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Summary

Within the microbenthic community, diatoms play an important role in terms of food
source for grazers and suspension feeders. Furthermore, they contribute significantly
to the primary production on intertidal flats and in coastal waters world wide.
Numerous studies have now documented microalgal biomass, primary production
and other aspects of their ecology in many habitats. However, knowledge on the
resuspension of diatoms or the effect of hydrodynamic forces at the species level is
sparse but a better understanding of processes at the sediment/water interface and
of potential consequences for the ecosystem regarding climate change is urgently
required. In addition, knowledge of the effect of hydrodynamics in the intertidal is
important because this force links and alters various processes from small scale
areas at the sediment/water interface to ecosystem as a whole.

The microscopic algae inhabit the sediment and water column and a terminology
exists for referring to the habitats occupied by the diatoms, including pennate and
centric forms, concerning their life mode: epipsammic (attached to a substratum),
epipelic (cells are associated with the sediment, mainly motile) and petagic diatoms
that will occur mainly in the water column. A variety of diatoms are frequently found in
both habitats, and often described as tychopelagic: a life mode with pelagic forms
that are likely to have settled from the plankton and conversely, benthic diatoms that
are readily resuspended. One aim of this thesis was to investigate the diatom
community in the water and on the sediment surface and to establish the life mode of
selected species in order to gather background information for further studies
concerning bentho-pelagic coupling. The increased resolution of the identification
and cell counts revealed a discrimination at the species level. Several species,
notably of the genera Diploneis and Achnanthes, were found to react to altered flow
conditions by presenting enhanced cell numbers on the sediment under increased
flow or reduced flow, respectively. Furthermore, Diploneis, previously assumed to be
a benthic species, is now shown to adopt a tychopelagic life style.

Settling processes during slack water phases and resuspension caused by wind-
induced waves and tidal currents lead to a blurring of the boundaries between the

two communities.



Summary

The present study investigated for the first time the influence of altered flow
conditions and turbulence on diatoms in situ. This enabled us to take into
consideration the effects of wind direction, wind force and tidal currents on the
coupling. For this purpose a three-current-flume construction was deployed modifying
the flow velocity. The study was carried out on a Wadden Sea intertidal flat at Sylt
island in the North Sea, Germany, on 6 dates between July and September 2003.
Analyses of chlorophyll a (chl a), suspended matter (SPM), cell counts, particulate
organic carbon (POC), particulate organic nitrogen (PON) and species analysis on
the sediment surface and in the water column served to characterise the relationship
between the two communities. Flow characteristics were measured using the
Acoustic Doppler Velocimeter (ADV) technique to calculate the physical parameters
describing bottom shear stress and turbulence in order to assess the impact of
hydrodynamics on diatom species and cell-size groups.

Results showed that wind direction, —velocity and fetch had the greatest influence on
the variability of the samples, superimposed as they were on tidal forces.

An increase in flow velocity reduces turbulence, whereas under reduced flow
conditions turbulence exerts stochastic resuspension events by lowering the critical
bed shear stress. This affects small diatoms (< 20 ym) of the benthic community that

are entrained into the water column.



Zusammenfassung

Innerhalb der benthischen Lebensgemeinschaft spielen Diatomeen eine wichtige
Rolle hinsichtlich ihrer Verfugbarkeit als Nahrung fir Weideganger und
Suspensionsfresser. Des weiteren tragen sie weltweit in erheblichem MaRe zur
Primarproduktion im Gezeitenbereich der Kistenregionen bei. Zahlreiche Studien
dokumentieren bis zum heutigen Tage Mikroalgen-Biomasse, Primarproduktion und
weitere oOkologische Aspekte in diversen Habitaten. Es besteht jedoch nur ein
begrenztes Wissen Uber das Resuspensionsverhalten von Diatomeen oder den
Einfluss von hydrodynamischen Kraften auf Artenzusammensetzung. Ein besseres
Verstandnis der Prozesse an der Sediment/Wasser Grenzfliche sowie von
méglichen Auswirkungen auf das Okosystem hinsichtlich eines Klimawechsels ist
dringend erforderlich. Besonders im Gezeitenbereich sind Kenntnisse (ber
Hydrodynamik erforderlich, da diese Kraft hier diverse Prozesse verbindet und auch
verandert, die sowohl im kleinskaligen Bereich der Sediment/Wasser Grenzflache als
auch auf ganzer Okosystemebene Auswirkung haben.

Die mikroskopisch kleinen Algen leben auf dem Sediment und in der Wassersaule
und zeigen dem Habitat entsprechende Lebensweisen: epipsammisch (an ein
Substrat angeheftet), epipelisch (mit dem Substrat assoziiert und (iberwiegend
freibeweglich) und pelagische Diatomeen, deren Hauptvorkommen in der
Wassersaule liegt.

Eine Anzahl von Arten ist hdufig in beiden Lebensrdumen zu finden und werden als
tychopelagisch bezeichnet; planktische Formen, die sich auf den Boden absinken
lassen, und umgekehrt benthische Formen, die leicht in Resuspension gehen.

Ziel dieser Arbeit war unter anderem, die Diatomeengemeinschaft im Wasser und auf
dem Sediment zu untersuchen und die Lebensweise festzustellen, um
Hintergrundinformationen fur weiterflihrende Studien Uber benthopelagische
Verknupfungen zu erhalten. Die intensive Bestimmungsarbeit und Zellzahlungen
ergaben, dass Unterschiede im Resuspensionsverhalten auf Artebene stattfinden.
Mehrere Arten, wie z.B. der Gattungen Diploneis und Achnanthes, reagierten auf
Strdomungsanderungen mit hoéheren Abundanzen auf dem Sediment unter
beschleunigter Strdmung bzw. reduzierter Strémungsgeschwindigkeit. Desweiteren
konnte gezeigt werden, dass die bisher als epipelisch geltende Diploneis eine

tychopelagische Lebensweise flihrt.



Zusammenfassung

Aussinken wahrend der Hochwasserphasen und Resuspension angetrieben durch
windinduzierte Wellen und Gezeitenstromungen filhren zu einem Verwischen der
Grenzen zwischen den beiden Gemeinschaften.

Die vorliegende Studie untersuchte erstmals in situ den Einfluss von veranderten
Stromungsbedingungen und Turbulenz auf Diatomeen. Dieses Vorgehen erméglichte
den Einfluss von Windrichtung und Geschwindigkeit sowie den Gezeitenstrom in die
Betrachtung von benthopelagischen Beziehungen zu integrieren. Zu diesem Zweck
wurde ein Strébmungskanal (“three-current-flume®) eingesetzt, mit dem die
Stréomungsgeschwindigkeit manipuliert werden konnte. Die Untersuchung wurde im
norddeutschen Teil des Wattenmeeres auf der Insel Sylt an 6 Tagen zwischen Juli
und September 2003 durchgefuhrt. Analysiert wurden Sediment und Wasserproben
auf folgende Parameter: Chlorophyll a (chl a), Schwebstoffkonzentration (SPM),
partikularer Kohlenstoff und partikularer Stickstoff (POC, PON) sowie Zellzahlungen
und Artbestimmung der Diatomeengemeinschaften. Die Ergebnisse wurden zum
Vergleich der beiden Gemeinschaften (Wasser/Sediment) herangezogen.
Stromungseigenschaften wurden mit Hilfe einer ADV-Sonde (Acoustic Doppler
Velocimeter) gemessen und Schubspannungen sowie Turbulenz errechnet. Die
Ergebnisse geben Aufschluss (ber den Einfluss von Hydrodynamik auf
Diatomeenarten und GréRenklassen.

Es konnte gezeigt werden, dass Windrichtung und Geschwindigkeit sowie “Fetch”
den grofiten Einfluss auf die Variabilitat der Resultate hatten. Auch die Auswirkungen
der Gezeitenstrémungen waren diesen Faktoren untergeordnet.

Ein Anstieg der Strémungsgeschwindigkeit verminderte Turbulenz, wohingegen unter
reduzierten Strémungsbedingungen Turbulenz aufgrund kurzfristiger Verringerung
der Schubspannung punktuelle Resuspension auslbte. Hiervon betroffen waren
kleine Diatomeen (< 20 ym) der benthischen Gemeinschaft, die in die Wassersaule

aufgewirbelt werden.



General Introduction

Chapter 1

General Introduction

Intertidal flats

The Intertidal zone, or littoral zone, is the area of shoreline between the high tide and
low tide marks. Communities of marine intertidal sediments flat are among the most
diverse of aquatic communities. They are highly dynamic systems that are subjected
to repeated exposure and inundation as the tide rises and recedes. Particularly
during the exposure, this leads to changes in the physical, chemical and biological
forces which are often unpredictable due to their inter-related nature and effects of
changes of one component on the other are therefore difficult to interpret. The
morphology of the sand flat and its location with respect to tidal nodes determines the
tidal frequency and range, the change in hydration of the sediment over a tidal cycle
and — in so far as the strength of tidal current determines the dynamic energy
available for resuspending the sediments — the clarity of the water column and the
level of light available to the benthos. Reduction in energy as waves proceed inshore
upon inundation resuits in changes in the sediment grain sizes deposited. Salinity is
affected by the strength of evaporation due to solar heating during low tide, as well
as by proximity to rivers, which may also bring a high loading of coloured, dissolved
substances. During emersion, changes of temperature, hydration, salinity and light
availability are often especially strong. Seasonal changes can also be profound with
interstitial temperatures above 40 °C during emersion in summer or around zero with
ice covering in winter. Owing to exposure to many of these factors, intertidal flats
represent a complex ecosystem and comprise a habitat for a large variety of
organisms ranging from microfauna/flora and macroflora to fish and wading birds
visiting the sand or mudflats at low tide. Therefore, this ecosystem is not only
important as a feeding ground but also with regard to commercial aspects. The
coasts of the Wadden Sea are important areas for recreation, providing a strong
base for tourism, and also for fishery, and should be controlled by responsible
coastal management for the protection and sustainability of the ecosystem Wadden
Sea. Man made threats such as eutrophication and pollution have a strong impact on
coastal regions. The actual climate change and subsequent sea level rise is a subject
of great concern for the Wadden Sea and its islands. Considering the fact that marine
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General Introduction

flora and fauna are closely linked with the environmental changes, the entire coastal
ecosystem might be affected.

The Wadden Sea ecosystem can be regarded as comprising several habitats which
include, for example, the intertidal zone, the sublitoral zone, with sandy and muddy
sediments, seagrass areas, mussel beds and beaches harbouring a great variety of
organisms. Each of these biotopes must be studied carefully before its relationship to

the others becomes clear and leads to an understanding of the complete ecosystem.

Syit

Ecological and biological research on Sylt (North Frisian Wadden Sea) has a long
tradition dating back 130 years which has resulted in a comprehensive literature
database (see for example Gatje & Reise 1998, Asmus & Asmus 1990, Armonies &
Reise 2000, Reise 2002). The island is connected to the mainland by a causeway
which forms the Sylt-Remg Basin, a semi enclosed lagoon. Water is exchanged with
the North Sea via a 2.8 km wide tidal inlet called Lister Tief. Tides are semi-diurnal
with a range of about 2 metres. Salinity ranges between 28 and 32 psu. The
influence of freshwater in the basin is negligible (Backhaus et al. 1998). Sandy
sediments prevail over muddy sediments and, according to Asmus et al. (1998), 45
% of the gross primary production (309 g C m? a') is produced by
microphytobenthos. Figure 1 shows a map of the island of Sylt and an overview of

the sampling site.



General Introduction

Figure 1. Map of Sylt. Asterisk indicates the sampling site; arrow leading to the site (aerial photo) at
the east coast of the island with the three-current-flume device, used to measure the effect of altered
current velocities in situ.

Diatoms

Diatoms belong to the class of Bacillariophyceae and constitute a major component
of the planktonic and microphytobenthic community. The expression
microphytobenthos describes microscopic, photosynthetic eukaryotic algae and
cyanobacteria that live on seafloor habitats ranging from wave-swept beaches to
detritus-laden brackish water lagoons. They inhabit a layer at the sediment-water
interface that, depending on grain size, hydrodynamics and light infiltration, might
extend from millimetres to a depth of 10 or more centimetres. It is a community that is
continually lost due to resuspension and feeding pressure and replenished by
sedimentation and growth. The nature of this environment influences both the
productivity of the microphytobenthos and the ways in which it is exploited by
grazers. The carbon fixed by microphytobenthos supports not only directly grazing
macrofauna, meiofauna and microfauna, but also suspension-feeders and deposit-
feeders. Thus they play a significant role in trophic interactions and for secondary
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General Introduction

production (Miller et al.,, 1996; Sullivan & Moncreiff, 1990). Because of their
widespread distribution, their occurrence in the water column and on the sediment
bed of intertidal and subtidal zones, diatoms have a key function as primary
producers in the open oceans and littoral zones (Colijn & DeJonge 1984, Pinckney &
Zingmark 1991, Cahoon 1999).

Although the general ecology of many coastal diatoms is well defined (e.g. Hendey
1964, Denys 1991/92, Zong & Horton 1998), there is still little information about the
ecology of various species, particularly their life mode. Due to their size and due to
methodological difficulties, the small, benthic species are still largely unquantified and
under-represented in research data dealing with sandy intertidal flats. Brockmann
(1950) was the first to try to relate species composition to types of sediment and
further research indicated that epipelic diatoms can only colonise where the median
grain size is sufficiently small (deJonge 1985, Staats et al. 1999) Physiological and
ecological studies of benthic diatoms have been mainly restricted to the epipelic
fraction. Epipelon and epipsammon are terms that describe organisms living on
sediment (unattached) or on sand grains (either attached or unattached), respectively
(Round 1981). Epipsammic diatoms living attached to sand grains can be found to
use their substratum in different ways. So-called prostrate species like Cocconeis, for
example, are attached to the flat surfaces with the length of their frustule whereas
small Amphora or Navicula species can be found to inhabit crevices and
depressions. Species of the genera Achnanthes or Opephora live attached to the

sand grains by the aid of a strong but flexible stalk of polysaccharides.

Both epipelic and epipsammic forms occur on mixed or sandy sediments, with a
decreasing fraction of epipelic forms with intensifying energy (Paterson & Hagerthey
2001). Particle size of sediments is also important for the distribution of diatom taxa.
A high diversity of taxa can be found in and on sediments. On tidal flats, a
discrimination between sediments with fine grains and high organic content, and
sandy substrata where diatom assemblages are dominated by epipsammic species
is therefore necessary. Zong and Horton (1998) showed a clear diatom zonation from
tidal flat through saltmarsh to upland environments present at all study sites,
although environmental conditions varied between the sites. Dominant members of
benthic communities are pennate, prostrate forms. But centric forms can also be

found associated with the sediment and resuspended into the water column upon
10



General Introduction

inundation, a life mode called tychopelagic (Cahoon 1999). These bentho-pelagic
species contribute to the pelagic system in terms of primary production and as a food
source for suspension feeders (DeJonge & van Beusekom 1995, DeJong & DeJonge
1995).

The role of diatoms in sediment stability

Diatoms can excrete a considerable part of the photosynthetically fixed carbon as
extracellular polymeric substances (EPS) which mainly consist of carbohydrates
(Staats 1999). The cells become embedded in a matrix of EPS which is, depending
on the coarseness of the sediment, able to bind the sediment, thus forming a biofilm.
By forming these biofilms, epipelic diatoms create their own microenvironment that
partly protects them from the rapidly changing conditions on intertidal flats but may
also provide benefits for the cells by preventing desiccation and by trapping nutrients
(Decho 1994). The relative composition and production rates of the low and high
molecular weight components of EPS vary over tidal cycles and with light intensity,
nutrient availability and the taxonomic composition of the biofilms (Smith &
Underwood 1998, 2000; Underwood 1998, DeBrouwer 2005). Formation of a
mucilage matrix leads to a decrease of erosion and therefore to sediment
stabilisation, which has been subject to many studies (see Paterson 1989;
Sutherland et al. 1998; Grant et al. 1985; Amos 1988; Underwood et al. 1993, e.g.).
The excretion of EPS is involved in movement of the cell (Edgar & Pickett-Heaps
1984) but also in metabolic overflow production as suggested by Staats (1999).
Vertical movement has been reported for a number of organisms forming the
microphytobenthic community such as cyanobacteria, euglenoids, chlorophytes and
diatoms (Pinckney & Zingmarck 1991, Blanchard et al. 2001). The ability to move
towards, and away, from the surface (by means of EPS production) in order to
escape environmentally unfavourable conditions is an essential part of survival for

organisms in these environments (Smith & Underwood, 2000).

Sedimentation and resuspension

Erosion thresholds and transport rates can be altered by benthic organisms but
organism impacts in general decrease with increasing sediment transport rates
(Jumars & Nowell 1984). There also occurs a vertical transport or rather cycle, as a

result of sedimentation and resuspension, in the overlying water column. Both are
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General Introduction

functions of physical factors (wave and currents induce erosion) and biotic factors
(biologically induced flocculation in the water column may change sedimentation
rates, Van Leussen 1986). Wind waves and tidal currents are the primary
mechanisms leading to resuspension. Although in various studies the prevailing
diatom flora is listed (e.g. Shaffer & Sullivan 1988, DeJonge 1992, DeJong 1995,
Lucas 2001) the main focus of the studies to date has been biomass and productivity
of cells from sediment and water samples. Early studies by Baillie & Welsh (1980)
and Lukatelich & McComb (1986) found that chlorophyll content and number of
benthic diatoms in the water column of shallow estuaries were related to tidal
currents and wind-induced currents. Gallagher (1975) found that rising tidal waters
were responsible for the entrainment of diatoms into the water column.

Dedonge (1994) estimated for the Ems Estuary that on average 13 % of the pennate
diatom cells from the sediment are suspended. An increase in current velocity
causes a reduction of benthic biomass on the sediment (Safi 2003, Lucas et al. 2001)
and leads in turn to a higher optical turbidity within the water column adding to the
light-limiting factor for autotrophic organisms.

Fortuitously, of course, organisms in suspension will escape predation by bottom
feeders and competition on the bottom (intra or interspecific) for space and light
necessary for photosynthesis, however, suspension-feeders may actively filter the
cells from the water column. The entrainment into the water column places the cell
into a more favourable position for photosynthesis, notwithstanding the danger of
being laterally exported or transported into deeper, aphotic layers (see Figure 2).

The continuous, though irregular, supply of cells from the benthos to the water
column presents an important food source for grazers in the water column and leads
to enhanced grazing by microzooplankton and zooplankton species due to increasing
predator-prey encounter rates (Peters et al. 2002). Furthermore, an impact on
suspension feeding populations was shown by Muschenheim and Newell (1992),
who found that mussels fed preferentially on high concentrations of resuspended
benthic diatoms.

Resuspension and sedimentation, and the advective transport of particles such as
bacteria, diatoms and detritus across the water-sediment interface, are important
factors linking the benthic with the pelagic ecosystem (Rusch et al. 2001, Huttel &

Rusch 2000). The construction of dykes, land reclamation and rising sea level has
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General Introduction

decreased the overall area of the Wadden Sea, especially the transition zone
between land and sea, and increased the tidal current velocity (Lotze et al. 2005).
Less mud is deposited near the mainland and a loss of fine-grained sand and
particulate organic matter has occurred in the long term (Essink 2005). Since the
hydrodynamic regime within the Sylt-Remg Bight is additionally influenced and
changed by the construction of dams, processes of both resuspension and
sedimentation may be affected.

An understanding of the balance between sedimentation, growth, resuspension and
loss to the system is crucial, as resuspended diatoms present an important food
source for herbivorous plankton organisms (deJonge & van den Bergs 1987) or
suspension-feeders (Baillie & Welsh 1980) also in winter, when phytoplankton
populations are scarce. A severe change, or losses, in community composition will
have a cascade effect on the whole ecosystem since diatoms are among the top prey
items at the beginning of the food chain.

Experiments with the aim of assessing the effect of shifts in hydrodynamics are of
particular relevance to the coastal management of Sylt, as historical incidents
demonstrated significant changes since the 1930°s, when the seagrass beds were
damaged by the slime mould Labyrinthula (Wohlenberg 1935, Den Hartog 1987).
Resulting erosion processes had multiple consequences for flora and fauna: The
changed sediment morphology led to a loss of spawning grounds and nurseries for
various fish species, increase in tidal levels and changes in water masses, for
example (Reise 1982, 1998; Riesen & Reise 1982; Reise et al. 1989; Asmus &
Asmus 1998, 2000; Jespersen & Rasmussen 1994; Polte 2005) thus changing the
entire ecosystem. The construction of causeways between the mainland and islands

might have contributed to this development (Asmus & Asmus 2000).
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Fig. 2. Schematic diagram showing benthic and pelagic processes, the fate of microphytobenthos,
affected by tidal and wind-wave induced hydrodynamic forces. Loss of benthic diatoms due to burial
processes, feeding by macro/meiofauna, resuspension and lateral export into the open sea.
Contribution to water column primary production by resuspended diatoms and, vice versa, planktonic
diatoms enhancing the diversity of the benthic community after sedimentation onto the sediment
surface. Export to the open sea or into regions less favourable for the diatom cell in terms of growth or
photosynthesis.

Flume experiments — introducing the three-current-flume

Flume systems have become an important tool to support scientists in their research
on processes at the water-sediment interface. The publication of the results of a joint
experiment between 13 research institutes in Europe using different types of flume
devices are in preparation (Jonsson et al. 2005, in prep.). The advantages and
drawbacks of the various devices are debatable, but under the premises of well
defined requirements every flume can yield useful results. Laboratory set-ups strive
to create controlled conditions of laminar flow. In field systems it proves difficult to
separate and control the influencing factors, but on the other hand they provide a
good overview of field situation and a more realistic picture of processes occurring

under natural conditions particularly as regards biological and chemical processes.
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General Introduction

Laminar flow patterns as induced in laboratory flume systems do not exist under
natural conditions. However, to be sure not to produce hydrodynamic artefacts, the
hydrodynamic conditions and resulting requirements for measurements have to be
precisely established.

Horizontal flow affects the distribution of organic as well as inorganic material across
the intertidal flats. Flumes can be adapted to ecological problems and enable
scientists to control the hydrodynamic conditions and thus the processes of the
boundary layer (a near-bottom velocity gradient) (Muschenheim et al. 1986).

To date, experiments with different types of in situ flumes on Sylt have been carried
out to measure various processes. Asmus et al. (1990, 1991, 1992) used a 20 m long
double-lane flume in situ to quantify benthic-pelagic exchange rates.

The three-current-flume has been deployed for the second time on the intertidal sand
flats of Sylt. In 2002, Anja Schanz published her work “Impact of hydrodynamics on
development and morphology of intertidal seagrasses in the Wadden Sea’,
describing the cascading effect flow velocity exerts on the interaction between the
mud snail Hydrobia and epiphytes on seagrass leaves. Placed onto the tidal flat and
adjusted to the bi-directional flow, the durable construction allows in situ sampling
over long time periods because it is resistant to harsh weather conditions. Nine lanes
can be utilised to give three replicates of three different current regimes. The
modified flow across the mid-section is achieved by either widening or narrowing the
entrances of the flume, thus creating an increased or reduced flow velocity,
respectively. An unaltered flume lane type serves as a reference, mimicking the
ambient flow outside the flume. Sampling can be carried out with minimal disturbance
to the water or sediment surface by accessing the sampling area from above.
Because of the unique size and construction of the three-current-flume, the present
study is the first carried out to thoroughly characterise the hydrodynamic conditions
occurring under manipulated flow velocities and their effect on the resuspension
behaviour of diatom species. Cell counts of individual species have not previously
been attempted in similar studies. Only few studies deal with the resuspension of
microphytobenthos at the species level (e.g. (Lucas 2003). However, the present
study is not a system study investigating primary productivity or biomass. Rather, it
documents the summer community during the year 2003 and indicates the range of
variation in abiotic as well as microscopic components that occur as a result of

changes in one, important environmental factor, the hydrodynamics.
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Thesis outline

The primary objective of this study was the assessment of the influence of
hydrodynamic characteristics on the resuspension of benthic and planktonic diatom
species, with attention to changes in distribution and abundance of various diatom
species in the water column and on the sediment surface. The first step to wards
achieving this goal was the description of the benthic and pelagic community under
natural hydrodynamic conditions. The three-current-flume was deployed with 3 of the
9 available lanes configured to give unaltered flow for this purpose. The impacts of
altered dynamics were then assessed by using the remaining flume lanes to provide
increased and reduced flow rates, taking into account tides, wind direction and wind
velocity. In all, 180 samples were counted, collected from the sediment water on six

sampling days between July and September 2003. Over 230 species were identified.

Chapter 2 introduces the diatom species and genera identified from both sediment
and plankton samples. The chapter contains a species list and plates with a selection
of diatom photographs taken either with scanning electron microscopy image
processing, digital photography of taxa on permanent slides or living algae from
plankton samples (colour plate no. 11).

Chapter 3 serves as a framework for chapters 4 & 5 by providing the necessary
background information of environmental parameters. For six sampling days
(16.07.,30.07.,12.08.,20.08., 26.08. and 17.09. 2003), the following parameters were
determined in order to characterise the conditions of the system: chl a, suspended
particulate matter (SPM), particulate organic carbon and nitrogen (POC and PON),
cell counts, tides, wind and current velocity.

Chapter 4 presents a more detailed analysis of the planktonic and benthic diatoms
collected from water and sediment samples. Their response to changing
hydrodynamic conditions, created by the manipulation of current velocity, was
investigated at species level in order to provide information about the ecology of
selected species and to assess whether there were clear responses to flow change
at species level.

Chapter 5 presents numerically determined characteristics of flow conditions on two
selected sampling days, with an analysis of variations in the energy of turbulence and
their effects on the resuspension of selected size-class groups of diatoms. The aim

here was to discover whether turbulence or flow velocity is the dominating factor
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General Introduction

influencing the shear stress and thus initialising entailment of diatom cells into the
water column.

Study of the benthic and planktonic diatom species of the Wadden Sea coast of Sylt
island led to the co-authorship of two publications dealing with the taxonomical
description of two new species. Mediopyxis helysia is a planktonic species, occurring
in samples taken for the purpose of long-term studies of phytoplankton off the coast.
The published manuscript is presented in chapter 6. The second, a benthic species
was formerly known as Anaulus simonsenii but certain morphological details required
a revision which finally led to the reclassification into the newly created genus
Paraplagiogramma. Chapter 7 comprises the manuscript resulting from the co-
operation with Professor Lange-Bertalot, Frankfurt, and Professor Witkowski from the
University of Stettin, Poland. The discovery and description of two new species
following intense studies of the community further illustrates the significance of
investigations of the sensitivity of the ecosystem for introduced species.

A final discussion presented in chapter 8 connects the various analytical steps

described in this thesis.
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Chapter 2

Diatom species from benthos and plankton off the east

coast of Syit

Abstract

This chapter provides a species list describing the summer diatom (Bacillariaceae)
community found on the intertidal sand flat on the east coast of the island of Sylt,
near Kampen. The results of the species identification serve as the basis for studies
of the impact of hydrodynamics on diatoms at species level presented in later
chapters, as well as a reference for future investigations of microphytobenthos.
Sediment and water samples were collected on six occasions between July and
September 2003. Diatoms were cleaned and prepared for permanent slides as well
as for analysis by scanning electron microscopy. 231 species are listed and 11 plates
contribute with images of selected species. Cells were identified when possible to
species level and classified into epipsammic, epipelic and planktonic species,

according to their life mode.
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Introduction

Diatoms are unicellular organisms of the class Bacillariophyceae, which often live in
colonies. Their size ranges from less than 1 ym to ca. 2 mm, depending on species
and stage of growth. The cell is covered with a siliceous wall and an organic layer. By
aid of various pigments (e.g. chl a and c, beta-carotene, fucoxanthin), and sunlight,
the cell converts inorganic carbon into organic complexes by photosynthesis. Most
benthic diatoms have bilateral (pennate) symmetry, whereas radial symmetry
dominates in planktonic diatoms (Round 1981, Round et al 1990).

Towards the end of the 1970s, about 635 benthic microalgae (comprising diatoms,
cyanobacteria and flagellates) were identified from the Wadden Sea (Van den Hoek
et al. 1979). Subsequent and numerous descriptions of newly found diatom species
indicates a still incomplete picture. Thus, the species list presented in the present
chapter does not claim completeness and it should be understood that further studies
need to be undertaken on the identification and taxonomy on species in such habitats
of high diversity. The plates (1 — 11) picture some of the regularly occurring species

encountered in sediment or water samples.

Life mode

Diatom assemblages found on intertidal sediments comprise epipsammic and
epipelic species. The expression epipsammon refers to the association of diatoms
living attached to sand grains (as described by Round in 1965), whereas the term
epipelon includes the life form of diatoms living on or in the sediment. Although for
many species the actual life form is still unknown, some species are presumed to live
associated with sediments but may well be able to continue their photosynthetic
activities while resuspended in the water column during inundation of the tidal flat,
thereby using the water column as an alternative habitat. Both centric and pennate
diatoms are included in this group, for example Cylindrotheca closterium, Odontella
aurita, Melosira nummoloides (Admiraal 1984). Thus, the same algal classes can be
found in both the phytoplankton and the microphytobenthos, a life mode referred to
as tychopelagic (Bold & Wynne 1985). The benthic species will contribute to the
planktonic community due to resuspension especially in shallow water areas. The
basis of separation into epipsammic, epipelic, etc. is mainly according to the
preferred habitat characteristics and morphology (Drebes 1974, DedJong & Dedonge

1995, DeJonge & van Beusekom 1995). Tidal currents, wind-wave induced
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turbulences and feeding activities of meio- and macrofauna causes a constant loss of
cells from the benthic community that is balanced by growth and sedimentation.
Planktonic cells are subjected to sedimentation under still conditions as benthic cells
will contribute to the planktonic community by entailment into the water column under
rough conditions. Thus, net loss and export or growth and increase under favourable
conditions (sufficient nutrient supply, low hydrodynamic impact in terms of
turbulences, e.g.) are regulating factors of the community (deJonge 1985, Booth
2000, Bergamasco et al 2003).

On tidal flats, particle size of sediments is also important for the distribution of diatom
taxa. A discrimination between sediments with fine grains and high organic content,
and sandy substrata where diatom assemblages are dominated by epipsammic
species is therefore useful. Zong and Horton (1998) showed a clear diatom zonation
from tidal flat through saltmarsh to upland environments present at their study sites,
although environmental conditions varied between the sites.

It is apparent from the literature that the same dominant taxa can be found at several
locations in Europe. This generalisation holds for England (Hendey 1964) as well as
for areas of the Wadden Sea (Sabbe & Vyvermann 1991, Sundback 1983,e.g.) and
the German coastal regions of the North Sea (Hustedt 1939; Agatz et al. 1999, e.g.).
This includes species of the genera Achnanthes, Fragilaria, Navicula, Opephora,
Amphora, Cocconeis, Cymatosira, Campylosira and Raphoneis. According to
Underwood (1994) seasonality and diversity of diatom assemblages appears to be
related to the gradients of environmental stress (Admiraal et al. 1984) and next to this
seasonal variability also inter-annual variability is known to occur (Dedonge & Colijn
1994).

Epipsammic diatoms living attached to sand grains can be found to use their
substratum in different ways. Cocconeis species for example are attached to the flat
surfaces with the length of their frustule whereas small Amphora or Navicula species
can be found to inhabit crevices and depressions. Achnanthes species live attached
to the sand grains by the aid of a stalk of polysaccharides. A sand grain presents not
only a habitat for diatoms but also for other microorganisms such as cyanobacteria
and other bacteria. For example Mcintyre & Moore (1977) reported a study carried
out at Etterick Bay (UK) in which up to 2600 diatom cells per mm? of sand grain

surface were counted on grains from the lower littoral zone. Further modes of
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attachment can be, for example, to plants (macroalgae, seagrass), a life mode called

epiphytic, or epilithic on rocks.
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Motility in diatoms

Although movement has been detected in centric diatoms, eg. Actinocyclus
(Andersen et al., 1986) and Odontella (Pickett-Heaps et al. 1986), significant motility
is found only among the pennate diatoms bearing a double slit in the valve, termed
the raphe. Gliding movements are carried out by the aid of polysaccharide threads
passed through this raphe. Adhesion to surfaces such as rocks, plants, sand grains,
or other diatoms occurs by the secretion of extra-cellular polymeric substances (EPS)
(Harper & Harper 1967; Hoagland et al. 1993). Adhesion prevents motile diatoms
from being washed away or, for those species living on the surface of sand or mud,
from being subjected to disturbances of the sediment by tides or wind and currents.
And although burial due to reworking of the sediment (e.g. by bioturbating
macrofauna or wave induced sediment displacement) might create an unfavourable
situation, diatoms are able to survive even under light or nutrient limited situations,
under anoxic conditions and several species are known to change from autotrophic
to heterotrophic (Okamoto 2003, Tolomio 2004)

Highly motile diatom species e.g. Tropidoneis lepidoptera, Hantzschia virgata and
several Navicula spp., are found to flourish on unstable wave-exposed sand-flats
(Admiraal 1984). Generally, in estuaries, diatoms have to overcome irregular and
often violent changes in their environment as there are fluctuations in temperature,
salinity and light. Due to hydrodynamic processes during tidal inundation and
exposure, the cells may be covered by sediment or disturbed into suspension. In
order to safeguard the population against such changes most of the diatoms in this
community have the ability to migrate towards or away from the sediment surface.
For sandy sediments this doesn’t necessarily mean burial beneath light-limiting
layers as the size and the shape of sand grains allows light to penetrate deeper into
the sediment. Motility is an important factor in restricting the effect of e.g. limiting
nutrients and enables the cell to place itself in a more favourable situation for
photosynthesis (Palmer & Round 1967; Hopkins 1965, 1966).

The production of EPS (extracellular polymeric substances) and the role of
diatoms in sediment stability

Intertidal flats represent a complex ecosystem for many micro organisms such as
diatoms, cyanobacteria and other bacteria. The chemical and physical factors
controlling this environment require that organisms adapt to survive extreme
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conditions such as rapid change of salinity range, light, temperature, immersion and
emersion. Mud or sandflats are also subjected to wave dynamics, which act to
resuspend and transport sediments. Benthic diatoms are among the main primary
producers in intertidal zones. At high concentrations, they are visible as brown
patches on the sediment surface. Some species show migration behaviour,
responding to the light and returning below the sediment surface as the incoming tide
encroaches. They migrate deeper into the sediment at the beginning of the dark
period. The secretion of extracellular polymeric substances (EPS) acts to stabilise
the sediment and allows the cells a degree of motility in the sediment. Thus a matrix
is formed, embedding the diatoms (Hoagland et al. 1993). LTSEM (Low Temperature
Scanning Electron Microscopy) techniques have shown that established biofilms
consist of a continuous fabric of mineral particles embedded in EPS (Underwood and
Paterson 1993; Paterson 1995). Extracellular polymeric substances consist of long-
chained molecules. EPS are produced and secreted as an integral process in the
microbial metabolism. The thereby form tough networks known as microbial mats.
They represent an important source of a variety of organic and inorganic compounds
(Sutherland et al. 1998). Different organisms produce different mucilage structures,
and the adhesive capacity changes even within diatom families due to differences in
the chemical structure (solubility) of the produced EPS. Euglenoid flagellates for
example do not produce the same copious amount of mucilage as a diatom
population and they are more easily washed from the surface of the sediment
(Paterson et al. 1989). Biofilms (or microbial mats) are formed by several organisms
and can be found in many different habitats including hypersaline coastal lagoons,
alkaline lakes and hot springs as well as intertidal mudflats. Depending on the
properties of the sediment (grain size, mud content) microbial mats can be
dominated either by diatoms or by cyanobacteria: sulphur bacteria which can be
colourless and purple and the sulphate-reducing bacteria. The relative composition
and production rates of the low and high molecular weight components of EPS vary
over tidal cycles and with light intensity, nutrient availability and the taxonomic
composition of the biofilm (Smith & Underwood 1998, 2000; Underwood 1994; Staats
1999).

Microbial exopolymers range from tight capsules that closely surround cells to the
loose slime matrix associated with aggregates, sediment detritus and other surfaces.

20 to 25% of colloidal carbohydrate present in diatom-rich biofilms is polymeric (EPS)
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which up to 80% of extracellular carbohydrate consists of nonpolymeric material,
mainly simple sugars, leachates, and other photo-assimilates. EPS can be utilized by
bacteria, meiofauna and macrofauna as a carbon source (Decho 1990). They are
highly adsorptive, readily trap dissolved organic matter and trace metals and
therefore play an important role as a transport medium for metals, nutrients and DOM
through the lower trophic levels. Secretion of polysaccharides may influence nutrient
conditions: an increase in the mud content of the surface results in an increase in the
concentration of inorganic nutrients because of EPS remineralisation by bacterial
activity (Ruddy et al. 1998). Certain capsular exopolysaccharides may protect
microbial cells from digestion (Decho 1990). In his work on microbial exopolymer
secretion the author found out that relatively small amounts of EPS can bind
relatively large amounts of metals and DOM and can thereby induce aggregation
processes.

The ability to move towards and away from the surface (via EPS production) under
the environmental conditions mentioned above (burial, deposition events) is essential
for cells to survive in intertidal habitats (Smith & Underwood 2000). Formation of a
mucilage matrix leads to a decrease in erosion and therefore to sediment
stabilisation, which has been the subject of many studies (see Paterson 1989;
Sutherland et al. 1998; Grant et al. 1986; Amos 1988; Underwood et al. 1993, for
example). Erosion thresholds and transport rates can be altered by benthic
organisms but organism impacts in general decrease with increasing sediment
transport rates (Jumars and Nowell 1984). There also occurs a vertical transport or
rather cycle, as a result of sedimentation and resuspension, in the overlying water
column. Both are functions of physical factors (wave and currents inducing erosion)
and biotic factors (biologically induced flocculation in the water column may change
sedimentation rates) (Van Leussen 1986). Much of the EPS produced by diatoms is
left on the surface of sediments when the diatoms migrate down into the sediment
before tidal immersion (Underwood & Smith 1998). Exopolymers serve as an
effective buffering microenvironment for microbial cells (Decho 1994), one possible
function of which is the protection of cells against desiccation when exposed to
sunlight on the mudflat. They also present a barrier against other rapid chemical and

physical changes and probably serve as a protection against grazing (Staats 1999).
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Material and Method

Sampling

For the identification and cell counts of benthic and plankionic diatoms samples were
collected on six sampling days between July and September 2003. The sampling site
was situated on the east coast of Sylt, within a nature protection area, ca. 1.5 km
north of Kampen. The sediments comprised of sand with a grain size median of 0.3 —
0.4 mm. The Sediment samples were taken with a cut-off syringe (1.6 cm diameter),
whereby the cylinder was plunged into the sediment, carefully removed after closure
of the open end and before expulsion of the first centimetre which was carefully cut
off, transferred to a plastic bag and stored at minus 20 °C. All samples were freeze-
dried prior to further analysis. Water samples were collected automatically using
ISCO STIP automatic sampler, stored in 50 ml brown bottles and preserved with 4

drops of Lugol’s solution.

Preparation

To release the epipsammic diatom fraction from the sandgrains, the samples were
transferred to a beaker together with 50 ml of filtered sea water and treated in an
ultrasonic bath for two minutes. This time proved sufficient to ensure that cells were
detached from the substratum (as tested by repeating the extraction procedure and
examining the sample under the microscope). The beaker was gently shaken to bring
cells into suspension and then held at an angle for about 20 — 30 seconds to allow
the coarse grains and detritus to settle. For cell counts the supernatant was finally
transferred to 10 ml settling chambers and allowed to stand for at least 18 hours. The
preserved water samples were transferred to 20 or 25 ml settling chambers.
Identification to species level is only possible on cleaned material that shows the fine
details of the valves distinguishing different species. For the preparation of
permanent slides, samples were acid-cleaned (after Simonsen 1974) to remove the
organic contents (e.g. polysaccharides, bacteria and other organisms, cell contents)
as well as mucus coatings covering the cell that obscure the fine details of the valve.
Both the ultrasonicated sediment slurry and planktonic samples were washed by
centrifugation (200 rpm, 5 minutes) to wash out the salt. The supernatant was poured
off and the tube refilled with distilled water. This process was repeated three times.
KMnO, (Potassium permanganate) was then added and left over night to oxidise and

remove organic matter. The following day HCI (Hydrochloric acid, 37%) was added
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and the suspension boiled in a water-bath until clear. Chemicals were then washed
out with distilled water according to the above described method by six repeated
centrifugations. Aliquots were taken for permanent slides on ethanol-cleaned
coverslips (18 mm diameter) and also for the preparation of stubs for SEM (Scanning
Electron Microscope) (8 mm diameter). After drying, the samples were mounted with
Naphrax mounting medium (refractive index 1.73). The coverslips were mounted on

stubs and sputtered with a gold-palladium layer for SEM examination.

Identification

Taxa were identified using a Zeiss Axioplan microscope for digital light microscopy
and a FEI QUANTA FEG 200 electron scanning microscope. Identification of diatom
species was carried out to species level where possible, otherwise to genus level.
The identification of species was based on Cleve (1894), Hendey (1964), Hustedt
(1930, 1957, 1959), Krammer & Lange-Bertalot (1986-91), Kitzing (1849, 1865),
Round et al. (1990), Schmidt (1969), Snoeijs (1993), Snoeijs & Vilbaste (1994),
Snoeijs & Potapova (1995), Snoeijs & Kasperoviciene (1996), Snoeijs & Balashova
(1998), Van Heurck (1880/81), Witkowski (1994), Witkowski et al. (2000).

To date, it is still common to prepare permanent slides for the identification of cells
under the light microscope and for the comparison with established literature which
depended on exact drawings of the valve and its structure. SEM technique is used
for the identification of very small species and also for the discrimination between
easily misidentified species belonging to the same genera which is often determined
by details concerning the valve structure. Microscopy techniques allowing to study for
example planktonic cells in water samples (or cultures) provide valuable information
on the inner, visible structures of the cell such as sometimes species-characteristic
situation of the chloroplasts. As in the case of Catenula adhaerens and Delphineis
surirella (Plate 11, figures 1 and 5), the epipsammic life mode by attachment to a
sediment grain can be studied in situ. Plates 1 — 11, following the species list, show a
selection of the common species found on the intertidal flat and in water samples,
presenting the three different microscopy techniques. Additionally, the list provides
information on the life mode of the species (where known), epipsammic, epipelic,
epiphytic epilithic and pelagic. The pictures in plates 1 — 8 were taken using a

scanning electron microscope, Plate 9 and 10 show pictures taken using light
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microscopy and Plate 11 using a water immersion objective for the photographs of

living species in a water sample.
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Table1. Results of qualitatively analysed samples collected from the sediment and water on six
sampling days between July and September 2003. Column at the right indicates the life form: eps. =
epipsammic, epp. = epipelic, eph. = epiphytic, ep!. = epilithic, pel. = pelagic.

Species List Life-form
1 lAchnanthes bremeyeri Lange-Bertalot 1989 eps.
2 Achnanthes brevipes Agardh 1824 epp.+epl.
3 Achnanthes clevei Grunow in Van Heurck 1880 eps.
4 lAchnanthes lemmermannii Hustedt 1933 £pSs.
5 Achnanthes levanderi Hustedt 1933
6 Achnanthes petersenii Hustedt 1937
7 Achnanthes submarina Hustedt 1956 eps.+eph.
8 Actinoptychus senarius Ehrenberg 1841 eps.+tepp.
9 Amicula specululum (Witkowski) Witkowski 2000
10  |Amphora acutiuscula Kitzing 1844 epp.
11 |Amphora arenaria Donkin 1858
12 |Amphora beaufortiana Hustedt 1955 epp.
13 |Amphora cf tenerrima Aleem & Hustedt 1951 epp.+eph.
14 |Amphora cf wisei (Salah) Simonsen 1962 epp-
15 |Amphora coffaeformis (Agardh) Kiitzing 1844 epp.+eph.
16 |Amphora helenensis Giffen 1973 epp.
17 |Amphora holsatica Hustedt 1930 epp.
18  |Amphora hyalina Kitzing 1844 epp.
19  |Amphora inariensis Krammer 1980
20 |Amphora marina W.Smith 1857
21 Amphora ostrearia Brébisson ex Kutzing 1849 epp.
22 |Amphora ovalis (Kitzing) Kiitzing 1844 epp.+epl.
23 |Amphora pediculus (Kuetzing) Grunow 1875 epp.tepl.
24 |Anaulus balticus Simonsen 1959 eps.+epp.
25  |Anorthoneis excentrica (Donkin) Grunow 1868 eps.
26  |Anorthoneis vortex Sterrenburg 1988 eps.
27  |Astartiella sp. Witkowski, Lange-Bertalot & Metzeltin 2000
28  |Asterionellopsis glacialis (Castracane) Round 1990
29  |Attheya decora West 1860 eps.
30  |Aulacodiscus argus (Ehrenberg) A.Schmidt 1886
31 |Auliscus sculptus (W.Smith) Brightwell 1860 eps.
32 |Austariella jamalinensis (Cleve) Witkowski, Lange-Bertalot & Metzeltin 2000
33 |Bacteriastrum hyalinum Lauder 1864
34  |Bellerochea malleus (Brigtwell) Van Heurck 1885
35 |Berkeleya fennica Juhlin-Dannfelt 1882 epl.+eph.
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Species List Life-form
36  |Berkeleya sp.Greville 1827
37  |Biremis ambigua (Cleve) Mann 1990 epp.
38  [Biremis lucens (Hustedt) K. Sabbe, Witkowski, & W. Vyverman 1995 eps.
39 |Biremis ridicula (Giffen) Mann 1990
40  |Biremis sp.Mann & Cox 1990
41 Brachysira estoniarum Witkowski, Lange-Bertalot & Metzeltin 2000
42 |Brockmanniella brockmannii (Hustedt) Hasle, von Stosch & Syvertsen 1983 epp.
43  |Caloneis crassa (Gregory) Ross 1986 epp.
44 Caloneis sp.Cleve 1891
45 |Campylosira cymbelliformis (Schmidt) Grunow 1881 eps.+epp.
46 |Catenula adhaerens (Mereschkowsky) Mereschkowsky 1902 eps.
47  |Cerataulina pelagica (Cleve) Hendey 1937 pel.
48  |Cerataulus smithii Ralfs 1861
49  |Cerataulus turgidus (Ehrenberg) Ehrenberg 1843
50 |Chaetoceros debilis Cleve 1894 pel.
51 Chaetoceros spp.Ehrenberg 1844 pel.
52 |Chamaepinnularia clamans (Hustedt) Witkowski, Lange-Bertalot & Metzeltin 2000
53 |Cocconeis clandestina A.Schmidt 1894
54 |Cocconeis costata Janisch 1863 eph.
55  [Cocconeis peltoides Hustedt 1939 eps.
56  |Cocconeis placentula Ehrenberg 1838 eph.+epl.
57 |Cocconeis scutellum Ehrenberg 1833 eph.
58  |Cocconeis speciosa Gregory 1855 eph.
59 |Cosmioneis eta (Cleve) Witkowski, Lange-Bertalot & Metzeltin 2000
60  [Cyclostephanos sp.Round 1988
61 |Cyclotella sp.Kiitzing 1833 pel.
62  |Cylindrotheca closterium (Ehrenberg) Reimann & Lewin 1964 epp.+pel.
63  |Cymatosira belgica Grunow 1881 eps.
64  |Dactyliosolen sp.Castracane 1886
65  |Delphineis surirella (Ehrenberg) Andrews 1981 eps.
66 |Denticula sp.Kltzing 1844
67  |Dickieia subinflata (Grunow) Mann 1994
68 |Dickieia ulvacea Berkeley ex Kiitzing 1844
69  [Dimeregramma minor (Gregory) Ralfs 1861 eps.+epp.
70  |Diploneis bombus (Ehrenberg) Ehrenberg 1854
71 |Diploneis cf notabilis (Greville) Cleve 1894
72 |Diploneis coffaeiformis (A.Schmidt) Cleve 1894 epp.
73 |Diploneis didyma (Ehrenberg) Ehrenberg 1845 epp.
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Species List Life-form
74 |Diploneis fusca (Gregory) Cleve 1894 epp.
75 |Diploneis interrupta (Kiitzing) Cleve 1894 epp.
76 |Diploneis litoralis (Donkin) Cleve 1894 epp.
77  |Diploneis smithii (Brébisson) Cleve 1894 epp.
78  |Ditylum brightwellii (West) Grunow 1885 pel.
79  |Donkinia sp.Ralfs 1861
80  |Donkinia reticulata Norman 1861 epp.
81 |Ehrenbergia granulosa (Grunow) Witkowski, Lange-Bertalot, & Metzeltin 2000
82 |Entomoneis ornata (Bailey) Reimer 1975
83  |Entomoneis paludosa (W.Smith) Reimer 1975 epp.
84  |Entomoneis punctulata (Grunow) Osada & Kobayasi 1990 epp.
B85 |Eucampia zodiacus Ehrenberg 1839 pel.
86  |Eunotogramma dubium Hustedt 1939
87  |Eunotogramma marinum (W.Smith) Peragallo 1897-1908 eps.
88 |Eunotogramma sp.Weisse 1854
89  |Extubocellulus cribriger Hasle, von Stosch & Syvertsen 1983
90  |Extubocellulus sp.Hasle, von Stosch & Syvertsen 1983
91  |Fallacia clepsidroides Witkowski 1994 epp.
92  |Fallacia cryptolyra (Brockmann) Mann 1990 epp.
93  |Fallacia escorialis (Simonsen) Sabbe & Vyverman 1999
94  |Fallacia florinae (Mdller) Witkowski 1993 epp.
95  |Fallacia forcipata (Greville) Stickle & Mann 1990 epp.
96 |Fallacia margino-punctata Sabbe & Vyverman 1999 eps.
97  |Fallacia pseudony (Hustedt) Mann 1990 epp.
98  |Fallacia pygmaea (Kliitzing) Stickle & Mann 1990 epp.
99  |Fallacia sp. Stickle & Mann 1990
100 |Fallacia tenera (Hustedt) Stickle & Mann 1990 epp.
101 |Fallacia versicolor (Grunow) Mann 1990
102 |Fragilaria amicorum Witkowski & Lange-Bertalot 1993 eps.
103 _|Fragilaria eichhornii Witkowski & Lange-Bertalot 1995
104 |Fragilaria schulzii Brockmann 1950
105 |Fragilaria subsalina (Grunow) Lange-Bertalot 1991
106 _|Grammatophora marina (Lyngbye) Kitzing 1844 eph.
107 |Guinardia flaccida (Castracane) Peragallo 1892 pel.
108 |Gyrosigma arcuatum (Donkin) Sterrenburg 2005
109 |Gyrosigma balticum (Ehrenberg) Rabenhorst 1853 epp.
110 |Gyrosigma eximium (Thwaites) Boyer 1927 epp.
111 |Gyrosigma fasciola (Ehrenberg) Griffith & Henfrey 1856 pel.+epp.
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Species List Life-form
112 |Gyrosigma prolongatum (W. Smith) Griffith & Henfrey 1856
113 |Hantzschia sp.Grunow 1877
114 |Haslea ostrearia (Gaillon) Simonsen 1974 epp-
115 |Helicotheca tamesis (Shrubsole) Ricard 1987
116 |Hippodonta sp.Lange-Bertalot, Metzeltin & Witkowski 1996
117 |Leptocylindrus danicus Cleve 1889 pel.
118 |Leptocylindrus minimus Gran 1915 pel.
119 |Licmophora sp.Agardh 1827
120 |Lunella bisecta Snoeijs 1996 epl.
121 |Lyrella abrupta (Gregory) Mann 1990 epp.
122 |Lyrella amphoroides Mann 1997
123 |Lyrella cf barbara (Heiden) Mann 1990 epp.
124 |Lyrella lyra (Ehrenberg) Karayeva 1978 epp.
125 |Mediopyxis helysia Kiihn, Hargraves & Halliger 2006
126 |Meridion sp.Agardh 1824
127 |Metaplagiogramma tenuissimum (Hustedt) Witkowski & Lange-Bertalot 2006
128 |Minidiscus trioculatus (Taylor) Hasle 1973
129 |Minutocellus polymorphus (Hargraves & Guillard) Hasle, von Stosch & Syvertsen 1983
130 |Navicula bipustulata Mann 1925 epp.
131 |Navicula cruciculoides Brockmann 1950 epp.
132 |Navicula directa (W.Smith) Ralfs 1861 epp.
133 |Navicula duerrenbergiana Hustedt 1934 epl.
134 |Navicula germanopolonica Witkowski & Lange-Bertalot 1993 eps.
135 |Navicula gregaria Donkin 1861 epp.+epl.
136 |Navicula lubetii Knig 1959
137 |Navicula meniscus Schumann 1867 epp.
138 |Navicula microdigitoradiata Lange-Bertalot 1993 epp.
139 |Navicula palpebralis Brébisson ex W.Smith 1853 epp.
140 |Navicula paul-schultzii Witkowski & Lange-Bertalot 1994 epp.
141 |Navicula peregrina (Ehrenberg) Kiitzing 1844
142 |Navicula perminuta Grunow 1880 eps.
143 |Navicula phyllepta Kutzing 1844 epp.
144 |Navicula platyventris Meister 1939
145 |Navicula ramosissima (Agardh) Cleve 1895 epl.
146 |Navicula salinarum Grunow 1880 epp.
147 |Navicula veneta Kiitzing 1844
148 |Navicula viminoides Giffen 1975 eps.
149 |Nitzschia constricta (Kltzing) Ralfs 1861 epp.
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Species List Life-form
150 |Nitzschia delicatissima Cleve 1897
151 |Nitzschia distans Gregory 1857 epp.
152 |Nitzschia dubiiformis Hustedt 1939 epp.tepl.
153 |Nitzschia frustulum (Kitzing) Grunow 1880 epp.
154 |Nitzschia hybrida Grunow 1880
155 [Nitzschia hybridaeformis Hustedt 1955
156 |Nitzschia inconspicua Grunow 1862 epl.
157 _|Nitzschia laevis Hustedt 1939
158 |Nitzschia longissima {Brébisson) Grunow 1862
159 |Nitzschia microcephala Grunow 1880 epp.+epl.
160 |Nitzschia pararostrata (Lange-Bertalot) Lange-Bertalot 2000
161 [Nitzschia parvula W.Smith 1853
162 |Nitzschia punctata (W.Smith) Grunow 1878
163 [Nitzschia reversa W.Smith 1853 pel.+epp.
164 |Nitzschia seriata Cleve 1883
165 |Nitzschia sigmoidea (Nitzsch) W.Smith 1853 epp.
166 |Nitzschia valdestriata Aleem & Hustedt 1951 epp.t+epl.
167 |Odontella aurita (Lyngbye) Agardh 1832 eph.
168 |Odontella regia (Schultze) Simonsen 1974
169 |Odontella rhombus (Ehrenberg) Kitzing 1849
170 |Odontella sinensis (Greville) Grunow 1884 pel.
171 |Opephora guenter-grassii (Witkowski & Lange-Bertalot) Sabbe & Wyverman
172 |Opephora krumbeinii Witkowski, Witak & Stachura 1998 eps.
173 |Opephora marina (Gregory) Petit 1888 eps.
174 |Paralia sulcata (Ehrenberg) Cleve 1873 epp.
175 |Paraplagiogramma simonsenii (Witkowski & Metzeltin) Klein 2006
176 |Parlibellus hamulifer (Grunow) Cox 1988
177 |Parlibellus plicatus (Donkin) Cox 1988 epp.
178 |Pauliella taeniata (Grunow) Round & Basson 1997 pel.
179 |Petrodictyon gemma (Ehrenberg) Mann 1990 epp.
180 |Petroneis granulata (Bailey) Mann 1990 epp.
181 |Petroneis humerosa (Brébisson) Stickle & Mann 1990 epp.
182 |Petroneis latissima (Gregory) Stickle & Mann 1990 epp.
183 |Petroneis marina Mann 1990 epp.
184 |Petroneis monilifera (Cleve) Stickle & Mann 1990 epp.
185 |Pinnularia cruciformis (Donkin) Cleve 1895 epp.
186 |Pinnularia trevelyana (Donkin) Rabenhorst 1864
187 |Plagiogramma staurophorum (Gregory) Heiberg 1863 eps.
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Species List

Life-form

188

Plagiogrammopsis vanheurckii (Grunow) Hasle, von Stosch & Syvertsen 1983

189

Plagiotropis lepidoptera (Gregory) Kuntze 1898

epp.

190

Plagiotropis tayrecta Paddock 1988

epp.

191

Planothidium delicatulum (Kitzing) Round & Bukhtiyarova 1996

epp.+eps

192

Planothidium hauckianum (Grunow) Round & Bukhtiyarova 1996

193

Pleurosigma angulatum (Quekett) W.Smith 1852

EpPp.

194

Pleurosigma balticum (Ehrenberg) W.Smith 1852

195

Pleurosigma obliquum Grunow 1880

196

Pleurosigma strigosum W.Smith 1852

197

Pleurosira lagvis f. polymorpha Compere 1982

eph.+epl.

198

Protokeelia cholnokyana (Giffen) Round & Basson 1995

199

Psammodiscus nitidus (Gregory) Round & Mann 1980

eps.

200

Pseudonitzschia sp.Peragallo & Peragallo (1897-1908)1900

201

Pseudostaurosira perminuta (Grunow) Sabbe & Vyverman 1995

202

Rhaphoneis amphiceros (Ehrenberg) Ehrenberg 1844

eps.

203

Rhizosolenia styliformis Brightwell 1858

204

Rhopalodia brebissonii Krammer 1987

epp.+epl.

205

Rhopalodia sp.Miiller 1895

206

Roperia tesselata (Roper) Grunow 1883

207

Scoliopleura sp.Grunow 1860

208

Scoliotropis latestriata (Brébisson) Cleve 1894

epp.

209

Skeletonema costatum (Greville) Cleve 1873

pel.

210

Stauroneis plicata Brockmann 1950

epp.

211

Staurophora salina (W.Smith) Mereschkowsky 1903

212

Subsilicea fragilarioides von Stosch & Reimann 1970

213

Synedra tabulata (Ag.) Kiitzing 1844

214

Tabularia cf fasciculata (Agardh) Williams & Round 1986

eph.

215

Thalassionema nitzschioides (Grunow) Mereschkowsky 1902

pel.

216

Thalassiosira cf partheneia Schrader 1972

217

Thalassiosira cf profunda (Hendey) Hasle 1973

218

Thalassiosira cf proschkinae Makarova 1979

pel.

219

Thalassiosira constricta Gaarder 1938

220

Thalassiosira nordenskioeldii Cleve 1873

221

Thalassiosira partheneia Schrader 1972

222

Thalassiosira spp.Cleve 1873

223

Toxonidea insignis Donkin1858

224

Trachyneis aspera (Ehrenberg) Cleve 1894

epp.

225

Triceratium alternans Bailey 1851
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Species List Life-form
226 |Triceratium reticulum Ehrenberg 1844
227 |Tryblionella circumsuta (Bailey) Ralfs 1861 epp.
228 |Tryblionella coarctata (Grunow) Mann 1990 epp.
229 |Tryblionella plana (W.Smith) Pelletan 1889 epp.
230 [Tryblionella punctata W.Smith 1853 epp-
231 |Tryblionella salinarum (Grunow) Pantocsek 1901 epp.

Life-form: eps.=epipsammic, epp.=epipelic, eph.=epiphytic, epl.=epilithic, pel.=pelagic
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Plates
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Plate 1

1 Delphineis surirella (Ehrenberg) Andrews

2 Amphora helenensis Giffen

3 Diploneis interrupta (Kitzing) Cleve 1894

4 Cocconeis speciosa Gregory

5 Entomoneis punctulata (Grunow) Osada & Kobayasi
6 Subsilicea fragilarioides von Stosch & Reimann
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Plate 1
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Plate 2

1 Fragilaria amicorum Witkowski & Lange-Bertalot

2 Opephora guenter-grassii (Witkowski & Lange-Bertalot) Sabbe & Wyverman
3 Protokeelia cholnokyana (Giffen) Round & Basson

4 Protokeelia cholnokyana (Giffen) Round & Basson

5 Haslea ostrearia (Gaillon) Simonsen
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Plate 3

1 Gyrosigma arcuatum (Donkin) Sterrenburg
2 Pleurosigma angulatum (Quekett) W.Smith
3 Chaetoceros sp.

4 Nitzschia reversa W.Smith
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Plate 3
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Plate 4

Fallacia sp.

Fragilaria amicorum Witkowski & Lange-Bertalot
Eunotogramma sp.

Planothidium hauckianum (Grunow) Round & Bukhtiyarova
Eunotogramma dubium Hustedt

Nitzschia frustulum (Kitzing) Grunow

Hippodonta sp.

Extubocellulus cribriger Hasle, von Stosch & Syvertsen

O~NOOABDWN -
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Plate 4
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Plate 5

1 Nitzschia constricta (Kiitzing) Ralfs

2 Dickieia ulvacea Berkeley ex Kiitzing

3 Dickieia ulvacea Berkeley ex Kiitzing

4 Thalassiosira cf profunda (Hendey) Hasle

5 Thalassiosira cf proschkinae Makarova

6 Fragilaria subsalina (Grunow) Lange-Bertalot
7 Anorthoneis excentrica (Donkin) Grunow
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Plate 5

- 10 0pm-
Kanal19.07.03

1.0pm-
18.04.021

10.0pm
Kanal19.07.03




Diatoms/species list/plates

Plate 6

1 Bacteriastrum hyalinum Lauder

2 Navicula salinarum Grunow

3 Entomoneis ornata (Bailey) Reimer

4 Rhopalodia brebissonii Krammer

5 Skeletonema costatum (Greville) Cleve
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Plate 6
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Plate 7

1 Cerataulus turgidus (Ehrenberg) Ehrenberg
2 Cerataulus turgidus (Ehrenberg) Ehrenberg
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Plate 7
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Plate 8

1 Lunella bisecta Snoeijs

2 Amicula specululum (Witkowski) Witkowski
3 Amphora ovalis (Kiitzing) Kitzing

4 Amphora cf wisei (Salah) Simonsen

5 Triceratium alternans Bailey

6 Diatom community on sand, uncleaned

7 Diatom community on sand, uncleaned
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Plate 8
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Plate 9

1 Gyrosigma prolongatum (W. Smith) Griffith & Henfrey
2 Eunotogramma dubium Hustedt

3 Thalassiosira sp.

4 Amphora marina W.Smith

5 Nitzschia constricta (Kitzing) Ralfs

6 Nitzschia valdestriata Aleem & Hustedt
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Plate 10

1 Actinoptychus senarius Ehrenberg

2 Amphora ovalis (Kutzing) Kitzing

3 Fragilaria subsalina (Grunow) Lange-Bertalot
4