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CHAPTER 1 

General introduction 

In estuaries, sediment is transported by the tidal movement of water resulting in the 
formation of intertidal mudflats. These mudflats harbour a complex ecosystem of 
bacteria, primary producers, grazers, and predators. Because of the frequent 
immersion of intertidal mudflats, the chemical and physical environment of 
organisms inhabiting a mudflat is extremely dynamic, and the adaptations that they 
have developed to survive and grow in the estuarine environment have long been 
the subject of extensive study (Round, 1971; Perkins, 1974; Mclntire & Moore, 
1977; Admiraal, 1980; Wolff, 1980; Admiraal et al., 1983). The primary producers 
are mainly benthic diatoms. Diatoms are photo trophic unicellular algae that are 
characterized by a silica frustule enveloping the cell. A characteristic feature of 
these organisms is the secretion of large amounts of polysaccharide ("mucilage"), 
forming a matrix on the surface of the sediment, in which cells are embedded 
(Hoagland et al, 1993). The exopolysaccharide matrix probably serves to enhance 
survival and competitive advantage of the cells in several ways. In addition, the 
exopolysaccharide matrix changes the physical behaviour of surficial sediment in 
such a way that erosion decreases (Holland et al., 197'4; Vos et ai, 1988; Paterson, 
1989), a process which may influence total sediment transport within the estuary 
(Frostick & McCave, 1979; Grant et ai, 1986). Therefore, when a project was 
initiated in order to quantify and model cohesive sediment transport in an estuary 
(the BOA research theme on tidal areas), one of the aspects that were studied was 
exopolysaccharide production by benthic diatoms. This introduction presents a 
description of the BOA project. Furthermore, the concept of biostabilization is 
introduced in more detail, and several aspects of polysaccharide secretion by 
benthic diatoms are reviewed. 

Sediment stabilization 

Total sediment transport in an estuary consists of two components: horizontal 
transport (e.g. exchange between channels and tidal flats) and downward vertical 
transport (sedimentation) (Postma, 1980). Total vertical transport is the result of 
sedimentation and resuspension (the sedimentation/erosion cycle). Sedimentation 
and erosion rates are a function both of physical factors (waves and currents induce 
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erosion) and biotic factors (biologically induced flocculation in the water column 
may change sedimentation rates (Van Leussen, 1986)). In addition, processes taking 
place in or on the sediment may influence erosion rates. These also include physical 
processes (consolidation, atmospherical processes (dewatering/rainfall) (Anderson, 
1983)), and biotic processes. Due to the presence and activity of organisms in or on 
the sediment surface the critical bottom shear stress for erosion, i.e. the shear stress 
exerted on the sediment surface necessary for resuspension of particles, is altered. 
A biologically induced increase in the critical bottom shear stress for erosion is 
defined as biostabilization. Montague (1986) and Paterson (1997) reviewed the 
biological processes that have been shown to significantly enhance sediment 
stability (i.e. increase the critical bottom shear stress for erosion). For instance, it 
has been established that network formation by filamentous cyanobacteria 
enhances stability of the sediment (Neumann et al, 1970; Meadows et al, 1994; 
Yallop eta/., 1994). Also, erosion rates are decreased by reduction of flow above the 
sediment due to the presence of faunal tubes (Luckenbach, 1986) or sea grasses 
(Gambi et al, 1990). Bacteria as well as meio- and macro fauna may secrete 
polysaccharides, by which sediment stability is increased (Grant & Gust, 1987; 
Dade et al, 1990). Secretion of polysaccharides by benthic diatoms is considered 
one of the most important biostabilizing processes, especially on the fine-grained 
sediments that characterize intertidal mudflats (Holland et a/., 1974; Grant et al, 

1986; Vos étal, 1988; Paterson, 1989; Underwood & Paterson, 1993a; Sutherland et 

al, 1998). The exopolysaccharide matrix influences the behaviour of surficial 
sediment in several ways: 1) surface roughness is decreased, which leads to lower 
turbulent resuspension rates (Vos et al, 1988), 2) sediment particles are physically 
and/or chemically trapped in the exopolysaccharide matrix (Coles, 1977; Frostick 
& McCave, 1979; Vos et al, 1988; Delgado et al, 1991; Underwood & Paterson, 
1993b), and 3) chemical cohesion between particles is enhanced due to the higher 
content of organic material (Daborn eta/., 1993; Black, 1997; Blanchard et al, 1997). 
However, the amount of detailed data on the chemical composition of the material 
secreted by marine benthic diatoms is still rather limited, as well as on the 
relationship between composition and the sediment stabilizing mechanism. 
Another important question is how relevant biostabilization by benthic diatoms 
really is for total estuarine sediment transport. For instance, how large are the 
temporal and spatial variability of diatom growth and polysaccharide secretion? 
How rapid is the turnover of secreted polysaccharides? And what is the effect of 
tidal immersion on the exopolysaccharide matrix? 

Not all biological processes lead to an increase in sediment stability. For 
instance, grazing of benthic diatoms by meio- and macrofauna may lead to a 



general introduction 

decrease in the critical shear stress for erosion. Furthermore, the amphipod 
Corophium volutator, which is often dominant on intertidal mudflats, is a 
burrowing species that causes bioturbation of the sediment and thereby decreases 
sediment stability. 

The general objective of the BOA project was to study processes that influence 
transport of fine-grained cohesive sediment in an estuary, with a focus on processes 
taking place on or above intertidal mudflats. The area of research of the project was 
the Heringsplaat, a large tidal flat in the centre of the Ems-Dollard estuary. The 
approach taken was to obtain long-term in situ measurements on some key 
parameters that influence sedimentation and erosion. These were combined with 
detailed (laboratory) studies on specific processes. Ultimately, a sediment transport 
model was developed integrating the different studies and extrapolating field results 
to the scale of the tidal basin. Aspects that were considered key mechanisms in 
determining sediment transport were studied in separate projects. These aspects 
included: settling of cohesive aggregates, effects of benthic diatoms on sediment 
bed strength, effects of meio- and macrofauna on sediment bed strength, and 
turbulence structure close to the sediment bed. 

Exopoly'saccharide production by marine benthic diatoms 

Benthic diatoms can generally be divided into epipsammon (species attached to 
sand) and epipelon (species attached to mud). Generally, epipelic species exhibit 
extensive motility, in contrast to epipsammic species (Mclntire & Moore, 1977). 
On mudflats, the diatom community consists almost exclusively of epipelic species. 
They can be observed as brown patches on the sediment surface, appearing at the 
start of daytime emersion in response to light and the receding tide. At the 
beginning of the dark period or of immersion, they migrate to deeper sediment 
layers and the brown colouring of the sediment disappears. Hopkins (1966) made a 
detailed study of the rhythmicity of diatom motility. It was shown that migration is 
subject to an internal rhythm, which is re-enforced by light and tide (Hopkins, 
1966; Paterson, 1986; Pinckney & Zingmark, 1991). For instance, Serodio et al. 

(1997) showed that when diatoms were incubated in the dark, they continue to 
migrate to the surface of the sediment at the start of subjective daytime emersion 
for several days. The mechanism of diatom locomotion and the role of 
exopolysaccharides in this mechanism has been the subject of much discussion. 
Many theories have been developed, which are reviewed by Edgar & Pickett-Heaps 
(1984). Initially, it was proposed that the extrusion of exopolysaccharides in itself 
generated the force for locomotion: upon hydration, the polysaccharides would 
swell and force the cell to move into the opposite direction (Hopkins & Drum, 
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1966; Harper & Harper, 1967). However, it is now clear that the force for 
locomotion is provided by contractile components of the cytoskeleton (actin 
microfilaments) (Edgar & Pickett-Heaps, 1984; Wetherbee et al, 1998). The cell is 
displaced as a result of substrate-bound exopolysaccharides moving along the 
longitudinal opening in the silica frustule (the raphe), the force for this movement 
being generated by the actin bundles. Hence, the function of exopolysaccharides is 
primarily to anchor the cell to a solid substrate (Wetherbee et al, 1998). 
Experimental evidence for such a function of exopolysaccharides in motility has 
been given (Lind et al, 1997; Wang et al, 1997). However, Edgar & Pickett-Heaps 
(1984) calculated that not much polysaccharide is necessary in this mechanism 
(hence the metabolic expense is not high). Considering the copious quantities of 
exopolysaccharide produced by motile diatoms, it seems likely that the 
exopolysaccharide matrix fulfills other functions as well. For instance, in muddy 
sediments, light attenuation is high and cells experience dark conditions at depths 
greater than a few 100 um (Fenchel & Straarup, 1971). In order to harvest light, 
cells have to move to the surface of the sediment, where light intensities are high 
(Fenchel & Straarup, 1971). Therefore cells are forced to cope with high light 
intensities and may have to revert to overflow metabolism, where photosynthate 
produced in excess of growth requirements is stored or secreted (Ruddy et al, 

1998a). Indeed, it has been reported that polysaccharide secretion by benthic 
diatoms is enhanced during stationary growth (Lewin, 1955; Bhosle et al, 1995; 
Sutherland et al, 1998), indicating that secretion is dependent on growth status. 
Other possible functions of the exopolysaccharide matrix include protection of 
cells against desiccation, which seems especially important when cells are in full 
sunlight. In addition, when considering the dynamic environment in which epipelic 
diatoms grow, the exopolysaccharide matrix may serve as a barrier against other 
rapid chemical and physical changes. Several other functions can be envisaged, such 
as complexation of inorganic nutrients or protection against grazing. Within the 
context of the BOA project, it was important to understand the steering factors for 
secretion. For instance, light and nutrients are important factors controlling growth 
of benthic diatoms. One of the main questions was, therefore, how polysaccharide 
secretion related to these factors. 

Objectives 

The basic question underlying the research described in this thesis was : how 
important is polysaccharide secretion by epipelic diatoms for estuarine sediment 
transport? To answer this general question, both field surveys and laboratory 
experiments were undertaken, which focussed on specific aspects. First, the 
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seasonal and spatial variations in benthic diatom growth and secretion on a tidal flat 
were investigated, and these were related to sediment stability and sediment 
composition. 

The results of these field surveys are given in chapters 2 and 3, and the 
implications for the relative importance of biostabilization by benthic diatoms for 
sediment transport are discussed. Subsequently, laboratory experiments were 
performed with monoalgal cultures, in which detailed aspects of polysaccharide 
secretion were studied. The secreted material from two species of epipelic diatoms, 
Cylindrotheca closterium (Ehrenb.) Reimann and Lewin and Navicula salinarum 

Grun. in CI. & Grun., was isolated and chemically analyzed (chapter 4). The effects 
of changes in nutrient and light conditions on exopolysaccharide accumulation 
were studied in cultures of C. closterium (chapters 5 and 6). To be able to translate 
laboratory results to the field situation, some of the experiments performed with 
monoalgal cultures were also performed in situ. 
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