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Summary vii

Summary 

One of the most fundamental challenges in ecology is to understand the underlying causes 

of patterns in distribution and abundance of species. As ecologists have grappled with this 

question, the role of recruitment as a structuring process has attracted increasing attention 

over the last two decades. Much of the recent work has focused on how pre- and post-

settlement processes involved into recruitment affect the temporal and spatial pattern of 

invertebrate populations and communities. This thesis investigates how larval supply, larval 

settlement and secondary dispersal in relation to environmental conditions affected 

recruitment of macrozoobenthos living in an intertidal sand flat located in the German 

Wadden Sea (North Sea). The severe winter 1995/96 was used as a natural large-scale 

experiment to study how these processes contribute to the recovery from such a disturbance 

and to assess the structural development of two different assemblages.  

 

The analysis of data from three investigation years supported many other studies reporting a 

considerable variability of both abiotic and biotic components of tidal systems in temperate 

regions. The temporal variability of meroplanktonic bivalve larvae in the water column was 

generally related to variability in the timing of sea water temperature increase and/or the 

timing and magnitude of phytoplankton blooms. An unusual development of a strong late 

summer phytoplankton bloom supposedly triggered a second spawning in Macoma balthica 

in 1995, a species usually spawning only once per year in this region in spring. This implies 

that spawning patterns are not strictly geographically fixed, but to some extent can be flexibly 

adjusted to the prevailing environmental conditions.  

 

Pelagic larvae of most bivalve and polychaete species settled passively in accordance with 

the hydrographic regime governing the deposition of fine particles along the edges of 

sheltered areas during slack tide. In contrast, only the tube-building polychaete Lanice 

conchilega settled almost exclusively at the exposed investigation site within the adult 

habitat. Here, juvenile tubes were directly attached to the adult tubes, and settlement rate 

depended on the density of adult tubes. Gregarious settlement due to chemical substances 

released by the adults was excluded since in experiments artificial tubes and other protruding 

structures were accepted for settlement in the same way. Results of a grid based model 

suggested that the near-bottom flow determines the density of L. conchilega aggregations. It 

was assumed that high current velocities around protruding structures change the near-

bottom flow and cause turbulences behind the tube, which increase the probability of larval 

settlement. The conclusion drawn from the model was that dense L. conchilega patches 

develop only in areas of high near-bottom flows. These model assumptions were roughly 

confirmed by field observations.  
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Our studies support that resuspension and drift of benthic life stages of bivalves and 

polychaetes regularly occur in dynamic shallow water systems. As a consequence of 

secondary dispersal, spatial patterns generated by larval settlement rapidly changed. Areas 

with low larval settlement were successfully colonised by secondary dispersal of postlarval 

stages. Secondary dispersal of postlarvae started immediately after initial settlement, was 

functional over several months and involved the entire O-group. Two in situ staining 

techniques were designed to calculate the local turnover of small benthic organisms. These 

experiments revealed that recently settled Macoma balthica, Mya arenaria and Pygospio 

elegans were exchanged at least once a week. Slower turnover rates during later times of 

the year demonstrated that secondary dispersal is strongly size/age dependent. Moreover, it 

became apparent that secondary dispersal does not necessarily lead to local changes of 

species abundance since import and export of organisms can occur at the same time and 

may balance each other. Implications of these findings for population studies and soft bottom 

ecology are discussed.  

 

Over three successive years, occurrence and abundance of pelagic larvae, initial settlers and 

juveniles of bivalves were recorded to assess whether recruitment can be inferred from the 

dynamics of early life stages. It turned out that the annual timing of recruitment might be well 

predictable by monitoring pelagic larvae. The relationship between annual recruitment 

success and annual abundance of pelagic bivalve larvae appeared to be species-specific: in 

Mya arenaria and Ensis americanus low larval numbers in spring resulted in poor recruitment 

and high larval numbers were coherent with successful recruitment. In contrast, recruitment 

strength in Macoma balthica was not related to the annual larval abundance. However, the 

current view that pre-settlement processes are unimportant in soft bottoms to explain 

recruitment patterns is not generally supported.  

 

Flexibility of life histories, high mobility of benthic life stages and the existence of functionally 

distinct life stages provide multiple paths to population maintenance and a high resilience of 

macrobenthic assemblages as was observed following the severe winter. However, the 

development of the structure of the assemblages could not be explained by life histories 

alone, but resulted from the interaction between species life histories, habitat conditions and 

biotic interactions, namely facilitation by tube-building polychaetes. It is highlighted that at the 

end tides and currents are the decisive processes because they set the boundary conditions 

to which organisms respond and mediate the function of many processes such as larval drift, 

larval settlement and secondary dispersal. A better knowledge about recruitment dynamics is 

not only a fundamental aspect to ecology, but also necessary for developing sustainable 

management practices for a dynamic system. 
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Zusammenfassung 

Innerhalb der Frage, welche Prozesse und Faktoren die Verteilung und Abundanz von 

marinen Arten bestimmen, hat Rekrutierung einen immer größeren Stellenwert als 

strukturierender Prozess gewonnen. Rekrutierung selber ist komplex und hängt von einer 

Vielzahl von Faktoren vor und nach der Larvenansiedlung ab. Das Hauptziel der 

vorliegenden Arbeit war die Klärung der Frage, wie die Prozesse Larvenangebot, 

Larvenansiedlung und sekundäre Dispersion die Rekrutierung des Makrozoobenthos in 

eulitoralen Weichboden-Gemeinschaften der Nordsee beeinflussen. Der strenge Winter 

1995/96 wurde als natürliches Großexperiment genutzt, um den Einfluss dieser Prozesse auf 

die Wiederbesiedlung und die Ausbildung von zwei unterschiedlichen 

Gemeinschaftsstrukturen zu dokumentieren.  

 

Unsere Studien bestätigen, dass sowohl biotische als auch abiotische Komponenten in 

dynamischen Küstensystemen gemäßigter Breiten einer sehr hohen saisonalen und 

interannuellen Variabilität unterliegen. Jährliche Unterschiede in der zeitlichen Erwärmung 

des Meerwassers im Frühjahr und/oder der zeitlichen Entwicklung und des Umfangs von 

Phytoplanktonblüten waren vermutlich die Hauptursache für zeitliche Verschiebungen im 

Vorkommen meroplanktischer Muschellarven. Die Muschel Macoma balthica laicht in der 

Nordsee normalerweise einmal pro Jahr im Frühjahr. Es ist zu vermuten, dass eine für diese 

Regionen ungewöhnlich starke Phytoplanktonblüte im Spätsommer 19995 einen zweiten 

Laichschub ausgelöst hat. Somit sind die Laichmuster benthischer Evertebraten offenbar 

nicht geographisch strikt festgelegt, sondern können in einem gewissen Maß flexibel den 

jeweiligen Umweltbedingungen angepasst werden.  

 

Die Ansiedlung der meisten Muschel- und Polychaetenarten erfolgte passiv, und Larven 

wurden wie feine Sedimentpartikel in strömungsberuhigten Bereichen bei Stillwasser 

abgelagert. Lediglich der röhrenbauende Polychalet Lanice conchilega siedelte fast 

ausschließlich an der exponierten Station im Alttierhabitat. Hierbei waren die Röhren 

juveniler Tiere direkt an die Röhren der Alttiere geheftet. Ansiedlungsexperimente im Feld 

ergaben, dass künstliche und natürliche Röhren in gleicher Weise besiedelt wurden; daher 

wurde eine durch chemische Substanzen der Alttiere hervorgerufene Larvenansiedlung bei 

L. conchilega ausgeschlossen. Simulationsergebnisse eines gitterbasierten Modells 

verdeutlichten den großen Einfluss der bodennahen Strömung auf die Dichteentwicklung der 

Lanice-Siedlungen. Anscheinend trugen die Turbulenzen und Verwirbelungen, die hinter 

Polychaetenröhren entstehen, zur vermehrten Ansiedlung von Larven in Gebieten mit hohen 

Strömungsgeschwindigkeiten bei. Hieraus wurde gefolgert, dass die Entwicklung dichter 
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Lanice-Bestände nur in Gebieten mit hoher Strömungsgeschwindigkeit erfolgt. 

Beobachtungen im Freiland bestätigen grob die Modellannahmen.  

 

Unsere Studien bekräftigen, dass in dynamischen Flachwassergebieten Resuspension und 

Drift benthischer Lebensstadien von Bivalviern und Polychaeten regelmäßig vorkommen. Die 

Dispersion von postlarvalen, juvenilen oder adulten Bivalviern und Polychaeten resultierte in 

einem deutlichen Wechsel der durch die Larvenansiedlung hervorgerufenen 

Besiedlungsmuster. Durch sekundäre Dispersion konnten Gebiete besiedelt werden, in 

denen zuvor nur eine geringe Larvenansiedlung stattgefunden hatte. Bei den Muscheln 

schloss sich die Phase der sekundären Dispersion direkt an die Larvenansiedlung an, war 

über mehrere Monate wirksam und involvierte die gesamte 0-Altersgruppe. Um die lokale 

Austauschrate von kleiner benthischer Makrofauna zu ermitteln, wurden in situ-

Markierungstechniken entwickelt. Tägliche Beprobungen ergaben, dass die Bestände gerade 

angesiedelter Macoma balthica, Mya arenaria und Pygospio elegans wenigstens einmal pro 

Woche ausgetauscht wurden. Eine Wiederholung des Experiments mit bereits größeren 

Tieren führte zu geringeren Austauschraten, was auf eine Größen- oder Altersabhängigkeit 

des Prozesses hinweist. Des weiteren wurde deutlich, dass Import und Export von 

Organismen sich zeitlich überlagern und somit nicht zwangsweise zu einer 

Besiedlungsänderung führen müssen. Die Bedeutung dieser Ergebnisse für 

populationsdynamische Studien wird diskutiert.  

 

Um den Einfluss von frühen Lebensstadien auf die jährliche Jahrgangsstärke einer 

Muschelart zu untersuchen, wurde über drei Jahre das Vorkommen und die Abundanz von 

pelagischen Larven, Initialansiedlern und Rekruten unterschiedlicher Muschelarten 

untersucht. Hiernach lässt sich der Zeitpunkt der Rekrutierung generell gut durch das 

zeitliche Vorkommen der Larven vorhersagen. Der Zusammenhang zwischen 

Rekrutierungserfolg und Larvenangebot war jedoch artspezifisch: bei Mya arenaria und 

Ensis americanus ging ein geringes Larvenangebot einher mit einer geringen Rekrutierung 

und ein hohes Larvenangebot mit einer starken Rekrutierung. Dagegen entwickelte sich die 

Jahrgangsstärke bei Macoma balthica unabhängig vom Larvenangebot. Durch diese 

Ergebnisse wird die vorherrschende Meinung, dass in Weichböden Prozesse vor der 

Ansiedlung keine Bedeutung für die Rekrutierungsdynamik von Evertebraten haben, nicht 

generell unterstützt. 

 
Eine hohe Flexibilität in den Lebensstrategien, eine hohe Mobilität und die Existenz von 

funktional unterschiedlichen Lebensstadien sind wichtige Mechanismen für den Erhalt von 

Populationen in dynamischen, leicht veränderlichen Lebensräumen. Auch die hohe Resilienz 

der benthischen Gemeinschaften nach der Störung durch den Eiswinter, war auf diese 
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Mechanismen zurückzuführen. Allerdings ließ sich die Entwicklung von 

Gemeinschaftsstrukturen nur durch Interaktionen zwischen artspezifischen 

Lebensstrategien, Umweltbedingungen und biotischen Interaktionen, und hier besonders 

durch Förderung durch röhrenbauender Polychaeten, erklären. Hierbei kommt den Tiden und 

Strömungen als Motor des Systems, durch den viele der hier untersuchten Prozesse erst 

wirksam werden, eine besondere Rolle zu. Ein besseres Verständnis der 

Rekrutierungsdynamik ist nicht nur von grundlegender Bedeutung für die Ökologie, sondern 

auch eine Voraussetzung für ein sinnvolles Management dynamischer Küstensysteme. 

 





Introduction 1 

1 Introduction 

1.1 Macrozoobenthic assemblages in dynamic tidal flats  

Being neither purely terrestrial nor aquatic, tidal flats constitute an ecotone between the sea 

and the land which periodically emerges and submerges (Reise 1985). Tidal flats can be 

found worldwide, but often they only cover a narrow fringe. Extensive areas of around 7000 

km² are found along the coasts of Europe and North Africa. A unifying characteristic of all 

tidal flats is their ephemeral and rarely static nature. The driving forces are physical factors 

such as tides and currents which on the one hand interconnect the different habitats but on 

the other hand intermit important ecological processes such as predation, feeding and 

reproduction. In temperate regions, salt marshes border the tidal flats from the land and 

islands often provide shelter from the open sea (Fig. 1). Towards the tropics mangroves 

replace the salt marshes.  

 

 
 

Fig. 1: Some intertidal macrobenthic assemblages of the Wadden Sea (1: mussel bed, 2: Lanice 
conchilega-dominated sand flat, 3: mixed sand flat, 4: Arenicola marina-dominated sand flat, 
5: seagrass bed, 6: mud flats), as an example for temperate areas with back-barrier islands (partly 
redrawn from Reise (1985)).  
 

 

For the macrozoobenthos, tidal flats present an ecotone of contrasts. At first sight, they are 

physically harsh environments due to extreme fluctuations of pH value, salinity and 

temperature. Hence, organisms have to cope with desiccation, hypoxia and limited feeding 
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possibilities. Since only a few species are able to adapt to those conditions, the tidal flat 

macrofauna is characterised by a low species richness compared to adjacent deeper 

sediments (Beukema 1976). Adaptations to the tidal flat environment are either behavioural 

or physiological. Life history features such as high reproduction rate, short life span or high 

potential to disperse enable the organisms to recover from disturbances which occur 

frequently in estuarine systems (Probert 1984, Hall 1994). It is generally agreed that 

communities have a high resistance to, and a high resilience from disturbances (Boesch and 

Rosenberg 1981). Most of the resident species to some extent escape from the harsh 

surface conditions by living sedentarily in the soil. Often only their faeces, burrow openings, 

tube constructions or feeding traces betray their presence (Fig. 1). Mobile species such as 

crustaceans but also some molluscs and polychaetes perform tidal, seasonal or ontogenetic 

migrations to select suitable habitats (e.g. Günther 1992a). Nevertheless, tidal flats are 

attractive to animals because a high availability of nutrients and solar energy results in 

considerable primary production. This enables the macrofauna to build up dense populations 

and high biomasses of up to 80 g AFDW*m-² (see table in Piersma et al. (1993)) which, in 

turn, support predator communities such as migrating or over-wintering fish and birds. In this 

respect macrozoobenthos plays an important role in the food web of the tidal flats.  
 

In temperate soft sediments the macrozoobenthos basically comprises molluscs, 

polychaetes, and to a lower extent crustaceans and echinoderms (Fig. 1). Their biodiversity 

and species composition is influenced by habitat stability and sediment type. Erosive sand 

flats and bare sediments generally show a low diversity with a predominance of mobile 

species whereas sheltered regions are characterised by “sessile” forms. Many species 

colonise in dense patches and thereby often modify their habitat. Suspension feeders and 

deposit feeders are the dominating feeding types which often occur in spatial segregation, 

e.g. suspension feeders tend to prevail in exposed areas whereas deposit feeders dominate 

in sheltered areas. In general, the variable environment favours generalists rather than 

specialists. For example, most species are generalists in their diet and can switch between 

different feeding types (Riisgård and Kamermans 2001). 
 

Due to the biological importance, the temporal and spatial pattern of macrozoobenthic 

species inhabiting tidal flats have always been of special interest, and data on biomass, 

abundance and production have been collected in many studies. Early studies concentrated 

on the spatial distribution of species in relation to environmental gradients such as sediment, 

inundation period, water movement (e.g. Wohlenberg 1937, Linke 1939) whereas later 

studies included the temporal variability of the spatial pattern and the interactions among the 

species (e.g. Beukema 1982, Reise 1985). A unifying outcome of all studies is that variability 

and change is the norm in temperate tidal systems. On population and community level this 
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variability embodies 1) daily changes of small-scale patterns, 2) seasonal changes of the 

meso- and large-scale patterns, and 3) large interannual variations of species composition 

and density. Although coastal tidal systems have been studied intensively, the underlying 

causes of the spatio-temporal variability have only begun to be understood, and have 

therefore become the central focus of this thesis.  

 

The present studies examine the role of some pre- and post-settlement processes on 

recruitment variations of macrozoobenthic species inhabiting an intertidal sandflat of the 

European Wadden Sea by combining studies within the pelagic and benthic system. 

Knowledge about recruitment dynamics is not only a fundamental aspect to ecology, but also 

critical for both discriminating anthropogenic impacts from natural variability and developing 

sustainable management practices. Thus, the findings are highly relevant to recruitment and 

recolonisation studies carried out in soft sediments elsewhere.  

 

The following gives a brief introduction into factors structuring marine communities, describes 

the current knowledge about recruitment processes, and finally addresses the particular 

questions of this thesis.  

 

1.2 Factors controlling macrobenthic community structure 

Over the past three decades, various concepts and models have been developed to explain 

the structure of marine populations and communities. Broadly, these concepts can be divided 

into three different approaches:  

 

�� The environmental approach considers that the climatic and chemo-physical features 

of the environment are the most important structuring forces. The “Stability-time 

hypothesis” by Sanders (1968) for instance states that high species diversity occurs 

in habitats that are ancient and environmentally stable whereas a low diversity is 

associated with fluctuating environments.  

�� The life history approach has often been used to explain the successional patterns 

following a disturbance. The classical succession model by Rhoads et al. (1978) and 

Pearson and Rosenberg (1978) predicts that the course of succession is mainly 

determined by the life history features of the species, i.e. r- and K-selection.  

�� The biotic interaction approach considers that mainly species interactions such as 

predation, competition, inhibition, tolerance and facilitation structure benthic 

communities. Examples are "Adult-larvae Interactions" (Woodin 1976) where adults of 

one species prevent the successful colonisation by larvae of other species.  
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However, it has been recognised that spatial and temporal patterns cannot be explained by 

one model alone since the different factors interact with each other (Zajac and Whitlatch 

1985, Snelgrove and Butman 1994). Moreover, the structuring factors vary with the scale and 

findings within one ecosystem may not be valid for another system. As yet, no unifying 

concept has been developed (Seitz 1998).  

 

With respect to community structure, recruitment must be considered as a factor in its own 

right because it is dependent on all three categories of factors mentioned above. As stated 

by Underwood and Fairweather (1989) “the structure and dynamics of any benthic 

assemblage are functions of the rates of competitive, predatory and facilitatory interactions 

among species which are increasingly recognised to be the result of initial densities and 

distributions that are set by the processes of recruitment”. Obtaining deeper knowledge on 

recruitment will therefore provide further information for the development of models of 

community structure. 

 

1.3 Recruitment of macrobenthic invertebrates 

In open marine systems, recruitment of macrobenthic species is defined as the number of 

individuals which successfully colonise after some specified period of time (Seed and 

Suchanek 1992). Recruitment is complex and involves several processes which occur in a 

sequence (Fig. 2). These processes can be divided into 1) pre-settlement processes which, 

in species with planktonic larvae, take place mainly within the pelagic system, 2) larval 

settlement which refers to the change from planktonic to benthic life and includes 

metamorphosis (Keough and Downes 1982), and post-settlement processes which affect the 

benthic stages.  

 

In marine fisheries and soft bottom ecology it has early been assumed that variation of larval 

availability and larval settlement could drive adult population dynamics (e.g. stock-

recruitment dynamics (Hjort 1914), recruitment-limitation hypothesis (Thorson 1946)). 

However, in soft bottom systems most studies concentrated on post-settlement processes 

such as predation and competition (Reise 1985, Woodin et al. 1995). A renewed interest has 

arisen from studies on hard bottoms which found adult barnacle populations to be dependent 

on larval supply (Roughgarden et al. 1985). This new emphasis was called “supply-side 

ecology” (Lewin 1986). Since then also in soft bottom systems pre-settlement processes 

attracted attention. In their review Ólafsson et al. (1994) concluded that larval supply is 

generally not limiting recruitment in soft bottoms, but the authors also stressed that too little 

is known for small stages. A similar discussion has evolved in the research topic of 

disturbance and recovery. However, except that recolonisation strongly depends on the 
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timing and size of disturbance (Zajac and Whitlatch 1982, Arntz and Rumohr 1982, Thrush et 

al. 1996), the elementary processes are the same as in recruitment.  

 

Losses through predation and competition for food and space

spawning/
fertilisation

larval
dispersal

postlarval
dispersal

recruitmentlarval
settlement

pre-settlement post-settlement

postlarval
settlement

 
 

Fig. 2: Sequence of different pre- and post-settlement processes influencing the 
recruitment of marine species with pelagic larvae. 

 

 

1.3.1 Pre-settlement processes 

The life history of benthic species begins with spawning, and various studies carried out in 

temperate regions have shown a clear seasonality of this event (e.g. Thorson 1946, 

Pfitzenmeyer 1962, Kautsky 1982). So far, mainly change of seawater temperature has been 

discussed as the most important trigger in spawning. More recently, also phytoplankton 

which serves as an important food item for larvae, has attracted attention as spawning 

inducer (Kautsky 1982, Starr et al.1991). The importance of a close coupling between the 

temporal occurrence of larvae and their prey has early been assumed in fisheries research 

(e.g. critical period hypothesis (Hjort 1914), match/mismatch hypothesis (Cushing 1969)). 

Except for some commercially harvested species (e.g. Seed and Suchanek 1992), such 

information is scarce for soft bottom invertebrates. 

 

Due to the seasonal reproductive cycle and interannual variations in reproductive success, 

larvae abundance is highly variable in marine invertebrates (Levin 1984, Heiber 1988, 

Pulfrich 1997, Strasser 1999). The seasonal availability of larvae, of course, strongly 

determines the temporal pattern of recruitment. Also the recolonisation process depends 

upon the availability of settling stages: studies carried out in the Wadden Sea revealed that 

due to a higher availability of settling stages, areas defaunated in spring were more rapidly 
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recolonised than areas defaunated in autumn (Beukema et al. 1999, Dittmann et al. 1999). 

As the pelagic larval life is considered as a critical, dangerous phase, rapid growth to the 

competent (ready for settlement) stage is important. Growth, and thus the duration of the 

larval life, depends on genetic factors and environmental variables (Fig. 3). To my knowledge 

there is only limited information about the survival of larvae, and the dynamics of invertebrate 

larvae are still poorly known compared to our knowledge of larval fish dynamics (Rumrill 

1990).  
 

growth/
length of larval life survival larval

supply

Temperature
Turbulence

Genetic

Food
Hydrography

Predation

growth/
length of larval life survival larval

supply

Temperature
Turbulence

Genetic

Food
Hydrography

Predation

 
 

Fig. 3: Factors influencing the larval life of marine invertebrates.  
 

 

1.3.2 Larval settlement 

Larval settlement refers to the change from planktonic to benthic life (Keough and Downes 

1982) and is emphasised as a key process in understanding the temporal and spatial 

structure of populations (Butman 1987). Factors influencing settlement include 1) processes 

influencing the supply/flux of larvae, 2) the substrate properties, and 3) larval behaviour (Fig. 

4). In her review Butman (1987) discusses the two major hypotheses in the settlement of 

competent larvae: passive deposition and active site selection. Passive deposition of larvae 

(larvae act like sediment particles) occurs mainly in accordance with the hydrographic regime 

and is believed to determine the large-scale settlement pattern (Butman 1987).  

 

Many bivalves but also polychaetes and gastropods are considered to settle passively 

(Baggermann 1953,; Butman 1989, Armonies and Hellwig-Armonies 1992). Active site-

selection operates on small scales (mm to m) and involves a behavioural component in that 

the larvae explore the sea bed and either reject the site and swim upward, or accept the site 

and induce metamorphosis (Butman 1989). Hence, active site-selection depends on the 

features of the seabed, e.g. grain size, microbial mats, chemical cues (Pawlik and Faulkner 

1986, Toonen and Pawlik 1994). However, at too high flow velocities active site selection is 

detracted. In this context structures protruding above the sediment surface are important. 
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Polychaete tubes for instance strongly affect the current regime near the seabed (Eckman 

1983). 

 

Larval
supply Physical transport

processes Microhydrodynamic,
behaviour, substrate
availability, chemical
cue proesses

Time and spatial scale

Local biotic
interactions

Larval
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Fig. 4: Major processes influencing larval settlement. Redrawn from Pineda (1994). 
 

 

Changes in the boundary layer flow might lead to increased settlement rates and to the 

establishment of distinct infaunal assemblages often found around animal tubes (Gallagher 

et al. 1983, Eckman 1983, Zühlke et al. 1998). Despite their structuring influence, only few 

attempts have been made to understand the spatial and temporal variability in tube-building 

polychaetes (Carey 1987, Strasser and Pieloth 2001). Concerning larval settlement in 

general, there still is a disproportion in favour of laboratory experiments to field observations. 

Most of our knowledge derives from flume experiments (e.g. Lindegarth et al. 1991, Grassle 

et al. 1992, Snelgrove et al. 1998), focusing mainly on larval substrate selection. However, 

they are limited in space and in their ability to reflect conditions in the field, especially those 

of tidal systems.  

 

1.3.3 Post-settlement processes 

The importance of biological processes such as predation and competition on recruitment 

variations have been extensively studied, reviewed and incorporated into population and 

community models (e.g. Menge and Sutherland 1987, Seitz 1998). In contrast to hard bottom 

systems, competition for space and food is assumed not to be limiting in coastal soft bottoms 

due to the three dimensionality of the substrate and the habitat diversity allowing resource-

partitioning between species (Reise 1995). Instead predation seems to be the major 

structuring force in soft sediments. In the Wadden Sea, particularly the year class strength of 
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species is explained by annual variations of predators (Beukema 1987, Honkoop et al. 1998, 

Strasser 1999).  

 

The orthodox view that pelagic larvae are the only dispersing life stage of benthic species 

has been rejected because many studies showed that following larval settlement and 

metamorphosis many species remain mobile and undergo a secondary phase of dispersal as 

postlarvae, juveniles or adults (Günther 1992a, Armonies 1994a, Cummings et al. 1995, 

Commito et al. 1995, Jaklin and Günther 1996). Dispersal of benthic species involves both 

passive and active components which operate over different scales. Passive resuspension of 

infaunal organisms starts when the current speed exceeds a critical shear velocity beyond 

which the organisms are eroded from the sediment. Thus, passive resuspension depends on 

the size, age and behaviour of organisms (e.g. Emerson and Grant 1991, Roegner et al. 

1995)). Active dispersal involves a voluntary component of the organisms and is 

accomplished by different modes (Fig. 5).  
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Fig. 5: Different modes of dispersal following larval settlement of species inhabiting soft bottoms: 1) 
crawling and burrowing above or beneath the sediment surface (almost any species), 2) floating at the 
water surface or within the water column (gastropods, juvenile bivalves), 3) active swimming 
(crustaceans, polychaetes, bivalves), and 4) byssus-drifting (postlarval bivalves and polychaetes).  
 

Crawling or burrowing on or beneath the sediment surface is often related to feeding and 

occurs on small scales around a metre per day (Reise 1979). On a larger scale (m to km) 

active movements depend upon the hydrographic regime. Adults of many crustaceans, 

polychaetes and a few bivalves (razor clams, pectinids) are able to swim. Entrance into the 

water column for more extensive movements is accomplished by the floating behaviour of 

bivalves and gastropods (Sörlin 1988, Armonies and Hartke 1995). In postlarval bivalves, 

byssus-drifting is a common mode of large-scale dispersal (Sigurdsson et al. 1976) which 

also shows nocturnal, lunar and seasonal rhythms (Armonies 1992). The reasons and 

benefits of active dispersal include i) predator escape, ii) mating for reproduction, iii) habitat 

changes for better survival, iv) avoidance of adult-larvae interactions, and v) responses to 

disturbance. Whatever the actual causes are, recent studies emphasise that secondary 
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dispersal is the major determinant of short-term abundance variations and distribution 

changes (Tamaki 1987, Beukema 1993, Armonies 1996) and is also of importance for the 

recovery of communities following a disturbance (Simon and Dauer 1977). However, the 

relevance of secondary dispersal has only begun to be investigated. Open questions remain 

concerning the quantification of exchange processes between sediment and water column 

and their dependence on season. Assuming that at one site import and export processes 

occur at the same time, other methods than simple core sampling are needed to distinguish 

these processes and to assess the contribution of certain size classes.  

 

1.4 Aims of this thesis 

In order to understand how and to which extent the different pre- and post-settlement 

processes affect recruitment, a holistic approach including the pelagic and  the benthic 

system is necessary. Because of the limited knowledge we have about the smallest life 

stages, this thesis concentrates on phases from the planktonic larval to the early benthic life 

stage. Over three years, larval supply, larval settlement and postlarval dispersal were 

investigated in relation to environmental conditions. Population studies were conducted on 

the common and well-studied infaunal bivalves Macoma balthica, Mya arenaria and Ensis 

americanus as well as on the dominant polychaete Lanice conchilega which is considered as 

an “ecosystem engineer”. The severe winter of 1995/96 was used as an opportunity to study 

to which extent pre- and post-settlement processes contribute to the recovery from a large-

scale disturbance and how recruitment affects community structure.   

 

The overall goal of this thesis is to discuss four major questions:  

 

�� How do larval supply, larval settlement and postlarval dispersal affect recruitment and 

recolonisation of common infaunal invertebrates of the Wadden Sea?  

�� How do environmental conditions influence pre- and post-settlement processes? 

�� Is it possible to predict recruitment success from early life stages? 

�� How do the investigated processes act to maintain populations?  
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2 Study area 

2.1 Geographical and physical characteristics of the Wadden Sea 

The Wadden Sea is a tidally-influenced, shallow coastal part of the southern North Sea 

extending over 500 km from Den Helder in the Netherlands along the coast of the German 

Bight to Esbjerg in Denmark (Fig. 6). With a total area of 9300 km², the Wadden Sea is one 

of the world’s largest stretches of unbroken wetlands and has now received a status of 

international protection. On a geological time scale, this ecosystem is young as it developed 

after the last ice age 5000 – 7000 years ago. At its present status, the Wadden Sea is a 

network comprising islands, beaches, dunes, tidal flats, and salt marshes where both the 

ocean and the rivers have strong influences on biotic and abiotic features. During low tide 

large parts of the Wadden Sea emerge. These tidal flats, ramified by ever changing patterns 

of channels and gullies, are the most characteristic habitat extending approximately 10 km 

between mainland and the open sea.  

 

The studies presented in this thesis were carried out at the Gröninger Plate, a typical 

intertidal sandflat located in the German Wadden Sea between the barrier island Spiekeroog 

and the East Frisian mainland (Fig. 6). The East Frisian part of the Wadden Sea is 

characterised by 7 barrier islands which protect the mainland from waves and storms. 

Between each island and the mainland characteristic tidal basins with tidal flats up to 10 km 

wide, channels and gullies are formed. These basins are connected with the open North Sea 

by tidal inlets. The back-barrier tidal flats leeward of Spiekeroog extend over 74 km² and 

70 % of them including the Gröninger Plate are flooded and drained through the Otzumer 

Balje inlet (Fig. 6).  

 

At the Gröninger Plate three sites (A, B and C in Fig. 6) differing in tidal elevation, sediment 

structure, flow and species composition - as described in more detail in the following 

sections - were chosen to study the dynamics of the infaunal macrozoobenthos. The phyto- 

and zooplankton samples were generally taken from a ship in the Otzumer Balje channel 

(site D in Fig. 6). It was expected that larvae collected at that site are representative as 

“potential settlers” at the Gröninger Plate.  
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Fig. 6: The North Sea area (I) with the location of the back-barrier island Spiekeroog 
in the German Wadden Sea (II), and the sampling sites (A-D) at the Gröninger Plate 
sand flat (III). The intertidal areas are coloured grey in III. 
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2.1.1 Climate  

The climate sets the large scale boundary of a species’ distribution and is the major driver for 

temporal variations of the biota. The Wadden Sea belongs to the temperate regions located 

within the westwind belt of the northern hemisphere. The climate is largely determined by the 

influences of North Sea and North Atlantic resulting in a maritime characteristic of mild 

winters and moderately warm summers. A key variable for long-term oscillations of the 

climate is the North Atlantic Oscillation (NAO) which is defined as the difference between 

normalised pressure anomalies at the Azores and Iceland (Hurrell 1995). The NAO is 

significantly correlated with temperature anomalies in Europe (Hurrell 1995).  

 

The most important mediator between climate and the marine fauna is the sea water 

temperature (c.f. Kröncke et al. 2001). Because the Wadden Sea is a shallow area with a 

small water volume, sea water temperatures are particularly determined by air temperatures 

and solar radiation. Therefore the seasonal temperature amplitude is higher compared to the 

open sea. Temperature extremes in the Wadden Sea include lowest values around the 

freezing point of -1,9 °C and highest values of around 23 °C (data Deutscher Wetterdienst). 

A distinct increase of the temperature generally occurs in April. A maximum is normally 

reached in August, and a minimum in February (Fig. 7). Extreme temperatures over longer 

than average time periods can be regarded as episodic events or disturbances which often 

lead to distinct changes of the fauna and the physical environment. In the Wadden Sea, such 

events are severe winters (e.g Beukema 1982). 
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Fig. 7: Monthly mean sea surface temperature SST (C°) of the investigation 
years 1994 – 1996 compared to the long-term average (1988 – 1996), 
measured at the weather station on Norderney island. Data from Deutscher 
Wetterdienst. 
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The investigation period from 1994 to 1996 involved some temperature extremes: The 

summers 1994 and 1995 stand out as exceptionally warm events. In 1994 from June until 

October, and respectively until November in 1995, the SST stayed clearly above the long-

term mean. In contrast, the year 1996 can be regarded as a cold year with the SST 

remaining below the long-term average in all months. With almost 60 days of ice coverage, 

the winter 1995/96 was very cold and above all extremely long (Fig. 8). An intensive ice 

formation set in at the end of January 1996 and the coast of East Frisia was ice free not 

before early March. This winter ranks 2nd considering the number of ice days for the time 

series 1970 – 2000 (Fig. 8).  
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Fig. 8: Number of days with ice formation against the long-term mean recorded on the 
tidal flats leeward of Norderney island. Data from Bundesamt für Seeschiffahrt und 
Hydrographie. 
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2.1.2 Hydrography and sedimentology 

The semidiurnal tides as well as waves and currents are the major forces in the Wadden 

Sea. With each tide nearly 15 km³ of sea water enter the Wadden Sea in a counterclockwise 

direction. In large tidal channels, mean currents range from 0.7 - 1.3 m*s-1 (Flemming and 

Bartholomä 1993). The hydrographic regime largely determines the morphology of the tidal 

flats and the grain size composition. Pure sand flats are connected to areas of high current 

velocities such as those in tidal inlets or deep tidal channels whereas mud flats can only be 

found at low currents as for instance measured in sheltered bays (Hertweck 1995). Tidal 

level, hydrographic regime and sediment type are intimately related and largely determine 

the distribution and abundance of macrozoobenthic populations. 

 

In the Wadden Sea, tides are semi-diurnal and enter the area from the open North Sea in a 

counter clockwise direction. With a mean tidal range of 2.7 m at the western head of 

Spiekeroog (Niemeyer 1993) the study area is classified as mesotidal. Sediments of the 

Spiekeroog tidal basin are sorted along an energy gradient with decreasing particle size 

towards the mainland (Flemming and Ziegler 1995). The Gröninger Plate is surrounded by 

tidal channels at three sites. The hydrography forms the morphologic relief which slopes 

slightly to the north-west (Flemming and Bartholomä 1993). The morphology determines the 

inundation time which was generally higher at the lower situated site C compared to the more 

centrally situated sites B and A. Depending on the moon cycle and wind conditions, air 

exposure at the central part varied between one to four hours. The mean ebb current 

velocities decreased from site A (~19 ms-1) via site B (~17 ms-1) to site C (~11 ms-1, compare 

Table 1). Accordingly, sediments varied from 2.7 phi at site A to 3.1 phi at site C (Table 1).  

 

 
Table 1: Hydrographic and sediment parameters of the benthos study sites at the 
Gröninger Plate. Hydrographic data(*) from Brandt et al. (1995) measured from 25 April 
to 6 June 1994; sediment data(**) from Flemming and Bartholomä (1993). 

 

 site A site B site C 

mean flood currents (ms-1)* 18,5 18,5 8,7 

mean ebb currents (ms-1)* 18,6 16,8 10,7 

mean flood stream (min)* 232 202 135 

mean ebb stream (min)* 181 177 130 

Median grain size (phi)** 2.7 2.9 3.1 

particles <63 µm (%)** 3.0 3.9 16.1 
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2.2 Biological characteristics of the Wadden Sea 

2.2.1 Macrozoobenthos 

The intertidal macrobenthic fauna is mainly an impoverished version of the Macoma balthica 

community described by Petersen (1913) for the sublitoral North Sea area, except that 

species number is lower and biomass is higher with average annual values between 38 and 

65 g AFDW/m² (Reise 1985, Michaelis 1987, Beukema 1989). Detailed information about the 

abundance and distribution patterns of the Wadden Sea macrozoobenthos are provided by 

Wohlenberg (1937), Linke (1939), Smidt (1951) and Beukema (1976).  

Most species have a broad distribution and occupy their niche along tidal gradients 

independent from each other. The large variety of species combinations renders it difficult to 

separate the fauna into distinct communities (Meyer and Michaelis 1980). However, based 

on their vegetation, exposure, sediment type and relief, the intertidal can be subdivided into 

certain biotopes. The most important biotopes between the halophyte zone near the high tide 

level to the outer sands near low tide level are illustrated in Figure 1 and include stands of 

Zostera spp., mussel beds and different sediment types at different tidal levels. Typically, 

each biotope is generated by either a single or a few species which build up dense 

populations. These species often alter the habitat by bioturbation, predation, flow disruption 

or sediment stabilisation, and thereby inhibit or facilitate the colonisation of other species. 

Those species are regarded as ecosystem engineers (sensu Jones et al. (1994)). In the 

Wadden Sea, examples are the amphipod Corophium volutator, the polychaetes Arenicola 

marina and Lanice conchilega and the mollusc Mytilus edulis. 

 

Species adaptations necessary to maintain a population in an unpredictable ecosystem like 

the Wadden Sea have already been mentioned in chapter 1. Briefly, they include a high 

capacity for rapid recolonisation, high resistance to environmental stress and high 

plasticity/flexibility. Characteristic of macrobenthic assemblages of the Wadden Sea is their 

large annual and seasonal variability of abundance and distribution. This is partly due to 

seasonal migration patterns of some species. For example, predation pressure by decapods 

like Crangon crangon and Carcinus maenas and fish like Pleuronectes platessa is higher 

during summer as they migrate into the subtidal during winter (Naylor 1962, Kuipers 1977, 

Beukema et al. 1998). Also infaunal species perform seasonal ontogenetic habitat shifts. 

Well-known examples are the polychaete Arenicola marina (Farke and Berghuis 1979, Reise 

1985) and the tellinid bivalve Macoma balthica (Beukema 1993) as shown in Figure 9. In 

both species, the places of larval settlement and/or the occurrence of juveniles are spatially 

segregated from those of the adults. 
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Fig. 9: Ontogenetic habitat changes of the bivalve Macoma balthica and the 
polychaete Arenicola marina. M. balthica: Settlement takes place in spring in the lower 
intertidal from where they migrate during their first spring to their nursery in the upper 
intertidal which a part of them leave during their first winter to finally settle in the 
subtidal. A. marina: Settlement takes place in autumn in the lower intertidal from 
where they migrate during their first summer to their nursery in the upper intertidal 
which they leave in autumn to join the adult population. Redrawn and modified from 
Beukema (1993) and Reise (1985). 

 

The macrozoobenthos of the Gröninger Plate shows a species composition typical of a 

sandy intertidal flat. In accordance with the tidal level and sediment composition, the fauna 

differs between the three investigation sites: The high and exposed situated central part of 

the Gröninger Plate (site A in Fig. 6) is characterised by the tube-building polychaete Lanice 

conchilega which occurs in mean densities of 180 ind.m-2. The conspicuous tubes of 

L. conchilega protrude 2 to 3 cm above the sediment surface and considerably increase the 

spatial heterogeneity of this habitat. The polychaetes A. marina and Pygospio elegans and 

the bivalves M. balthica and Cerastoderma edule are also frequent members at site A. The 

macrofauna at site B reflects in general that at site A, but mean densities of L. conchilega 

were higher (300 ind.m-2). The third site (site C in Fig. 6) next to the end of a tidal channel is 

dominated by the polychaetes Heteromastus filiformis and Aphelochaeta marioni, and the 

gastropod Hydrobia ulvae.  

 

2.2.2 Plankton 

The main process connecting plankton and benthos is the vertical flux of organic matter. In 

the Wadden Sea much of this material is related to short periods of time associated with 
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phytoplankton blooms. These blooms are not only consumed within the pelacic zone by holo- 

and meroplankton but also, via sedimentation, represent a high share of the annual input of 

organic matter to the benthos (Cadée 1980). The seasonal cycles of nutrients, phytoplankton 

and zooplankton are linked and can be observed in a certain sequence every year. However, 

timing, duration, intensity and composition of the plankton are highly variable and are 

influenced by unknown stochastic factors (Fransz et al. 1991, Cadée 1992). Generally the 

Wadden Sea is dominated by diatoms of the genera Asterionellopsis, Thalassiosira, 

Skeletonema, Rhizosolenia and Chaetoceros. The Wadden Sea zooplankton is a mixture of 

species from the North Sea and from brackish waters. Copepods like Temora longicornis, 

Artica clausi and Centropages hamatus are the dominating species, but especially during 

summer meroplanktonic larvae of mainly polychaetes and cirripedes can account for a high 

proportion (Fransz et al. 1991).   

 
A typical annual cycle in temperate shallow waters like the Wadden Sea is characterised by 

three distinct stages of the pelagic system as illustrated in Figure 10: 1) a winter period with 

turbulent waters, low solar energy and temperatures resulting in a low plankton biomass 

despite a large amount of recycled nutrients 2) a spring situation with the development of a 

diatom bloom which is mainly triggered by daily solar radiation in combination with water 

turbidity and nutrient availability. A non-diatom bloom, particularly Phaeocystis, follows a few 

weeks later. Since the stock of herbivorous zooplankton is still low, sedimentation of the 

spring bloom is high. 3) a late spring to early summer stage with low phytoplankton biomass 

due to high zooplankton production (mainly holoplanktonic copepods and meroplanktonic 

polychaete/bivalve larvae) and depleted nutrients. As a consequence, the sedimentation rate 

is low during summer. One or two small diatom peaks can develop during late summer 

followed again by peaks of non-diatoms and herbivorous zooplankton. 

 

 

 

 

 

 

 

 

 

 
Fig. 10: Schematic drawing of the seasonal development of phytoplankton, 
zooplankton, nutrients and light in the temperate coastal pelagial. I: winter, II: early 
spring, III: late spring to early summer, IV: late summer to autumn. Modified from 
Sommer (1994). 
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3 Methods  

In process orientated studies, the methodological approach is crucial for the outcome of the 

study and therefore needs some consideration. The first part of this section gives a brief 

description of the methods used for studying the dynamics of different life stages in the 

planktonic and benthic habitat. A critical consideration of those methods and some 

recommendations are provided by the second part. Details about sampling procedures and 

periods applied of this thesis may be taken from the particular publications.  

 

3.1 Field sampling 

Plankton 

Phytoplankton samples were taken with a bucket from the water surface two hours before 

high tide and preserved in 4 % buffered formalin. Species composition and cell numbers 

were determined according to the Utermöhl technique (Utermöhl 1958). Zooplankton 

samples were obtained by four parallel samples of 50 l seawater pumped from 6-7 m depth 

two hours before high tide. The material was sieved over 125 µm meshes, preserved in a 

4 % buffered Korsolin seawater mixture and sorted in the laboratory to species level.  

 

Benthos 

The infauna was sampled at low water by taking 5 or 7 parallel sediment samples of 33 cm²  

(penetration depth 10 cm) randomly from an area of 100 m² at each study site. In the 

laboratory, preserved samples were sieved over nested 125, 250 and 500 µm meshes. Each 

mesh size fraction was analysed separately to species level. The use of different mesh sizes 

allowed to separate roughly between different life stages without explicitly measuring the 

individuals.  

 

Drifting benthos 

Organisms drifting in the water column were caught with horizontal nets (20 cm opening 

diameter, 15 cm above the sediment surface, 500 µm mesh size) rotating freely on a pole 

(see Armonies (1992) for details). In general, the nets were placed at ebb tide and caught for 

one tidal cycle. In the laboratory, the preserved samples were sieved through a 500 µm 

mesh, and sorted for species and life stages. Organisms transported with the bedload were 

caught with a sediment trap (60 cm long, 12 cm in diameter, 2 cm above the sediment 

surface). The traps were filled with seawater before sampling for one tidal cycle. All samples 

were preserved in 5 % buffered formalin. In the laboratory, samples were sieved over nested 

250 and 500 µm meshes, and individuals determined to species level. In both methods, the 

lengths of bivalves were measured to the nearest 10 µm. 
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Sampling periods and intervals 

Field sampling was carried out over three successive years (1994-1996), mainly during the 

reproductive period of most species between March and October. Only in 1995/96, infaunal 

sampling was also carried out during winter time to investigate the effects of the ice winter. 

To study relationships between different benthic life stages, sampling intervals have to be as 

short as possible, but still in the sorting convenience of the researcher. Therefore, sampling 

of the benthos was carried out weekly in the main recruitment phase (spring and summer) 

and biweekly in autumn. Drift net samples were collected simultaneously to benthos 

sampling. Phyto- and zooplankton samples were collected in intervals of one to eight weeks, 

depending on the season.  

 
3.2 Field experiments 

3.2.1 Staining of the infauna 

In order to quantify the import and export processes of two bivalves (Mya arenaria and 

Macoma balthica) and one polychaete (Pygospio elegans) at different times of the year two 

in situ staining methods were developed. In the experiment conducted in June, the 

organisms were relatively small and lived near the surface. To stain them, an area of 4 m²  

was framed with a plastic fence. Seawater was added until the sediment surface was 

covered by a 2 cm layer of water. Then dissolved neutral red was added into the framed area 

and distributed. With the next ebb tide, the frame was removed and over 10 days daily 

sampling of 7 parallel samples of 33 cm² started. In August, the staining method was 

modified due to the larger size and deeper burrowing of the organisms. Instead of framing 

the area, the uppermost 2 cm of the sediment of a 4 m² area were removed by a shovel and 

gently sieved through a 500 µm screen. The remainder was stained in neutral red for 30 

minutes and released into an undisturbed area of 4 m² afterwards. In both experiments 

sampling started during the following ebb tide and continued for 10 or 9 days, respectively. 

The samples were sieved through 250 µm and 500 µm meshes. Bivalves were measured to 

the nearest 10 µm. The turnover rate was calculated by counting the number of stained and 

unstained (immigrants) individuals.  

 

3.2.2 Settlement experiments 

Regular core sampling revealed that planktonic larvae of Lanice conchilega settled 

preferentially at the tubes of adult conspecifics. To asses whether hydrodynamics or active 

site selection of larvae due to chemical cues from adults (gregarious settlement) caused this 

pattern, different substrates (natural and artificial tubes, shell fragments, plain sediment) 

were offered for settlement in May 1995 at two sites inhabited by L. conchilega in different 

densities. Artificial tubes were placed into the natural ones in patches of low and high density 
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according to the pattern of natural tubes. After three months samples were taken with a corer 

of 33 cm² area (plain sediment, natural tubes) or by hand (artificial tubes and shell 

fragments). In the laboratory, all substrates were observed for juvenile L. conchilega. 

 

3.3 Critical analysis of the methods 

In fisheries biology recruits are defined as individuals joining the harvestable stock (Hjort 

1914). In benthic ecology, there is no clear definition and recruitment is measured and 

defined in many ways (see discussions by Keough and Downes (1982), Hunt and Scheibling 

(1997). As an operational definition, the survival of individuals to a size retained by a 

particular mesh, often ≥500 µm, is used. In the present study, recruitment was divided into an 

early (250 µm sieve) and a later phase (500 µm sieve) which allows to relate different life 

stages to each other (all publications). The general definition of recruitment by animal size, 

however, is problematic as it varies with the species, e.g. polychaetes, such as Nereis spp. 

and Eteone spp., settle at a much larger size than bivalves (publication VI). Opportunistic 

species such as Pygospio elegans can reach sexual maturity within three months after 

settlement (Anger et al. 1986). Recruitment should thus be defined for each species 

separately based on its life history traits and certainly needs further research.  

 

Particular interest was paid to larval settlement as this process links the pelagic with the 

benthic life stage and might display a bottleneck in recruitment. In hard substrate 

environments larval settlement can be monitored directly. Due to the cryptic nature of 

recently settled infauna and the three-dimensional habitat this is not possible in soft 

sediments. Therefore I estimated the settlement rate by counting the numbers of newly 

settled individuals (referred to as initial settlers or newly settled individuals) retained by a 

sieve of 125 µm mesh size as described by Luckenbach (1984) and Günther (1991, 1992b). 

Thus, depending on the sampling interval, settlement includes survivors to a post-settlement 

age of 7 or 14 days, respectively (Publication I to IV and VI). As bivalve larvae settle at sizes 

retained by sieves of 125 µm meshes (e.g. Muus 1973, Möller and Rosenberg 1983), the 

total stock of initial settlers was sampled.  

 

To record the organisms drifting in the water column, only a mesh size of 500 µm was 

applicable in this study due to clogging during phytoplankton blooms. However, own 

unpublished studies using 250 µm meshes revealed much higher numbers of drifting 

individuals in some species such as Macoma balthica and Hydrobia ulvae. Also the staining 

experiments of this thesis and findings by other studies elucidated that dispersal is a size-

dependent process. If suspension into the water column is limited to a certain size, the 

number of dispersing individuals might be underestimated by using plankton nets of too large 
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mesh sizes. Therefore, the smallest applicable mesh size is recommended. The water flow 

through the drift net openings was not explicitly measured in our study. Thus, drift net 

samples are without any unit. Comparisons with both, sediment trap and core samples were 

only possible on a basis of categories established according to a species occurrence in the 

samples (Armonies 1994a). These, however, were sufficient to assess the primary mode of 

dispersal (publication V and VI). For studies aiming to compare densities between water 

column and sediment, electronic flow meters, which measure only if the net is submersed, 

are recommended. Such devices would also allow to detect clogging of the nets.  

 

Timing and frequency of sampling is a general issue. According to previous knowledge, it 

was assumed that recruitment processes will be enhanced in periods of favourable 

conditions which in temperate regions are usually found during spring and early summer. 

Hence, sampling was frequent (one week) during spring and early summer whereas in late 

summer, autumn and winter sampling intervals ranged from 2 to 8 weeks. Our results, 

however, show that the occurrence of larvae is not restricted to the spring season but that in 

some species such as Ensis americanus and Mya arenaria major pulses were found in late 

summer and autumn. Especially in the plankton, pulses of abundance are of short duration 

ranging from approximately one to four weeks (publication I, II and VI, Strasser 1999). In our 

studies, benthos and plankton samples were usually collected in intervals of one week during 

the major settlement events which enabled us to detect periods of high abundances in all 

target species. This allows to compare interannual variations in the seasonal development of 

the populations. 

  

During early spring and autumn, when sampling intervals were longer than one week it 

cannot be excluded that we might have missed some peaks and thus we recommend 

plankton samples maybe even on a daily basis. The necessity of high frequency sampling 

became also obvious in the rapid decrease of recently settled individuals. The abundance of 

small E. americanus and M. arenaria for instance was reduced by 95 % and 70 %, 

respectively within one week (publication I). With increasing time after settlement, larger 

sampling intervals are sufficient since mortality and/or exchange processes occur on slower 

time scales (publication I, V and IV). In any case, reliable estimates of larvae-settler-recruit 

relationships require short sampling intervals. The length of time series seems also to be 

crucial in understanding recruitment. It is suggested that the low spawning of Macoma 

balthica in spring of 1996 resulted from an unexpected late spawning event in the preceding 

autumn (publication I and II). This would mean that events in one year may affect recruitment 

of the future. The variability between the three years under investigation was high and 

included very different winters, abnormally warm summers as well as large differences in the 
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phytoplankton development. Thus, no year could be used as a “reference year”. High 

variability definitely reduces the possibility to draw generalisations and underlines the need 

for long-term studies using the same methods over several years.  

 

When the sampling sites of these investigations were established we already knew that 

postlarval dispersal was important in the Wadden Sea (e.g. Heiber 1988; Armonies 1992). 

The sampling design included three spatially segregated sites of different sediment and 

faunal composition as well as of different tidal elevation and hydrography which were 

selected to be able to distinguish seasonal changes of abundance from spatial variability, 

e.g. as derived from larval settlement or postlarval dispersal. However, looking at the number 

of species transported as postlarvae and the rapidity at which individuals are exchanged at 

one site (publication V and VI), the spatial scale at which the populations were dispersed 

may be well above the scale studied here (Beukema 1993). According to investigations of 

Armonies (1996) in the North Friesian Wadden Sea, population studies of such species 

should cover entire tidal basins.  

 

�� Recruitment is a time-dependent process and should thus be defined on appropriate 

time scales which are likely to differ among species.  

�� Nearly synoptical measurements of pelagic and benthic life stages in relation to 

environmental factors are essential for understanding recruitment patterns.  

�� A reliable estimation of relationships between different early life stages requires 

sampling on at least a weekly basis and throughout the year. 

�� Due to high variability and the influence of one generation on the next, identical 

studies carried out over several years are needed to develop recruitment models of 

any general applicability for systems with strongly fluctuating physical and biological 

conditions. 
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4 Discussion and conclusions 

The following sections provide a comprehensive discussion of the main results obtained by 

the six studies, focusing primarily on the four questions of the introduction dealing with the 

underlying causes of recruitment pattern. The temporal and spatial recruitment patterns 

found on the intertidal flat in the studies presented in this thesis are compared to recruitment 

dynamics of soft bottom species inhabiting other regions of the world. Areas of future 

research are suggested in the last section.  

 

4.1 Pre-settlement processes: environmental control of larval availability  

Pre-settlement processes represent a broad research area involving several aspects such as 

gametogenesis, spawning, larval survival, and larval transport processes. This study 

concentrated on the temporal occurrence and abundance of bivalve and polychaete larvae to 

assess whether recruitment strength can be predicted from pre-settlement processes. In our 

studies, the annual peak abundances of bivalve larvae varied considerably in timing, 

magnitude and number (publication I and II) which is likely to be the result of differences in 

spawning. Species of temperate regions often adjust their spawning to conditions which 

ensure a high survival and growth of the larvae (Kautsky 1982). We found sea water 

temperature and phytoplankton blooms important for explaining larval dynamics. Most 

studies on bivalves emphasise the reach of a critical temperature threshold or a sudden 

change in temperature as the actual trigger of spawning (e.g. 10°C in Macoma balthica 

(Lammens 1967), 4-6 C° in Mya arenaria (Brousseau 1987). In these studies, bivalve larvae 

occurred generally within “favourable” temperature conditions which can be related to their 

critical spawning temperatures. However, spawning triggers can only be pertinent when 

gonads are ripe which was probably delayed in the severe winter when bivalve larvae 

occurred a few weeks later compared to other years (publication I and VI). As a 

consequence, spawning did not occur despite favourable sea water temperatures indicating 

that in environments like the intertidal with such erratic fluctuations of temperature, other 

factors than an increase in temperature alone trigger spawning. In species like M. balthica 

with discrete spawning periods (Bachelet 1986), spawning was coupled to high abundances 

of phytoplankton (publiction I), a temporal match which has also been observed in sea 

urchins, other bivalves and polychaetes of temperate and boreal seas (Thorson 1946, 

Himmelmann 1975). However, as yet only Starr et al. (1991) have proven that the direct 

influence of a heat-stable metabolite released by the phytoplankton species may stimulate 

spawning. In species with an extended breeding period such as M. arenaria and 

E. americanus, a relation between larval abundance and phytoplankton was not obvious 

(publication I).  



24 Discussion and conclusions 

In bivalves with early ripening of gonads and discrete spawning periods (Macoma 

balthica), the availability of settling stages might be reasonably predictable by the rise of 

sea water  temperature and the onset of phytoplankton blooms, provided that gonads are 

ripe.  

 

It is a rule in temperate latitudes that coastal waters are characterised by a strong spring 

bloom of phytoplankton which might be followed by a weaker autumn bloom (e.g. Cadée 

1986). An exception to this rule was observed during the hot summer of 1995 (publication I 

and II): the spring bloom was only poorly defined and instead a strong and long summer 

bloom developed. Accordingly, larval numbers of all bivalve species were only poorly defined 

in spring and extraordinarily high in August. Two spawning pulses with highest larval 

numbers during late summer have not yet been reported for M. balthica from the North Sea 

area. In this area, one spring spawning pulse seems to be the norm (Lammens 1967, Caddy 

1967). Assuming that phytoplankton stimulates spawning in M. balthica, the poor spring 

bloom probably represented only a weak environmental signal whereas the summer bloom 

with concentrations of a normal spring bloom triggered the second intensive spawning. 

Repeated summer spawning of M. balthica is only known from the southern limit of its 

distribution, the Gironde estuary in France (Bachelet 1986) and San Francisco Bay (Nichols 

and Thompson 1982). In such regions, spring and summer blooms occur regularly and are 

assumed as the cause of two growth and two reproductive periods (Beukema and Desprez 

1985). In the Wadden Sea, strong summer blooms can be regarded as episodic events 

which occur outside an expected chain of events.  

 

�� Derived from the abundance of pelagic larvae, the pattern of spawning (one pulse, two 

pulses, continuous) is variable within one species and seems to result from the timing 

and magnitude of the phytoplankton bloom during the spring and summer periods.  

�� The flexibility of spawning patterns underlines that they are not strictly geographically 

fixed, but can be flexibly adjusted to the environmental conditions. 

 

 

4.2 Spatial patterns generated by larval settlement 

Most benthic invertebrates have a restricted spatial distribution which is associated to either 

a particular sediment type, tidal level or their species-specific feeding type (compare chapter 

1). Larval settlement from the water column can be a major agent in creating the colonisation 

pattern of adults (e.g.Woodin1986, Butman1987). In our studies, recently settled individuals 

of most bivalves and polychaetes showed an aggregated distribution pattern (publication I, 
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III, IV, V and VI). Especially species reproducing via pelagic larvae such as the bivalves 

Macoma balthica, Mya arenaria, and Ensis americanus, and the polychaetes Nereis 

diversicolor, Eteone longa and Polydora spp. settled in much higher numbers at the 

sheltered site (lower currents, finer sand grains, lower intertidal level) next to the southern 

tidal channel than at the central and the exposed north-eastern part. In bivalves, this large-

scale pattern is also reported from other regions of the Wadden Sea (Günther 1991, 1992b, 

Armonies and Hellwig-Armonies 1992, Beukema 1993). More precisely, Bouma et al. (2001) 

found densities of small M. balthica and C. edule strongly related to the local hydro-

sedimentological dynamics. Bivalve and polychaete larvae are relatively poor swimmers and 

cannot overcome tidal currents (Jonsson et al. 1991). They may behave passively like fine 

sediment particles and become deposited along the edges of sheltered areas during slack 

tide (Gross et al. 1992). On a large spatial scale, passive deposition seems to be a general 

phenomenon of the intertidal infauna as was early suggested for bivalves (Baggermann 

1953). Comparable studies on polychaete species are still scarce (Hannan 1981). 

Nevertheless, passive deposition does not exclude active site selection on smaller scales. In 

flume experiments larvae of M. arenaria showed a strong selective behaviour for sheltered 

sites compared to exposed sites (Snelgrove et al. 1999). In laboratory experiments larvae of 

polychaetes such as Capitella sp. preferred sediments rich in organic content for settlement 

(Dubilier 1988). Low current velocity and low wave action are often associated with fine 

grained sediments with a high organic content, higher microbial activity and a specific 

species composition (Snelgrove and Butman 1994). Hence, hydrodynamics alone could 

explain why larval settlement is often related to a particular sediment type.  

 

�� Larval settlement from the water column of most bivalves and polychaetes resulted in 

an aggregated pattern of recently settled individuals.  

�� It is assumed that the larvae were deposited passively in accordance with the 

hydrographic regime governing the sedimentation of fine grained sediments in 

sheltered areas.  

 

Among the species with pelagic larvae, only the tube-building polychaetes L. conchilega 

settled preferentially at the more exposed sites within adult habitats (publications III, IV and 

VI, Heuers 1998). Here, settlement occurred primarily on hard substrates and juvenile tubes 

were found to be directly attached to the adult ones (publication III and IV). Similar 

observations were made by Carey (1987) in an intertidal area of the Tay estuary, Scotland. 

Gregariousness, i.e. settlement induced by chemical cues released by adult conspecifics, is 

known to occur in tube-building polychaetes (Burke 1986, Pawlik 1986). Our field 

experiments, however, revealed that larvae of L. conchilega accepted artificial tubes with the 
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same frequency as natural ones and settled also on shell fragments though to a minor extent 

only (publication III, IV). Therefore, gregarious settlement was rejected as being important in 

L. conchilega. Protruding structures such as animal tubes reduce the boundary shear stress 

thereby enhancing microbial colonisation which in turn stabilises the sediment (Eckman 

1983, Gallagher et al. 1983, Eckman 1985). Fine-scale changes of the hydrodynamics, i.e. 

development of turbulences and eddies, can also directly influence recruitment by enhancing 

a passive entrainment of larvae or juveniles behind the structures (Eckman 1985). Field 

experiments with artificial tubes revealed increased deposition of sediment around tubes 

which leads to the formation of mounds comparable of those created by living L. conchilega 

(publication IV, Zühlke et al. 1998). In this respect, the density of adult tubes is important and 

settlement success was enhanced with increasing tube densities (publication III and IV). 

Therefore we assumed that flow disruption and turbulences created by L. conchilega tubes 

increased the likelihood for their competent larvae to attach to adult tubes and 

metamorphose. Nevertheless, in the absence of protruding structures, settlement can also 

occur on bare sediments (Strasser and Pieloth 2001). 

 

�� Larvae of Lanice conchilega settled preferentially on hard substrates such as adult 

tubes or similarly protruding structures.  

�� Larval settlement densities were dependent on the density of adult tubes. Therefore 

recruitment might be limited by the availability of suitable substrates for settlement. 

 

On a large-scale (km’s), the occurrence of L. conchilega in the back-barrier tidal flats of 

Spiekeroog was often concentrated to the more elevated sandy parts (Hertweck 1995). 

Within these areas characteristic mosaics of mounds with high densities and depressions 

with low densities alternate on a scale of metres (publication IV) which has also been 

observed in other areas (Carey 1987). In order to understand the distribution pattern of 

L. conchilega, a grid-based simulation model was designed (publication IV). The findings of 

the particular settlement patterns as described above provided the basis for the model which 

used near-bottom flow, local densities of adult tubes and settlement success as variables. It 

turned out that a model based on a linear relationship between the density of tubes and the 

settlement of larvae did not reproduce the observed distribution patterns on an adequate 

time scale (publication VI). Usually, L. conchilega assemblages need somewhat between 1-2 

years (Dutch Wadden Sea, Beukema 1990) or 3-4 years (North Frisian Wadden Sea, 

(Strasser and Pieloth 2001) to reach normal densities after elimination by an ice winter. A 

first model based on a linear relationship between the density of adult tubes and the larval 

settlement did not reproduce the observed densities on an adequate time scale (publication 

IV). The model produced only reliable results when the near-bottom flow as an additional 
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variable was integrated. From this it was hypothesised that the density of L. conchilega 

depends on the flow regime: dense assemblages develop in high flow areas, low densities in 

low flow areas probably due to the formation of eddies generated by the tubes. This 

assumption seems to be confirmed by the distribution pattern of L. conchilega in relation to 

current velocities observed at the Gröninger Plate (Brandt et al. 1995). However, there is no 

simple relationship between tidal level and current velocities and distribution patterns might 

develop differently in other intertidal areas (see Carey 1987; Strasser and Pieloth 2001).  

 

In the intertidal Wadden Sea, the near-bottom current velocity seems to be the essential 

factor determining the spatial distribution and density of adult Lanice conchilega. Dense 

populations seem to be related to areas of high current velocities. 

 

In our studies, the habitat-specific differences in larval settlement are of major importance for 

the community development following disturbances such as a severe winter (Publication VI). 

Due to the increased settlement rate at the sheltered site compared to the exposed site, 

species numbers and abundances following the severe winter increased earlier at the 

sheltered site. This finding confirms that patterns set by early colonisation are important in 

understanding community structure (Snelgrove et al 2001, Dittmann et al. 1999).  

 

At times of a high availability of settling stages, recolonisation following a disturbance is 

accelerated in sheltered areas compared to exposed areas due to higher rates of larval 

settlement.   

 

 

4.3 Rapid changes of local colonisation patterns by secondary dispersal 

The frequent occurrence of bivalves in either the drift net or the sediment trap supports their 

high capacity to disperse as postlarvae and older stages (publication V and VI; Jaklin and 

Günther 1996) which is also reported from other intertidal regions of the world (Emerson and 

Grant 1991, Armonies 1992, Cummings et al. 1995, Commito et al. 1995). Bivalves maintain 

their mobility through byssus-drifting, pedal floating or even active swimming (e.g. Sörlin 

1988). Comparisons of the shell lengths between settling and dispersing individuals indicate 

that secondary dispersal in all bivalve species starts immediately after initial settlement (own 

unpubl. data). Two in situ staining methods were developed to calculate the local turnover of 

small benthic stages and to be able to distinguish between imported and exported 

individuals. One outcome of the staining experiments was that high levels of mobility are not 

reduced to few particularly mobile individuals, but involves the entire O-group (publication V). 
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As a consequence of secondary dispersal, spatial colonisation patterns established by larval 

settlement of bivalves changed (publication I and V, Armonies 1996).  

 

Studies of the severe winter demonstrated that also most polychaete species are subject to 

secondary dispersal although numerically less important than bivalves (publication VI, Jaklin 

and Günther 1996). This is in agreement with other studies (Armonies 1994a, Cummings et 

al. 1995, Thiébaut et al. 1996). Despite the fact that errant species like Nereis spp., Eteone 

longa and Phyllodoce spp. are generally fully to discretely motile (Fauchald and Jumars 

1979), in the latter two only single specimens occurred in the water column (publication VI). 

This implies that their ability to move across the bottom does not necessarily mean that 

secondary dispersal is of any relevance to their recruitment pattern. However, compared to 

bivalves comprehensive studies on polychaete dispersal are still exceptions (Tamaki 1987, 

Thiébaut et al. 1996, Shull 1997). Notably, Thiébaut et al. (1996) observed that postlarvae of 

the tube-building species Pectinaria koreni produced a mucus thread to initiate transport. It 

would be worth studying whether species inhabiting the Wadden Sea have similar 

mechanisms. Besides Nereis diversicolor the tube-builder Pygospio elegans was the only 

polychaete species which was regularly caught in the water column and in addition showed a 

high turnover (publication V and VI).  

 

�� Almost all macrobenthic species were subject to secondary dispersal.  

�� Derived from the frequency drifting individuals were caught, the importance of 

secondary dispersal for recruitment is higher in bivalves than in polychaetes.  

�� In bivalves, secondary dispersal starts immediately after larval settlement. As a 

consequence, early recruitment patterns can only partially be explained by larval 

settlement since local patterns are rapidly changed by the dispersal of postlarvae and 

older stages.  

 

Secondary dispersal in intertidal bivalves is functional over several months (Beukema and de 

Vlas 1989, Armonies 1992, Jaklin and Günther 1996), but clearly size-dependent. In 

bivalves, turnover rates at one site were much higher in June than in August (publication V; 

Armonies 1994b). As bivalves grow larger, their susceptibility for resuspension is probably 

lowered as they increase in weight and burrow deeper (Zwarts and Wanink 1989). This might 

explain why specimens found in the sediment trap were generally larger than those of the 

water column catches (publication V). Dispersal of the bivalves appeared to be 

heterogeneous, resulting in differences in size/age-dependent turnover of the species. 

Derived from the total numbers of transported individuals, the mode of dispersal (water 

column vs. bedload), and the size of transported individuals (see publication V and VI for 
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details), secondary dispersal remains most effective over time in E. americanus, is 

intermediate in M. balthica and lowest in M. arenaria.  

 

�� Secondary dispersal of bivalves is functional over several months but clearly size/age 

dependent since turnover rates were higher in June than in August.  

�� The dependence of secondary dispersal on size and age differs among the bivalve 

species.   

 
An import of postlarvae and juveniles is especially important in “high flow areas” where larval 

settlement appeared to be generally lower (publication I and VI, Hsieh and Hsu 1999). In this 

respect, the establishment of dense tube lawns of Pygospio elegans at the exposed site 

apparently facilitated the subsequent immigration of postlarvae of different species that 

probably otherwise would not have colonised there (publication VI, see defaunation 

experiments of Thrush et al. (1996)). Whether this response resulted exclusively from the 

passive entrainment of species moving across the bottom by tubes of colonising individuals 

or included active site selection due to better feeding conditions (compare Thistle (1981) 

remains unknown.  

We assumed that at least a small proportion of the postlarvae settling at the exposed site 

originated from the sheltered site, thus covering a transport distance of several hundreds 

metres. This highlights that an exchange of organisms between populations occurs regularly. 

Our findings of the importance of post-settlement processes contradict those of other studies 

in which colonisation depended mainly on settlement of pelagic larval stages (Grassle and 

Grassle 1974, McCall 1977). The staining experiments showed that import and export of 

individuals can occur at the same time, and high turnover rates are not necessarily coupled 

to density changes at one site (publication V). This means that such exchange processes 

would not have been detected by regular core samples. These findings are important for 

population studies. For instance, local mortality might be completely underestimated as long 

as export of individuals is balanced by import (publication V, Armonies 1996).  

 

�� Local losses of larval settlement can be balanced by import of postlarval stages. In this 

respect, sheltered areas may function as source populations for exposed areas. 

�� In high flow areas, tube-builders may facilitate recolonisation through trapping 

organisms above the sea bed. 

�� Postlarval dispersal can have the same relevance on the recolonisation process as 

larval settlement as this process is effective over large scales.  

�� The estimation of population parameters such as growth or mortality is hampered if 

import and export processes occur at the same time at one site.   
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4.4 The importance of early life stages for recruitment in soft bottoms 

Current debates in marine ecology refer to the relative importance of pre- and post-

settlement processes for recruitment (e.g. Ólafsson et al. 1994, Todd 1998). The present 

studies do not allow a detailed comparison between pre- and post-settlement processes 

since among the post-settlement processes only secondary dispersal has been considered. 

Therefore, the following discusses whether recruitment success can be estimated from early 

life stages. If pre-settlement processes are important, there should be a clear larvae-settler-

recruit relationship.  

 

Interannual variability in larval abundance and recruitment was high (publication I and II) 

which seems to be a general pattern of marine invertebrates of dynamic coastal 

environments (e.g. Reise 1985; Beukema et al. 1993; Pulfrich 1997). A close coupling 

between pelagial and benthal was found in the temporal occurrence of different life stages. In 

general, peaks of planktonic larvae preceded the arrival of benthic stages (publication I, II 

and VI). Small larvae peaks of bivalves observed in late autumn were not always followed by 

successful settlement (publication I) indicating a higher importance of processes influencing 

larval survival and/or settlement success in autumn compared to spring.  

 

Comparing the magnitudes of larval abundance peaks and recruitment success, in Mya 

arenaria and Ensis americanus low larval numbers of spring 1994 and 1995 resulted in poor 

settlement and high larval numbers in 1996 were coherent with successful settlement and 

recruitment (publication I). These results imply that the annual recruitment success can be 

well explained by pre-settlement processes as reported from other studies carried out in 

diverse regions on different species groups such as barnacles, reef fishes, echinoderms and 

polychaetes (Cameron and Rumrill 1982, Connell 1985, Doherty and Fowler 1994, Thiébaut 

et al. 1998). By contrast, recruitment success in M. balthica cannot be related to the 

preceding abundance of larvae (publication I) which rather supports that post-settlement 

processes structure soft bottom populations (see review by Ólafsson et al. (1994), and 

findings of Strasser (1999) and Beukema et al. (1998)). In the North Frisian Wadden Sea, 

Strasser (1999) also observed that the importance of larval supply differed between the 

bivalve species.   

 

One difficulty to relate the patterns of larvae to those of benthic stages may be rooted in the 

fact that most marine populations are demographically open, i.e. recruitment is uncoupled 

from local reproduction (Caley et al. 1996). This includes an export of larvae away from 

populations as well as an import of individuals from distant populations. Both processes limit 

the predictability from one life stage to the next and explains why recruitment occurs in the 
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absence of larvae and larval peaks are not necessarily followed by settlement (publication I). 

This would mean that pre-settlement processes are more important in species with a limited 

capacity for secondary dispersal such as Lanice conchilega (Publication IV and VI) than in 

species with a high mobility such as bivalves (publication V and VI, Strasser 1999). At least 

theoretically, such problems should be overcome by sampling on sufficiently large spatial 

and temporal scales (see chapter 3). However, benthic-pelagic coupling has only begun to 

be investigated and more studies are necessary before the relative importance of different 

processes on recruitment will be understood for soft bottom invertebrates.   

 

�� In general, the seasonal presence of planktonic larvae peaks is coherent with a 

subsequent occurrence of benthic stages. Thus, at least the timing of recruitment might 

be well predictable by monitoring planktonic larvae.  

�� The relationship between recruitment success and the annual abundance of larvae and 

initial settlers is not straightforward. The importance of larval supply on recruitment 

seems to be species-specific.  

�� It is not the complexity of recruitment which makes an understanding of the underlying 

causes of recruitment variations so difficult, but the vast spatial scales and the narrow 

time scales necessary to obtain reliable results for “open” populations. 

 

 

4.5 Mechanisms ensuring population maintenance of invertebrates in soft bottoms  

To maintain their populations, macrobenthic species have to ensure either a high survival of 

their individuals or a regular replacement. Similarly, to persist in frequently disturbed areas 

such as the Wadden Sea requires mechanisms that guarantee a high resistance (ability to 

remain essentially unchanged) to disturbance and/or a high resilience (i.e. the ability to 

recover and return to the reference dynamic) from disturbance (Boesch and Rosenberg 

1981). Thus, both population maintenance and resilience of benthic assemblages rely largely 

on the life history features of the constituent species.  

 

Most species inhabiting shallow waters tolerate a large range of environmental fluctuations 

due to physiological adaptations and a high degree of tolerance. Nevertheless, extreme 

conditions or episodic events such as severe winters and hot summers lead to changes in 

the normal sequence of expected events (publication I, II and VI, Smidt 1944, Beukema 

1985). One example for a flexible reaction to environmental changes is the adjustment of 

reproduction and spawning of Macoma balthica to favourable environmental conditions with 

respect to food and temperature (publication I and II). Flexibility in their timing of reproduction 

and the number of generations produced per year simply provides selective advantages over 
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inflexible life history patterns which would lead to reproductive failures in years of atypical 

conditions.  

 

In some species, the existence of functionally distinct life stages seems to be essential. For 

example the plantigrade and postlarval stage of bivalves may be unique in terms of 

behaviour, habitat and morphology (Baker and Mann 1997). The use of a byssus-thread to 

enter the water column and drift with the currents distinguishes this life stage functionally 

from the later juvenile stage (Baker and Mann 1997). The hyaline mucous tube of the 

aulophora larva of Lanice conchilega probably contributes to the buoyancy and long pelagic 

phase of 4-6 weeks (Kessler 1963). Both mechanisms are related with an increase of 

mobility. As secondary dispersal seems to be unimportant in L. conchilega (publication IV 

and VI), a long-lived larva has a higher probability of finding a suitable site for settlement 

than a short-lived larva (Giangrande et al. 1994). The extinction of L. conchilega populations 

observed over large intertidal and subtidal areas during severe winters (publication VI, 

(Ziegelmeier 1964, Buhr 1981) can be balanced by the immigration of larvae originating from 

distant source populations. The eminent mobility of postlarval, juvenile and adults is of high 

ecological importance with respect to the species-specific ability to recolonise disturbed 

areas both in space and time, the ability to avoid unfavourable conditions, escape from 

predation, balance losses of larval settlement, avoid competition, and finally explains 

patchiness and rapid density changes (publication II, V and VI, Günther 1992a, Beukema 

1993, Armonies 1994a, Palmer et al. 1996, Norkko et al. 2001).  

 

Flexibility in the life histories, a high mobility and the existence of functionally distinct life 

stages favour recruitment success, and thus, provide multiple paths to population 

maintenance and a high resilience of macrobenthic assemblages living in unpredictable 

environments. 

 

The mentioned mechanisms are likely to explain why macrobenthic assemblages inhabiting 

inconstant environments react highly resilient (e.g. publication VI, McCall 1977, Boesch and 

Rosenberg 1981). However, the development of a particular assemblage composition is not 

purely the sum of a number of species with certain life histories, but also depends on the 

interactions between the species and on the environmental conditions of the habitat. Zajac 

and Whitlatch (1985) viewed the factors controlling succession as a hierarchy of three 

interacting levels: environment, life history and biotic interactions. The idea that assemblages 

develop in a kind of hierarchical manner in which one factor sets the boundary conditions for 

the others seems also be applicable for intertidal assemblages of the Wadden Sea.  
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In the Wadden Sea, the tides, or more precisely, the hydrodynamic regime as the sum of 

tides, currents, swell and wind turned out to be the most decisive factor since all investigated 

processes were closely tied to them. The hydrophysical regime determines the seabed 

properties, food availability and promotes exchange processes between sediment and water. 

Thus, hydrodynamics create the boundary condition to which the organisms respond in 

accordance with their particular life histories. It was shown that larval settlement occurred in 

response to the local flow conditions (publication I, III, IV and VI) which can lead to the 

development of habitat-specific differences in species composition and abundance 

(publication VI, Hsieh and Hsu 1999). The assemblage structure is important for the type of 

biological interactions (predation, competition, facilitation, inhibition) which will further shape 

the assemblage. High flow conditions enhanced larval settlement of L. conchilega 

(publication III and IV). Once dense tube lawns develop, the local flow pattern and probably 

sediment stability and food availability will change and facilitate the settlement of other 

organisms, for example postlarvae transported with the currents (publication V and VI, 

Gallagher et al. 1983). This may only serve as a simple example of how interactions between 

environment and biota influence the assemblage structure. There definitely is a need for 

studies which test active habitat selection and passive deposition in the field. 

 

The development of macrobenthic assemblages is determined by interactions of species 

life histories (times and modes of reproduction, settlement behaviour), the habitat 

conditions (flow-sediment-food), and the predominant biotic interactions, e.g. facilitation by 

tube-builders. The functioning of all these factors is mediated by the tides and currents, 

the motor of the system.  

 

 

4.6 Future challenges 

This thesis elucidated that each pre- and post-settlement process and many factors provide 

possible, but not exclusive, explanations for temporal and spatial recruitment variations of 

macrobenthic invertebrates. The dynamic nature of the intertidal environment, the species-

specific patterns and the “exceptions to the rules” limit broad generalisations on what are the 

key factors structuring macrobenthic assemblages. Therefore, the list of requirements for 

future studies remains long and beyond the capacity of a single researcher. 

 

It has been shown that the dynamics of larvae are only poorly understood. For a better 

understanding of the actual factors triggering spawning combined field and laboratory studies 

using different environmental variables would be challenging. As the origin of pelagic larvae 

in the field is often uncertain, population studies should include gametogenesis and genetics. 
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In this respect, it would be interesting to study whether spatially separate populations differ in 

their response to environmental conditions, e.g. studying reproduction in intertidal and 

subtidal populations. Almost unknown are factors that determine larval survival, e.g. which 

planktonic predators are most important, which food is taken by the larvae?  

 

Under the topic supply-side ecology, studies carried out on barnacle populations in hard 

bottom systems revealed that the availability of larvae in the water column (i.e. the flux of 

larvae) determined the rate of settlement at one site (Gaines et al. 1985). So far, no study 

carried out in soft bottoms tested whether the number and distribution of initial settlers of soft 

bottom macrofauna is related to the flux of competent pelagic larvae. Having in mind that in 

tidal systems hydrography is a first order factor, field observations of spatial settlement 

pattern in combination with accurate measurements of hydrodynamics and sediment 

dynamics are needed.  

 

Postlarval and older stages highly contributed to the recovery process and should therefore 

be subject of further studies. There remain a lot of open questions with respect to species- 

and age-specific interactions between hydrodynamics and behaviour. The distances over 

which individuals can be transported are important to reveal the minimum spatial scale 

needed for population studies. It would be worth to intensify the approach of staining 

individuals in situ because - at least on a small spatial scale – this technique provides more 

information than core or trap samples.  

 

In order to understand recruitment variability and factors causing it, there seems to be no 

other way than integrating all life stages as a functional whole. Due to the high interannual 

variability in intertidal systems and the flexibility of their fauna, such studies should be carried 

out over several years at a sufficient spatial scale by using the same methods. Such studies 

would increase our knowledge about the underlying causes of recruitment of 

macrozoobenthos, and thus, provide the information essential for the development of 

management strategies for dynamic shallow-water systems.   
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7 Publications 

The main body of this thesis consists of six publications. The following gives a short overview 

of the thematic content addressed in the publications and describes my contribution to each 

publication.  

 

 

Publication I: Variability of intertidal bivalve recruitment: the role of early life stages 
and environmental conditions 
Manuscript 
S. Jaklin, B. Niehoff, J. Heuers, C. Hasemann, E. Boysen-Ennen, V. Niesel, C.-P. Günther 

This manuscript is concerned with factors controlling interannual recruitment variations in the 

bivalves Macoma balthica, Mya arenaria and Ensis americanus. The results present data of 

the seasonal development of larvae, recently settled recruits and later recruits of these 

species collected in the Wadden Sea over three successive years (1994-1996). These data 

were linked to the seasonal development of phyto- and zooplankton concentrations and to 

water temperature and wind conditions. The main objectives of the discussion are 1) the 

relationship between environmental conditions and occurrence/abundance of the larvae, 2) 

the relationship between the abundance of different life stages to estimate whether 

recruitment variations are controlled by pre-settlement processes. 

Sampling of benthic bivalves was carried out by the first and third author as well as by the 

fourth author in 1995. Zoo- and phytoplankton data were provided by the fifth and sixth 

author. The manuscript was written by me and discussed with the second and the last 

author.  

 

Publication II: Observations of a mass occurrence of Macoma balthica larvae in 
midsummer,  
Published in Journal of Sea Research 40 (1998): 347-351 
C.-P. Günther, E. Boysen-Ennen, V. Niesel, C. Hasemann, J. Heuers, A. Bittkau, I. Fetzer, 

M. Nacken, M. Schlüter, S. Jaklin 
The second manuscript refers to an unusually late and high spawning event of Macoma balthica 

observed in the back-barrier parts of Spiekeroog island (Wadden Sea) in midsummer of 1995. 

The results illustrate the seasonal development of the abundance of larvae and small benthic 

stages of M. balthica as well as the development of phytoplankton concentrations in 1995. The 

relationship between phytoplankton and larvae are discussed and compared to recent literature 

available on spawning patterns of M. balthica in the Wadden Sea.  
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Collection of the meroplankton samples at one study site of the two presented as well as benthos 

sampling was carried out by the fifth author and me. The manuscript was written by the first 

author and discussed with me.  

 

Publication III: Initial settlement of Lanice conchilega 
Published in Senckenbergiana maritima 29 (1999): 67-69 

J. Heuers, S. Jaklin 

This manuscript gives insight into the factors influencing the initial settlement of 

L. conchilega. Based on the observation that juvenile L. conchilega were only found in the 

presence of adults, field experiments were carried out in which different substrates 

(natural/artificial tubes, plain sediment, shell fragments) were offered for larval settlement. 

Results are discussed with respect to larval habitat selection and hydrograpy.  

The experiments were carried out by the first author. Writing of the manuscript was done by 

both authors.  

 

Publication IV: A model on the distribution and abundance of the tube-building 
polychaete Lanice conchilega (Pallas, 1766) in the intertidal of the Wadden Sea, 
Published in Verhandlungen der Gesellschaft für Ökologie 28 (1998): 207-214 

J. Heuers, S. Jaklin, R. Zühlke, S. Dittmann, C.-P. Günther., H. Hildenbrandt, V. Grimm 

The manuscript is concerned with mechanisms leading to the patchy distribution patterns of 

adult Lanice conchilega observed in nature. Field experiments on 1) larval settlement 

mechanisms and densities of juvenile L. conchilega and 2) the effects of tubes on sediment 

properties and macrofaunal colonisation are presented. Based on results of these 

experiments, a simple simulation model was developed which builds the main body of the 

manuscript. The model tries to answer the question if distribution patterns of L. conchilega – 

in terms of patches of low or high density - develop by combined effects of the near-bottom 

flow regime and the density of adult tubes.  

The first three authors carried out the field experiments. The ideas presented in the model 

developed from discussions of all authors; the mathematical conversion and simulation were 

developed by the two last authors. The manuscript was written by the last author and me and 

discussed with all co-authors. 

 

Publication V: Rapid turnover of small intertidal macrobenthos: Modes and rates 
Manuscript 

S. Jaklin, T. Brey, C.-P. Günther 

The fifth manuscript focuses on the short-term dispersal dynamics of postlarval and juvenile 

stages of the bivalves Macoma balthica and Mya arenaria and the polychaete Pygospio 
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elegans. It describes two in situ staining methods which were developed to quantify the 

import and export processes of these species at different times of the year. The results 

illustrate the different turnover times of the species and an age/size dependent mobility within 

one species. The mechanisms and the importance of secondary dispersal are discussed and 

general implications for population studies on growth, mortality and recruitment are given.  

I developed the staining method, designed the experiments and performed the field and 

laboratory work. My manuscript draft was revised with the co-authors.  

 

Publication VI: Early succession and colonisation mechanisms in two intertidal 
macrobenthic assemblages following a severe winter 
Manuscript 
S. Jaklin, J. Heuers, E. Boysen-Ennen, B. Niehoff 

The subject of this manuscript are the effects of a severe winter on two macrobenthic 

assemblages inhabiting a sheltered and a exposed site of an intertidal sand flat. Direct and 

indirect effects -in terms of species abundance and composition- to this large-scale 

disturbance were investigated by comparing data of two successive years. The 

recolonisation process was investigated by monitoring the abundance of larvae, recently 

settled and later recruits as well as dispersing postlarval stages in short term intervals using 

small mesh sizes. The results document that direct ice winter effects are site-specific and 

only of short duration. Recolonisation was determined by combined effects of habitat 

conditions, life histories and biotic interactions.  

The field surveys were carried out by the second author and me. Data on the occurrence of 

planktonic larvae were provided by the third author. My manuscript draft was discussed and 

revised with the last author.  
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Publication I 

 

Variability of intertidal bivalve recruitment: the role of early life 
stages and environmental conditions 

 

Sandra Jaklin*, Barbara Niehoff*, Jens Heuers*, Christiane Hasemann*,  

Elisabeth Boysen-Ennen**, Verena Niesel***, Carmen-Pia Günther* 

 

 

*Alfred Wegener Institute for Polar and Marine Research, P.O. Box 120 161, 27515 

Bremerhaven, Germany 

**Kakenhaner Weg 24, 22397 Hamburg, Germany 

***Umweltbundesamt, Institut für Umwelt, Corrensplatz 1, 14191 Berlin, Germany 

 

 

 

Abstract 
Recruitment in marine invertebrates is affected by a variety of pre- and post-settlement processes 
such as larval availability, mortality and secondary dispersal. The relative contribution of these 
processes to interannual recruitment variations is scarcely known for species inhabiting soft-bottoms, 
and especially the population dynamics of small life stages have often been neglected. 
This study examines the relative importance of larval supply and initial settlement on annual 
recruitment of infaunal bivalves. In the intertidal Wadden Sea near the island of Spiekeroog, timing 
and abundance of planktonic larvae, initial settlers and early recruits of Macoma balthica, Ensis 
americanus and Mya arenaria were sampled in short term intervals over three successive years. 
Timing and amount of larvae varied highly between seasons and years which resulted mainly from 
combined effects of annual phytoplankton and temperature development. In all species, interannual 
changes between a single spawning per year and two spawnings occurred. Relationships between the 
abundance of larvae, initial settlers and recruits were not always straightforward and differed between 
seasons and among species. In all species, the abundance of summer/autumn recruits was rather 
independent of previous life stages compared to spring patterns.  
In general, in all bivalves combined effects of pre- and post-settlement processes contributed to the 
observed recruitment patterns, but the relative significance of each process varied between years and 
- above all - among species. Annual spring recruitment of E. americanus and M. arenaria was strongly 
related to the amount of larvae and initial settlers. In contrast, settlement in M. balthica was overruled 
by post-settlement process (mortality and immigration/emigration) and recruitment developed 
decoupled from early life stages.  
 
 
 
 
 
 
 
 
 
Keywords: larval availability, settlement, recruitment, bivalves, Wadden Sea 
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1 Introduction 

Recruitment is a function of several pre- and post-settlement processes occurring in a 

sequence repeated every year. Large year-to-year fluctuations in the recruitment of intertidal 

bivalve species have been a frequently reported phenomenon (e.g. Smidt, 1951; Beukema, 

1979; Reise, 1985; Beukema et al., 1998). Determining the causes for recruitment variability 

is still a major goal in marine ecology (Ólafsson et al., 1994; Miron et al., 1995; Young et al., 

1996). 

In boreal bivalve species, such as Macoma balthica, the annual reproductive output seemed 

to be related to temperatures of the preceding winter (Honkoop, 1996), but based on long 

term data sets Honkoop et al. (1998) explained interannual recruitment variations rather by 

post-settlement processes than by the total number of eggs spawned in a certain year. Also 

in M. arenaria, post-settlement processes seem to influence recruitment strongly since the 

greatest number of gametes produced did not coincide with highest spat densities 

(Brousseau, 1978). 

Larval supply, as determined by (1) the number of fertilised eggs, (2) the food supply during 

larval development, (3) the physical environment and (4) losses to predation, has early been 

assumed to affect recruitment (Thorson, 1946 and 1966). But due to the difficult identification 

of bivalve larvae (Lutz et al., 1982), only a few studies on infaunal bivalves concentrated on 

the dynamics of these small stages. Furthermore, settlement has to be quantified to close the 

gap between larval abundance and recruitment (see discussions by Keough and Downes, 

1982; Rodríguez et al., 1993) which requires high frequency sampling using small mesh 

sizes to exclude the potential impact of post-settlement mortality on recruitment as far as 

possible. Considering studies on infaunal bivalves, a distinction between recently settled and 

later recruits has either not been made (Pfitzenmeyer, 1962; Möller and Rosenberg, 1983) or 

data refer only two a single investigation year (Günther, 1991 and 1992). Only Feller et al. 

(1992) synoptically monitored three life stages of bivalves over five years and found the best 

correspondence between larval abundance and their early recruits, while the numbers of 

early recruits was only poorly related to later stages. Unfortunately, Feller et al. (1992) did 

not separate between species which might have elucidated some patterns more clearly. 

Therefore, the relative contribution of small life stages on annual recruitment strength 

remains uncertain.  

In this study we present data sets of three successive life stages (larvae, recently settled 

recruits and later recruits) of the bivalves Macoma balthica, Ensis americanus and Mya 

arenaria collected from 1994 to 1996 in an intertidal sandflat of the East Frisian Wadden 

Sea. By combining these data with abiotic (temperature, wind) and biotic (phyto- and 

zooplankton) environmental conditions, the following questions were addressed: (1) Are 

timing and abundance of bivalve larvae related to environmental conditions? (2) Are peaks of 
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larvae and/or initial settlers reflected in peaks of recruitment? (3) Can interannual recruitment 

variations be explained by pre-settlement processes? 

 

 

2 Materials and methods 

2.1 Study area and sampling sites 

The investigation was carried out in the German Wadden Sea between the barrier island 

Spiekeroog and the East Frisian mainland (Fig. 1). The back-barrier tidal flats leeward of 

Spiekeroog extend over 50 km² with sediments mainly composed of fine to very fine sands 

(Flemming and Ziegler, 1995). Tidal inlets between the islands permit an exchange of coastal 

water with North Sea water. Nearly 70 % of the area behind Spiekeroog are covered by 

water masses rushing through the Otzumer Balje inlet in a semi-diurnal rhythm (Niesel, 

1999). The mean tidal range at the western head of Spiekeroog is 2.7 m.  

In order to investigate the importance of larval availability (pre-settlement process) on the 

annual bivalve recruitment, zooplankton and phytoplankton samples were taken from a ship 

in the Otzumer Balje channel (site A, Fig. 1).  
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Fig. 1: Location of the Gröninger Plate between the island of 
Spiekeroog and the East Frisian mainland, including the positions of 
sampling sites A and B (plankton) and C and D (benthos). 
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On seven occasions (May and June 1996), zooplankton samples were taken from a mole at 

Neuharlingersiel harbour (site B, Fig. 1) due to research vessel problems. Comparisons 

between these two sites revealed a similar course of the seasonal larvae development, but 

abundances were generally lower at site B (Günther, unpubl. data). 

 

Sampling of recently settled bivalves and recruits (post-settlement) was carried out at the 

Gröninger Plate, a semi-exposed sand flat of 6 km² (Fig. 1). From 1993 to 1996 a transect of 

four stations was investigated (1993: Günther, unpubl. data, 1994-1996: Jaklin and Heuers, 

unpubl. data). These studies showed that the most intense settlement of bivalve larvae took 

place along the southern tidal channel of the Gröninger Plate. Thus, only results from this 

area (site C, Fig. 1) will be presented in this paper. At this comparably sheltered site, 

sediments with a higher percentage (16%) of particles � 63 µm occur. Hydrobia ulvae, 

Aphelochaeta marioni (formerly Tharyx marioni) and Heteromastus filiformis were the 

dominant species of the macrofauna. In 1994, sampling at site C already stopped at the end 

of May. In order to discuss settlement or recruitment after May 1994, data of site D (Fig. 1) 

will be used. At this more exposed site, settlement and recruitment of bivalves showed a 

similar seasonal development as at site C, but abundances were always lower (Jaklin and 

Heuers, unpubl. data).  

 

2.2 Sampling 

2.2.1 Phytoplankton 

From 1994 and 1996, phytoplankton was sampled during daytime two hours before high tide. 

At each sampling day, 10 l sea water were taken with a bucket from the surface. Sampling 

intervals varied from two to eight weeks. All samples were preserved in 4 % buffered 

formalin. Phytoplankton species composition and cell number were determined according to 

the Utermöhl technique (Utermöhl, 1958) from subsamples of 3 - 10 ml volume, depending 

on the density of algae cells.  

 

2.2.2 Zooplankton 

From 1994 to 1996, the abundance of zooplanktonic organisms and of bivalve larvae 

retained by a 125 µm mesh was investigated from early spring to autumn in intervals ranging 

from one to eight weeks depending on the season. At each sampling day at site A, four 

parallel samples a 50 l seawater were pumped from a depth of 6-7 m two hours before high 

tide. Sampling at site B was carried out at high tide using an Apstein net (10 cm opening). 

Three parallel samples were obtained by repeated vertical hauls from a depth of about 4 m. 

The volume filtered per sample was calculated via flow meter. All zooplankton samples were 
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sieved over 125 µm meshes, preserved in 4 % formalin buffered with borax or in 4 % 

Korsolin seawater mixture and sorted in the laboratory to species level. By applying this 

mesh size no information about the total abundance of bivalve larvae in the plankton could 

be obtained, but it enabled us to identify about 50 % of all larvae (>175 µm in shell length) to 

the species level.  

 

2.2.3 Initial settlement and recruitment of bivalves 

In 1995 and 1996, sampling of infaunal bivalves was carried out from spring to autumn in 

weekly or biweekly intervals depending on the season. On each sampling date, five to seven 

sediment samples of 33 cm², penetration depth 10 cm, were taken randomly from an area of 

100 m² area and preserved in 5 % formalin buffered with borax. Sorting, counting and 

determination of bivalves was carried out in the laboratory after sieving each sample over a 

sieve column of 125, 250 and 500 µm mesh sizes. In order to assess the contribution of 

initial settlement to the annual recruitment patterns of M. balthica, M. arenaria and E. 

americanus, only results of the 125 µm fraction (initial settlement including one or two weeks 

of post-larval mortality) and the 500 µm fraction (recruitment) are presented. Individuals of 

the 125 µm fraction are called initial settlers and those of the 500 µm recruits.   

 

2.3 Weather conditions 

All data presented, were obtained from the “Deutscher Wetterdienst” who runs several 

permanent weather stations along the German Bight coast. The nearest station was situated 

55 km westwards from our sampling sites at the East Frisian island of Norderney.  

The seasonal development of the sea surface temperatures (SST) differed strongly between 

the three years (Fig. 2). The winters 1993/1994 and 1994/1995 with 11 and 6 days of ice 

formation in the Wadden Sea can be regarded as moderate cold and very mild respectively 

(Strübing, 1994; Strübing, 1995).  
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Fig. 2: Daily sea surface temperature SST (C°) measured at Norderney station for the period from 1 
October 1993 to 31 December 1996. Data from Deutscher Wetterdienst. 
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In contrast, the following winter 1995/96 was very cold and extremely long (Strübing, 1996). 

First ice formation on the tidal flats was observed in December 1995. An intensive formation 

set in at the end of January 1996 and the coast of East Frisia was not ice free before early 

March. In 1994, a steep rise of the SST occurred in June and high temperatures above 20°C 

lasted until September before they returned to normal in October. Similar to 1994, the 

summer of 1995 was unusually warm as reflected in the high SST which were persistent 

through November (Loewe, 1995). As a result of the ice winter, SST of 1996 kept extremely 

cold through July, but returned to well above normal in autumn. 

 

3 Results 

3.1 Phytoplankton 

In March 1994, diatoms of a typical spring situation (Asterionellopsis glacialis, Odontella 

sinensis, Guinardia delicatula, Thalassiosira rotula and Rhizosolenia shrubsolei) already 

occurred, but numbers were low (Fig. 3). The dominant species of the bloom observed in 

April 1994 (21*109 cells*m-3) were Guinardia delicatula and the haptophyceae Phaeocystis 

globosa. A smaller summer bloom of the diatoms Leptocylindrus danicus and Leptocylindrus 

minimus was recorded in August 1994. The spring bloom (Phaeocystis globosa) of May 1995 

reached only half of the cell numbers (10*109 cells*m-3) of the preceding year, whereas 

summer values (mainly Chaetoceros spp.) from July to August 1995 were unusual high. In 

1996, phytoplankton developed atypically: Almost no typical diatom species occurred, but 

Chaetoceros spp. numerically dominated in March and April. Instead of Phaeocystis globosa, 

Phaeocystis pouchetii, which inhabits usually more northern latitudes, developed an 

extraordinary high bloom of almost 200*109 cells*m-3 in May and June. After the strong 

decrease in June, no summer bloom followed.  

 

3.2 Zooplankton 

The seasonal development of the abundance of zooplankton retained by the 125 µm net, 

bivalve larvae excluded, is shown in Figure 3. In 1994, zooplankton reached maximum 

abundance (153,660 ind.m-3) in early June, following the spring phytoplankton bloom. By July 

1994, the abundance had decreased again. A smaller second increase, of mainly of 

copepods, occurred in August 1994 after the summer bloom. In spring 1995, the zooplankton 

maximum reached only half of the amount of the preceding year, but occurred with 

comparably high numbers from June to September 1995. In 1996, two zooplankton peaks 

were observed: a smaller peak already occurred in May, a second one with high individual 

numbers (188,220 ind.m-3) was observed in July, following the high phytoplankton bloom.  
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Fig. 3: Mean abundance of phytoplankton (cells*m-3) and zooplankton (ind.m-3), bivalve 
larvae excluded, during 1994-1996.  

 

 

3.3 Dynamics of bivalves  

3.3.1 Macoma balthica 

During each year, the seasonal development of M. balthica larvae corresponded to that of 

phytoplankton: larvae always occurred during or shortly after the algae blooms (Fig. 4). In 

1994, a single larval peak (1400 ind.m-3, Fig. 4a) found on 26 April resulted in a high 

abundance of initial settlers (11,991 ind.m-2, Fig. 4b) one week later. This abundance was 

exceeded by recruits on 31 May 1994 (48,701 ind.m-2, Fig. 4c). In 1995, the first peak of 

larvae was recorded one month later (25 May) than in 1994 and was of lower abundance 

(480 ind.m-3). At the end of August 1995, a second larval peak followed which was the 

highest (4200 ind.m-3) of all years. Initial settlement already took place before the numbers of 

larvae began to rise and several small peaks (max. 2182 ind.m-2) were observed from May to 

July 1995. The high numbers of larvae in August 1995 resulted in a second spatfall as 

indicated by an increase of settlers at the end of August and still high abundance of small 

stages in December. In 1996, high numbers of larvae did not occur before June. They were 

in the same order of magnitude (max. 570 ind.m-3, 6 June) as in spring 1995. Accordingly, 

the maximum abundance of initial settlers was also low (1273 ind.m-2) and occurred relatively 

late (26 June). In contrast to 1995, the low abundance of initial settlers was followed by a 

comparable high numbers of recruits (max. 17,394 ind.m-2). 

 



Publication I 52 

1
2
3
4
5

1
10
100
1000
10000
100000
10
100
1000
10000
1000000

20

40

60

ce
lls

*m
-3

*1
09

195*109 ind.m
-3* 10³

ind.m
-2

ind.m
-2

J F MAM J J A S ON D J F MA MJ J A SO ND J F MA M J J A S OND

A

B

C

1994 1995 1996

 
 

Fig. 4: Annual variations of Macoma balthica life stages during 1994-1996. (A) mean 
abundance of phytoplankton (cells*m-3, grey area) and larvae (ind.m-3, black line). (B) 
mean abundance (ind.m-2) of initial settlers (125 µm fraction). (C) mean abundance 
(ind.m-2) of recruits (500 µm fraction). Please note the log scales at B and C. Horizontal 
lines at the top indicate the period of annual infaunal sampling. 

 
 

3.3.2 Ensis americanus 

In 1995 and 1996, an increase in phytoplankton was followed by an increase in larval 

abundance (Fig. 5). In 1994, larvae showed only one small peak (180 ind.m-3, Fig. 5a) at the 

end of August. Similar, during the investigation period until the end of May, settlement and 

recruitment were negligible (max. 87 ind.m-2, Fig. 5b, c). In 1995, planktonic larvae were 

found from March to September. Two smaller peaks of larvae in June and July 1995 were 

followed by a maximum of 4000 ind.m-3 at the end of August. Despite this high abundance of 

larvae, no initial settlers and recruits were found in 1995. In 1996, maximal numbers of larvae 

were comparable to 1995, but peaked already in June and July followed by a smaller peak in 

September. Initial settlement and recruitment were successful and reached values 40 (125 

µm) to 20 times (500 µm) higher than those of the preceding years. In contrast to M. balthica, 

a time lag between settlement and recruitment was not observed as both life stages occurred 

at the same time and decreased rapidly.  
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Fig. 5: Annual variations of Ensis americanus life stages during 1994-1996. A, B and C 
as in Fig. 4. 

 

 

3.3.3 Mya arenaria 

The seasonal patterns of M. arenaria developed similar to those of E. americanus: In 1994, 

only one small larval peak (790 ind.m-3) occurred at the end of August (Fig. 6a). Almost no 

initial settlers or recruits were found (Fig. 6b, c). In the following year, larvae were present 

from April to September with a first peak at the end of May (480 ind.m-3), followed by a 

maximum in late August (2540 ind.m-3). Initial settlers were only observed on 26 June (121 

ind.m-2) and 29 August (667 ind.m-2). Recruits occurred over a longer period of time and 

abundances were slightly higher compared to 1994, but remained below 1000 ind.m-2. In 

1996, larval numbers peaked in June (1880 ind.m-3). In difference to the previous years, the 

abundance of larvae in late summer was low (50 ind.m-3). Settlement was extraordinary high 

and first individuals were observed on 18 June, the maximum of 70,970 ind.m-2 one week 

later. Recruitment was also successful and reached a maximum of 48,606 ind.m-2 on 24 July, 

but decreased continuously from then onwards. At the end of sampling in September, the 

abundance of recruits had decreased to 8242 ind.m-2.  
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Fig. 6: Annual variations of Mya arenaria life stages during 1994-1996. A, B and C as in 
Fig. 4. 

 

 

4 Discussion 

4.1 Environmental conditions and larval dynamics  

This study showed considerable interannual variations over the three successive years: The 

sequence of a “normal”, a very mild and a severe winter was accompanied by two warmer 

than average summers. Annual developments of phytoplankton, zooplankton and benthic 

stages of bivalves differed strongly between the years. Thus, every year has to treated as a 

special case.  

The temporal occurrence and the abundance of bivalve larvae are related to several factors: 

Beside the rise of water temperature, the development of a phytoplankton blooms is 

emphasized to induce spawning (e.g. Caddy, 1967; Bachelet, 1980; Starr et al., 1990). Also, 

growth and survival of the larvae are dependent on phytoplankton as food supply (His et al., 

1989). In this context, predation pressure and/or competition for food by the entire 

zooplankton community might also influence the annual survival of larvae, though not yet 

assessed in the field. However, in 1994, only M. balthica showed a distinct larval peak during 

spring coincident with the spring bloom. In contrast, the occurrence of E. americanus and M. 
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arenaria larvae was decoupled from the phytoplankton development. In these species no 

spring peak was measured although phytoplankton was abundant. Besides food 

concentration, the food quality is discussed to influence the nutrition of bivalve larvae (see 

Bayne, 1983 and references therein). This suggests that low food quality might be a possible 

explanation for the lack of larvae in these species in 1994. However, to date too little is 

known about the relationship between the composition of the phytoplankton bloom and the 

survival of larvae in situ to clarify this question. High frequency sampling and the use of 

smaller mesh sizes to separate between the initial larval stock and mortality might help to 

understand these pattern in future.  

One conspicuous result of our study was the untypical development of larvae and 

phytoplankton in 1995: a normal spring phytoplankton bloom was lacking and larval numbers 

were poorly defined. Instead a prolonged and unusually high summer bloom was observed 

and larvae reached extraordinary high numbers in August. The most likely factor responsible 

for the low spring peak of larvae abundance is the phytoplankton development. Starr et al. 

(1990) proved in laboratory experiments that spawning in Mytilus edulis was induced by an 

extracellular metabolite released by various phytoplankton species, and thus increased at 

higher phytoplankton concentrations. If this holds true for other bivalve species, the poor 

phytoplankton spring bloom probably represented only a weak environmental signal which 

resulted in low spawning and consequently in low larval numbers. The summer 

phytoplankton bloom with concentrations of a normal spring bloom might have triggered the 

second more intensive spawning. Beside the availability of phytoplankton as food, 

temperature also plays an important role in the successful development of larvae (Loosanoff 

et al., 1951; His et al., 1989). The abnormally high sea water temperatures during summer of 

1995 were probably the second factor by which the high larval numbers during midsummer 

can be explained. Enhanced predation and competition can be ruled out to explain the low 

spring peaks of bivalve larvae because the zooplankton abundance developed the same way 

as bivalve larvae abundance. An export of larvae from the Wadden Sea is not likely since 

winds during April/May blew mainly towards northern directions (data from Deutscher 

Wetterdienst) which would have rather caused an import of larvae from the adjacent North 

Sea.  

In the Wadden Sea, the seasonal pattern of 1995 seem to be rather uncommon and 

comparable high numbers of larvae during midsummer have yet not been reported: 

Repeated spawning occurs in M. arenaria and E. americanus (Heiber, 1988; Pulfrich, 1997), 

but in M. balthica, an intensive midsummer spawning is only found in regions near the 

southern geographical limits of its distribution such as the Gironde Estuary in southern 

France and the San Francisco Bay (Bachelet, 1980; Nichols and Thompson, 1982). In those 

regions high phytoplankton concentrations combined with high sea water temperatures 
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represent normal summer conditions. Since such climatic conditions probably occur only 

rarely in the Wadden Sea, pronounced summer spawning might be an exception (Günther et 

al., 1998). 

In 1996, our results suggest that temperature was responsible for the delay of bivalve larvae. 

Larvae of all species did not occur in high abundance before June/July although 

phytoplankton was abundant from April onwards. Temperature plays an important role in the 

regulation of gonad development and spawning (Kautsky, 1982). The temperature threshold 

inducing spawning in M. balthica lies around 10° C (Caddy, 1967; Lammens, 1967; De 

Wilde, 1975). This threshold explains well the occurrence of M. balthica larvae in 1994 and 

1995, but is insufficient for 1996 when sea water temperatures around 10° C were reached in 

late April. In the Dutch Wadden Sea, Lammens (1967) observed that after a severe winter 

gonads of M. balthica developed much later than in previous years. It is reasonable to 

assume that the severe winter 1995/96 had similar effects, and maturity of the gonads was 

not reached in all species when temperatures were favorable for spawning. This supports 

Brousseau (1978) who stated that “the significant temperature appears to be that at which 

maturation of the gonads occur”.  

According to Honkoop (1996) the annual reproductive output of M. balthica is among other 

factors related to temperatures of the preceding winter: in severe winters adult individuals 

loose less weight due to reduced metabolisms. These high weights in spring can in turn 

result in an increased reproductive potential. If these observations hold true for bivalves in 

general, this might explain the high larval numbers of M. arenaria and E. americanus found 

after the ice winter 1995/96. However, the exceptional high phytoplankton concentrations of 

1996 might have had the same potential to trigger such intensified spawning. Surprisingly, 

just M. balthica larvae were found in low numbers which does not agree with the finding of 

Honkoop (1996). The reasons for this are unknown but it is possible that the foregoing 

autumn spawning in 1995 reduced the reproductive potential of M. balthica. 

In conclusion, the annual timing of the first occurrence of bivalve larvae might be reasonable 

predictable by the onset of phytoplankton blooms and the rise of sea water temperature. 

Severe winters apparently cause a delay in gonad maturation and thus in spawning which 

makes the temporal occurrence of larvae less predictable. Both factors probably coexist and 

provide favorable growth conditions for the larvae. The annual abundance of bivalve larvae is 

hardly predictable by phytoplankton concentrations or temperatures of the preceding winters 

as larval patterns are too inconsistent. In all species investigated, we observed interannual 

changes between a single spawning event per year and two spawnings. These findings 

contradict the theory that reproductive cycles are dictated by latitude-temperature effects and 

thus, are geographically fixed (Gilbert, 1978). Therefore, the statement by Brousseau (1987) 

that “spawning can be a facultative event which occurs only when environmental conditions 
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are favorable” seems to be a general rule which also applies for bivalves of the Wadden Sea. 

For a full understanding of the temporal patterns of bivalve larvae in relation to environmental 

conditions, combined field and laboratory studies on gametogenesis of adults and nutrition, 

survival and growth of larvae are necessary, and should be subject of future investigations. 

 

4.2 Relationships between life stages  

One central question of this study referred to the relationships between the annual 

abundance of small life stages and bivalve recruitment. This question is not easily answered 

since relationships between the life stages differed between seasons and among species.  

Spring recruitment peaks of M. arenaria and E. americanus were in good correspondence to 

peaks of small life stages: Low larval numbers of spring 1994 and 1995 resulted in poor 

settlement and recruitment. High larval numbers of both species observed in spring 1996 

were coherent with successful settlement and recruitment. These results imply a high 

importance of pre-settlement processes to explain recruitment variability in infaunal bivalves. 

In contradiction, however, Brousseau (1978) found no correlation between the numbers of 

gametes produced by M. arenaria and the following densities of spat. Similar, Pfitzenmeyer 

(1962) and Strasser (1999) found no correspondence between the annual amount of M. 

arenaria larvae and annual recruitment. The contrary results might be due to the differences 

in sampling intervals and/or mesh sizes used in the studies. Compared to the mentioned 

authors we performed higher frequency sampling and/or used smaller mesh sizes. We found 

that with increasing time intervals between initial settlement and first recruitment sampling, 

correlation of abundance between one life stage and the previous one become weaker and 

less reliable. For instance, recruitment peaks of M. arenaria observed between 16 and 24 

July 1996 were reduced by 70 % one week later. In 1996, the O-group of E. americanus 

suffered a loss of 95 % within one week.  

E. americanus and M. arenaria recruited only successful following the severe winter 1995/96. 

Strong year-class dominance after cold winters is common in intertidal bivalves (Beukema, 

1982), and is thought to result from a combination of benign conditions such as intensified 

spawning, more available space concomitant of reduced competition and predation (e.g. 

Reise, 1985; Beukema, 1992; Beukema et al., 1998). Therefore, the share of pre-settlement 

processes in the successful recruitment of E. americanus and M. arenaria is hard to separate 

from general ice winter effects. 

The amount of larvae available did not necessarily determine settlement success: Although 

larval numbers of almost all species in 1994 and 1995 were higher in autumn than in spring, 

autumn settlement peaks never exceeded those of spring or developed in correspondence to 

larval numbers (see Fig. 5, 6, 7, also Jaklin and Heuers, unpubl. data). These results suggest 

that the autumn settlement is independent of larval availability. Findings by Möller and 
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Rosenberg (1983) and Armonies and Reise (1999) that first annual settlement pulses of 

M. arenaria and E. americanus were of higher abundances than later ones of the year 

support our suggestion. The reasons for lower autumn settlements are unknown, but could 

be related to seasonal changes in hydrodynamics, larval behavior and larval competence to 

complete metamorphosis (Rodríguez et al., 1993).  

In some cases, abundance peaks of recruits occurred before or simultaneously with initial 

settlers. This indicates that immigration of non-initial settlers took place. For example, 

recruits of M. arenaria occurred in 1996 several weeks before initial settlers. These 

individuals belonged to the 1-group which settled in autumn 1995 and remained small during 

the cold winter, but grew into the 500 µm fraction in next spring (Jaklin, unpubl. data). 

Immigration of O-group members was obvious in E. americanus in 1996 when recruit peaks 

occurred simultaneously with peaks of initial settlers. Although post-settlement processes 

such as immigration of larger individuals and mortality were apparent in both species, these 

processes did not overrule initial patterns established by the spring abundance of larvae and 

initial settlers. 

In M. balthica, the relationship between the abundances of different life stages developed 

more complex. In spring settlement rates were in general corresponding to larvae 

abundance, but subsequent recruitment developed decoupled from earlier life stages. We 

observed that settlement peaks of similar abundances ended in different recruitment 

intensities. For example, settlement peaks of about 1500 ind.m-2 resulted in recruitment 

peaks of 1100 ind.m-2 in 1995 and of 18,000 ind.m-2 in 1996, respectively. Similar, a 4-fold 

increase from initial settlers to recruits was recorded in 1994. The fact that similar settlement 

rates lead to different recruitment success underline the interannually variability of post-

settlement processes. In 1994 and 1996, either immigration of post-larvae was higher than in 

1995 or mortality and emigration were lower (for details see Jaklin et al., in prep.). However, 

in M. balthica early patterns established by larval supply and initial settlement were clearly 

overshadowed by post-settlement processes.  

In summary, our study demonstrated that both pre-and post-settlement processes determine 

the annual abundance of recruits. Suggestions of other authors that pre-settlement 

processes are of minor or no importance to explain interannual recruitment variations in 

infaunal bivalves are not supported. The relative contribution of each process seems to be 

species specific. Thus, knowledge of species life histories are essential and further work on 

small life stages is needed in soft bottom habitats before ecologists will be able to predict 

weak or strong year classes.  
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Abstract 

In 1995 the seasonal development of concentrations of both phytoplankton and larvae of the bivalve 
Macoma balthica larvae was studied in the coastal zone behind the backbarrier island of Spiekeroog 
(German Wadden Sea). In July/August larvae reached maximum concentrations of about 1000-4200 
ind. m-3 (depending on the sampling site and tidal period), probably in relation to a phytoplankton 
bloom in July. This observation of an unusually late maximum of Macoma larvae is discussed in detail 
in connection with recent literature available about spawning of M. balthica in the Wadden Sea. 
 
 

 

 
Keywords: Macoma balthica, spawning, seasonal development 
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1 Introduction 

Around the North Sea, intertidal populations of M. balthica (L.) are known to spawn once a 

year in spring (Caddy, 1967; Lammens, 1967). Subsequent gonadal redevelopment 

continues into autumn or even the beginning of winter (Caddy, 1967; Lammens, 1967; 

Chambers & Milne, 1975; Madsen & Jensen, 1987). The rise in water temperature in spring 

to above 10°C appears to be the trigger the spawning (Lammens, 1967). Experiments 

carried out by Honkoop and Van der Meer (1997) suggest that this trigger is pertinent only 

when the gonads are completely ripe. The process of gonad ripening in M. balthica is still not 

completely understood. In Mytilus edulis L. gonad ripening is accelerated by the increase in 

phytoplankton density (Kautsky, 1982). Comparable studies for M. balthica are lacking. 

In contrast to those in the North Sea, intertidal M. balthica from the southern limit of its 

distribution (Gironde Estuary, France) are known to spawn twice a year: in late spring/early 

summer and again from September to November after a rapid redevelopment of the gonads 

(Bachelet,1986).  
Among the intertidal bivalves of the Wadden Sea, M. balthica and possibly Scrobicularia 

plana da Costa are the only species thought to spawn once a year. In contrast, 

Cerastoderma edule (L.) and Mya arenaria L. and Mytilus edulis are reported to have at least 

the potential of two annual spawning periods (Pfitzenmeyer, 1965; Hummel & Bogaards, 

1989; Pulfrich, 1997), suggesting that gametogenesis proceeds more rapidly than in M. 

balthica. The spring spawning stimulus in these species is similarly thought to be a rise in 

water temperature, but the trigger of the autumn spawning is yet unknown. 

In the German part of the Wadden Sea after the severe winter of 1985/86, Günther (1990) 

observed only one larval peak in M. balthica, while in 1982 and 1983, following moderate 

winters, Heiber (1988) reported a small autumn peak represented in both years by one 

observation date. Although a similar observation was made by Boysen-Ennen in 1994 (same 

area of investigation as in the present study, unpublished data), evidence for late spawning 

in this species was still weak. This paper describes a case history of a mass occurrence in 

1995 of larvae of M. balthica as late as July/August, emphazising (1) the need for information 

on gonad ripening and spawning stimuli and (2) the high plasticity of temporal patterns in the 

reproduction of M. balthica.  

 

 

2 Material and Methods 

2.1 Area of investigation 

The area of investigation was the coastal zone behind the barrier island Spiekeroog, situated 

at the southern North Sea coast, in the German Bight (Fig. 1). In 1995 meroplankton 



Publication II 65

sampling was carried out at two locations, one situated in the Otzumer Balje tidal inlet (A), 

and the other in the harbour of Neuharlingersiel (B). At high tide, 70 % of the water in the 

Spiekeroog back-barrier flats is transported via the Otzumer Balje (A), while in the harbour 

(B) the water exchange by the tides is probably limited. Sampling of phytoplankton was also 

carried out at the Otzumer Balje station, concurrent with the meroplankton sampling. Benthos 

sampling was carried out at the Gröninger Plate (station C), a mainly sandy intertidal flat 

situated between the mainland and the island of Spiekeroog. At this sampling site mixed 

sediments occurred and the benthic macrofauna was dominated by the polychaetous worms 

Heteromastus filiformis and Aphelochaeta marioni (former name Tharyx marioni). 

 

 

 

 

 

 

 

2.2 Phytoplankton 

Phytoplankton samples were taken from the water surface at station A. Sampling was carried 

out two hours before high tide. The material was preserved in 4% formalin. Phytoplankton 

was counted according to the Utermöhl technique (Utermöhl, 1958) in volumes of 

3 to 10 cm³. As bivalve larvae consume phytoplankton <30 µm (Balwin & Newell, 1991) only 

data for this algal fraction are presented here. 

Fig. 1: The area of investigation. (A) The station in the Otzumer Balje; (B) the 
Neuharlingersiel harbour station; (C) the benthos sampling station at the Gröninger
Plate.  
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2.3 Meroplankton 

2.3.1 Otzumer Balje (Station A) 

Meroplankton samples were collected from March to November 1995 at intervals of 2 to 8 

weeks. Sampling was carried out two hours before high and low tides filtering 50 dm³ 

pumped seawater (water depth 6-7 m) over 125-µm meshes. By using this mesh size, small 

unidentifiable stages of bivalve larvae were caught as well as larger stages which could be 

identified from a length of 150 to 175 µm onwards. Thus, in general the maximum larval 

density of M. balthica may have been underestimated. Samples were preserved in a 4% 

buffered Korsolin seawater mixture. In the laboratory samples were sorted and bivalve larvae 

were identified to species level.  

 

2.3.2 Neuharlingersiel Harbour (Station B) 

Meroplankton samples were collected from April to September 1995 (represented are data 

from May to the end of August) at intervals of between 6 and 20 days. Sampling was carried 

out at high tide using an Apstein net (125-µm mesh size, opening diameter 10 cm) hauled 

vertically through the water column. The water depth at mean high tide was about 4 m. Three 

repeated hauls were pooled into one sample. The volume filtered was determined via a 

flowmeter and ranged between 75 and 100 dm³. The samples were fixed with 4% buffered 

formalin and sorted in the laboratory. Some of them were subdivided using a plankton splitter 

according to Kott (1953).  

For identification, comparison material analysed by K.W. Ockelmann was used. Cross 

checking of the bivalve larvae from the Otzumer Balje and Neuharlingersiel Harbour was also 

done. Because we recognised larvae of Tellina sp. in the Otzumer Balje, it is not likely that 

the two species were confused. 

 

2.3.3 Gröninger Plate (Station C) 

Benthos sampling was carried out at the southern border of the Gröninger Plate. Here mixed 

sediments occur, in which settlement of bivalves regularly takes place (Günther, 1996; Jaklin 

et al., in prep.). Samples were collected from April to August in time intervals of 1 to 3 weeks. 

One additional sampling was carried out on 18 December 1995.  

Five parallel samples were taken with a corer of 33 cm² area and preserved intact in 5% 

buffered formalin. Sorting and identification of postlarvae was carried out in the laboratory 

after sieving of the sediment on a sieve column of 500, 250 and 125 µm. To demonstrate 

settlement of larvae, only the mean abundance of postlarvae <500 µm will be presented. 
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3 Results and Discussion 

In Fig. 2a presents the density of algae <30 µm potentially contributing to the diet of bivalve 

larvae. With less than 6 x 109 cells m-3, the spring phytoplankton bloom in 1995 was 

extraordinarily small while later peaks in summer reached the magnitude of a „normal“ spring 

bloom. In the North Frisian Wadden Sea a delay of the 1995 spring bloom was observed with 

increasing phytoplankton densities occurring as late as May. This irregular seasonal 

development was assumed to be related to a shortage in light available for the algae due to 

the high turbidity of the water column in spring 1995 (Tillmann and Hesse, pers. comm., 

1998).  
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Fig. 2: Density of (a) small phytoplankton (< 30µm), of (b)
M. balthica larvae, and (c) of M. balthica postlarvae in 1995. For the
larvae, results from two sampling locations (Station A: Otzumer
Balje; Station B: Neuharlingersiel harbour) are presented. 
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The density of M. balthica larvae in the meroplankton was similarly low during the spring 

spawning period (Fig. 2b), although larval abundances usually peak at this time of year 

(Heiber, 1988; Günther, 1990, 1991). Due to the lack of data it cannot completely be 

excluded that M. balthica had spawned already before April. But the trigger water 

temperature of 10°C was reached in the second half of April 1995 (data: Deutscher 

Wetterdienst), implying that no spawning will have taken place before that date.  

In contrast to data found in 1994 and 1996 (Jaklin et al., in prep.), larval densities increased 

again at both sampling locations in July (Station B) and August 1995 (29 August; Stations A 

and B), indicating summer spawning of M. balthica in the Wadden Sea. This contradicts the 

results of Lammens (1967), who concluded from studies on gonad development of intertidal 

M. balthica that they spawn only once a year in spring. Also the results of Honkoop and Van 

der Meer (1997) imply a single spring spawning in intertidal populations, suggesting that 

spawning intensity is related to preceding winter temperature regimes and food availability 

during gametogenesis. Though the larval densities in spring were low, a clear settlement 

peak was observed in May in the benthos of the Gröninger Plate (Fig. 2c). The second 

period of occurrence of M. balthica larvae in 1995 was reflected in an increase of postlarval 

abundance in August and particularly in an extraordinarily high density of postlarvae as late 

as December 1995. 

The observations reported here point to the occurrence in certain years of repeated 

spawning events in M. balthica in the Wadden Sea, a phenomenon previously reported for 

populations close to the southern limit of the geographical distribution of this species 

(Bachelet, 1986). Which part of the population (subtidal or intertidal) generally contributes to 

such a late spawning in the Wadden Sea could be only determined by studying the seasonal 

gonad development of both tidal and subtidal M. balthica. However, the high larval density of 

M. balthica observed in summer in the present study (the highest reported to date) suggests 

that a considerable part of the population had spawned.  

The late spawning event observed in the present study raises questions as to the causitive 

factors. The possibilities are: (1) In 1995 the abiotic as well as food conditions in the Wadden 

Sea were similar to that in the Gironde Estuary, thus allowing two spawning periods. The 

winter 1994/95 was extremely mild and the water temperature during summer was 

extraordinarily high. In June-August a positive temperature anomaly was observed with 

values up to 3 standard deviations higher than the 25-y average (Umweltbundesamt, 1996). 

Simultaneously the seasonal development of the phytoplankton was unusual, with a heavy 

bloom occurring as late as July-September. Such late blooms are assumed to play the key 

role in the occurrence of two growing periods of M. balthica in the Seine estuary (Beukema 

and Desprez, 1986) and are most likely to be the cause of two spawning periods in this 

region as well. (2) This unusually heavy and late phytoplankton bloom may have triggered a 
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second spawning in M. balthica as well as in other dominant bivalves of the Wadden Sea 

(Jaklin et al., in prep.). That phytoplankton blooms may induce spawning events was 

described by Himmelmann (1975) and Starr et al. (1991), viz. for sea urchins and mytilid 

bivalves. As such intense and delayed phytoplankton blooms occur on rare occasions only, 

their effect on the reproductive behaviour of bivalves has not yet been determined.  

Future research on M. balthica should thus focus on: (1) what drives/accelerates gonad 

development, (2) when does the subtidal part of the M. balthica population in the Wadden 

Sea spawn, and finally (3) what triggers summer/autumn spawning in M. balthica or in other 

bivalve species.  
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1 Introduction 

The tube-dwelling terebellid polychaete Lanice conchilega prefers sandy bottoms and is 

known to occur in patches. The larval development includes a pelagic Aulophora-stage which 

stays in the water column up to 60 days (KESSLER, 1963).  

On an intertidal sandflat in the German Wadden Sea (Fig. 1) the settlement of Lanice 

conchilega was investigated along a transect during the years 1994 and 1995. It turned out 

that settlement only took place in the habitat of adult Lanice where all juvenile tubes were 

directly attached to the tubes of the adult worms. This may explain the patchiness and also 

led to further questions concerning active habitat selection, hydrodynamics and chemical 

attraction. In order to get further insight into these factors influencing the settlement of L. 

conchilega, experiments at sites of different tube densities were carried out and the results 

are shown and discussed in this paper. 

 

 

 

2 Methods 

In order to compare the influence of different densities of tubes, two Lanice-habitats at the 

Gröninger Plate (Fig. 1) were chosen for the experiments: Site A with 300 ind.*m-2 and site B 

with 180 ind.*m-2. 
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Within each site four squares of 4 m² each with a) artificial tubes (sand grains glued to 

wooden sticks), b) shell fragments, c) occupied natural tubes and d) sediment without 

epibenthic structures were offered for settlement in May 1995. The density of the artificial 

tubes were adjusted to the natural ones, so that within each site more or less dense patches 

(narrow and wide) arose. After three months samples were taken with a corer (33 cm²). 

In addition to the experiments samples were taken with the same corer (seven replicates, 15 

cm deep, sieved over 500, 250 and 125 µm) in both habitats in weekly intervals from May to 

August. 

 
 

 

 

 

 

 

3 Results 

There was no visible difference in the mode of attachment of the juveniles between the 

natural and the artificial tubes. Within the area of dense adult tubes (site A), higher 

settlement of juveniles occurred (Fig. 2).  

 

Gröninger 
Plate

Spiekeroog

German Bight

mainland
7°38` 7°51`

53°42`

53°47`

Study sites

Fig. 1: Investigation area with the location of the Gröninger Plate between
the island of Spiekeroog and the mainland. 
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On a smaller scale, the same relation was observed, comparing patches of higher and lower 

tube densities (Fig. 3a-c). The experiments showed that sediment without epibenthic 

structures was not colonized at all and only a few juveniles were found on shell fragments. 

Artificial tubes were accepted with the same frequency as the natural ones (Fig. 3a-c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Number of tubes of juvenile Lanice 
conchilega for all sampling sates at site A
and B. n = number of sampling dates 
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Fig. 3: Initial settlement of Lanice conchilega.
Comparison of different study sites and
substrates available for settlement. –Upper left
and right: Numbers of tubes of juvenile
L. conchilega at study sites A and B
(n = number per substrate type). Lower left:
Comparisons of study sites A and B.
a. = artificial; n. = natural; A. = site A; B. = site
B; Shell = shell fragments; Sedi = sediment
samples. 
Low/high = density of tubes: Site A: low =
1 adult tube*33 cm², high = 8-15 adult
tubes*33 cm².  
Site B: low =  1 adult tube*33 cm², high = 4-7
adult tubes*33 cm². 
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4 Conclusions 

Since protruding structures affect the near bottom flow regime (CAREY, 1983), increasing 

density of tubes may enhance settlement of older larvae even in exposed areas. In dense 

patches a passive deposition and settlement in a suitable area is facilitated. Therefore, active 

habitat selection, would be confined to a very small scale. As Lanice conchilega settled on 

artificial tubes, the importance of chemical cues, as PAWLIK (1986) points out for 

Phragmatopoma californica, seems negligible, even though a higher microbiotic abundance 

(microbiotic films) around tubes might influence settlement. 

It can be concluded that settlement of L. conchilega in exposed areas with high current 

velocities is not possible in the absence of hard epibenthic structures. As adult tubes are the 

preferred settlement sites and often the only available structures in intertidal sandflats, 

recolonization following severe winters, is hampered. 

There are two further questions that have to be solved in future research: How do the larvae 

manage to affix to the adult tubes and at which size do the juveniles come off? 
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Synopsis 

In the intertidal of the Wadden Sea, assemblages of the tube-building polychaete Lanice conchilega 
show - on the scale of tens to hundreds of meters - marked differences in density, ranging from 10 to 
10.000 tubes/m². These different densities emerge within three to four years after severe winters 
where all individuals of L. conchilega are killed in the intertidal. In some areas the distribution of L. 
conchilega is characterized by a small-scale mosaic of mounds with dense aggregations of L. 
conchilega tubes and depressions with almost no tubes. The typical scale of this mosaic pattern is one 
to three meters. The causes of both the regional and the local patterns were unknown up to now. 
Therefore we performed field experiments which showed that larvae of L. conchilega mainly settled at 
the tubes of adult worms and build their tube attached to the tubes of the adults. The success of initial 
larval settlement, that is the number of recruits per adult tube, increased with the density of adult 
tubes. We present a simple simulation model which tries to answer the question if the findings of our 
experiments are sufficient to explain the distribution patterns of L. conchilega. A first model based on a 
linear relationship between the density of tubes and the settlement of larvae does not reproduce the 
wide range of observed densities within four years after defaunation during a severe winter. Only a 
model where the near-bottom flow regime is taken into account phenomenologically is capable to 
reproduce the full range and dynamic of the observed densities. As a result of the model, we formulate 
testable hypothesis about the causes of the regional distribution pattern of L. conchilega. Finally, we 
use the model to present a graphical model which explains the emergence of the small-scale mosaic 
pattern. 
 
 

 

 

Keywords:  intertidal, tube-building polychaete, Lanice conchilega, larval settlement,  

flow regime, spatial pattern, model 
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1 Introduction 

Patchy distributions of benthic organisms are a common feature in the marine world (e.g. 

ROSENBERG 1974; ANDREW & MAPSTONE 1987). Depending on the observed scale of 

space and time the explanations for the patterns of abundance and distribution differ. The 

duration of emersion and submersion, sediment type, the mode of feeding as well as 

movement are main factors determining large-scale distribution patterns in marine coastal 

systems (BEUKEMA 1976; WARWICK & DAVIES 1977). Within these patterns, other 

physical, chemical and biological (e.g. promotion, predation and competition) processes 

affect the distribution on a smaller scale (REISE 1985). 

In her review BUTMAN (1987) emphasises the importance of larval settlement for structuring 

benthic communities. Planktonic larvae drift with the ocean currents for variable periods of 

time before settling on the sea floor. The settlement phase of the larvae is either passive, 

entirely determined by the hydrographic regime (ARMONIES & HELLWIG-ARMONIES 

1992), or active, in which case the larvae are able to select their habitat (e.g. PAWLIK 1986; 

BUTMAN & GRASSLE 1992). Both passive deposition and active habitat selection are 

influenced by small-scale hydrodynamic processes in the bottom boundary layer. Here, 

protruding biogenic structures such as seagrass, macroalgae and worm tubes are known to 

divert the normal laminar near-bottom flow. ECKMAN (1985) shows that flow effects around 

tubes can enhance microbial colonisation. Similarly, modifications of the near-bottom 

hydrodynamic environment might influence larval settlement.  

The tube-building polychaete Lanice conchilega is one of the prominent species in the 

Wadden Sea (REISE 1985). It constructs tubes of up to 40 cm length out of agglutinated 

sand grains. The tubes protrude 2-3 cm out of the sediment surface. The density varies 

between one and 10.000 tubes/m² (ZIEGELMEIER 1952). Areas with low or high density are 

tens to hundreds meters wide (HERTWECK 1995). In-between are often areas without L. 

conchilega, although the sediment does not differ from the populated areas.  

In some parts of the intertidal, mosaic distribution patterns are formed in which patches of 

low and high density alternate on a scale of meters. In many cases the more dense patches 

are on mounds of sediment while the patches of low density are located in depressions. The 

mosaic pattern persisted for several years until a severe winter in 1995/96 extinguished the 

intertidal population in the study area. HERTWECK (1995) reports that after an earlier severe 

winter the distribution pattern of L. conchilega re-established rather quickly, that is within 

three to four years. 

 

 

In this paper, we test the hypothesis that the distribution patterns of L. conchilega result from 

the mutual relationship between larval settlement, the tubes of  adult worms, and the near-
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bottom flow regime. In addition to two years of field study on abundance, distribution, larval 

supply  and settlement of L. conchilega, we performed experiments with artificial tubes. 

Results of field study, experiments, and current knowledge from literature about L. 

conchilega in the intertidal, are integrated in a simple simulation model which demonstrates 

the consequences of different assumptions about the relationship between settlement, tube 

density, and flow regime. 

 

 

2 Empirical background 

2.1 Sampling design 

The study area was an intertidal sandflat (Gröninger Plate) between the island of Spiekeroog 

and the East Frisian mainland (Fig. 1). To investigate where, when, and in which densities L. 

conchilega settles, field work and experiments were carried out in 1994 and 1995 at different 

sites of the Gröninger Plate. Sampling was carried out in intervals of a week or a fortnight 

from March to October each year by taking seven replicate sediment samples with a corer at 

each site (33 cm² surface area, 20 cm sediment depth) from areas of 100 m². Samples were 

analysed in the laboratory using a sieve column of 500, 250 and 125 µm mesh size. Living L. 

conchilega and all tubes were counted and separated into juvenile and adult under the stereo 

microscope. In order to estimate the number of larvae drifting above the bottom as potential 

settlers, driftnet samples were taken at each sampling date parallel to the sediment samples. 

The driftnet (55 cm long; 20 cm diameter opening; 0.5 mm mesh size) was attached to a 

vertical pipe 15 cm above the sediment surface and could adjust itself to the current (detailed 

description of the net construction see ARMONIES 1992). The net was set up during low tide 

and sampled after a complete tidal cycle. The larvae of L. conchilega were counted under the 

stereo microscope. 
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2.2 Distribution of adult and juvenile L. conchilega 

In both years initial settlement of larvae took place mainly in the assemblage of adult worms 

(see Fig.1: L. conchilega assemblages). Only a few individuals settled in other areas of the 

Gröninger Plate. The larvae built their new tubes directly attached to the adult tube. Juvenile 

L. conchilega were not found in samples without adult tubes (Fig. 2). No significant 

correlation between the number of larvae in the driftnet and the number of newly settled L. 

conchilega could be recorded over the years. Since only two postlarvae of L. conchilega 

were found in the driftnet, secondary dispersal, which is also known to influence distribution 

patterns of other macrobenthic species (GÜNTHER 1992), seems negligible.  

 

 

 

 

 

 

 

 

 

Fig. 1: The study area (Gröninger Plate) between the island of Spie-keroog and 
the mainland and the location of the main assemblages of Lanice conchilega at 
the Gröninger Plate. 

Fig. 2: Abundance and distribution of adult (a) and juvenile (b) Lanice-tubes within 1 m² 
(separated in 25 squares) in July 1994 at the Gröninger Plate. 
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2.3 Experiments with artificial tubes 

The annual investigations documented a clear dependence of larval settlement on tubes of 

adult L. conchilega. Therefore the importance of protruding structures, such as tubes, for 

settling larvae was tested in two parallel experiments set up in 1995. In the first experiment 

artificial tubes were offered for settlement in May 1995. The artificial tubes consisted of dried 

sediment glued to wooden sticks, 4 mm in diameter. All natural worm tubes were removed 

from sites of 2x2 m² size within the L. conchilega assemblage and the artificial tubes were 

inserted into the sediment, simulating patches of high and low densities. After three months 

the artificial tubes were removed and scanned for juvenile L. conchilega and their tubes.  

In a second experiment the effect of tubes on sediment properties and macrofaunal 

colonisation was tested. Within the L. conchilega assemblage, experimental plots of 1 m² 

were arranged and two treatments carried out. In the first treatment 1000 metal sticks were 

placed on a square meter, each 4 mm in diameter and protruding 3 cm above the sediment 

surface. As a control, 1000 metal sticks were inserted into the sediment so that they ended 

plane to the surface. 

 

 

2.4 Results of the experiments 

In the first experiment, artificial tubes were accepted by L. conchilega larvae with the same 

frequency as natural tubes. No difference was visible in the mode of attachment of juvenile L. 

conchilega between natural and artificial tubes. Patches of higher tube-density increased 

larval settlement per adult  tube (Fig. 3) and therefore the number of juvenile tubes found in 

the samples.  

 

n = 60 n = 44

HIGH LOW

0

1

2

3

4

nu
m

be
r o

f j
uv

. t
ub

es
/a

rti
f. 

tu
be

 

Fig. 3: Settlement of larvae of Lanice
conchilega on artificial tubes. Number of 
juvenile tubes found on artificial tubes of 
higher (high) and lower (low) density; 
n=number of observed tubes. 
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A rather quick formation of mounds, comparable to those observed in the natural L. 

conchilega assemblage, was observed as an effect of the protruding artificial tube in the 

second experiment. No mounds developed in the control. 

 

 

3 The model 

Within the wide areas with low or high densities of L. conchilega, the distribution of L. 

conchilega is more or less homogeneous (except the areas with the mosaic pattern). Since 

the model does not primarily address the mosaic pattern, it seems sufficient to consider only 

a small transect of 1-3 meter length and 10 cm depth. This transect is divided into distinct 

„cells“ of 1 cm width. Each cell may be empty or may contain one to maxT (=10) tubes of 

adult worms. With all cells having 10 tubes, the overall density would be 10.000 tubes/m² 

which is the highest density observed in the field. 

Time is not described continuously, but proceeds in discrete steps representing one year. 

Within one year, the distribution of tubes is updated twice according to the two processes 

„settlement“ and „mortality“.  

With settlement, it is assumed that each year there is a larval supply of maxL larvae which 

may settle in each cell. MaxL represents the average abundance of larvae which is available 

in the water column during the time of settlement. For each cell and for all of the maxL larvae 

it is decided individually if the larva settles. This is done by drawing a uniformly distributed 

random number from the computer, i.e. a number which is between 0 and 1. If this number is 

smaller then the probability of settlement, Ps, than the larva settles, otherwise it does not. Ps 

is the sum of a small, spontaneous settlement probability Psp which describes settlement on 

the bare sediment, and the probability Pd which depends on the local density of tubes within 

the cell. The local density Ni of the i-th cell is calculated as the average of the density of the i-

th cell and its four neighbour cells in both directions. This is based on the following 

consideration: Larval settlement takes place directly at adult tubes. Sooner or later the 

juvenile worm will build its new tube close to the tube of the adult animal (the point of its 

initial settlement). Since there is no clear information about the distance between the point of 

initial settlement and the point where the juvenile worm establishes its final tube, 5 cm was 

assumed to be a reasonable value. Ni thus represents the influence of all tubes within the i-th 

cell and its neighbourhood on the probability of settlement or, to be more precise, on the 

probability that a juvenile worm will establish a new tube in the i-th cell. What the calculation 

of Ni essentially does is to smooth the real distribution of tubes. In this way, larvae do not 

detect small-scale heterogeneities of the tube distribution. Technically speaking, Ni is 

calculated from the real distribution of tubes by applying a moving average or low pass filter. 
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Under the assumption that each tube makes the same contribution to the density-dependent 

probability Pd, the probability of settlement of a larva in the i-th cell, Psi, calculated as 

 

scale
N + Psp = Pd + Psp = Ps          i

ii  

 

where scale is a constant which scales the local density to the probability Pd. Because of the 

linear relationship between local density and Psi in this model, we will in the following refer to 

this model as the „linear“ model. Applying the linear model to a parameter set in which Psp is 

zero, scale is 20, and Ni is set to the maximum value of maxT=10 ind./cell, the probability of 

settlement Psi would be 0.5. For a larval supply of maxL=10 larvae there would be a mean of 

5 larvae per year settling in this cell. It is important to notice that both the parameters maxL 

and scale determine the maximum settlement success of the larvae. After settlement, the 

newly established tube is counted as an „adult“ tube. If there are more than maxT tubes 

within a cell, the number of tubes is set equal to maxT. In this way exponential growth of the 

population is prevented. 

After the process „settlement“ has been applied to all cells, the process „mortality“ is applied, 

that is for each individual worm or tube, respectively, it is decided according to the probability 

Pmort if it dies. 

As an alternative to the linear model we also tested a „nonlinear“ model. The empirical 

background of the nonlinear model are studies (e.g., CAREY 1983, ECKMAN 1983, 

BUTMAN 1986, PAWLIK & BUTMAN 1993) which show a modification of the near-bottom 

flow caused by protruding structures. Protruding structures may reduce shear stress and flow 

velocity near the bed as indicated by enhanced sediment deposition in the second field 

experiment (see above). But how does the effect of protruding structures depend on the 

density of the structures and on the velocity of the near-bottom flow? MORRIS (1955; cf. 

ECKMAN 1983) calls the flow through assemblages of protruding structures, where shear 

stress and velocity are reduced, „skimming flow“. Here, the flow velocity is reduced and the 

flow is no longer laminar but more or less turbulent, i.e. characterized by small eddies 

(CAREY 1983). These eddies could enhance the chance that larvae become attached to the 

protruding structures. 

The transition from laminar to turbulent flow while passing protruding structures depends on 

the velocity of the overall flow regime. For individual protruding structures turbulence does 

not occur at velocities below a critical value (ANDERSON & CHARTERS 1982). 

Consequently, a settlement experiment (HARVEY & al. 1995) conducted with artificial 

benthic algae did not lead to the expected increase in larval settlement because the chosen 

current velocity was too low to develop the transition into a turbulent flow. 
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The nonlinear model takes these empirical findings into account by introducing 

phenomenologically three different flow velocities: low, intermediate, and high. For each 

velocity an exponential relationship between the local density Ni and the probability Pdi is 

assumed:  

 

scale
1) - e = Pd          

)N (vscale

i

i

 

 

The parameter vscale stands for the effect of the flow velocity on the exponential relationship 

between Ni and Pdi, that is vscale has three different values for low, intermediate and high 

flow velocity. Fig. 4 shows the relationship between Pd and Ni for both the linear and the 

nonlinear model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Relationship between the density-dependent probability of settlement,
Pd, and the local density of tubes N for the linear model and for the nonlinear
model with the three flow velocities low, intermediate, and high (vscale=0.1,
0.3 and 1.0, respectively; scale=20). 
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4 Results 

Each simulation starts with five adult L. conchilega distributed randomly along the transect. 

Fig. 5 shows how the distribution and abundance of L. conchilega develops during a period 

of ten years (t=10) for two different larval supplies maxL. Ten years were chosen because 

this is the mean time interval between severe winters where the entire population of L. 

conchilega is killed in the intertidal. A larval supply of 20 larvae/cell leads to very low 

densities even after 10 years, and a high supply of 40 larvae/cell leads to high densities after 

10 years. In the latter case, however, after three years density is still rather low. This does 

not match the real situation where high densities are established already after three or four 

years (HERTWECK 1995). There are two ways to increase the emergence of high-densities 

in the linear model: decreasing the mortality Pmort or increasing the spontaneous settlement 

probability Psp. Further simulations showed that both alternatives finally led to high densities 

even if larval supply was low. In summary it can be concluded that the linear model does not 

adequately reproduce the whole range of densities and the colonization dynamics observed 

in real L. conchilega populations.  
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Fig. 5: Distribution patterns of Lanice conchilega as produced by the 
linear model on a transect of 1 m length with two different larval 
supplies (maxL=20 and maxL=40). Parameters used are Psp=0.005, 
maxT=10, scale=20, Pmort=0.5. Bars indicate the local density of tubes, 
vertical lines indicate if at least one tube is present in the cell. The 
panels show the distribution pattern for the years t=0, t=3, and t=10. 
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Fig. 6 presents results from the nonlinear model. The development of the distribution and 

abundance is compared for the three different flow velocities. This model is able to reproduce 

L. conchilega assemblages of either low or high density within a short time (t=4) by using the 

same larval input (maxL=20). At least with low and high currents the densities remain more 

or less constant even after ten years.  
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Fig. 6: Distribution patterns of Lanice conchilega as produced by the 
nonlinear model with the three flow velocities low, intermediate and high 
(vscale=0.1, 0.3 and 1.0, respectively). Parameters used are: maxL=20, 
Psp=0.005, maxT=10, scale=20, Pmort=0.5. 

 

 

5 Discussion 

In the field studies and experiments, three factors affecting larval settlement of L. conchilega 

emerged. First, the larvae need epibenthic structures to establish their own first tube. Bare 

sediment seems to be unsuitable for settlement and shear stress imposed by near-bottom 

flow can  prevent the establishment of tubes which are not attached to structures anchored in 

the sediment. Epibenthic structures are rare on the intertidal so that tubes of adult L. 

conchilega provide the major substrate for attachment of larvae. Secondly, chemical 
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attractors which are known to affect larval settlement of other tube-building polychaetes 

(PAWLIK 1986) play - at least on the scale of square meters - no role for the settlement of 

L. conchilega. The settlement experiment  with artificial tubes showed that any protruding 

tube-like structure is accepted as substrate by L. conchilega larvae. And thirdly, the density 

of adult tubes affects larval settlement. Dense assemblages of artificial tubes caused 

sedimentation, leading to mounds just as in dense assemblages of living L. conchilega. This 

indicates that dense assemblages cause a Askimming flow“ with reduced shear stress near 

the bottom. Flume experiments with artificial tubes show that within dense assemblages of 

tubes the velocity of the near-bottom flow is significantly reduced and normal, laminar near-

bottom flow is deflected around and across the assemblages (FRIEDRICHS 1996, Diploma 

thesis, University of Kiel, Germany). A similar effect was measured and described for 

macrophytes in streams (SAND-JENSEN & MEBUS 1996).  

In order to test if these three factors looked at on a small spatial scale are sufficient to 

explain the distribution pattern on the regional scale of an entire sandflat, we constructed a 

simple individual-based, spatially explicit simulation model. The modelling approach we used 

has been successfully used in terrestrial ecology (e.g., WENNERGREN & al. 1995, 

JELTSCH & al. 1997), but is rather new to marine ecology. The model is a tool to explain 

patterns which are observed in nature (“pattern-oriented modelling“, GRIMM 1994, GRIMM & 

al. 1996). The model cannot be tested itself, but only the hypotheses formulated with the help 

of the model. Based on the model results we formulate three hypotheses: 

 

(1) The distribution pattern of L. conchilega is no result of local differences in larval supply.- 

For some benthic organisms, e.g. barnacles, larval supply is determined by the flow regime 

on the regional scale (e.g., GAINES & ROUGHGARDEN 1985). For L. conchilega, no 

empirical evidence exists on differences in larval supply on different parts of a tidal flat. Our 

hypothesis could be tested by locating driftnets in areas with low or high density of L. 

conchilega tubes. 

(2) The density of L. conchilega is related to the flow regime: assemblages of low density 

occur in areas with prevailing low flow velocities, assemblages of high densities in areas with 

high flow velocities.- This hypothesis can be tested directly by measuring the flow regime in 

areas with different tube densities. Current measurements carried out in June 1994 on the 

Gröninger Plate gave flow velocities of about 10 cm/s at the L. conchilega assemblage with 

low densities and velocities of about 20 cm/s close to another site with higher L. conchilega 

densities (BRANDT & al. 1995, VAN BERNEM et al., unpubl.). 

A survey of macrobenthos assemblages in the backbarrier tidal flat of Spiekroog island 

(HERTWECK 1995) shows highest densities of L. conchilega on the central, elevated 

sandflats and lower densities on lower lying areas. A similar pattern was observed on 
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another sandflat (Dornumer Nacken) in a nearby backbarrier tidal flat: low densities at lower 

areas, intermediate densities with a mosaic pattern of mounds and depressions at 

intermediate elevations, and high densities near the top of the sandflat (J. REICHERT, pers. 

com.). However, these findings cannot be interpreted unambigously since there is no simple 

relationship between elevation and the mean velocity of the tidal currents, given the complex 

morphology of the sandflats, varying distances to tidal channels and different directions of 

the tidal currents.  

 

Thus, the existing empirical evidence on the relationship between flow regime and the 

distribution pattern of L. conchilega is incomplete. Only a detailed empirical comparison of 

the flow regime and the distribution pattern of L. conchilega would allow a test of our second 

hypothesis. So far, we do not know which aspect of the flow regime is really relevant for 

larval settlement. We used Aflow velocity“ in a wide sense, comprising several parameters 

characterizing tidal currents (mean velocity of near-bottom flow, maximum velocities, 

submersion time, wave impact, near-bottom turbulence). 

Other than flow regime, sediment characteristics, e.g. grain size, could determine the 

distribution of L. conchilega. But the Gröninger Plate has a homogeneous grain size 

distribution (fine sand; FLEMMING 1993). Similarly, BUHR (1979) found no correlation 

between sediment type and distribution patterns of L. conchilega and assumed that the flow 

regime is more important. 

 

The main focus of our model is to explain the regional distribution patterns of L. conchilega. 

But we can also discuss the implications of the model results with respect to the small-scale 

mosaic pattern. In the panels of Fig. 7, the development of a simulated distribution of L. 

conchilega is shown. Initially, there are three sparse assemblages of tubes evenly spaced 

along a transect of three meters length (Fig. 7, upper panel). After four years, three main 

assemblages emerged. Due to the  way the local density is calculated (see above), the 

assemblages grow laterally. Two simulation years later, there is only a small gap with almost 

no tubes between the middle and the right assemblage. 
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Fig. 7: Graphical model of the emergence of  the small-scale mosaic 
pattern on a transect of 3 m length. Parameters used are: maxL=20, 
Psp=0.005, maxT=10, scale=20, Pmort=0.5, vscale=1.0. Arrows are 
explained in the text. 

 

 

 

The emergence of dense assemblages has consequences for the near-bottom flow. As 

indicated by the arrows below the panels of Fig. 7, the near-bottom flow is deflected around 

the assemblages, leading to higher flow velocities at the edges of the assemblages. Note 

that the arrows are not produced by the simulation model, but represent an additional verbal 

model on the relationship between dense assemblages of tubes and the near-bottom flow. In 

the lower panel of Fig. 7, the flow deflected around the middle and the right assemblage 

superimpose, leading to a very high velocity of the near-bottom flow. This in turn leads to a 

stronger shear stress which might prevent the establishment of new tubes outside the 

assemblages. Thus, the lateral expansion of the assemblages would stop. If we additionally 

assume that sediment accumulates within the assemblages and erodes within the gaps, then 

the process described in Fig. 7 leads to the emergence of a mosaic pattern of mounds and 
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depressions which we also observe in nature. Based on this interpretation of the simulation 

model, our third hypothesis is: 

(3) A mosaic pattern of mounds with high tube densities and depressions with almost no 

tubes emerges at intermediate flow velocities, that is between those velocities that lead to 

low or high tube densities, respectively. - Low flow velocities only lead to low tube densities 

which cause no deflection. For high flow velocities, lateral expansion of the assemblages is 

very fast, as is the growth in abundance and size of new assemblages which establish within 

the gaps. Therefore, there is no time for the mosaic pattern to emerge.  

The only empirical evidence that we have to confirm the third hypothesis is the observation 

along the slope of a sandflat where the mosaic pattern is located between areas with low and 

high densities (J. REICHERT, pers.com.; see above). Empirical tests of the third hypothesis 

would involve small-scale hydrodynamic measurements within the mosaic pattern, and 

experimental modifications of the local flow regime by constructing flow channels. 

The model and the results presented in this paper are only a first step in trying to understand 

the causes of the distribution patterns of L. conchilega. The next step must be field and 

laboratory studies. Our three hypotheses might help to focus future empirical work on those 

aspects which are essential for the distribution and abundance of tube worms and their 

effects in the intertidal of the Wadden Sea. 
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Abstract 

Field experiments were designed to analyse the dispersal dynamics and turnover of juvenile Macoma 
balthica, Mya arenaria and Pygospio elegans in an intertidal area leeward of the back-barrier island 
Spiekeroog (German Wadden Sea). Two in situ staining methods were developed to measure import 
and export of these species in the sediment. In June and August of 1996, organisms living in an area 
of 4 m² were stained with neutral red and sediment samples were taken daily over 10 successive 
days. Turnover of each species was calculated by counting the stained and unstained individuals. 
Simultaneously to these experiments, daily transport of organisms was measured using a drift net 
(water column transport) and a sediment trap (bedload transport).  
Post-settlement dispersal was a common phenomenon in all species investigated. The high numbers 
of juvenile M. balthica drifting in the water column demonstrated their eminent mobility. Conversely, 
juvenile M. arenaria were mainly transported as bedload and byssus-drifting seems to be of minor 
importance. P. elegans showed the lowest ability to disperse. Accordingly, turnover rates were always 
highest in M. balthica and lowest in P. elegans. In both bivalve species turnover rates decreased with 
increasing size. The stained individuals were exchanged at least once a week in both species.  
The local abundance of all species represented only the net effect of co-occurring factors such as 
import and export of postlarval stages and mortality. The effect of one process on recruitment was 
partly masked by another one. Implications of these processes for the estimation of population 
parameters are discussed. 
 
 

 

 

 

Key words: recruitment, secondary dispersal, soft-bottom macrofauna, staining, Wadden Sea 
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1 Introduction 

The colonisation patterns of marine benthic species are known to vary considerably in time 

and space. Besides physical conditions (sediment, salinity, tidal level, etc.), pre- and post-

settlement processes determine the local abundance of soft-bottom species (e.g. Thorson, 

1966; Fell and Balsamo, 1985; Ólafsson et al., 1994). 

In marine invertebrates, the “cascade” of recruitment starts with reproduction, usually 

followed by primary dispersal of planktonic larvae. The settlement of the larvae initiates 

benthic life while the distribution of initial settlers is determined by a combination of 

hydrodynamics and larval behaviour (Woodin, 1986; Butman, 1987).  

A decline in abundance of initial settlers has often been discussed in terms of mortality 

(Muus, 1973; Brousseau, 1978). However, during the past decades the importance of 

secondary (post-settlement) dispersal of macrobenthic organisms has come into attention 

(e.g. Dauer et al., 1982; Emerson and Grant, 1991; Günther, 1992; Armonies, 1994a; 

Cummings et al., 1995; Jaklin and Günther, 1996). 

In benthic organisms, secondary dispersal can be active (voluntary) or passive 

(resuspension). Active movement (crawling or burrowing) within the sediment or at the 

surface is often related to feeding activity and occurs on small spatial scales around 1 m*day-

1 (Reise, 1979; Richardson et al., 1993). On a larger spatial scale active movements depend 

on the local hydrodynamics. Many species among mobile taxa such as amphipods, mysids 

and errant polychaetes regularly enter the water column and drift with the currents (Fincham, 

1970; Dean, 1978; Warman et al., 1991). Even so called “sessile” organisms, such as young 

bivalves, may be able to leave the sediment actively by producing a mucus thread as a drift 

device (Sigurdsson et al., 1976). In the Wadden Sea, post-settlement dispersal seems to be 

of prominent importance for the early recruitment patterns of juvenile bivalves (Baggermann, 

1953; Bayne, 1964; Beukema, 1973; Beukema and de Vlas, 1989; Günther, 1991; Armonies 

and Hellwig-Armonies, 1992; Armonies, 1996).  

Passive secondary dispersal starts when the current speed exceeds a critical shear velocity 

beyond which benthic organisms are eroded from the sediment. They are either transported 

close to the bottom as bedload or in the water column as suspended load. Numerous studies 

support the quantitative significance of passive redistribution for distribution patterns (e.g. 

Dobbs and Vozarik, 1983; Emerson and Grant, 1991; Emerson, 1991; Rankin et al., 1994). 

However, in contrast to the frequency of observations on secondary dispersal, only a few 

investigations have quantified these exchange processes in the sediment. From sediment 

traps and weekly benthos sampling Armonies (1994b) calculated a rapid turnover of juveniles 

of the bivalves Macoma balthica and Cerastoderma edule of more than once per week in 

summer. Turner et al. (1997) found post-settlement dispersal of small Macomona liliana to be 

related to the density of adult ones. Howard (1985) used neutral red to stain epifaunal 
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species colonising hard substrates in situ. The author observed that small-scale distribution 

patterns of some species were reorganised within a few hours. The clear advantage of in situ 

staining techniques over alternative methods of assessing mobility of organisms is the 

possibility to separate between immigration and emigration of individuals. Such detailed 

studies are scarce for organisms living in soft-bottom sediments, but knowledge about 

processes structuring short-term and small-scale variations is necessary to understand 

colonisation patterns on a larger scale. 

 

This paper presents results from two in situ staining experiments applied to an intertidal soft-

bottom association in order to quantify import and export of juvenile Macoma balthica, Mya 

arenaria (bivalves) and Pygospio elegans (polychaete). The efficiency of the in situ staining 

is discussed as well as dispersal mechanisms and turnover rates. The results presented here 

are relevant to other studies on soft sediments elsewhere concerning recruitment and 

especially juvenile mortality. 

 

 

 

2 Materials and Methods 

2.1 Area of investigation 

The investigation was carried out in the East-Frisian Wadden Sea between the island of 

Spiekeroog and the mainland. The study site was located near the southern tidal channel of 

the Gröninger Plate, a sandflat of 6 km² intertidal area (Fig. 1). The sediments next to the 

channel mainly consist of fine sand (� 3.1 �) mixed with a higher percentage (16 %) of 

particles �63 µm and become coarser (2.7 �) towards the north-west (Flemming and 

Bartholomä, 1993). The mean tidal amplitude is about 2.7 m and current velocities near the 

study site range between 0.10 and 0.35 ms-1 (Niemeyer, 1993). The macrofauna is 

dominated by Hydrobia ulvae, Aphelochaeta marioni (formerly Tharyx marioni) and 

Heteromastus filiformis. Previous studies suggested that initial settlement of most bivalve 

larvae and some polychaetes occurs in this sheltered area (Jaklin and Heuers, unpubl. data). 
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Fig. 1: Map of the investigation area with the location of the study site ( ) at 
the Gröninger Plate between the island of Spiekeroog and the mainland.  

 

 

2.2 Staining and experimental set up  

In 1996, several pilot experiments were carried out to test how to stain the intertidal infauna 

in situ. Two different methods turned out to be applicable:  

Experiment 1): The first field experiment was carried out in June 1996. During low water an 

area of 4 m², situated 15 m from the tidal channel, was framed with a plastic fence. Sea 

water was added in until the sediment surface was covered by a 2 cm layer of water. Then 

neutral red dissolved in sea water was added into the framed area and distributed. The 

amount of neutral red was calculated to give a final concentration of 15 to 20 mgl-1. The 

framed area was left undisturbed until the next low water when the frame was removed and 

sampling started. The suitability of this method was limited to juvenile macrofauna living in 

the uppermost millimeters of the sediment. Using a corer, seven parallel sediment samples 

of 33 cm2 and 5 cm depth were taken daily over ten successive days (23-June-96 – 3-July-

96). In the laboratory each sample was sieved through a sieve column of 500 and 250 µm 

meshes. The macrofauna organisms were identified to species level and the individual shell 

length of bivalves measured to the nearest 10 µm. For a better detection of stained 

individuals, the samples were sorted under a binocular while the organisms were still alive 
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and their soft tissues transparent. Later detection of staining of organisms was not prevented 

by preserving the samples in 5 % buffered formalin, but in larger bivalves sometimes the 

shells had to be opened to detect the stains. Only individuals which were clearly red colored 

were referred to as stained. The turnover rate per day or week was calculated as the ratio 

between the number of stained and unstained individuals. At the time this experiment was 

carried out the shell length of O-group bivalves ranged between 300 and 1800 µm (M. 

arenaria, mean 535±174 µm) and between 730 and 3550 µm (M. balthica, mean 

1366±817 µm), respectively. 

 

Experiment 2): In August 1996, bivalves had already grown to a size between 730 and 

6300 µm (M. arenaria, mean 2405±1033 µm) and between 750 and 6670 µm (M. balthica, 

3328±1428 µm), respectively and lived deeper in the sediment. Therefore the staining 

method was modified: At the same location as in experiment 1, the uppermost 2 cm of the 

sediment of a 4 m² area were removed by a shovel and gently sieved through a 500 µm 

screen. The remainder was stained in 15 mgl-1 dissolved neutral red for 30 minutes and 

released onto an undisturbed area of 4 m2 afterwards. Bivalves had completely burrowed 

after 30 min. As we could not test whether the sieving treatment negatively affected the 

behaviour (burrowing, tube building) of P. elegans, only results of the two bivalve species are 

presented for this experiment. Daily sampling started during the following low water and 

continued for 9 days (7.8.96 - 16.8.96). Sampling and sample treatment was carried out as in 

experiment 1, except that due to the larger size of the bivalves, only a 500 µm sieve was 

used.  

 

2.3 Sediment trap and drift net 

During both investigation periods, sediment trap and drift net samples were collected 

simultaneously with the benthic sample from the experimental plots.  

 

1) To record the organisms drifting in the water column a horizontal drift net (55 cm long bag, 

20 cm opening diameter, 500 µm mesh size) was placed 1 m beside the experimental field. It 

was anchored to a vertical pipe 15 cm above the sediment and adjusted itself to the current 

direction. For a detailed description of the net see Armonies (1992). 

 

2) Organisms returning to the sediment were caught by a sediment trap built according to 

Armonies and Hartke (1995): Two plastic pipes (60 cm long, 12 and 15 cm in diameter) were 

dug into the sediment until they protruded 2 cm above the surface. The outer pipe prevented 

collapse of the ambient sediment while the inner pipe caught the organisms. The lower end 

of the inner pipe was closed by a 125 µm mesh and a funnel prevented mobile organisms 
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from escaping. The traps were filled with sea water (filtered through 125 µm) at the beginning 

of each sampling day. The sediment trap and the drift net were emptied once per day during 

the experiments. All samples were preserved in 5 % buffered formalin. In the laboratory the 

contents of the drift nets were sieved through a 500 µm screen, the trap samples through 

nested 250 and 500 µm meshes. Further treatment was as described for the benthos 

samples.  

 
2.4 Effects of staining 

In order to estimate the retention time of neutral red in the organisms and its effects on 

survival, stained individuals (50 per species) were kept in aquaria close to natural conditions 

(18°C sea water temperature, natural sediment) for four weeks. In weekly intervals the 

aquaria were checked for dead animals. The intensity of the staining as well as the fitness in 

terms of behaviour of the organisms were observed under a binocular and noted for each 

individual. 

 

 

2.5 Data analysis 

For comparative purposes, the relationship between the percentage of stained individuals 

(N%) and the sampling day (d) was described using the exponential model: 

 
dbeaN �

��%       (1) 

 
which resembles the single negative exponential mortality model used in population 

dynamics. All regressions were created with the software package Statistica (StatSoft, 1997). 

Quasi Newton was chosen as the function minimisation algorithm. The loss function was 

estimated via least squares. The exponent (b) of this relationship is the daily rate of loss of 

stained organisms and a suitable measure for the comparison of turnover rates between 

different species and/or different sampling periods.  

In order to compare the shell lengths of bivalves, the non-parametric Mann-Whitney U-test 

was used.  
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3 Results 

3.1 Efficiency and effects of the staining 

In the first experiment, Macoma balthica and Mya arenaria showed light red stains at their 

exposed soft tissues, and often gills and digestive tract were also marked. The individual 

variability of stain location and intensity was high. Pilot experiments revealed an initial (3 h 

after set up) staining efficiency of about 90 % for specimens smaller than ≈ 2 mm. However, 

only a third of the larger bivalves became stained and due to the thicker and often already 

coloured shells, light red stains were hardly detectable. Pygospio elegans showed clear 

stains at the prostomium and some anterior segments. In this species the initial percentage 

of stained individuals was around 80 %.  

In the second experiment, staining intensity was much higher and individual variability lower 

than in the first one. Siphons, foot and mantle were deeply red and an initial staining 

efficiency of 100 % was obtained. In individuals kept in aquaria, stains were clearly visible for 

at least two weeks. In some cases they even remained visible for four weeks, depending on 

the initial intensity. No negative effect of the staining was detected as indicated by the high 

survivorship of individuals kept in aquaria. After two weeks almost 95 % survived and 

organisms observed under the binocular behaved actively.  

 

3.2 Wind conditions during the study periods 

Data on wind conditions were obtained from Deutscher Wetterdienst from a permanent 

weather station at the island of Norderney, 55 km west of our study site. During both study 

periods there was only light to moderate wind between 2.1 and 8.6 m*s-1 (Table 1). A north-

eastern wind direction prevailed over the entire sampling period in June. During the first six 

days in August winds came mainly from south-east but changed to north-west afterwards. 

 

 
Table 1: Wind conditions during the experiments in June and August 1996.  

 

 June August 
Mean speed (m*s-1) (�SD) 5.9 (2.0) 5.0 (1.4) 

Maximum speed (m*s-1) 8.6, at day 0 7.5, at day 6 

Minimum speed (m*s-1) 2.1, at day 3 3.0, at day 4 

Mean direction (�SD) 274° (41°) 169° (95°) 
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3.3 Turnover experiments 

3.3.1 Mya arenaria 

In June, 97.2 % of juvenile M. arenaria were found in the 250 µm fraction. Therefore 

individuals of both sieve fractions are pooled for each sampling day. During the ten days 

period in June, mean abundance of M. arenaria in the benthos increased from 75,000 to a 

125,000 ind.m-2 (Fig. 2a). Transport of juvenile clams occurred throughout the whole 

sampling period (Fig. 2b). The number of clams caught in the sediment trap generally ranged 

between 2000 and 4000 ind.m-2d-1, only at day 8 the number reached 12,015 ind.m-2. Only a 

few specimens were found in the drift net (ratio between trap (500 µm) and drift net (500 µm) 

≈ 43:1). The number of stained individuals declined with an average rate of 37 % d-1 (slope 

b= -0.4662, p<0.0001, Fig. 2c), indicating that the entire O-group of the soft-shell clam was 

exchanged within one week.  

 

 

 

 

 

 

 
 

Due to the larger size of bivalves, results of the experiment carried out in August refer to 

individuals retained by a 500 µm screen only. The density of juvenile M. arenaria in the 
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Fig. 2a-c: Turnover of juvenile Mya arenaria over ten days in June (23 June 96–3 July 
96). Data of the 250 and 500 µm fraction are pooled. Day zero indicates the day of
staining. a: Mean (�SD) density (Ind.m-2) in the sediment. b: Density (Ind.m-2) in the 
sediment trap (black bars) and number of individuals (Ind.catch-1) caught in the drift net 
(grey bars). c: Relationship between the percentage of stained individuals (N%) and the
sampling day (d). 
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sediment had declined to about 30,000 ind.m-2 and remained more or less the same over the 

nine days period (Fig. 3a). According to the lower density in the sediment, less individuals 

(min. 154 and max. 767 ind.m-2d-1) were caught in the trap (Fig. 3b). Even though the clams 

had grown large enough to be retained by 500 µm mesh size as used in the drift net, the 

numbers were still low (max. 10 ind.catch-1d-1). The ratio of juvenile M. arenaria between trap 

and drift net was ≈ 100:1. The number of stained individuals declined with an average rate of 

20 % d-1 (slope b = –0.2165, p<0.0001, Fig. 3c).  
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During both sampling periods, no significant differences in size were observed between 

individuals in the sediment samples and in the traps (Fig. 6, Mann-Whitney U-test, p�0.5). In 

June, individuals caught in the drift net were significantly larger (p<0.001) than those found in 

the trap or sediment samples. In contrast, in August drifting M. arenaria were significantly 

smaller (p=0.001) than those in the sediment or trap.  

Fig. 3a-c: Turnover of juvenile Mya arenaria over nine days in August (7 August 96-
16 August 96). All graphs present individuals of the 500 µm fraction. Day zero 
indicates the day of staining. a, b and c as in figure 2. 
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Fig. 6: Box & Whisker plots of mean shell length (mm) of juvenile Macoma balthica and Mya 
arenaria in sediment samples (S), sediment trap (T) and drift net (D) during the experiments 
in June and August 1996. For each species and sampling device, data of all sampling days 
are pooled. Numbers of measured individuals are given above the plots.  

 

 

 
3.3.2 Macoma balthica 

In June, the density of larger O-group M. balthica (500 µm fraction) in the sediment 

decreased after day 5 from around 32,000 ind.m-1 to 10,000 ind.m-1 at day 10 (Fig. 4a). 

Individuals of the 250 µm fraction showed an increasing density over the first 5 days from 

4000 to 13,000 ind.m-1 and a rapid decrease to 600 ind.m-1 afterwards (Fig. 4a). The 

abundance of larger M. balthica (500 µm fraction) in the sediment trap ranged between 93 

and 890 ind.m-1d-1; that of the 250 µm fraction between 154 and 399 ind.m-1d-1 (Fig. 4b). 

Juvenile M. balthica were frequently recorded in the water column as shown by the ratio of 

11:1 between the trap (500 µm) and the drift net (500 µm) samples. The number of stained 

individuals declined with an average rate of 49 % d-1 (slope b = -0.6772, p<0.0001, Fig. 4c).  
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Fig. 4a-c: Turnover of juvenile Macoma balthica over ten days in June (23 June 96–
3 July 96). Day zero indicates the day of staining. a and b as in Fig. 2, but data of the 
250 and 500 µm fraction are presented separately. C as in Fig. 2, data of the 250 and 
500 µm fraction are pooled. 

 

 
In August, the density of juvenile M. balthica in the benthal varied less and mean values 

around 12,000 ind.m-1d-1 were observed over the nine days period (Fig. 5a). Compared to 

June, less individuals were found in the sediment trap (max. 215 ind.m-1d-1) but the overall 

number of drifting specimens was slightly higher (Fig. 5b), resulting in a ratio of � 2.5:1 

between trap and drift net. The number of stained individuals declined with an average rate 

of 41 % d-1 (slope b = -0.5313, p<0.0001, Fig. 5c). 

In June, the shell lengths of individuals in the sediment samples were slightly larger than 

those of the trap samples (Fig.6). Drifting M. balthica were smaller than trapped ones, but 

significant differences in size occurred only between sediment and drift net samples (Mann-

Whitney U-test, p=0.006). In August, the shell lengths of individuals in the sediment were 

significantly larger than those found in the trap or drift net (p�0.001). Drifting M. balthica were 

significantly smaller than trapped ones (p�0.001), even though single drifting specimens 

were comparatively large.  

 



Publication V 102 

0

10

20

30

104
102

0
102
104

a

b

In
d.

m
-2

*1
03

In
d.

0 1 2 3 4 5 6 7 8 9 day

st
ai

ne
d 

In
d.

 (%
)

c

0
20
40
60
80

100
N%=96,993*e (-0.5313*d)

p=<0.0001
r²=0.96

 
 

Fig. 5a-c: Turnover of juvenile Macoma balthica over nine days in August (7 August 96-

16 August 96). All graphs present individuals of the 500 µm fraction. Day zero indicates 

the day of staining. a, b and c as in figure 2. 

 

 
3.3.3 Pygospio elegans 

Since the majority of P. elegans were found in the 500 µm fraction, both sieve fractions are 

pooled for each sampling day. During the sampling period in June, the abundance of P. 

elegans in the sediment varied from a minimum of 26,400 at day 4 to a maximum of 40,080 

ind.m-2 at day 10 (Fig. 7a). The density in the sediment trap also varied highly and values 

between 368 (day 5) and 2124 ind.m-2d-1 were observed (Fig. 7b). In the water column, P. 

elegans was caught only occasionally (max. 3 ind.catch-1d-1, Fig. 7b), resulting in a ratio of 

�656:1 between trap (500 µm) and drift net (500 µm). The turnover of stained individuals was 

slow compared to those of the bivalves: the number of stained individuals declined with an 

average rate of 24 % d-1 (slope b = -0.2726, Fig. 7c).  
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Fig. 7a-c: Turnover of Pygospio elegans over ten days in June (23 June 96–3 July 96). Data 
of the 250 and 500 µm fraction are pooled. Day zero indicates the day of staining. a, b and c 
as in figure 2. 

 

 

4 Discussion 

4.1 Staining  

In this study, in situ staining of juvenile bivalves Mya arenaria and Macoma balthica and of 

the polychaete Pygospio elegans was achieved by two different methods. In the June 

experiment, a 4m² area was framed and neutral red distributed in the overlying sea water. 

Previous staining attempts in which dissolved neutral red was distributed on sediments 

without overlying water failed completely, due to the low porosity in sediments with higher 

mud contents. The high individual variability of staining intensity may have resulted from 

different activity patterns of the organisms during the time they were exposed to the neutral 

red as well as from varying distance to the sediment surface. As only clearly marked 

individuals were considered as stained, turnover rates might be overestimated in the June 

experiment. 

In August, a higher staining intensity and less individual variability were achieved by the 

second staining technique but it remains uncertain whether the sieving process affected the 

organisms. When the bivalves were released into an undisturbed area after staining, their 
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density was doubled artificially. Further studies with different densities have to be conducted 

to test whether dispersal is density-dependent.  

Staining with neutral red did not appear to increase mortality of any species but it remains 

unclear if stained individuals attracted predators more than unstained ones.  

 
4.2 General pattern of recruitment in 1996 

Considering the short periods of both experiments, some brief comments on the recruitment 

of the three species in 1996 compared to other years are necessary. Recruitment of a 

benthic species is, among other factors, related to temperature of the preceding winter (e.g. 

Smidt, 1951; Beukema, 1979). The experiments presented here were carried out after the 

severe winter of 1995/96. The high abundance of small M. arenaria observed in June (Fig. 2) 

fitted well into the known pattern of strong bivalve recruitment after severe winters (Kühl, 

1951; Beukema, 1979; Möller and Rosenberg, 1983), because maximum numbers of recruits 

were about 100 times higher than in 1994 and 1995 (Jaklin et al., in prep.). Abundance of 

P. elegans (Fig. 6) reached 20 times the level of 1995 (Jaklin and Heuers, unpubl. data). In 

1996, recruitment of M. balthica (Fig. 4) was at least two times higher than in 1995 but seven 

times lower than in 1994 (Jaklin et al., in prep.). This unexpected low abundance of recruits 

in spite of the preceding ice winter might have been related to an intensive second spawning 

period during midsummer of 1995 (Günther et al., 1998). Since M. balthica usually spawns 

only once during spring in the Wadden Sea, the late second spawning event of 1995 could 

have weakened the spring spawning in 1996.  

 
4.3 Modes of dispersal 

Recent literature has often characterised the dispersal of a species either as “active” or as 

“passive”. However, particularly in sediment dwelling polychaetes and young bivalves both 

mechanisms are not necessarily mutually exclusive (Tamaki, 1987; Armonies, 1994a; 

Commito et al., 1995; Turner et al., 1997). Currents and wave action are the major physical 

factors in the passive displacement of sediment and organisms (Emerson and Grant, 1991; 

Roegner et al., 1995). A variety of biological factors such as such as size (Matthiessen, 

1960), behaviour (Palmer and Molloy, 1986; Roegner et al., 1995) and mobility (Sigurdsson 

et al., 1976; Dauer et al., 1982) interfere with the physical forces and influence the 

susceptibility of a species to resuspension. Mobility and behaviour may change during the 

lifespan of a species (Bayne, 1964; Farke et al., 1979) and formerly biologically controlled 

dispersal might switch into more physically controlled one or vice versa. Considering the 

difficulties to draw a clear dividing line between active, actively initiated, and passive 

dispersal, we propose a different approach based on a continuum of dispersal modes in 

which physical and biological components operate together.  
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Physically induced transport of organisms is assumed to correspond to the prevailing current 

velocities which in turn are a function of wind velocities (Commito, 1995). In the present 

study, all species occurred regularly in the sediment trap or in the drift net, demonstrating 

that secondary dispersal at this sheltered site takes place even under light wind conditions. 

Low wind speeds, not exceeding 9 m*s-1, might explain why numbers of organisms caught in 

the sediment trap generally exceeded those of the water column catches by the drift net. In 

an intertidal sandflat Commito (1995) also observed that resuspension of sediment and 

organisms into the water column was of minor importance at wind speeds below 10 m*s-1. In 

this study we found no relationship between the numbers of transported organisms and wind 

speed in any species. Higher wind speeds (6-8 cm*s-1) did not coincide with increased animal 

transport and vice versa, underlining that in all three species dispersal was also influenced 

by biological factors.  

The frequency of a species occurrence in the water column is suggested to be indicative for 

its dispersal efficiency. Our experiments revealed that juvenile M. balthica were transported 

mainly in the water column while transport of M. arenaria and especially P. elegans occurred 

mainly with the bedload. In M. balthica the ability for byssus-drifting is well known and still 

persistent in one year old specimens (Sörlin, 1988; Beukema and De Vlas, 1989). Byssus-

drifting has not yet been observed in M. arenaria, although it seems likely that the ability 

exists, since Sigurdsson et al. (1976) mentioned byssus-drifting for small Mya truncata. 

During our June experiment, juvenile M. arenaria were too small to be quantitatively retained 

in the 500 µm meshes of the drift net. In August, more individuals were caught in the drift net 

but, compared to M. balthica, dispersal in the water column was still of minor importance. If 

byssus-drifting in M. arenaria was restricted only to a short period after initial settlement, we 

might have missed this by using 500 µm meshes only. Flume experiments, however, do not 

support this assumption: the production of a byssus-thread has never been observed in M. 

arenaria � 2.4 mm (Roegner et al., 1995; Dunn et al., 1999) and recently settled clams 

maintained their position in the sediment until the critical shear velocity for ripple formation 

was exceeded (Roegner et al., 1995). In other bivalve species secretion of byssus-threads 

was already initiated at weak currents (Sigurdsson et al., 1976). Thus, byssus-drifting in 

M. arenaria seems to be of no or minor importance. Even without byssus-drifting, transport 

dynamics of this species are not completely restricted to physical forces. Dunn et al. (1999) 

observed that laterally movements of the gastropod Ilyanassa obsoleata below the sediment 

surface increased a displacement of small M. arenaria by mixing them vertically and by 

causing sediment erosion. We assume that in our experiments biological disturbance also 

played a dominant role in the bedload transport of M. arenaria: following the severe winter 

not only bivalves recruited well above normal, but also polychaetes such as Aphelochaeta 

marioni, Nereis diversicolor and Phyllodoce spp. occurred in considerable numbers and the 
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gastropod Hydrobia ulvae recruited in densities of 260,000 ind.m-2 (Jaklin and Heuers, in 

prep.). Due to the bioturbation effects described above, such a high abundance of organisms 

could have increased the likelihood of M. arenaria to become suspended. Another effect 

could have been that clams moved to the sediment surface to escape from this densely 

populated site. The relative contribution of hydrography or biological disturbance on the 

dispersal dynamics remains to be tested.  

Apart from quantitative aspects, differences in the dispersal mode between the two bivalve 

species were also reflected in the size of transported specimens. In general, specimens 

found in sediment trap were larger than those of the drift net samples, because resuspension 

into the water column requires generally higher current velocities than transport close to the 

bottom as bedload (Roegner et al., 1995). As bivalves grow larger, they become heavier and 

burrow deeper in the sediment (Zwarts and Wanink, 1989) which reduces their susceptibility 

for resuspension. In August, O-group M. arenaria were between 0.8 and 6.3 mm in size, but 

transport was limited to individuals smaller than 3.6 mm. This might have been either the size 

by which M. arenaria under light wind conditions were not eroded anymore or by which an 

effect of species disturbing the sediment just below the surface was reduced. In contrast, 

dispersal in M. balthica involved individuals of up to 5.7 mm in size, though in low numbers. 

Thus, a limiting effect of size on dispersal is more pronounced in M. arenaria. From both 

qualitative and quantitative aspects we conclude that M. balthica exhibits more effective 

biological mechanisms of dispersal, which are functional over longer periods, than M. 

arenaria. 

The very low numbers P. elegans found in the water column suggest that its ability to 

disperse is the lowest of the three species investigated. In field studies Zühlke and Reise 

(1994) artificially enhanced sediment mobility and recorded a reduced abundance of 

P. elegans with increasing sediment drift. Biological disturbance can also cause 

resuspension of P. elegans (Wilson, 1981; Reise, 1985), but the high proportion of small 

tubes we observed in the sediment trap samples rather imply that dispersal was mainly ruled 

by physical factors. There still is a large need of combined flume and field experiments to 

separate more clearly between biologically and physically induced transport.  

 
4.4 Exchange processes and their implications for recruitment 

The abundance of macrobenthic organisms in intertidal sediments represents a momentary 

equilibrium of four processes: (1) settlement of larvae, (2) import of post-larvae and later 

stages, (3) mortality and (4) export. Our study revealed a clear relationship between the 

dispersal mode of a species and the turnover of stained individuals: turnover was fastest in 

M. balthica, intermediate in M. arenaria and slowest in P. elegans. In both bivalve species 

turnover was faster in June than in August. In juvenile M. balthica, these findings are 
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confirmed by the turnover experiments carried out by Armonies (1994b), although turnover 

rates at the end of June were somewhat higher (up to 6 times per week) than in our study. 

However, differences could be due to the different methods, habitats and sites and size/age 

compositions of individuals, but might also result from a 10 day periodicity of higher and 

lower drifting activity of juvenile M. balthica (Armonies, 1992). 

Our experiments only reflected combined effects of import, export and mortality on the local 

abundance of a species, which has general implications for studies on population dynamics: 

during the June experiment, export of stained juvenile M. arenaria was immediately 

compensated and the mean abundance increased over the 10 days by around 50,000 ind.m-

². This increase resulted from larval settlement (Jaklin et al., in prep.) as well as from a 

considerable import of larger unstained individuals. In M. balthica the opposite was observed 

and export, especially of small individuals (250 µm fraction), dominated import. The 

abundance of P. elegans showed only slight day-to-day variations and remained in the same 

order of magnitude. Therefore exchange processes would not have been detected by regular 

sampling. In August, this was also true for both bivalve species as the mean abundance 

decreased only slightly while an export of stained individuals was still considerable. As 

already pointed out by Armonies (1996), neglecting the underlying processes might lead to 

wrong conclusions on population parameters. For example, the share of mortality in the 

decline of stained individuals is not known but due to the fast turnover any estimations 

carried out at this site would have certainly not reflected the real situation. Furthermore 

growth might be overestimated as mainly small specimens of O-group bivalves were involved 

in the transport processes. If organisms are net exported from the study site, recruitment 

success would be underestimated. The exchange processes investigated here confirm the 

conclusions drawn by Morrisey et al. (1992) and Armonies (1996) that population parameters 

in mobile species can not be accurately estimated from single-site sampling. Instead the 

sampling area needs to be large enough to collect the entire pool of individuals belonging to 

the O-group or population. In this study, the fate of the stained organisms remains unclear, 

but clearly depended on dispersal ability, hydrography and possibly active habitat selection 

during transport.  

The small-scale exchange processes investigated here are part of the life history of the 

bivalve species. Postlarval and juvenile M. balthica perform two large-scale (km’s) habitat 

changes during their first year: firstly, a summer migration from lower to upper intertidal areas 

(Günther, 1991; Armonies and Hellwig-Armonies, 1992; Beukema, 1993) and secondly a 

winter migration from upper intertidal to lower subtidal areas (Beukema and De Vlas, 1989; 

Beukema, 1993). As these habitat changes occurred in different regions and showed 

annually recurrent patterns which develop independent from hydrography (Armonies, 1996), 

secondary dispersal might indeed be considered as a life history strategy of M. balthica. 
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Beukema (1993) suggested that these habitat changes highly contribute to the success and 

stability of M. balthica populations. In M. arenaria, the importance of secondary dispersal on 

recruitment seems to be higher in exposed (Matthiessen, 1960; Emerson and Grant, 1991) 

than in sheltered areas (Strasser et al., 1999). According to Armonies (1996) annual spatial 

patterns of both spatfall and redistribution were unpredictable and determined by 

hydrographic patterns. Such inconsistent patterns between regions and within one region do 

not refer to secondary dispersal as strategy to maintain M. arenaria populations.  

Our study illustrated that the local abundance of a species is influenced by different 

processes operating at the same time and partly masking each other. Compared to 

conventional methods, in situ staining techniques allow to uncover and quantify each of the 

co-occurring processes which permits to assess their relative importance on recruitment of 

species inhabiting soft-bottoms. The in situ staining methods presented herein allow to stain 

a great number of organisms with a sufficient long retention time of the marker which both is 

necessary to obtain ecological meaningful results.  
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Abstract 

Effects of the ice winter 1995/96 on two macrobenthic assemblages inhabiting an exposed site (high 
flow, medium grain size) and a sheltered site (low flow, fine grain size) were investigated in an 
intertidal area located in the East-Frisian Wadden Sea (North Sea). Recolonisation after disturbance 
by the ice winter was studied by weekly sampling using small mesh sizes (125, 250 and 500 µm). 
Individual abundance of different mesh size fractions as well as drift net and sediment trap samples 
were used to determine the relative contribution of larval vs. postlarval settlement on the 
recolonisation process.  
The ice winter resulted in high mortality rates of most species and the disappearance of species 
sensitive to low temperatures. Within one species, mortality was more severe at the exposed site, 
probably due to harsher environmental conditions. In terms of species number and abundance, 
recolonisation of both assemblages was rapid and influenced by 1) species life histories, 2) habitat 
conditions, and 3) biotic interactions, namely facilitation. In general, the temporal course of 
recolonisation was determined by the availability of settling stages. In most species, larval and 
postlarval stages contributed to recolonisation, but their relative importance differed between the sites. 
Larval settlement was higher at the sheltered site whereas postlarval colonisation was the major 
mechanism at the exposed site, presumably because low flow conditions at the sheltered site 
increased the deposition of larvae. The sediment stabilizing effects of dense spionid tube lawns at the 
exposed site apparently facilitated the postlarval colonisation of some species. These results 
emphasise the importance of postlarval dispersal for recolonisation in dynamic systems and the need 
to determine colonisation mechanisms of species for a better understanding of successional patterns. 
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1 Introduction 

In shallow coastal waters, the infauna inhabiting soft sediments is frequently disturbed by a 

variety of natural and man induced disturbances which result in a temporary defaunation or a 

loss of species and habitats (Simon and Dauer, 1977; Diaz and Rosenberg, 1995; Newell et 

al., 1998). Recolonisation studies resulted in several models with different focus such as life 

histories in terms of r- and K-selection (Grassle and Grassle, 1974; Pearson and Rosenberg, 

1978; Rhoads et al., 1978), resource exploitation (Thistle, 1981), and biotic interactions 

(Connell and Slayter, 1977). However, these schemes were not valid in all soft sediment 

systems since succession was found to depend on the timing of disturbance, on the size of 

the disturbed area (Arntz and Rumohr, 1982; Smith and Brumsickle, 1989), and on habitat 

conditions (Zajac and Whitlatch, 1982; Thrush et al., 1996). A more general applicable model 

was developed by Zajac and Whitlatch (1985) which combines environmental conditions, life 

histories and biotic interactions as three hierarchical and interacting levels.  

Apart from the sequential occurrence of species, it is of major interest how species colonise 

soft-bottoms. Colonisation mechanisms include larval settlement, transport of postlarval 

stages and burrowing activities. It has now been widely recognised that many species have 

more than one effective mechanism (Butman, 1987; Günther, 1992; Armonies, 1994; Shull, 

1997). The relative contribution of each mechanism to recolonisation is influenced by species 

life history features, habitat conditions and the size of disturbance (Simon and Dauer, 1977; 

Günther, 1992; Zajac et al., 1998). Recolonisation after large-scale disturbances is assumed 

to occur primarily by planktonic larvae whereas small patches can also be rapidly recolonised 

in the absence of larvae through postlarval stages (Günther, 1992). However, only a few 

studies dealing with large-scale disturbances measured the size of colonists (Simon and 

Dauer, 1977; Santos and Simon, 1980).  

The Wadden Sea is a highly dynamic ecosystem which is frequently disturbed by natural and 

anthropogentic events (Beukema et al, 1999). Severe winters result in high mortality rates of 

the macrofauna (Smidt, 1944; Beukema, 1979; Buhr, 1981; Reise, 1985). Although several 

studies described a rapid recolonisation of the macrofauna after severe winters (e.g. Reichert 

and Dörjes, 1980; Beukema, 1985), detailed information about the processes leading to this 

rapid recovery is still scarce (Beukema et al., 1999; Dittmann et al., 1999).  

In this study, the ice winter 1995/96 was taken as an occasion to analyse the responses of 

two intertidal macrobenthic assemblages to this large-scale disturbance and to study the 

processes and factors influencing recolonisation. To understand the relative importance of 

pre-settlement and post-settlement processes on recolonisation, we analysed the dynamics 

of different life stages (larvae, recently settled and later recruits) in an exposed and a 

sheltered area by nearly weekly sampling. The principal objectives of this study were to: 1) 

quantify direct and indirect effects of the severe winter on both assemblages, 2) elucidate the 
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colonisation mechanisms of species, and 3) relate the observed patterns to existing models 

on succession. 

 

 

2 Material and Methods 

2.1 Study area and climatic conditions 

The study was carried out at the Gröninger Plate, an intertidal sandflat between the island of 

Spiekeroog and the mainland (East Friesian Islands, German Bight, Fig. 1). In order to 

investigate site-specific responses of the benthic macrofauna to the severe winter 1995/96, 

data of two sites were compared. The exposed site was located in the northern part of the 

Gröninger Plate (site A in Fig. 1) and characterised by the tube-building polychaete Lanice 

conchilega. At this site, the sediment consisted of fine sands (2.7 �) with only a small 

percentage (3,5 %) of particles <63 µm and tidal flows were around 10-25 cm sec-1 at 

maximum flood periods (Flemming and Bartholomä, 1993).  
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Fig. 1: Location of the Gröninger Plate between the island of Spiekeroog and the 
East-frisian mainland with the positions of the assemblage at the exposed site 
(site A), the assemblage at the sheltered site (site B), and the plankton sampling 
sites in the Otzumer Balje inlet (C) and at Neuharlingersiel harbour (D). 

 

 



Publication VI 114 

The sheltered site was located next to the tidal channel in the southern part of the Gröninger 

Plate (site B in Fig. 1) and characterised by the polychaete Heteromastus filiformis. This site 

was situated lower, and mixed sediments (� 3.1 �) with a higher percentage of particles <63 

µm (15,5 %) and tidal flows of 5-15 cm sec-1 at maximum flood periods occurred (Flemming 

and Bartholomä, 1993).  

To study the availability of planktonic larvae for colonisation, zooplankton samples were 

taken from a ship in the Otzumer Balje channel (site C in Fig. 1). On seven occasions (May 

and June 1996), zooplankton samples were taken from a mole at Neuharlingersiel harbour 

(site D in Fig. 1) due to research vessel problems. Comparisons between these two sites 

revealed a similar course of the seasonal larvae development, but abundances were 

generally lower at site C (Günther, unpubl. data). 

 

The climatic conditions during the ice winter were described in detail by Strübing (1996), and 

thus are only briefly summarised here. The winter 1995/96 was strong to very strong and 

extremely long. The mean air temperature from December 1995 to March 1996 was –3.3 °C 

with a deviation of –3.5 °C from the climatic mean values measured from 1961 to 1990. First 

ice formation on the tidal flats was observed in December 1995. An intensive ice formation 

set in at the end of January 1996, and the coast of East Friesia was ice covered until early 

March. During the winter, the accumulated areal ice volume, which was used for ranking the 

severity of winters on the basis of the concentration, thickness and persistence of ice was 

5,24 m on the North Sea coast. This value ranks 14th in the 100-year period. Considering 

only the length of the ice season (49 days), this winter occupies rank 9 of the strongest 

winters during the last 100 years.  

 
2.2 Sampling and data analysis 

2.2.1 Macrozoobenthos abundance 

The effect of the severe winter on species composition and abundance of the macrobenthos 

is assessed by comparing data from spring through autumn 1995, representing an 

undisturbed situation after a mild winter, with data from 1996 following the severe winter. 

Sampling at the sheltered site was carried out from 26 April 1995 to 25 September 1996 (33 

sampling dates). At the exposed site, sampling started on 31 May 1995 and ended on 25 

September 1996 (34 sampling dates). In each year, sediment samples were taken in time 

intervals of 1 to 2 weeks, depending on the season. At each sampling date, 5 to 7 parallel 

sediment samples were taken randomly with a corer of 33 cm2 (penetration depth 15 cm) 

from an area of 100 m². Due to the small size of the corer, large bivalves and polychaetes 

were not sampled quantitatively. Therefore data on bivalves presented here refer only to 0- 

and 1-group individuals. The polychaete Arenicola marina and the crustaceans Crangon 
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crangon, Carcinus maenas and Gammarus spp. were also excluded from the analysis. In the 

laboratory, samples were sieved over nested 125, 250 and 500 µm meshes. Organisms of 

each mesh size fraction were determined to species level and counted.  

 

To compare the species composition and abundance of the macrofauna before and after the 

severe winter, the data were analysed using the multivariate method of multidimensional 

scaling (MDS). To simplify the analysis, all mesh size fractions and all parallel samples were 

pooled for each sampling day. All species and sampling dates were included into the 

analysis. MDS analysis was carried out with the software package PRIMER (Clarke and 

Warwick, 1994). The Bray-Curtis similarity index was used for calculating the similarity 

matrices.  

 

In order to compare the overall recruitment strength between the two years, we calculated a 

ratio value, viz. the amount of recruits found in 1996 divided by the amount of recruits found 

in 1995. All mesh size fractions were included into calculation. Positive values indicate a 

higher recruitment of a species in 1996; negative values refer to a stronger recruitment in 

1995. The higher the ratio value, the larger the differences between the two years. 

 

Another purpose of this study was to determine the relative contribution of different 

colonisation mechanisms (larval vs. postlarval settlement). Individuals were considered to 

have colonised as larvae if their sizes were within the range of recently settled individuals. 

Because individual sizes were not measured explicitly, we used the three mesh sizes to 

separate different life stages. Therefore, colonisation was defined to have taken place mainly 

by larval settlement if the increase of a species abundance was mainly observed in the 

125 µm or 250 µm fraction, depending on the species specific size at metamorphosis. 

Conversely, an increase of abundance found mainly in the larger meshes was attributed to 

postlarval immigration.  

 

2.2.2 Larvae abundance in the water column 

In 1996, the abundance of larvae retained by a 125 µm mesh was investigated from January 

to the end of September in intervals from one to eight weeks, depending on the season. At 

each sampling day at site C four parallel samples of 50 l seawater were pumped from a 

depth of 6-7 m two hours before high tide. Sampling at site D was carried out at high tide 

using an Apstein net (10 cm opening). Three parallel samples were obtained by vertical 

hauls from a depth of about 4 m. The volume filtered per sample was calculated via flow 

meter. All zooplankton samples were sieved over 125 µm meshes and preserved in 4 % 
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buffered formalin. In the laboratory larvae of macrobenthic species were sorted and 

determined to species level.  

 

2.2.3 Postlarval dispersal  

To determine the dispersal potential (rather actively or through resuspension by the currents) 

of a species/life stage and to asses the primary mode (bedload or water column transport), 

two methods were applied. 

1. To record the organisms drifting in the water column, one horizontal drift net (55 cm long 

bag, 20 cm opening diameter, 500 µm mesh size) was placed at each study site. It was 

anchored to a vertical pipe 15 cm above the sediment and adjusted itself to the current 

direction. For a detailed description of the net see Armonies (1992). Drift net samples were 

collected simultaneously with the sediment samples. The nets were placed at low tide and 

caught mainly at night for one tidal cycle. The samples were preserved in 5 % buffered 

formalin and filtered through 500 µm meshes in the laboratory. All samples were sorted for 

species and life stages.  

2. Organisms transported with the bedload were caught with a sediment trap at the sheltered 

side only. This sampling was also part of an study on macrobenthos turnover and results will 

be published later in detail (Jaklin et al., in prep.). Two plastic pipes (60 cm long, 12 and 

15 cm in diameter) were dug into the sediment until they protruded 2 cm above the surface. 

The outer pipe prevented collapse of the ambient sediment while the inner pipe caught the 

organisms. A funnel prevented mobile organisms from escaping. The traps were filled with 

sea water (filtered through 125 µm) at the beginning of each sampling day. In 1996, daily 

sampling was carried out over ten successive days from June 23 through July 3 and over 

nine successive days from August 7 through 16. All samples were preserved in 5 % buffered 

formalin and sieved through 500 µm meshes in the laboratory. Individuals of all samples 

were sorted and determined to species level.  

 

To present the frequency of bedload and water column transport for a species, five 

categories were established by Armonies (1994) in accordance to their occurrence in drift net 

or sediment trap samples: 0: no individuals found, 1: single individuals, 2: single individuals 

at several observations, 3: individuals found regularly in low abundances, 4: individuals found 

regularly in high abundances. Since the number of dispersing individuals depends on the 

number of settling stages, the category for each species was chosen in relation to its 

abundance in the sediment samples (500 µm fraction only).  
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3 Results 

3.1 Winter effects on the macrobenthic assemblages 

In summer 1995, the total abundance of macrobenthic fauna at the exposed site increased 

from approximately 9800 ind.m-2 in May to the maximum of 37,000 ind.m-2 in October before 

the ice winter (Fig. 2). The mean number of species ranged between 7.2±1.6 in May and 

12.2±3.9 in September 1995 (Fig. 2). The assemblage was clearly dominated by small 

tubicolous polychaetes with Pygospio elegans (18 % to 83 %) and Capitella capitata (0 % to 

68 %) as the dominant species (Fig. 3). In May/June and August/September 1995 molluscs 

were the second most important group (~ 30 %) with Mytilus edulis as the dominant species. 

The relative abundance of larger tubicolous polychaetes and predatory polychaetes was 

comparably low.  
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Fig. 2: Means (±SD) of species number per m² (A) and of the total abundance of 
individuals (B) at the exposed site (black line) and the sheltered site (grey line) from 
April 1995 to September 1996. All mesh size fractions were summarised for each 
sampling date.  
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After the ice winter (April 1996) the structure of this assemblage had changed considerably: 

The total macrobenthic abundance was reduced to 3900±1900 ind.m-2 and only 2.6±1.3 

species occurred in the samples (Fig. 2). The character species L. conchilega and its 

commensal Malmgreniella lunulata had disappeared. The polychaetes C. capitata, 

A. marioni, Polydora spp., N. diversicolor, Autolytus prolifer, E. bahusiensis., Nephtys 

hombergii as well as the bivalves Cerastoderma edule, Mya arenaria and Macoma balthica 

were also not found after the ice winter (Table 1). In contrast to those species, the 

polychaetes Eteone longa, Phyllodoce spp. and Microphthalmus sczelkovii increased in their 

abundance (Table 1). The change of this assemblage is also visible in the MDS, since the 

classification analysis clearly separated the sampling dates of 1995 (group A) from early 

sampling dates of 1996 (group B, Fig. 4). 
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Fig.3: Proportional abundance of small tubicolous polychaetes, larger tubicolous 
polychaetes , predatory polychaetes, and molluscs at the exposed site and the sheltered site 
from April 1995 to September 1996. Species included were: group I = Pygospio elegans, 
Spio spp., Capitella capitata, Polydora spp., Spio spp., Autolytus prolifer, Microphthalmus 
sczelkovii, group II = Lanice conchilega, Scoloplos armiger, Heteromastus filiformis, 
Aphelochaeta marioni, Nereis diversicolor, group III = Nephtys hombergii, Eteone longa, 
Eumida bahusiensis, Phyllodoce spp., group IV = Cerastoderma edule, Macoma balthica, 
Mya arenaria, Ensis americanus, Mytilus edulis, Scrobicularia plana, Tellina spp., Montacuta 
bidentata, Hydrobia ulvae, Littorina littorea. 
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Before the ice winter, the total abundance of macrobenthic individuals at the sheltered site 

was always slightly higher (max. 48,700 ind.m-2) compared to the exposed site while the 

mean number of species (5.2±2.3 to 11.2±0.8) was similar (Fig. 2). In contrast to the exposed 

site, large polychaetes such as Heteromastus filiformis (7 to 22 %) and A. marioni (23 to 

62 %) numerically dominated over small polychaetes such as P. elegans (5 to 9 %), 

C. capitata (1 to 11 %) and M. sczelkovii (2 to 10 %). The dominant predator was E. longa 

(max. 4 %), but compared to the exposed site predators were of lower importance. Molluscs 

reached values between 7 % and 46 % and were dominated by Macoma balthica (max. 

43 %). This assemblage showed a moderate reduction of species numbers and densities 

(Fig. 2). Only the gastropod H. ulvae, the bivalve Cerastoderma edule and the polychaetes 

Polydora spp. had disappeared immediately after the ice winter (Table 1). The survival rate 

of C. capitata, A. marioni, P. elegans, Mya arenaria and M. balthica was higher at this site 

compared to the exposed site (Table 1). The MDS plot also shows that the assemblage 

experienced a lower change in structure (Fig. 5): The similarity analysis included data from 

April to December 1995 and April to June 1996 in one group A. Within this group (A), early 

spring data of both years are located closely together, indicating a seasonal effect rather 

than an ice winter effect. 
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Fig. 4: Similarity MDS (Bray-Curtis-
Similarity, complete linkage) of all sampling 
dates from 1995 and 1996 of the 
assemblage at the exposed site. Dates were 
clustered by the similarity of species 
abundance. The groups in the MDS-plot 
were drawn on the basis obtained by the 
dendrogram of the cluster analysis. All mesh 
size fractions and parallel samples were 
pooled for each sampling date.  
1-16 = May to December 1995, 17-21 = 
January to May 1996, 22-34 = June to 
October 1996; underlined numbers = spring; 
bold numbers = 1995 
 

Fig. 5: Similarity MDS (Bray-Curtis-Similarity,
complete linkage) of all sampling dates from
1995 and 1996 of the assemblage at the
sheltered site. Dates were clustered by the
similarity of species abundance. The groups in
the MDS-plot were drawn on the basis
obtained by the dendrogram of the cluster
analysis. All mesh size fractions and parallel
samples were pooled for each sampling date.  
1-6 = April to June 1995, 7-17 = June to
December 1995,18-22 = April to June 1996,
23-33 = June to October 1996; underlined
numbers = spring; bold numbers = 1995. 
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Table 1: Winter effects and recolonisation parameters of common species inhabiting the exposed site 
(E) and the sheltered site (S).  
Column 3: Comparison of the mean abundance of a species per m² before (29.08.95) and immediately 
after (17.04.96) the severe winter. Differences are given as percentage whereby + indicates an 
increase in abundance. Column 4: Ratio values of the overall (April/May to August/September) 
amount of recruits found in 1996 divided by the amount found in 1995. Column 5: Site- and species 
specific colonisation mechanisms estimated from the abundances individuals occurred in the three 
mesh sizes. The mesh sizes which accounted most for the overall recruitment are marked with an X. 
Column 6: Primary mode of postlarval dispersal estimated from the frequency a species occurred in 
the sediment trap (bedload transport) or drift net (water column transport) in relation to its abundance 
in the sediment. Frequency categories: 0 no specimens, 1 single specimens, 2 single specimens at 
several observations, 3 regular low abundance, 4 regular high abundance. 
____ indicates that no calculations were made due to the absence of a species within certain periods of 
time or due to inadequate sampling.  
 
 

Species Site Direct 
effects 

Recruitment
differences 

Mechanisms 
125     250    500 

Dispersal 
  Trap     Drift 

Polychaeta         

Lanice  
conchilega (Pallas) 

E 
S 

-100 % 
_______ 

-5.5 
______ 

X 
____ 

 
____ 

 
____ 

____ 1 

Malmgreniella 
lunulata (Delle Chiaje) 

E 
S 

-100 % 
______ 

______ 
______ 

____ 
____ 

____ 
____ 

____ 
____ 

____ ____ 

Heteromastus 
filiformis (Claparède) 

E 
S 

______ 

-35 % 
______ 
+1.0 

  X 
X 

1 0 

Aphelochaeta 
marioni (De Saint-Joseph) 

E 
S 

-100 % 
-70 % 

+1.9 
-1.3 

 X  
X 

2 2 

Capitella  
capitata (Fabricius) 

E 
S 

-100 % 
-93 % 

-1.5 
-4.8 

 
X 

 X 3 1 

Nereis 
diversicolor (O.F. Müller) 

E 
S 

-100 % 
+ 

-4.4 
+4.0 

  X 
X 

3 3 

Scoloplos  
armiger (O.F. Müller) 

E 
S 

-29 % 
______ 

+4.7 
+1.8 

 
 

 
X 

X 
X 

____ 0 

Pygospio 
elegans Claparède 

E 
S 

-78 % 
-29 % 

+2.6 
+9.9 

 X X 
X 

3 3 

Polydora spp. E 
S 

-100 % 
-100 % 

+2.0 
+1.4 

 
 

 
X 

X 
X 

4 1 

Microphthalmus 
sczelkovii Mecznikow 

E 
S 

+ 
+ 

+6.7 
+3.3 

____ 
____ 

____ 
____ 

____ 
____ 

1 ____ 

Eumida  
bahusiensis Bergström 

E 
S 

-100 % ______ 
______ 

____ 
____ 

____ 
____ 

____ 
____ 

____ ____ 

Phyllodoce spp. E 
S 

+ 
______ 

-3.1 
+16 

  
X 

X 3 1 

Eteone 
longa (Fabricius) 

E 
S 

+ 
+ 

+10 
+6.9 

  X 
X 

1 1 

Nephtys  
hombergii Savigny 

E 
S 

-100 % 
______ 

-12 
______ 

 
____ 

X 
____ 

 
____ 

____ 0 
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Continuation of table 1 

Species Site Direct 
effects 

Recruitment
differences 

Mechanisms 
125     250    500 

Dispersal 
  Trap      Drift 

Mollusca         

Cerastoderma 
edule (L.) 

E 
S 

-100 % 
-100 % 

+1.3 
+2.5 

  X 
X 

4 4 

Macoma  
balthica (L.) 

E 
S 

-100 % 
-78 % 

-1.3 
+3.0 

  
X 

X 4 4 

Mya  
arenaria L. 

E 
S 

-100 % 
-91 % 

+8.3 
+114 

  
X 

X 4 2 

Ensis  
americanus (Binney) 

E 
S 

______ 
-100 % 

+8.0 
+17.2 

 
X 

X 
X 

 4 4 

Mytilus  
edulis L. 

E 
S 

-97 % 
______ 

+5.9 
-1.0 

 X 
X 

X 
X 

4 4 

Hydrobia 
ulvae (Pennant) 

E 
S 

______ 
-100 % 

+ 
+170 

X  
X 

 4 4 

 

 

3.2 Assemblage recovery  

The start of recolonisation was defined as the time when a species first appeared in an 

assemblage or, in the case a species had not disappeared completely, as the time when its 

abundance started to rise. Both sites recovered from the severe winter due to an overall high 

recruitment of most species (Table 1). Especially, H. ulvae, M. arenaria, M. edulis, 

Phyllodoce spp., E. longa, M. sczelkovii and P. elegans exhibited recruitment overshoots 

following the severe winter. Only N. hombergii, L. conchilega and C. capitata recruited in 

much lower densities after the severe winter.  

In some species recruitment differed between the sites (Table 1): In general, polychaete 

species recruited in higher numbers at the exposed site (recruitment index +1.9 to +10). Only 

N. diversicolor, P. elegans and Phyllodoce spp. were found in higher numbers at the 

sheltered site (recruitment index +4 to +16). Molluscs recruited in higher numbers at the 

sheltered site with the exception of M. edulis.  
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Fig. 6: Mean (±SD) of small tubicolous polychaetes per m² at the exposed site 
(black line) and the sheltered site (grey line) in 1996. All mesh size fractions were 
included. The circles on top of each graph indicate the period of time either larvae 
were observed in the plankton or, in the case of benthic reproduction, the 
occurrence of smallest benthic stages (125 µm fraction, marked with an asterisk). 
The larger the circles the higher the abundance of small life stages. Graph 
A: Pygospio elegans, B: Capitella capitata, C: Polydora spp., D: Microphthalmus 
sczelkovii 

 

Recovery did develop differently in the two assemblages with respect to the tendency to 

return to the former situation and the timing of the recolonisation by certain species. During 

spring and summer 1996 following the severe winter, the assemblage at the exposed site 

tended back to the situation in 1995. The number of species increased steadily from April 

1996 and was comparable to 1995 from mid June onwards (Fig. 2). The total individual 

abundances from mid July 1996 onwards reached values 3 times higher than in 1995 (Fig. 

2). This was due to the higher recruitment of polychaetes and bivalves. Small polychaetes 

(P. elegans, M. sczelkovii, C. capitata, Fig. 6) as well as A. marioni, Scoloplos armiger, 
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N. hombergii (Fig. 7) E. longa (Fig. 8) and M. balthica (Fig. 9) were the earliest colonisers 

(May).  
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Fig. 7: Mean (±SD) of larger tubicolous polychaetes per m² at the exposed site 
(black line) and the sheltered site (grey line) in 1996. All mesh size fractions were 
included. The circles on top of each graph indicate the period of time either larvae 
were observed in the plankton or, in the case of benthic reproduction, the 
occurrence of smallest benthic stages (125 µm fraction, marked with an asterisk). 
The larger the circles the higher the abundance of small life stages. Graph 
A: Scoloplos armiger, B: Nereis diversicolor, C: Aphelochaeta marioni, 
D: Heteromastus filiformis, E: Lanice conchilega 
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Intermediate species (mid June) were N. diversicolor, H. filiformis (Fig. 7), Phyllodoce spp. 

(Fig. 8), C. edule, M. arenaria and E. americanus (Fig. 9). Polydora spp. (Fig. 6), 

L. conchilega (Fig. 7) and H. ulvae (Fig. 9) colonised comparably late (end of June to early 

July). However, the assemblage did not reach the structure before the ice winter since the 

species composition still differed considerably until the autumn after the ice winter. In 1996, 

small tubicolous polychaetes were still the dominating group, but the relative abundance of 

bivalves was much higher compared to 1995 (Fig. 3).  
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Fig. 8: Mean (±SD) of predatory polychaetes per m² at the exposed site (black 
line) and at the sheltered site (grey line) in 1996. All mesh size fractions were 
included. The circles on top of each graph indicate the period of time larvae 
were observed in the plankton. The larger the circles the higher the 
abundance of small life stages. Graph A: Phyllodoce spp., B: Eteone longa, C: 
Nephtys hombergii 

 

The polychaetes M. lunulata and E. bahusiensis did not reappear until the end of September 

1996 (Fig. 4). In addition to group A including the data before the ice winter and group B 

characterising the situation immediately after the severe winter and the transition period 

during recolonisation (spring 1996, compare also Fig. 2), the similarity analysis separated a 

third group C representing the assemblage after recovery in summer and autumn 1996. The 
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assemblage tended back to the undisturbed situation as is visible in the alignment of the 

chronological numbers in group C: The data in group C are the closer located to group A the 

later the sampling date was.  

 

Also at the sheltered site, species number and abundance after the ice winter were 

comparable to 1995 from mid June onwards (Fig. 2). Here, P. elegans (Fig. 6), S. armiger, A. 

marioni, N. diversicolor (Fig. 7) and E. longa (Fig. 8) were the earliest colonising species 

(beginning of May). From the end of May to the beginning of June the abundance of nearly 

all other species started to rise. The bivalves C. edule and Ensis americanus recovered 

latest in mid June (Fig. 9). The recruitment was extraordinarily high, especially of molluscs, 

which resulted in a total individual abundance 8 times higher than in 1995 (Fig. 2). The 

diversity was also higher in summer 1996 due to the occurrence of species such as E. 

americanus, S. armiger, E. longa and Phyllodoce spp. which were found more regularly in 

1996 than in the previous year. In addition, Scrobicularia plana and Spio spp. were found in 

1996 but did not occur in 1995. Larger polychaetes, the dominant group in 1995, were of low 

importance after disturbance (Fig. 3). Instead, small polychaetes formed the dominating 

group from May to mid June. Hereafter bivalves took over and exhibited relative abundances 

of more than 80 % until the end of September. The dominance of predatory polychaetes was 

similar to 1995, but E. longa prevailed instead of Phyllodoce spp.. N. hombergii was not 

found until the end of September. In contrast to the exposed site, no obvious tendency of the 

assemblage to return to the situation of the previous year was detectable at the sheltered site 

according to the MDS plot (Fig. 5). The differences between group A and group B in the MDS 

are based to a great extent on the high recruitment of bivalves and polychaetes.  

 

3.3 Colonisation mechanisms and postlarval dispersal 

To asses the importance of the reproductive season of a species under recolonisation, the 

occurrence of planktonic larvae (compare 2.2.2) or, in case of benthic reproduction, the 

occurrence of the smallest benthic stages in the 125 µm fraction (compare 2.2.1) was 

monitored in 1996. In almost every species a substantial increase in abundance was related 

to the seasonal availability of larvae and small life stages (Fig. 6-9), and thus to the 

reproductive period.  

In most species larval settlement was not the most important colonisation mechanism as 

indicated by the mesh size class which contributed most to colonisation (compare 2.2.1). 

H. filiformis, N. diversicolor, E. longa and C. edule settled at both sites mainly with larger 

individuals found in the 500 µm fraction (Table 1). Postlarval settlement was also important in 

other species, but the patterns developed site-specific: The major proportion of species 
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colonised at smaller sizes at the sheltered site compared to the exposed site (Table 1). Only 

A. marioni, P. elegans and H. ulvae settled with smaller life stages at the exposed site. 

H. filiformis, N. diversicolor, E. longa and C. edule colonised at both sites mainly by 

individuals of the 500 µm fraction.  

 

In C. capitata, Phyllodoce spp. and Polydora spp., the site-specific colonisation patterns were 

coherent to site-specific abundance patterns: At the sheltered site their abundance increased 

from April onwards, peaked in June and declined strongly afterwards. At the exposed site, 

the strong increase was shifted until June and peak abundances were observed in 

August/September.  

The potential of most species to colonise as postlarvae was also reflected in their occurrence 

in drift net and sediment trap samples (compare 2.2.3). Molluscs were the dominant group of 

both water column and bedload transport. Especially in E. americanus, the numbers of 

transported postlarvae exceeded several times those of settling stages in the sediment. 

Among the bivalves, M. arenaria showed the lowest ability to become suspended into the 

water column. Compared to bivalves, polychaetes were observed less frequently in the water 

column, though almost all species were part of the bedload transport. Particularly, 

L. conchilega, H. filiformis, S. armiger and N. hombergii were never caught in the drift net 

whereas N. diversicolor and P. elegans occurred regularly in the water column. Polydora 

spp. were the most frequent polychaetes of the bedload, followed by C. capitata, P. elegans, 

N. diversicolor and Phyllodoce spp.. 
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Fig. 9: Mean (±SD) of molluscs per m² at the exposed site (black line) and the sheltered site (grey 
line) in 1996. All mesh size fractions were included. The circles on top of each graph indicate the 
period of time larvae were observed in the plankton. The larger the circles the higher the 
abundance of small life stages. Graph A = Macoma balthica, B = Ensis americanus, C = Mya 
arenaria, D = Cerastoderma edule, E = Mytilus edulis, F = Hydrobia ulvae 
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4 Discussion 

4.1 Direct and indirect effects of the ice winter  

The effects of the severe winter on the benthic macrofauna of both, the sheltered and the 

exposed site on the Gröninger Plate included high mortality rates, rapid recovery of species 

richness and successful recruitment of several species in the following summer. This is in 

agreement with previous studies carried out in the Wadden Sea (Smidt, 1944; Ziegelmeier, 

1964; Beukema, 1979; Reichert and Dörjes, 1980; Buhr, 1981; Beukema, 1985).  

A direct effect of the severe winter was the disappearance of C. edule, L. conchilega and 

N. hombergii due to their well known susceptibility to cold temperatures (Beukema, 1979; 

Buhr, 1981). According to Reichert and Dörjes (1980) N. hombergii might also be able to 

move into deeper waters. The polychaete M. lunulata is a commensal of L. conchilega and 

thus, vanished with its host. Similar associations could explain the absence of E. bahusiensis 

since Fauchald and Jumars (1979) mentioned an association of Eumida sanguinea with 

L. conchilega.  

Direct effects of the ice winter, however, differed strongly between the two sites. The 

assemblage at the exposed site experienced a strong reduction in species numbers (~75 %) 

and total individual abundance (~90 %). The assemblage at the sheltered site experienced 

only a moderate reduction of species numbers and abundance (~30 %). Species which 

occurred at both sampling sites before the severe winter (in particular A. marioni, N. 

diversicolor, C. capitata, P. elegans, M. arenaria and M. balthica) disappeared from the 

exposed site but where still found in low abundances at the sheltered site. These findings 

corroborate the studies of Beukema (1985) who also observed in the Dutch part of the 

Wadden Sea a stronger response of macrobenthic species to an ice winter at higher situated 

and exposed tidal flats compared to lower tidal flats. The author argued, that higher survival 

rates at lower tidal flats were probably due to higher inundation periods, leaving those sites 

less exposed to harsh temperatures, food reduction and oxygen depletion. Alternatively, 

following settlement N. diversicolor and M. balthica remain mobile (De Vlas, 1973; Heiber, 

1988) and therefore postlarval migrations into less disturbed areas could have been 

responsible for site specific responses of these species.  

 
An indirect effect of the ice winter was the high recruitment of many species. Especially the 

molluscs M. arenaria and H. ulvae showed recruitment overshoots compared to the 

preceding mild winter, but also E. americanus, C. edule and the polychaetes Polydora spp., 

P. elegans, M. sczelkovii, S. armiger and E. longa recruited in higher densities. In bivalves, 

high recruitment is a frequently reported phenomenon after severe winters and attributed to 

1) reduced predation due to the disappearance of many adult bivalves ingesting the 

planktonic larvae, 2) less predation due to the low numbers and late recruitment of decapod 
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crustaceans, and 3) a higher reproductive potential (Munch-Petersen, 1973; Reise, 1985; 

Beukema, 1991; 1992; Honkoop, 1996). The same factors probably affect the recruitment 

strength of polychaetes, though little is known for this taxon. From long-term data, Beukema 

(1987) reported that an increase of S. armiger after cold winters was coupled to a decrease 

of its predator N. hombergii. Similarly, in field and laboratory experiments Desroy et al. 

(1998) observed that N. hombergii influenced the recruit abundance of its prey N. 

diversicolor. Both observations are corroborated by the results of our study. However, the 

decisive factors for a poor or a strong recruitment of a species after a severe winter are still 

fairly unknown and differ between the species.  

 

In summary, differences in species composition (bivalves and small polychaetes instead of 

larger polychaetes) and the extraordinary individual numbers caused the substantial change 

of the sheltered assemblage in June 1996 which was only marginally affected by direct ice 

winter effects. In contrast, the structure of the exposed assemblage changed substantially 

during the cold, but species recovered in moderate abundances, resulting in a tendency of 

the assemblage to return to the undisturbed situation.  

 
4.2 Factors controlling recolonisation and succession 

Over the last decades, several biotic models and environmental approaches with different 

focus (e.g. species life history, resource exploitation, biotic interactions) have been 

developed to explain succession in soft sediments (Connell and Slayter, 1977; Rhoads et al., 

1978; Pearson and Rosenberg, 1978; Thistle, 1981). The results of the present study 

revealed that the dynamics of recolonisation and early succession cannot be explained by 

one of these models alone, but result from combined effects of biological and physical 

factors. The species specific timing of reproduction, postlarval dispersal, habitat 

characteristics (current flow and sediments) as well as biotic interactions all act together and 

determine the temporal and spatial recolonisation patterns as was suggested by Zajac and 

Whitlatch (1985) in their hierarchical model on succession in soft sediments, which 

comprised environmental conditions, species life histories and biotic interactions as three 

interacting levels. 

 

Life history traits 

The roles of life histories have attained much attention to explain succession in soft 

sediments. One generalisation is that species with r-selected life history traits (many 

reproductions per year, small size, sedentary) respond in an opportunistic fashion (early 

colonisers, high recruitment) and dominate the initial stages of succession while K-selected 

species (few reproductions, large size, mobile) dominate the late succession stages (Grassle 
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and Grassle, 1974; Pearson and Rosenberg, 1978; Rhoads et al., 1978, Arntz and Rumohr, 

1982). However, many other studies reported contradictory results to this approach (Wolff et 

al., 1977; Zajac and Whitlatch, 1982; Thrush et al., 1992; Beukema et al., 1999). Also our 

study does not confirm the r- and K-selection theory: Only P. elegans and M. sczelkovii, 

which as small tubicolous polychaetes are considered to be opportunists (McCall, 1977), 

colonised early and in high abundances after the ice winter. The strong r-selected species 

C. capitata (Grassle and Grassle, 1974), however, colonised in low numbers only. The 

severe winter did not result in a complete defaunation and the lack of a strong signal could 

have hampered the classical boom of opportunists. On the other hand recolonisation after 

defaunation of 20 m² plots located in the same area also showed no clear opportunistic 

responses (Dittmann et al., 1999). Species responses in dynamic estuarine systems can be 

highly variable and depend upon the time and size of disturbance as well as on historical 

features of a habitat. (Zajac and Whitlatch, 1982) The Wadden Sea is a relatively young and 

highly variable ecosystem. Along a r-K-continuum, all macrobenthic species of the Wadden 

Sea tend to r-selective. In our study, a substantial increase of species abundance occurred in 

general coincidence with its reproductive period. Therefore the course of succession after an 

ice winter appears to depend highly upon the seasonal availability of settling stages such as 

larvae and small postlarvae.  

 

Colonisation mechanisms and postlarval dispersal 

The colonisation mechanisms (larval vs. postlarval settlement) of species depend on their life 

histories, their life stage specific potential to disperse and on hydrodynamics (Armonies, 

1994; Commito et al., 1995; Shull, 1997). The relative contribution of different life stages on 

recolonisation is generally assumed to differ with the size of the disturbed area whereby the 

importance of larval settlement increases with the size of disturbance (Günther, 1992; 

Whitlatch et al., 1998). However, only a few studies on large-scale disturbances refer to the 

size of colonists (Simon and Dauer, 1977; Santos and Simon, 1980).  

Estimated from the individual numbers of the three mesh size fractions used in this study, it 

was apparent that recolonisation was a combined result of larval settlement and postlarval 

immigration. Only L. conchilega colonised exclusively by larvae. In molluscs which usually 

settle at sizes retained by a 125 µm mesh (Möller and Rosenberg, 1983; Günther, 1991), 

postlarval stages (250 and 500 µm fractions) contributed highly to recolonisation processes. 

This was particularly true for C. edule since the major proportion of settling individuals was 

found in the 500 µm fraction. The high rate mollusc postlarvae had on the recolonisation 

process is in agreement with their frequent occurrence in the drift net and the sediment trap 

samples, and supports previous studies which demonstrated that molluscs remain mobile for 

several months after initial settlement (Armonies, 1992; Beukema, 1993; Commito et al., 
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1995; Jaklin and Guenther, 1996; Olivier et al., 1996). Relative to the individuals numbers of 

the sediment samples, we found water column transport to be most important in 

E. americanus and H. ulvae, intermediate in M. balthica and C. edule and of minor 

importance in M. arenaria. A similar rank for bivalves regarding their potential to disperse is 

reported from the North Frisian Wadden Sea (Armonies, 1996). 

Among the polychaetes, postlarval colonisation was the dominant mechanism in the errant 

species E. longa and N. diversicolor and to some lower extent in Phyllodoce spp.. These 

species are discretely to fully motile (Fauchald and Jumars, 1979) which explains their 

regular occurrence in both water column and bedload. Also in other studies juveniles or 

adults of these species were observed to repopulate large (120 m²) defaunated plots 

(Beukema et al., 1999) or to drift with the tidal currents (Armonies, 1994; Jaklin and 

Guenther, 1996).  

Postlarval colonisation was also common in larger sedentary polychaetes, particularly in H. 

filiformis. The main dispersal mechanism in H. filiformis seems to be the bedload transport 

since no individuals were found in the drift net samples. However, total individual abundance 

in the sediment trap samples was low, too. This could be due to our methods (too large 

meshes for the drift net, only two sampling periods for the sediment trap) or the biology of H. 

filiformis as they grow rapidly after settlement and burrow deeper into the sediment (Shaffer, 

1983) which in turn reduces the displacement probability of a species (Palmer and Molloy, 

1986; Roegner et al., 1995). The same explanations might be true for S. armiger since the 

contribution of postlarval settlement on recolonisation was also high, but no dispersing 

individuals were caught though reported for S. armiger (Armonies, 1994) and other species 

of this genus (Dauer et al., 1982; Tamaki, 1987).  

Postlarval settlement was also common in the small tubicolous polychaetes P. elegans, 

Polydora spp. and C. capitata which corroborates findings of Shull (1997) that also 

”hemisessile” and tube-building polychaetes dispose of various colonisation mechanisms. A 

high potential to disperse is supported by their regular occurrence in the sediment trap 

samples. Moreover, these species occurred in the drift net samples to a similar extent as 

errant polychaetes which besides their small size can be explained by their living near the 

surface which increases the likelihood for entrainment by the currents (Palmer and Molloy, 

1986). On the other hand postlarvae of tube-building polychaetes might also have the ability 

to produce a mucus thread to initiate transportation as reported for juvenile Pectinaria koreni 

(Thiébaut et al., 1996), but yet too little is known about dispersal mechanisms of sedentary 

polychaetes.  
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Habitat conditions 

Following the ice winter, recolonisation developed site-specific. The abundance of many 

species increased earlier at the sheltered site and exhibited much higher densities compared 

to the exposed site. The formation of this distribution pattern can be attributed to different 

sediment characteristics of the habitats created by the hydrographic regime. Flow conditions 

play a key role for larval settlement and postlarval dispersal (Eckman, 1983; Butman, 1987; 

Roegner et al., 1995). At the sheltered site, larval settlement processes were more important, 

and in species which colonised to a high proportion as postlarvae (e.g. S. armiger, M. 

balthica, M. arenaria), the individuals settled with smaller sizes than at the exposed site. Low 

flow conditions at the sheltered site very likely enhanced the passive deposition of young life 

stages whereas higher flows at the exposed site initially retarded recolonisation through 

increased erosion and/or prevention of settlement. Alternatively, these patterns could have 

also derived from preferences of larvae and recruits for finer sediments. For instance H. 

ulvae and H. filiformis prefer muddy sediments over sand (Shaffer, 1983; Barnes, 1999) 

whereas L. conchilega occurs in sandy sediments (Reichert and Dörjes, 1980). However, 

settlement of species such as Phyllodoce spp. and Eteone longa which have a lower fidelity 

to particular sediment types (Hartmann-Schröder, 1996) was initially enhanced at the 

sheltered site. Therefore we assert that the lower flow conditions at the sheltered site 

increased the deposition of larvae and postlarvae, and thus accelerated recolonisation at this 

site. Similar conclusions about the effects of flow on recolonisation were drawn by Hsieh and 

Hsu (1999) from defaunation experiments. 

The influence on and the importance of the habitat conditions for the recolonisation 

processes was most distinct in the patterns found in Polydora spp., C. capitata and 

Phyllodoce spp.: At the sheltered site their abundance increased from April onwards, peaked 

in June and declined strongly afterwards. Here, these species colonised primarily as larvae 

and small postlarvae (125 and 250 µm fraction). At the exposed site the strong increase was 

shifted until June and peak abundances were observed in August/September. At this site, 

they colonised exclusively as larger postlarvae (500 µm fraction). Since these species were 

frequently observed in the bedload traps, we assume that in these species a change from a 

sheltered to an exposed habitat occurred by stepwise transport of postlarval stages. These 

examples reveal that local gaps of larval settlement can rapidly be balanced by postlarval 

immigration. 

 

Biotic interactions 

Biotic interactions might have played an important role for recolonisation at the exposed site. 

Dense aggregates of tube-builders can change the sediment characteristics by reducing the 

near bottom flow and accumulating fine particles (Fager, 1964; Daro and Polk, 1973) which 
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in turn may facilitate the colonisation of other macrofauna (Gallagher et al., 1983). At the 

exposed site, recruitment of P. elegans started early and peak densities of 80 000 ind.m-2 

were already reached in mid July coincident with the increase of the abundance of Polydora 

spp., C. capitata and Phyllodoce spp. Dense tube lawns might disrupt the bedload transport 

and accumulate postlarvae. However, the flow effect may interfere with site selections of the 

postlarvae. Thistle (1981) argued that species respond to food resources rather than to 

habitat conditions. C. capitella, for example, has been shown to be a habitat generalist, but a 

food specialist preferring to feed on fine particles (Whitlatch, 1980). Regardless of the 

reason, the establishment of tube-building species and their sediment stabilising effect 

seems to be important for recolonisation processes in high flow areas as predicted from 

defaunation experiments carried out by Thrush et al. (1996).  

The declining abundance of M. arenaria, E. americanus and M. balthica at the sheltered site 

in July was not coincident with a distinct increase at the exposed site, though postlarval 

transport was high. Following larval settlement, the latter two species are known to leave the 

tidal flats and move into deeper waters (Beukema, 1993; Armonies and Reise, 1999). Thus, 

the actual factors leading to the observed recolonisation patterns differ strongly among 

species.  

 

 

Conclusion 

Our study supports the conclusion drawn by Beukema (1985) that ”the most important effects 

of a severe winter apparently are not the short decline of the tidal fauna but rather the almost 

immediate and exuberant recovery”. Recolonisation reflected combined results of habitat 

conditions, population processes and biotic-hydrodynamic interactions, namely facilitation by 

tube-builders. According to higher rate of larval and postlarval settlement, we assume that 

recolonisation is initially accelerated in low flow habitats if disturbance takes place before 

species reproduction starts. The establishment of polychaete tube lawns seems to be 

important in the colonisation speed of high flow habitats. The eminent mobility of postlarval 

stages of most species significantly influences recolonisation and highly improve the 

recovery time even when larval settlement is low. Since this is essential for the high 

resilience of this system to disturbance, postlarval colonisation must be incorporated into 

models about succession in soft-sediments. Future studies should also focus on the 

distances over which postlarval dispersal is effective since our results suggest that this 

process is not limited to small- and meso-scales as previously assumed (Günther, 1992; 

Whitlatch et al., 1998).  
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