Possibilities for restoration of Zostera marina beds
in the Dutch Wadden Sea






Possibilities for restoration of Zostera marina beds
in the Dutch Wadden Sea

Een wetenschappelijke proeve op het gebied van de

Natuurwetenschappen, Wiskunde en Informatica

Proefschrift

Ter verkrijging van de graad van doctor
aan de Katholieke Universiteit Nijmegen,
volgens besluit van het College van Decanen in het
openbaar te verdedigen op woensdag 11 oktober 2000,
des namiddags om 1.30 uur precies

door

Margaretha Maria van Katwijk

geboren op 12 september 1958 te Zaandam

Ecoscience Nijmegen



Promotor: Prof. dr. C. den Hartog
Co-promotor: Dr. J.G.M. Roclofs

Manuscriptcommissie:  Prof. dr. G. van der Velde

(Vrije Universiteit Brussel, Belgié)

Dr. RM. Asmus
(Alfred Wegener Institute Foundation for Polar and
Marine Research, Sylt, Duitsland)

Prof. dr. VN. de Jonge
(The University of Hull, Hull, Groot Brittani¢;
Rijksinstituut voor Kust en Zee, Haren)

van Katwijk, M.M. (2000) Possibilities for restoration of Zostera marina beds in the
Dutch Wadden Sea. PhD thesis, University of Nijmegen,
The Netherlands. 160 pages. ISBN 90-9013913-3

Cover design: H. Munnik
Cover: quotation Martinet (1782), map of the distribution of Zostera marina beds in
the Wadden Sea in 1869 with notes by an unknown person in 1931.

Realisatie: Mediagroep KUN/UMC



CONTENTS

Voorwoord

1.

2.

General introduction

Suitability of Zostera marina populations for transplantation to the
Wadden Sea as determined by a mesocosm shading experiment.

van Katwijk MM, Schmitz GHW, Hanssen LSAM, den Hartog C (1998)
Aquat Bot 60: 283-305

Ammonium toxicity in eelgrass Zostera marina.
van Katwijk MM, Vergeer LHT, Schmitz GHW, Roelofs JGM (1997)
Mar Ecol Prog Ser 157: 159-173

. Effects of salinity and nutrient load and their interaction on Zostera marina.

van Katwijk MM, Schmitz GHW, Gasscling AP, van Avesaath PH (1999)
Mar Ecol Prog Ser 190:155-165

Effects of water dynamics on Zostera marina: transplantation experiments
in the intertidal Dutch Wadden Sea.
van Katwijk MM, Hermus DCR (in press) Mar Ecol Prog Ser

General Discussion. Habitat suitability of the Wadden Sea for restoration
of Zostera marina beds.

van Katwijk MM, Hermus DCR, de Jong DJ, Asmus RM, de Jonge VN
(in press) Helgol Mar Res 54

Summary, recommendations and implications.

Partly published in van Katwijk MM Zostera marina and the Wadden Sea.
In: Phillips RC Seagrass at the millennium. In: Sheppard C (ed) Seas at the
Millennium. Warwick Univ UK/Elsevier, Amsterdam (in press)

Samenvatting, aanbevelingen voor het beleid en toekomstvisie.

Een bewerkte versie hiervan werd gepubliceerd in van Katwijk MM (2000)
Onderwaterwoud van zeegras. Waddenbulletin 2000-2: 29-31.

List of publications

Curriculum vitae

vii

11

35

63

33

105

129

129

149

151






vii

VOORWOORD

Vanaf 1989 heb ik onderzoek verricht in het kader van het project “Herintroductie
zeegras in de Nederlandse Waddenzee’, gefinancierd door Rijkswaterstaat. De
belangrijkste resultaten van dit onderzoek zijn in dit proefschrift vervat. Het project is
ontsproten uit een lange traditie van zeegrasonderzoek onder leiding van Prof. dr. C. den
Hartog. Hij is degene die, samen met Prof. dr. V.N. de Jonge, het herintroducticonderzoek
geinitieerd en voorbereid heeft.

Behalve mijzelf hebben zes mensen een aanstelling gehad binnen het project. Mijn
voorganger, Wim Giesen, betrok mij bij het modelmatige deel van zijn onderzoek.
Hieraan heb ik zowel het coauteurschap van twee artikelen als mijn aanstelling in het
zeegrasonderzoek te danken. In het eerste jaar werkte Lucien Hanssen mee in het project,
daarna gedurende circa 5 jaar Fred Schmitz, aanvankelijk als assistent, later als collega
in uitvoering en management van de projecten. Karin Hermus werkte gedurende circa
3 jaar aan transplantatic-experimenten. Janneke Wijgergangs heeft een drietal burcau-
studies verricht gedurende circa 2 jaar. Anne-Marie Gasseling en Pim van Avesaath
hebben bijgedragen aan de tweede laboratoriumproef. Allen wil ik bijzonder danken voor
hun grote inzet en betrokkenheid.

In de projecten hebben de volgende studenten vol enthousiasme meegedraaid: Janneke
Wijgergangs, Peer Kennis, Rob de Vries, Saskia Westerveld, Dick Verschuren, Antoine
Janssen, Menno Hornman en Erik Crins. De hulp van vele vrijwilligers was onontbeerlijk.
Het waren tientallen studenten, collega’s, Rijkswaterstaatmedewerkers, vrienden, familie-
leden, vrienden van collega’s, vrienden van vrienden, familieleden van collega’s, etc. etc.,
en zelfs diverse mensen die we niet eerder kenden. Veel dank allemaal!

Begrotingen, contracten, personeelsaanstellingen, declaraties en de ongeveer honderd
reisaanvragen en -declaraties werden snel afgehandeld door het Contract Management
Bureau, Personele Zaken en de Financiéle Administratie, waarbij ik met name wil noe-
men: Rein Lehmann, Theo Goldsmid, Henny Claassen, Henk Radstaake, Frans Houben,
Martin Wiecherink, Gerard Geerlings, Hans Michels en Marion Verriet. Als ik iemand
achter de schermen vergeet te noemen, spijt me dat. De medewerkers van de bibliotheek
wil ik danken voor hun vriendelijke ondersteuning. Voor statistisch advies kon ik terecht
bij Theo de Boo (afdeling MIES van de KUN) en Cajo ter Braak (Centrum voor
Biometrie, Wageningen). De afdelingen Grafische Vormgeving en Fotografie van de
KUN hebben een groot deel van de illustraties in dit proefschrift verzorgd. De omslag
van het proefschrift is gemaakt door Hetty Munnik en dochters.

Met veel mensen van andere instituten heb ik prettig samengewerkt. Tk noem met
name Dr. Norbert Dankers, Koos Zegers, Piet-Jan van Leeuwen, André Meijboom van
Alterra Texel, Wim Visser en Tiemen Top van het Rijksinstituut voor Kust en Zee (RIKZ)
Haren, Annemicke van der Pluym van RIKZ Middelburg, Prof. dr. Marten Hemminga,
Dr. Pauline Kamermans, Jos van Soclen en Joop Nieuwenhuize van het Centrum voor
Estuariene en Mariene Oecologie, Yerseke, en Dr. Ragnhild en Dr. Harald Asmus van het
Alfred Wegener Institut te Sylt, Duitsland.



viil

Prof. dr. Victor de Jonge van het RIKZ in Haren begeleidde de projecten vanuit Rijks-
waterstaat. Met Dick de Jong (RIKZ Middelburg) vormden wij gedrieén de harde kern
van de zeegrasprojectgroep. Alle projectvoorstellen, en de veelvuldige bijsturingen die
tijdens de projecten nodig bleken te zijn (Zostera marina is een wispelturige plant) zijn
uit onderling overleg voortgekomen. Het is aan Victor’s burecaucratische stuurmans-
kunsten te danken, en aan de genoemde snelheid en flexibiliteit bij de administra-
ticafdelingen van de KUN, dat de projecten nog net in het beoogde seizoen konden
worden uitgevoerd. Ook de wetenschappelijke instelling van Victor en Dick zijn de
projecten ten goede gekomen. Tk heb veel aan hen te danken.

Alle medewerkers van de afdeling Aquatische Oecologie en Milieubiologie wil ik
bedanken voor de zeer prettige samenwerking. Met name wil ik Prof. dr. Gerard van der
Velde noemen, die mij op allerlei terreinen geholpen heeft. Het is inspirerend om deel uit
te maken van zijn breed georiénteerde werkgroep. Barry Kelleher wil ik bedanken voor
zijn correcties van de engelse taal en het kritisch doorlezen van alle hoofdstukken die
deel uitmaken van dit proefschrift. Martin Versteeg, Germa Verheggen-Kleinheerenbrink
en Jelle Eygensteyn (Gemeenschappelijk Instrumentarium) wil ik bedanken voor hun
royale ondersteuning bij het veldwerk en de analyses. Met Luc Vergeer heb ik prettig
samengewerkt in het eerste laboratoriumexperiment. Dr. Fred van den Brink wil ik
bedanken voor zijn collegialiteit in de periode dat we kamergenoten waren. Leon Lamers
en Esther Lucassen, mijn paranimfen, hebben mij vaak geholpen en waren altijd
belangstellend. Prof. dr. Jan van Groenendael heeft mij faciliteiten ter beschikking
gesteld om mijn proefschrift af te maken, waarvoor veel dank.

Promotor Prof. dr. C. den Hartog wil ik bedanken voor het vertrouwen en de vrijheid
die hij mij gaf. Hij heeft me de kans gegeven me op mijn eigen manier in de wetenschap
te ontwikkelen. Voorts voel ik me bevoorrecht om te promoveren bij een zeegras-
onderzoeker die, van duizenden zeegrasonderzoekers ter wereld, tot de bekendste twee
of drie behoort.

Co-promotor dr. Jan Roelofs heeft mij 14 jaar geleden aangenomen op de afdeling
Aquatische Ecologie en Milieubiologie, zodat ik een carricre in het bankwezen ben
misgelopen, waar ik hem nog altijd dankbaar voor ben. In diverse fasen van het
zeegrasonderzoek kon ik bij hem terecht voor waardevolle adviezen. Ik heb grote
bewondering voor zijn ecologisch inzicht en zijn vermogen helderheid aan te brengen.

Veel vrouwen dragen aan de maatschappij bij door een ondersteunende rol te
vervullen. Veel mannen hebben daar profijt van, maar soms ook andere vrouwen. Ik heb
het geluk gehad om niet alleen door mijn man, maar ook door vrouwen ondersteund te
zijn geweest: Tilly, dic niet alleen mijn kinderen, maar soms ook mijzelf liefdevol
opving, en Marian, die mij vurig kon aanmoedigen.

Tot slot, Lucien, ik dank je voor al je steun. Ik ben je ook dankbaar dat jij, net als ik,
je eigen carri¢re op een lagere snelheid hebt gezet toen we kinderen kregen, zodat wij
onze zorgtaken gelijk konden verdelen. Hoewel ik dat vanzelfsprekend vond, heb ik om
me heen gezien dat het dat nog niet is. Steef en Ivo, jullic hebben me het meest geleerd
en zullen me nog meer leren, dat weet ik.
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GENERAL INTRODUCTION

Seagrass restoration

Worldwide, many scagrass beds have disappeared (e.g. Short & Wyllie-Echeverria
1996, http://www.seagrass.unh.edu/). This is a large loss, not only from an ecological, but
also from an economical point of view. The plants are known to stabilise sediments
(e.g. Rasmussen 1977, Fonseca 1996), reducing particle loads (e.g. Gacia et al. 1999) and
act as a sink for nutrients (e.g. Asmus & Asmus 1998), in this way improving water
quality. Seagrass beds are a source of food for young fish and for crustaceans: particularly
its luxuriant epiphytic flora and fauna are the main source of food for many small fish and
invertebrates, which in their turn are caten by commercially important fish species,
whereas their remains, the detritus, form the basis for a complex food web (e.g. van Goor
1919, den Hartog 1970, Thayer et al. 1984, Fonseca et al. 1990, Heck et al. 1995,
Horinouchi & Sano 1999, Mattila et al. 1999). This nutrient cycling ability of seagrass and
algal beds led Costanza et al. (1997) to estimate their value as 19000 US$ per ha per year
(in comparison: coral reefs 6100; forests 969, cropland 92 US$ ha! yr!). Priceless,
however, is their contribution to biodiversity and habitat diversity of coastal waters.

Fortunately, not only scientists and lovers of nature, but also policy makers recognise
the gravity of seagrass loss in many parts of the world. Many seagrass meadows are now
protected by strict governmental regulations. Furthermore, restoration cfforts of
diminished seagrass beds have been performed in the North and Central America (review
in Fonseca et al. 1998, Sheridan et al. 1998, Orth et al. 1999), Australia (e.g. Larkum &
West 1983, Paling et al. 1998), Japan (c.g. Watanabe & Terawaki 1986, Kawasaki et al.
1986) and Europe (F. Duinker in Reigersman et al. 1939, Ranwell et al. 1974,
Christensen et al. 1995, Balestri et al. 1998, Piazzi et al. 1998, Meinesz personal
communication, this dissertation).

Seagrass in the Wadden Sea

The Wadden Sea is one of the world’s largest international marine wetland reserves
(approx. 6000 km?), bordering the coasts of The Netherlands, Germany and Denmark. In
the Wadden Sea, two species of seagrass occur, Zostera marina L. and Z. noltii
Hornemann. Before the 1930s, The Dutch Wadden Sea contained large beds of subtidal
and low-intertidal seagrass (Z. marina) covering an area between 65 and 150 km?
(Oudemans et al. 1870, den Hartog & Polderman 1975). These seagrass beds were of
great economic importance. The seagrass was used as roofing and isolation material, and
to fill mattresses and cushions. Before 1857 it was used to build dikes (Martinet 1782,
Sloet tot Oldhuis 1855, Oudemans et al. 1870). Considering the importance of dikes to
The Netherlands, it is no wonder that in the past a proverb was used to describe the
harvest (‘good hay grass, good sca grass’), a special prayer day was held to invoke a
bumper crop, and lyrical descriptions and poems about seagrass were written during the
18™ and 19" century (Martinet 1782, Sloet tot Oldhuis 1853, respectively). Already in the
18™ century it was urged to develop a method to multiply eelgrass, as ‘one cannot have
too much of it’ (Fig. 1, Martinet 1782). Less is known about the past German and Danish
beds. They had small or no economic value (van den Hoek et al. 1979).
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Conditions for successful restoration

The presence of potential seagrass habitats is the first condition for successful

restoration. Therefore, an important question preceding transplantation efforts is:
Is the environment (again) suitable for the seagrass?

Main causes for the lack of recovery of eelgrass stands in the Dutch Wadden Sea were
thought to be high turbidity, and later shellfish fishery (van den Hoek et al. 1979, Giesen
et al. 1990a,b, de Jonge & de Jong 1992). In the late 1980s, the eelgrass habitat in the
Wadden Sea had partly been restored with respect to these crucial factors: turbidity had
decreased and shellfish fishery was prohibited in some areas (de Jonge & de Jong 1992,
Philippart 1993). 25 % of the intertidal area was closed for shellfish fishery in 1993
(Dankers 1998). For this reason, restoration was thought to be feasible.

A second major question preceding transplantation, in case only remnants or no
scagrass beds at all have been left at the target location:

Are there suitable donor populations?

Zostera marina populations differ with regard to reproductive strategy and
morphology, which may be due to phenotypic adaptations to the habitat, but may also be
partly attributed to genetic differences (Biebl & McRoy 1971, McMillan & Phillips 1979,
Gagnon et al. 1980, McMillan 1982, Phillips & Lewis 1983, Backman 1991, Fain et al.
1992, de Heij & Nienhuis 1992, Olesen 1993, Alberte et al. 1994, van Lent & Verschuure
1994a.b, 1995). Therefore, it is probable that populations differ with regard to their donor
suitability for recolonisation elsewhere.

To address both questions, a mesocosm (=outdoor tank) experiment was conducted,
testing water quality and light climate in the Dutch Wadden Sea, and 5 potential donor
populations originating from Roscoff (France), Lake Grevelingen and Terschelling (The
Netherlands), Sylt (Germany) and Yderfjorden (Denmark). The results of this study are
presented in chapter 2.

The mesocosm experiment gave positive results, leading to the first transplantation
experiments (van Katwijk & Schmitz 1993, Hermus 1995, also described in chapter 5).
Transplantation success appeared to be inversely related to the depth of the
transplantation zone. We had learned from the mesocosm experiment (chapter 2) that
light was not limiting, which was confirmed by transplantation experiments (Hermus
1995) from which we hypothesised that either some water quality factor was unsuitable
to sustain eelgrass, or physical disturbance was too high at larger depths. Probably, the
most influencing water quality factor is nutrient load. Nutrient loads have severely
increased in the Wadden Sea (review in chapter 6), and particularly the following factors,
that are part of or interacting with nutrient load, were of interest:

 Nitrate: at that time a speech-making article appeared in the United States, reporting
a negative, probably toxic effect of nitrate on Z. marina (Burkholder et al. 1992).

* Ammonium: it is well known that high ammonium levels can be toxic to plants.
However, ammonium toxicity to submerged aquatic plants has been given little
attention. It had been observed in a few freshwater aquatic plants (Glinzer 1974,
Grube 1974, Agami et al. 1976, Glinzer et al. 1977, Roelofs 1991, Smolders et al.
1996). It had not been reported for Z. marina or any other seagrass.

+ Salinity: patterns of distribution and decline of Z. marina in the Netherlands
indicated a negative effect of a high salinity, particularly above 30.5 PSU
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(Wijgergangs & van Katwijk 1993, Wijgergangs 1994, Wijgergangs & de Jong
1999, D.J. de Jong personal communication). Furthermore, an interactive effect of
nutrients and salinity on Z. marina was suspected from distribution patterns
observed in The Netherlands (outlined in chapter 4).

This resulted in two laboratory experiments, (1) to test the effects of nitrate and
ammonium on Z. marina (chapter 3), and (2) to test the effects of salinity, nutrients and
their interaction on Z. marina (chapter 4).

The effects of water dynamics and the ensuing sediment instability as well as
bioturbation were tested in 3 transplantation experiments, described in chapter 5.

The results presented in chapters 2 to 5 had implications for reintroduction efforts,
potential eelgrass habitats and eelgrass ecology in general, which were synthesised in a
conceptual model and led to recommendations for future research in chapter 6. A
distinction has been made between a higher and a lower zone of potential habitats, each
suitable for different morphotypes of Zostera marina. The conclusions are summarised
in the *‘Summary, recommendations and implications’ with an international approach, and
in the ‘Samenvatting, aanbevelingen voor het beleid en toekomstvisie” in Dutch, with a
regional approach.
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SUITABILITY OF ZOSTERA MARINA POPULATIONS FOR
TRANSPLANTATION TO THE WADDEN SEA AS DETERMINED BY
A MESOCOSM SHADING EXPERIMENT

ABSTRACT: As part of eelgrass reestablishment efforts in the Wadden Sea, 5 northwest
European eelgrass (Zostera marina L.) populations were studied in a mesocosm filled
with Wadden Sea water over a 2 year period. The original habitats of these populations
varied with regard to salinity, tidal regime, latitude, substrate type and water nutrient
content. The reproductive strategies ranged from semi-annual to perennial. Experimental
parameters studied were: planting density (64 and 121 plants m?) and irradiance
corresponding to 75 %, 89 %, 95 % and 98 % light reduction at the bottom. Three out of
5 Z. marina populations were successfully transplanted. Planting density, although
initially positively correlated, had no effect on final transplantation success. The
populations maintained their original reproductive strategy. The reproductive strategy of
the donor population did not show a clear correlation with transplantation success. The
maximum light reduction tolerated at the bottom was 75 % to 89 %. The populations did
not differ in shading tolerance. Assuming a light attenuation coefficient in the Wadden Sea
of k=2.0 m’!, this corresponds to a maximum transplantation depth of between 0.45 m and
0.85 m below mean sea level. The differences in transplantation success, and the
conservative reproductive strategy of different Z. marina populations, indicate genetic
differences and/or low phenotypic plasticity. Moreover, this implies that the characteristics
of a donor population must be carefully considered prior to transplantation.

INTRODUCTION

Eelgrass (Zostera marina L.) occurs along the coasts of the entire northern hemisphere
(den Hartog 1970). Over the last decades, substantial eelgrass losses have been recorded
throughout its distribution area (see review in Short & Wyllie-Echeverria 1996). This has
led to revegetation programmes in several areas (¢.g. Zimmerman et al. 1991, 1995, Batiuk
et al. 1992, Kenworthy & Fonseca 1992, van Katwijk 1993, Fonseca et al. 1994, Moore ¢t
al. 1996). Until now, little attention has been paid to possible differences in the suitability
of eclgrass populations to act as a donor for reestablishment. Z. marina populations differ
with regard to reproductive strategy and morphology, which may be due to phenotypic
adaptations to the habitat, but may also be partly attributed to genetic differences
(McMillan & Phillips 1979, Gagnon et al. 1980, McMillan 1982, Phillips & Lewis 1983,
Backman 1991, Fain et al. 1992, de Heij & Nienhuis 1992, Olesen 1993, Alberte et al.
1994, van Lent & Verschuure 1994a.b, 1995). Therefore, it is hypothesised that populations
also differ with regard to their donor suitability for revegetation elsewhere.

What features determine the suitability of a population to be a donor in a reestablishment
programme? Firstly, the population should be large enough so that it will not be markedly
reduced by the donation. Secondly it should survive transplantation to the new environment.
Thirdly, the transplants should be able to expand (sexually or vegetatively). Intertidal
Z. marina populations usually display an annual life cycle, while subtidal populations
usually are perennial (Harmsen 1936, Keddy & Patriquin 1978, Jacobs 1982, Phillips et al.
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1983). This implies that transplantation to an intertidal area requires a population with a high
rate of seed production and germination, whereas transplantation to a subtidal area requires
a perennial population. In some cases, both strategies may be desirable, i.c. when
transplantation in intertidal zones is the initial objective, but subsequent expansion to
subtidal areas is hoped for. Also, if seed production fails, at least a part of the population
should survive through vegetative propagation (this dual strategy is also found in natural
habitats, i.e. in the Wadden Sea). This may require more than one donor population, which
is also preferential from the point of view of increasing genetic diversity of the transplants,
the importance of which was already pointed out by Williams & Davis (1996).

The present study was part of an eelgrass reestablishment programme for the Wadden
Sea. The Wadden Sea is one of the world’s largest international marine wetland reserves
(approximately 6000 km?). In the Dutch part, approximately 150 km? of eelgrass cover
was lost during the twentieth century, especially during the outbreak of wasting disease in
the 1930s, presently leaving, at most, 1 km? (van Goor 1921, den Hartog & Polderman
1975, personal observation). Main causes for the lack of recovery were thought to be high
turbidity and shellfish fishery (van den Hoek et al 1979, Giesen et al. 1990a,b, de Jonge
& de Jong 1992). In the late 1980s, the eelgrass habitat in the Wadden Sea had partly been
restored with respect to these crucial factors: turbidity had decreased and shellfish fishery
was prohibited in some areas (de Jonge & de Jong 1992, Philippart 1993).

A Wadden Sea mesocosm experiment was carried out using 5 northwest European
Z. marina populations that were selected from a variety of habitats (different tidal regimes,
high and moderate salinity, type of substrate and water nitrogen concentrations) and
possessed different reproductive strategies (annual, perennial) and morphologies. Four
questions were tested: (A) what, if any, are the differences between, and changes in, the
survival and reproductive potential of the 5 populations after transplantation to the Wadden
Sea mesocosm? (B) What habitat transitions can be tolerated by Z. marina? (C) What is the
effect of light on the survival and reproductive potential of these 5 populations, and what
would be the maximum depth of eelgrass occurrence? (D) What is the effect of planting
density on the survival and development of Z. marina in the mesocosm?

MATERIALS AND METHODS

Experimental design. Five northwest European eclgrass populations were selected from
a variety of habitats (Table 1). The plants were placed in a mesocosm basin in spring
1990 and monitored during 2 growing seasons (until September 1991). Two planting
densities were used to study its effect on survival and maintenance of the plants and to
gain some insight in the minimal planting density required for survival. Four shading
categories were employed to investigate the maximum depth of potential eclgrass
survival. Survival of the plants was investigated by monitoring the percentage cover,
frequency, and biomass of transplanted populations. The generative potential of the
populations was assessed by estimating the percentage of generative shoots, seed
production and germination. During 1989 and 1991, partly similar transplantation
experiments were carried out, from which we gained an impression of year-to-year
differences and the effect of planting date (van Katwijk 1992).
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Fig. 1. Mesocosm basin with trays
with Zostera marina. Nets were
removed and the water was lo-
wered on this photograph

Mesocosm. The mesocosm experiment was carried out in a basin at the Institute for
Forestry and Nature Research (IBN/DLO) on the island of Texel, in the Dutch Wadden Sea.
The mesocosm was controlled with regard to water movement, shading and water level.
It was uncontrolled with regard to sunshine, precipitation, water quality and temperature.
The basin measured 50 x 5 m (Fig. 1). The height of the water column was 70 cm.
Unfiltered Wadden Sea water was allowed in at a rate of 50 m? per hour (i.c. residence time
circa 4 h). Netting provided 4 shading categories, viz. 0 %, 54 %, 79 % and 90 %.

Environmental data. Water temperature in the mesocosm was measured weekly or
biweekly from May to November in 1990 and 1991. Temperature data for December to
April, recorded daily from the vicinity of the mesocosm inlet at 0800 h, was supplied by
the Netherlands Institute for Sea Research (NIOZ).

Daily solar radiation (J cm? d!, 30 to 3000 nm) was recorded by the Royal Dutch
Meteorological Institute (KINMI) at station De Kooy, 10 km away from the mesocosm. In
order to calculate PAR (Photosynthetically Active Radiation, wavelength 400 to 700 nm),
a conversion factor of 0.45 was used (Liining 1981, Colijn 1982).

To compare the results of shading with existing information on growth saturating
irradiance, we derived from the data of Pellikaan (1980), that saturating irradiance for
growth is achieved in summer at approximately 100 J cm? d! of incident irradiance. The
solar irradiance required to reach this value at the bottom was calculated for the 4 shading
categories by determining the light attenuation due to reflection by the water column and
the shading nets. After Pellikaan (1980), loss of light due to reflection at the water surface
was assumed to be 10 %. The light attenuation coefficient of the water in the mesocosm
was measured by means of a Sea-Tech transmissometer (wave length 660 nm, 5 cm water
path length). Light reduction by the water column was calculated using the equation
(Lambert-Beer):

I, = Ipexp ™ (Equation 1)
where: I, = irradiance at depth Z, 1, = irradiance just below the water surface, ¢ = beam

attenuation coefficient, which was assumed to equal the in situ light attenuation
coefficient (k).



Table 1. Habitat and reproductive characteristics of the donor populations and abiotic characteristics of the mesocosm

Donor Roscoff Yderfjorden) L. Grevelingen Terschelling Sylt Mesocosm
population (Vemmingbund) (Battenoord) (West-Terschelling) (Konigshafen)
Coordinates 3°59°W 9°43’E 4°07 E 5°13’E 8°24°E 4°48°E
48°44° N 55°54°N 51°42°N 53°22°’N 55°03’N 53°00°N
Average tidal 5.5 0 0 18 L7 0
range (m)
Emergence time 0 %" 0% 0% Ca 50 % Ca 50 % 0%
Collection depth
below mean 2-4 09-13 09-12 0 0-02 -
sea level (m)
Salinity (PSU) 32 11 30 30 30 30
Visibility (m) or . . e e 1 P .
light att. coeff, (m™) 6-10"m 4-8°m 0.2-0.5"m 1.0-2.3° m 0.5-1.9'm see Fig. 2
Water body Atlantic Ocean Baltic Sea North Sea® Wadden Sea Wadden Sea Wadden Sea"
Sea water nitrogen' low low low moderate low moderate
_ _ fine sand fine sand coarse sand coarse sand
Type of substrate variable’ sandy’ 8 % silt 8 % silt 8 % silt 0 % silt
8 % organic* 2.5 % organic* 1 % organic® 1 % organic®
Reproductive perennial perennial perennial semi- semi-
strategy evergreen evergreen not-evergreen' annual™ annual™ B
Morphology robust robust flexible flexible flexible -

91

7 11dey)
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Notes to Table 1:

2 Reise (1985)

® Most of the eelgrass plants were collected in a low intertidal zone that was never exposed,
because bedform features prevent the full recedence of water at low tide

¢ Visibility (m) was estimated when we sampled the location

4 Nienhuis (1989)

¢ Measured in a nearby channel in the period 1985-1990 (de Jonge & de Jong 1992)

! Personal communication R. M. Asmus

¢ In connection with the North Sea by means of a small sluice

" Wadden Sea water is let in

! Low: winter: median DIN < 50 uM; summer: median DIN < §;

Moderate: winter: 70 < median DIN < 50 uM; summer: 18 < median DIN < 8

i Not analysed

k Grain size: Sieving through 210 pm and 50 um mesh after destruction; organic contents: loss
on ignition (see Jacobs & Huisman 1982)

! The Grevelingen estuary was closed in 1971 and became a brackish lake. In the estuarine
phase, the small Z. marina population was semi-annual (personal observations, Beeftink 1965).
In the 1970s, the population was perennial but the rapid expansion of the beds originated
largely from the germination of seeds (Nienhuis & de Bree 1977, Pellikaan 1980, Nienhuis
1983). In the past decade the population has been perennial (personal observations, van Lent &
Verschuure 1994a). The population overwinters largely underground

™ Semi-annual: most of the plants are annual; 2 to 10 % of the plants have sprouted from rhizomes

Transplantation to the mesocosm. At the donor sites (Table 1), Zostera marina plants
were dug out and rinsed with sea water to remove sediment. The time interval between
collection and planting in the mesocosm was 2 days, during which the plants were
maintained at approximately 10°C in a shallow layer of sea water. Plants from perennial
populations were collected at the beginning of the growing season, planting dates were:
Roscoff: 31 March, Lake Grevelingen: 6 April, Yderfjorden: 14 April. Plants from semi-
annual populations were collected at the time that most of seedlings were 4 to 6 weeks
old, planting dates were: Terschelling: 23 May, Sylt 22 June.

Zostera marina plants were planted in trays of 1 x 1 x 0.2 m. The trays were filled to
the edge with fine sand. Planting densities were 64 and 121 plants m? (= per tray). A
plant usually consisted of 1 rooted shoot. Occasionally, two-shoot plants were not
separated, as this would have severely damaged them. Two replicates were made of every
combination of population and planting density. The populations and planting densitics
were randomly distributed over the trays within each shading category. The 4 shading
categories were not replicated and were placed at random in the mesocosm.

Monitoring. In the mesocosm, samples were taken 5 times during the first growing
season, and 6 times during the second growing season. Number of shoots, phenology and
above and belowground biomass were determined in samples of 0.04 m? The resulting
gap in the sediment was filled with clean fine sand. During the first growing season,
eelgrass cover was estimated every 2 to 3 weeks in the mesocosm. During the second
growing season, the total number of shoots per tray was counted and corrected for the
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removal of shoots during previous sampling. This was done every 5 to 6 weeks.

At the donor sites (Table 1), the eelgrass populations were monitored every 5 to 7
weeks during the growing season. Fifty plants were collected randomly in an area of ca
1000 m?. Above and belowground biomass and phenology were determined. In order to
obtain biomass values, eelgrass material was dried (80°C; 48 h) and weighed. Values for
above and belowground biomass in the mesocosm at the date of planting were
extrapolated from the first set of values taken at the donor sites.

In the mesocosm, macroalgae were removed every 2 to 3 weeks during the growing
season. Sediment traps were laid down and their contents collected every 2 to 4 weeks.
Sedimentation appeared to be equally distributed throughout the mesocosm basin. Seeds
on the plants were counted in July of the first growing season; more seeds are likely to
be found at this time than in August or September (personal observation 1991, van
Katwijk 1992). Due to the large number of seeds, counts were made during a limited
period of time (an arbitrary 2'/> minutes per tray by 2 persons). In some cases, no more
than 10 % of the eelgrass plants could be investigated during this period of time. This
means that the count values have only a relative value. At the beginning of the second
growing season (March to May 1991), seedlings were removed as they may have been
the product of unknown cross-fertilizations. Their abundance was recorded qualitatively
for each population.

Data analysis. Data processing and statistical calculations were performed using the
Statistical Analysis System (SAS 1989). Analyses of Variance (ANOVA) were carried
out using a factorial model with the factors being: population, shading category, planting
density and the interaction between population and shading. Shading categories were not
replicated, therefore their effects could not be statistically tested. However, interaction
effects of shading with other factors were validly tested with ANOVA. The Yderfjorden
population and the 90 % shading category were not included in the analysis because their
many zero values interfered with the required normal or lognormal distribution of the
dependent variables. Dependent variables were: number of shoots, cover, biomass and
percentage of generative shoots. In order to test differences between the means per
category, Tukey’s studentised range test was carried out (Sokal & Rohlf 1981). Plant
cover and percentage of generative shoots approached a normal distribution. The number
of shoots and biomass showed a lognormal distribution, and were, therefore, log-
transformed before carrying out statistical tests (Jongman et al. 1995, Slob 1987). As a
central measure for normally distributed variables, the mean is used; for variables with a
lognormal distribution we used the geometric mean. Standard errors of logarithmically
transformed variables were calculated following Mood et al. (1974).

RESULTS

Light
The mean light attenuation coefficient between May and October 1990 in the
mesocosm basin was 2.00 m! (Fig. 2). This implied that the average light reduction by
the water column of 70 cm (without shading) was 75 % (equation 1). Shading of 54 %,





















































































































































































































































































































































































































