensure sampling in the same
water mass, the results show that we did not succeed in doing so. At the same
time, differences before and after msc might be small, while local variation might
be high. For future research we suggest to change the sampling method. Cranford
and co-authors mention a new approach in which a computer-controlled vehicle is
towed through the water to collect phytoplankton data in a three-dimensional way
(latitude, longitude and depth). In this way phytoplankton distribution can be
collected before the distribution changes due to tide (Cranford et al, 2009). This
method has proven to be reliable to map phytoplankton depletion on a bay wide
scale (ref. in Cranford et al, 2009).
Carrying capacity
It can be expected that mussels on a msc influence the carrying capacity or food
supply for mussels on mussel beds or other primary consumers.
When fishing for mussel seed on natural beds is abandoned it can be expected
that the mussels beds will increase in size and abundance (Dankers et al, 2001).
An increase in the number of mussels on mussel beds is expected to reduce the
carrying capacity for msc and vice versa.
At the same time reduction of nutrients, especially phosphorus, since the 80-ies
resulted in a lower primary production of the Wadden Sea (Brinkman and Smaal,
2003). In the future a further decrease in nutrient concentrations might be
expected due to further measures taken to mitigate eutrophication for example as
a consequence of the implementation of the Water Framework Directive.
Nutrients, especially nitrogen are removed from the ecosystem with the harvest
of mussel seed. At the same time the recycling of nutrients is expected to
increase with an increase of mussel biomass (e.g. Dame and Dankers, 1988). To
study the overall effect of msc on the carrying capacity of the Wadden Sea it is
proposed to use mesocosm experiments to establish the excretion of nutrients by
mussels and uptake of nutrients by phytoplankton.
Furthermore, it is recommended to monitor stress-indicators like growth of
mussel seed or natural mussels. Changes in growth of mussels can be used to
indicate changes in carrying capacity of the Wadden Sea.
Other indicators than chlorophyll-a
Total chlorophyll-a content might not be the best indicator for changes in
phytoplankton due to msc. It is expected that msc in the Wadden Sea will have
little effect on biomass and production of phytoplankton (food quantity) (figure 8;
Discussion). The most important ecosystem level effect of msc is expected to be
on food quality. Changes are likely to occur in phytoplankton species composition
(e.g. Trotted et al, 2008b) and this in turn is expected to have major
consequences like increased algal blooms or the dominance of inedible (too small
or toxic) species. Changes in phytoplankton species can alter the food web of the
Wadden Sea. To study the effects of msc on the Wadden Sea ecosystem it is
therefore recommended to study the ‘energy flows’. For example, in mesocosm
experiments it can be investigated in detail what mussel seeds eat and how this
influences higher trophic levels.
So, summarizing, the following recommendations are given:
• collect phytoplankton data in a three-dimensional way
• set-up mesocosm experiments to study nutrient recycling and plankton
preferences of mussel seed
• monitor stress-indicators like growth of mussels
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Appendix 1
Nutrient and Chlorophyll-a concentration in the Marsdiep area
In figures 1a-5a boxplots are given that indicate the average chlorophyll-a (1) or
nutrient (2-5) concentrations in the Marsdiep area, Dutch Wadden Sea.
Time frame of measurements vary but are within the period 1976-2005. For more
details on the exact period of measurements see the legend per figure. Figures
1b-5b show the log-transformed concentrations in Box-plots. Month 1=January,
2=February and so on. Figures taken from Brinkman, 2008.

Figure 1a (left) and b (right). Average chlorophyll-a concentration in µg/liter for the period
1976-2005 (a) and the same graph with log-transformed concentrations (b).

Figure 2a (left) and b (right). Average NO2/NO3 concentration in mg N/liter for the period
1971-2004 (a) and the same graph with log-transformed concentrations (b).

41

Figure 3a (left) and b (right). Average NH4 concentration in mg N/liter for the period 19712005 (a) and the same graph with log-transformed concentrations (b).

Figure 4a (left) and b (right). Average silicate concentration in mg S/liter for the period
1981-2005 (a) and the same graph with log-transformed concentrations (b).
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Figure 5a (left) and b (right). Average PO4 concentrations in mg P/liter for the period
1975-2005 (a) and the same graph with log-transformed concentrations (b).

Interpreting a box-whisker plot
See figure 6. The ‘box’ contains the middle 50% of the data, The upper and lower
edges indicate the third quartile (75% of the data) and the first quartile (25%) of
the data respectively. The line in the middle of the box is the median. The vertical
lines above and below the box (‘whiskers’) indicate the maximum and minimum
values, unless there are outliers (bullets) (Brinkman, 2008)

Figure 6. Representation of a box-whisker plot. See text for interpretation. Figure taken
from http://www.netmba.com/statistics/plot/box/

Appendix 2
Measurement and sampling locations
Three pages in the following pdf-document with locations of light measurements
(1), locations were the water samples were taken in July and August (2) and
locations were the water samples were taken in September (3). The crosses in all
drawings indicate that these lines are non-existence.
(1) The locations where the light measurements were done in July, August and
September. In the chapter ‘Material and Methods’ is described how the
measurements were done.
In July light under water was measured at low tide: two times before the msc and
two times inside the msc. After the turn of the tide light was measured once after
the msc.
In August light was measured at low tide once before and once after the msc, at
high tide once after the msc.
In September light was measured at high tide 6 times before the msc; before line
1 and 2 and twice before line 7 and twice before line 8. Inside the msc light was
measured close to the net twice at line 5 and 6. After the turn of the tide light
was measured 6 times; after line 3 and 4, after line 5 and 6 and after line 7 and 8.
Note that at high tide in September water velocity was almost 0m/s at the time of
measurements.
(2) The locations were water samples were taken in both July and August.
In July 6 water samples were taken at low tide before the msc, 2 inside the msc
and 6 samples after the msc. After the turn of the tide again 6 samples were
taken before, 2 inside and 6 after the msc.
In August the sampling regime was different from July; at low tide, 3 samples
were taken before the msc at a depth of 1 meter, at one of those locations
samples were also taken at 3,5,7 and 10 meter. No samples were taken from
inside the msc. After the msc 3 samples were again taken at 1 meter and at one
of those locations sampling was done at depths of 3 and 5 meter, sampling at
greater depth was impossible because the location was to shallow. Also two
samples were taken away from the influence sphere of the msc at 1 meter depth.
After the turn of the tide no water samples were taken before the msc. Samples
taken at low tide after the msc were seen as ‘before’ samples at high tide. After
the msc 2 samples were taken at 1 meter and at one locations water samples
were also taken at 3,5,7 and 10 meter. Also two samples were taken away from
the influence sphere of the msc at 1 meter depth.
(3) The locations were water samples were taken in September
Sampling regime was different in September compared to both July and August.
Sampling took place at high tide, just before the turn of the tide when water
velocity was low (close to 0m/s). Samples were taken before lines 3-4, 5-6 and
7-8. For each of these samples temperature and salinity was measured and
samples were then mixed. Of this mixture one sub-samples was taken, this subsamples was further used in all analyses. This procedure was repeated 4 more
times, each time at 10m further from the msc. In this way a water mass of
approximately 60 by 50m before the msc was sampled.
The tide turned and water started to flow again. 2 ‘mixed’ samples were taken
from inside the msc. When the buoy (Material and Methods) left the msc at the
western side sampling started after the msc. The same procedure as sampling
before the msc was pursued, with one difference; sampling was done at a set
distance (1 meter) from the msc.

44

Remarks
What is important to keep in mind is that at low tide water flows from east
(Wadden Sea side) to the west (North Sea side) through the msc. At high tide the
flow is naturally the other way around. In September, as mentioned before,
samples were taken at high tide, starting at the east side of the msc, with a
velocity of almost 0m/s. As water started to flow again it flowed from east to west
through the msc.
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Appendix 3
Nutrient analysis
Protocol for sampling (in Dutch)
Benodigdheden
24 polypropyleen flesjes 125 ml, gevuld met 0.1 N HCl in een kratje
pony vials met dopjes
Gelman acrodisc filters 0.2 µm Supor Membraan
Plastik spuit van 20 ml
Spuitfles met demi water
Monster rekje polystyreen
Watervaste stift, zwart schrijvend
Werkwijze
Laat het polypropyleen potje leeg lopen en spoel het potje minstens 3 maal voor
met het water uit de CTD-fles die hetzelfde nummer heeft als het polypropyleen
potje. Zorg ervoor dat de deksel van het potje ook meegespoeld wordt. Vul het
potje bijna tot de rand.
Codeer de pony vials zo eenvoudig mogelijk. Zet de ponyvials in de monster tray.
Voor silicaat is 1 vial nodig, voor de analyse van NOx, PO4 en NH4 is een aparte
vial nodig, ook voor de analyse van TP/TN moet weer een aparte vial worden
gevuld. Begin zo mogelijk met oppervlaktewater, CTD-fles met het hoogste
monster nummer, dit monster heeft meestal een laag gehalte aan nutrienten. Zo
wordt contaminatie voorkomen.
Spoel de spuit voor met 2 maal 3 ml monster uit het polypropyleen potje. Zuig
hierbij ook lucht op en zorg ervoor dat de hele spuit voorgespoeld wordt. Zuig
hierna 20 ml op uit het monsterpotje zonder lucht. Schroef de acrodisc vast aan
de spuit en spoel het filter voor met 5ml monster. Spoel hierna de ponyvial 3
keer voor met 2 ml monster. Spuit het overgebleven water uit de spuit en vul
zonodig deze opnieuw met 20 ml. Vul hierna de ponyvial tot onder de rand met
filtraat. Vul het potje voor maximaal 80% omdat de vloestof bij het eventuele
invriezen zal uitzetten en het dopje los kan vriezen. Spoel het dopje van de
ponyvial met een kleine hoeveelheid filtraat. Gooi dopje leeg en sluit de ponyvial
met het voorgespoelde dopje (niet draaien maar klikken). Zorg ervoor dat het
dopje daadwerkelijk sluit.
Na het laatste monster de spuit spoelen met demi water. Ook aan de buitenkant.
Het filter kan, afhankelijk van de troebelheid van het water, voor meerdere
monsters gebruikt worden.
Bewaar de vials voor de silicaat analyse bij ca 4°C in de koelkast. (Niet invriezen
ivm polymerisatie van silicaat). De vials voor de analyse van NOx, PO4 en NH4
moeten net als de monsters voor de analyse van TDP/TDN bewaard worden bij 20°C in de vriezer.
Nutrient samples we analyzed in the NIOZ nutrient lab by Jan van Ooijen and
Karel Bakker.
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Appendix 4
Phytoplankton cultures
Two species, a diatom (Chaetoceros calcitrans) and a dinoflagellate (Pavlova
lutheri) were cultured at the Imares lab in Den Helder. Stock cultures came from
Imares Yerseke.
According to Tomas (1997) C. calcitrans is not regarded as a unique species
anymore and is renamed C. tenuissimus (Tomas, 1997, Hoppenrath et al, 2009).
The two phytoplankton species were cultivated in 5 different media named µmax
(maximum growth), nitrogen limitation, phosphorus limitation, silicate limitation
(for the diatom) and light limitation (Riegman and Herndl, unpublished).
First stock solutions of NaNO3, NaH2PO4.H2O and Na2SiO3.9H2O were made by
dissolving 3.3996 g of NaNO3, 0.276 g NaH2PO4.H2O and 11,368 g
Na2SiO3.9H2O in a liter MilliQ for each stock.
This leads to stocks with the following concentrations:
NaNO3: 40mM
NaH2PO4.H2O:2mM
Na2SiO3.9H2O:40mM
Also a separate NaNO3 stock of 2mM was prepared. Bottles were sterilized using
an autoclaaf.
To prepare medium for each treatment different volumes per stock solution were
pipetted into a liter sterile sea water. Table 1 gives an overview of pipette
volumes and final concentrations per treatment for N, P and Si.
Table 1. 5 different media to create 5 treatments. In the table the final concentration for n,
P and Si are given (in mM) and the volume pipette into 1 liter sea water.
Treatment
µmax
P lim
N lim
I lim
Si lim

NaNO3
40 mM: 5.0 ml
24 mM: 3.0 ml
2 mM (2mM stock!): 5.0 ml
12 mM: 1.5 ml
40 mM: 5.0 ml

NaH2PO4.H2O
2 mM: 5.0 ml
0.5 mM: 1.25 ml
2 mM: 5.0 ml
2 mM: 5.0 ml
2 mM: 5.0 ml

Na2SiO3.9H2O
40 mM: 5.0 ml
30 mM: 3.75 ml
20 mM: 2.5 ml
24 mM: 3.0 ml
4 mM: 0.5 ml

To complete the media a combination of metals as well as vitamins need to be
added to the sea water as well. Vitamins were prepared in Yerseke and were
stored at -80° C. The vitamin solution consisted of 200mg Thiamine chlorhydraat
and 10mg Cyanocobalamine added to 100ml sterile MilliQ or demiwater.
0.1ml was added to a liter medium.
In the original recipe (Walne medium) the 4 substances are put together but the
solutions keep precipitating. So instead of making one solution, 4 separate
solutions were prepared. Therefore the following substances were added to 100ml
MilliQ each (TMS1).
Substance
ZnCl2
CoCl2.6H2O
Na2MoO4.2H20
CuSO4.5H2O

Gram/100ml
2.1
2.0
2.42
2.0

Another solution is made by dissolving the following substances in 100ml MilliQ.
Substance
EDTA (C10H14N2Na2)
FeCl3.6H2O
MnCl2.4H2O
H3BO3

Gram/100ml
4.5
0.13
0.036
3.36
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Than add 1ml of each of the above 4 TMS1 solutions to this solution. This final
solution is called TMS2. Make this metal solution sterile by pushing the fluid
through a 0.2µm acrodisc filter (GelmanSciences). Per liter medium 1ml of TMS2
is added.
The medium needs to be controlled for the pH; if necessary the pH can be
adjusted by adding a few drops of NaOH (1.2M) or HCl (1.2M) to the medium.
Mixtures were incubated in 250ml sterile Erlenmeyers at 18° C with a light-dark
cycle of 18-6 h. Algae cultures were grown using warm white light (TL, Phillips)
with an average irradiance of 370µE m-2s-1. Light limited cultures were grown
under an irradiance of 17.8 µE m-2s-1.
Twice a week half of each culture was replaced with new medium, except for the
µmax cultures, here 90% was replaced with new medium. After 5 exchanges the
algae were adapted to the limitation (Riegman, personnel communication).
After 3 weeks after the start of the experiment it was concluded that the silicate
concentration was not limiting the algae in the C. tenuissimus Si limited culture
and a new stock solution was made with a quarter of the original silicate amount.
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