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Zusammenfassung 

 

 

Organischwandige Dinoflagellatenzysten werden häufig für die Rekonstruktion der 

Paläoumwelt angewandt, obwohl die Faktoren, die die Zystenbildung und die Einbettung der Zysten 

im Sediment auslösen, noch nicht ausreichend erkannt sind. Diese Information ist wesentlich, wenn 

wir uns das Potenzial von Dinoflagellaten als Werkzeug für die Paläozeanographie voll und ganz zu 

Nutze machen wollen, d.h. zuverlässige Rekonstruktionen vergangener Bedingungen der marinen 

Umwelt erstellen. Deshalb befassen sich wesentliche Teile dieser Arbeit mit dem Prozess, der von der 

Zystenbildung bis zum Eingraben der Zysten führt. Sedimentfallen aus dem Auftriebsgebiet vor der 

Küste von NW Afrika wurden auf ihren Gehalt an organischwandigen Dinoflagellatenzysten 

untersucht. Die Bedingungen im (sub)tropischen Atlantik vor der Küste von Cape Blanc sind 

weitgehend bestimmt von fast ständigem Auftrieb im Zusammenhang mit den NE Passatwinden. Der 

Auftrieb führt an der Oberfläche zu einer hohen Produktivität bei niedrigeren Temperaturen. 

Außerdem wird die Produktivität vom äolischen Staub aus der Sahara beeinflusst, der Spurenelemente 

in die obere Wassersäule einbringt. Jahreszeitliche Variationen in der Staubzufuhr, Auftriebsintensität 

und in den Meeresoberflächentemperaturen beeinflussen die Produktion von organischwandigen 

Dinoflagellatenzysten. Insbesondere ein hoher Nährstoffgehalt ruft hohe Zystendurchflussmengen 

organischwandiger Dinoflagellaten hervor. Analysen der Zystenassoziationen, die in einem Zeitraum 

von vier Jahren gesammelt wurden, weisen darauf hin, dass der wichtigste Einflussfaktor in diesem 

Gebiet für die Zystenbildung die Zufuhr von Spurenelementen ist, z.B. Eisen durch äolischen Staub. 

Die Zystenproduktion von Protoperidinium monospinum und P. americanum kann eindeutig mit dem 

lithogenen Beitrag korreliert werden. Vor der Küste von Cape Blanc kann das Auftriebswasser 

unterschiedliche Beimischungen von relativ nährstoffreichem Wasser aus dem zentralen Südatlantik 

enthalten (South Atlantic Central Water, SACW). In Zeiten, in denen SACW den Transport von 

Auftriebswasser an die Küste speist, wird eine erhöhte Produktion von Lingulodinium 

machaerophorum beobachtet. Die Durchflussmengen von Brigantedinium spp. variieren ähnlich wie 

die gesamte Durchflussmenge der Diatomeen. Obwohl der Auftrieb ein wichtiger Einflussfaktor für 

die biologische Produktion vor der Küste NW Afrikas ist, wurde während der Langzeitbeobachtungen 

keine klare Beziehung zwischen Oberflächentemperaturen (Surface Temperatures, SST), 

Auftriebsintensität und Zystenproduktion festgestellt. Brigantedinium spp. gemeinsam mit dem 

heterotrophen Taxon Protoperidinium monospinum repräsentieren die dominierenden Taxa der 

Fallenassoziationen. Autotrophe Taxa machen nur ein bis vier Prozent der Vergesellschaftungen aus.  

 

 



Die unterhalb der Sedimentfallen gesammelten Oberflächensedimente sind ebenfalls von 

heterotrophen Taxa dominiert, mit ähnlichen Werten von Brigantedinium spp. und Protoperidinium 

monospinum. Jedoch hat der Anteil der heterotrophen Taxa in Folge der Arten selektierenden aeroben 

Degradation abgenommen. 

Obwohl Protoperidinium monospinum ein wichtiges Element der analysierten Assoziationen 

darstellt, wird diese Art hier zum ersten Mal aus einem Auftriebsgebiet dokumentiert. Wahrscheinlich 

führt die Morphologie dieser Art häufig dazu, dass sie für eine Art von Echinidinium oder Islandinium 

gehalten wird. 

Obwohl die palökologische Forschung normalerweise mit den Veränderungen in der 

Zusammensetzung der Zystenassoziationen arbeitet, variieren viele Arten auch erheblich in ihrer 

Zystenmorphologie. Beobachtungen in der natürlichen Umgebung zeigen, dass einige dieser 

Variationen durch die Umwelt ausgelöst werden können. Um dieses Problem direkt zu untersuchen, 

wurden Zuchtexperimente mit Tuberculodinium vancampoae (motile Affinität Pyrophacus steinii) 

durchgeführt. Die Kulturen wurden hergestellt, indem einzelne Zysten aus Oberflächensedimenten 

ausgekeimt wurden. Die Art wurde bei unterschiedlichen Temperaturen, Lichtintensitäten und 

Salinitäten gezüchtet. Die Beobachtungen zeigen, dass die Zystenbildung von T. vancampoae in einem 

weiten Bereich von Umweltbedingungen stattfindet. Die maximale Zystenbildung wurde bei 27°C 

festgestellt, ähnlich wie im Ocean. Die Temperatur scheint den größten Einfluss auf die Morphologie 

zu haben. Bei extremen Temperaturen wird eine Reduzierung des Prozesses beobachtet. Auch Salinität 

beeinflusst die Morphologie von T. vancampoae. Das Längenverhältnis von Zyste zu Tuberkel nimmt 

mit steigender Salinität zwischen 20 und 40 psu zu. Obwohl frühere Beobachtungen darauf hinweisen, 

dass diese Art heterothallisch ist, legen unsere Ergebnisse nahe, dass Homothallie bei dieser Art auch 

vorkommt.  

Ein ähnliches Experiment mit Gonyaulax sp. wurde vorbereitet. Jedoch hörte die 

Zystenproduktion während des Experiments auf und die Zystenbildung konnte nicht wieder hergestellt 

werden. 

Alle während dieser Arbeit untersuchten Aspekte weisen darauf hin, dass es eine Verbindung 

zwischen Zystenproduktion und Umwelt gibt. Die Ergebnisse zeigen, dass die Zystenbildung mit der 

erhöhten Verfügbarkeit von Nährstoffen zusammenfällt. Trotz dieser Tatsache bleibt jedoch noch eine 

Menge Forschungsarbeit zu leisten, um die Faktoren vollständig zu verstehen, welche die 

Zystenbildung auslösen, wie man deutlich an der Laborarbeit mit Gonyaulax sp. sieht. Die 

Untersuchung zeigt auch ganz deutlich, dass das primäre Signal sehr stark durch sekundäre Prozesse 

modifiziert werden kann. Deshalb müssen bis zur erfolgreichen Anwendung von organischwandigen 

Dinoflagellatenzysten in der Klimarekonstruktion noch viele detaillierte Antworten zu den Prozessen, 

gegeben werden, die die Zystenassoziationen in den Sedimenten bestimmen. 

 

 

 



 

 

 

Summary 

 

 

 Organic-walled dinoflagellate cysts are often applied to reconstruct palaeoenvironments, 

notwithstanding the fact that the factors triggering encystment and cyst burial in sediments are only 

poorly understood. This information is essential if we want to fully exploit the dinoflagellate toolbox 

for palaeoceanography; i.e. to obtain reliable reconstructions of bygone conditions of the marine 

environment. Therefore, a large part of this thesis is devoted to the processes leading from cyst 

formation to cyst burial. Sediment trap samples from the upwelling area off NW Africa were analysed 

for their organic-walled dinoflagellate cyst content. Upper ocean conditions in the (sub)tropical 

Atlantic Ocean off Cape Blanc are strongly determined by almost permanent upwelling related to NE 

trade winds. Upwelling results on the surface in high productivity and lower temperatures. 

Additionally productivity is influenced by eolian dust from the Sahara, which provides the upper water 

column with trace elements. Seasonal variations in dust input, upwelling intensity and sea surface 

temperatures influence the production of organic-walled dinoflagellate cysts. High nutrient content 

particularly induces high cyst fluxes of organic-walled dinoflagellates. Analyses of cyst associations 

collected over a period of 4 years indicate that in this region the most important factor affecting 

encystment is trace elements supply e.g. iron by eolian dust. Cyst production of Protoperidinium 

monospinum and P. americanum can be positively correlated to the lithogenic input. Off Cape Blanc 

upwelled water can contain varying admixtures of relatively nutrient rich South Atlantic Central Water 

(SACW). During periods when SACW feeds the onshore transport of upwelled water, increased 

production of Lingulodinium machaerophorum is observed. The fluxes of Brigantedinium spp. vary 

similar to the total diatom flux. Although upwelling is important factor influencing biological 

production off NW Africa no clear relationship between surface temperatures (SST), upwelling 

intensity and cyst production is found in the long-term observations. Brigantedinium spp. together 

with another heterotrophic taxa Protoperidinium monospinum represent the dominating taxa of trap 

associations. Autotrophic taxa constitute 1 to 4% of the assemblages only.  

The surface sediments collected under sediment traps are also dominated by heterotrophic taxa 

with co-domination of Brigantedinium spp. and Protoperidinium monospinum. However, the 

proportion of heterotrophic taxa decreased, which is a result of species selective aerobic degradation.  

Although Protoperidinium monospinum constitutes an important element of analysed 

associations this species is documented for the first time from an upwelling area. Probably because the 

morphology of this species is such that it might often be mistaken for a species of Echinidinium or 

Islandinium. 

 



Although, paleoecological research usually uses the changes in the composition of cyst 

associations, many species also vary considerably in their cyst morphology. Observations from natural 

environment indicate that some of these variations may be induced environmentally. To investigate 

this problem directly, Tuberculodinium vancampoae (motile affinity Pyrophacus steinii) culture 

experiments were carried out. Cultures were established by germinating of single cysts from surface 

sediments. The species was cultured at different temperatures, light intensities and salinities. 

Observations indicate that encystment of T. vancampoae occurs in a wide range of environmental 

conditions. Maximal encystment is observed at 27°C, similar to what is known from the field. 

Temperature seems to have the largest effect on morphology. In extreme temperatures a reduction of 

processes is observed. Also salinity affects T. vancampoae morphology. The cyst-to-tubercule length 

ratio increases with increasing salinity between 20 and 40psu. Although earlier observations indicate 

that this species is heterothallic, our results suggest that homothally occurs in this species as well.  

A similar experiment on Gonyaulax sp. was prepared. However, cyst production halted during 

the experiment run and encystment could not be restored. 

All of the aspects investigated during this work indicate that there is a link between cyst 

production and environment. Obtained results indicate that encystment coincides with elevated 

nutrient availability. Despite this fact a lot of research remains to be done to completely understand 

factors triggering encystment as is clearly illustrated by the laboratory work on Gonyaulax sp. The 

study also clearly demonstrates that the primary signal can be strongly modified by secondary 

processes. Therefore, the successful application of organic-walled dinoflagellate cysts for climate 

reconstruction, still awaits more detailed answers on the processes determining the cyst associations in 

sediments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

Contents 

 

 

1. Introduction ………………………………………………………………………………. 1 

1.1. Motivation and main objectives ..……………………………………………………… 1 

1.2. Dinoflagellates and their life cycle ……………………………………………………. 2 

1.3. Organic-walled dinoflagellate cyst: state of art .………………………………………. 4 

1.3.1. Variations in cyst morphology……………………………………………………….. 5 

1.4. Results …………………………………………………………………………………. 6 

1.5. Material and methods ………………………………………………………………….. 7 

1.5.1. Environmental study (trap material) ………………………………………………. 7 

1.5.2. Experimental study ………………………………………………………………… 7 

1.5.2.1. Set up of dinoflagellate cultures …………………………………………….. 7 

1.5.2.2. Equipment …………………………………………………………………… 8 

1.5.2.3. Growth phases ………………………………………………………………... 9 

1.5.2.4. Tuberculodinium vancampoae measurements ………………………………. 9 

  

2. Organic-walled dinoflagellate cyst production in relation to upwelling intensity and 

 lithogenic influx in the Cape Blanc region (off north-west Africa). 
Ewa Susek, Karin A. F. Zonneveld, Gerhard Fischer, Gerard J. M. Versteegh and Helmut Willems. 

Phycological Research 2005; 53: 97-112 …………………………………………………………. … 17 

 

3. Interannual and seasonal variability of the organic-walled dinoflagellate cyst production in 

the northeast (sub)tropical Atlantic with emphasis on transport and preservation processes. 
Ewa Susek and Karin A. F. Zonneveld   

Submitted to Deep-Sea Research ……………………………………………………………………… 41 

 

4. Effect of temperature, light and salinity on cyst production and morphology of 

Tuberculodinium vancampoae (Rossignol 1962) Wall 1967 (Pyrophacus steinii (Schiller 1935) 

Wall et Dale 1971). 
Ewa Susek and Karin A. F. Zonneveld   

In preparation ………………………………………………………………………………………… 79 

 

5. Temperature, light and nutrient effect on growth of Gonyaulax sp.  
Ewa Susek and Karin Zonneveld ………………………………………………………………………… 97 

 

 



6. Conclusions and further perspectives …………………………………………………… 109 

 

7. Acknowledgements ……………………………………………………………………….. 113 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Chapter 1 
_________________________________________________________________________________ 

 

Introduction 

 

1.1. Motivation and main objectives 

 

To better understand the changing Earth, it is necessary to reconstruct the Earth’s history. This 

reconstruction requires good, credible tools, or ‘proxies’. Paleoenvironmental research have a large 

toolbox, consisting of a.o. isotopes, pollen, dinoflagellate cysts, foraminifera or diatoms in sediments 

to reconstruct climate and environment. With science progressing, the demands on the quality of the 

tools increase. In this thesis, the focus is on a better understanding of the tool of organic walled 

dinoflagellate cysts. Several dinoflagellate species produce cysts as a part of their life cycle. The cysts 

are made of highly resistant organic polymers which resulted in a rich fossil record. To establish 

palaeoenvironmental reconstructions, it is essential to know which environmental factors influence the 

cyst production. Most information about the relationship between variations in physical parameters 

and cyst production is available from temperate to arctic regions whereas from the (sub)tropics 

information is rare and e.g. not available from the Atlantic Ocean. 

The present study, therefore, concentrates on the organic-walled dinoflagellate cyst fluxes in 

the (sub)tropical Atlantic area, off Cape Blanc, in relation to environmental factors. The data provides 

more insight into the relation between encystment of individual species and the environment. The 

region off NW Africa is characterised by relatively permanent upwelling resulting in high 

bioproductivity on the shelf (Hagen, 2001). Primary production is also enhanced when Saharan dust 

aerosol brings trace elements to the ocean surface (Sarthou et al., 2003). This work also deals with 

possible secondary factors effecting cysts assemblages observed in surface sediments since earlier 

results indicate that selective degradation may overprint the environmental signal delivered by the 

surface waters (Zonneveld et al., 1997). Furthermore, this study focuses on the relation between cyst 

morphology and environment. Environmental influence on cyst morphology has been proposed from 

field studies but, it needs further confirmation since a correlation is no proof of causality. Major 

emphasis has been placed on the following research questions: 

 

• Dinoflagellates are known to be sensitive to water turbulence (Thomas et al., 1994; Gibson 

and Thomas, 1995). Can they live in areas of permanent upwelling? Do their fluxes coincide 

with periods of upwelling intensification or perhaps, rather with upwelling relaxation?  

• Laboratory and environmental studies suggest two mechanisms triggering cyst production: 

environmental stress (e.g. culture starvation, temperature) and conditions optimal for 

vegetative cell growth. Is an increase in cyst fluxes to the sediment associated with relatively 

low or with enhanced nutrient availability? Is there any convergence between the fluxes of 

cysts of heterotrophic taxa and their food source fluxes? 
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• Impagidinium species are often considered to be characteristic for oligotrophic regions such as 

the open ocean. Do their fluxes coincide with periods of depreciate nutrient content in the 

upper water column? 

• Can we consider the cyst assemblages in sediments to mirror of encystment in the upper water 

column? How can transport through the water column affect the assemblages? Has species 

selective oxygen decay any influence on observed assemblages? 

• In the region off NW Africa seasonal and interannual differences are observed (e.g. Romero 

et al., 2002). Are these changes also reflected in the production of dinoflagellate cysts with 

respect to their total flux and/or species composition?   

• In paleoecological reconstruction usually cyst associations are used. However, several species 

indicate ecophenotypism. Laboratory experiments showed morphological cyst variation in 

relation to varying environmental parameters for Gonyaulax baltica and Lingulodinium 

machaerophorum. Are these morphological changes observed also in other species? Which 

factors influence them?  

 

1.2. Dinoflagellates and their life cycle 

 

Dinoflagellates (Dinoflagellata (Bütschli 1885)) are a major group of marine phytoplankton 

but are also known from freshwater ecosystems. Approximately 2000 living species have been 

described. The group is very heterogeneous and there is no single feature that may unite all 

dinoflagellates (Taylor, 1987). Within this group there are photosynthetic as well as non-

photosynthetic members and in the past these two groups were investigated separately – by botanists 

and zoologists respectively. Usually dinoflagellates are unicellular. In the motile (mastigote) phase a 

large number of species possesses a theca which lies internal to the cell membrane and is 

predominantly made of cellulose platelets. Cell size varies between 30-100µm. In the mastigote stage 

they possess two flagella which uniquely allow the motile cells to simultaneously swim forward and 

turn around (Levandowsky and Kaneta, 1987). Typically dinoflagellates possess a dinokaryon which 

occurs in dinoflagellates only and which implies that the chromosomes stay condensed, even during 

interphase (Taylor, 1987). The nutritional diversity in this group is very high – they can be 

photosynthetic, heterotrophic or mixotrophic (Schnepf and Elbrachter, 1992). Phototrophic species 

usually have a brownish pigment – peridinin. They are able to accommodate to changing light 

conditions. At low light levels cell pigmentation increases. In situ measurements indicate that to 

maximize daily rates of photosynthesis dinoflagellate migrate within the water column (Prézelin, 

1987). Dinoflagellates are also known to cause very spectacular water fluorescence (e.g. Herring, 

1998). Besides free-living there are symbiotic taxa as well as extra- and intracellular parasites (Cachon 

and Cachon, 1987; Rowan et al., 1997; Baker et al., 2004). Symbiotic taxa that live in coral reefs may 

enable coral communities to survive in warming waters (Baker et al., 2004). Parasitic species have 

 2 
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ecological and economical repercussions. Toxic dinoflagellates may cause mass mortality of sea 

mammals, fish and birds (Harwood, 1998; Hernández et al., 1998). For many people dinoflagellates 

are known for their “red tides” that cause poisoning of ecosystems and may be also fatal for humans 

(e.g. Dale and Yentsch, 1978; Burkholder et al., 1992; Hallegraeff, 1993). Although scientifically red 

tides were recognised as such since 1850, they were known as an oceanic phenomenon much earlier. 

In Japan the earliest historical “red tide” was recorded in 731 A.D. (Okaichi, 2003) when “seawater 

changed to blood”. The dinoflagellate fossil record is much longer. The earliest accepted dinoflagellate 

fossil is found in the Late Silurian material in North Africa (Goodman, 1980) and is about 400-410 Ma 

old. This group is well known from Mesozoic and Cainozoic sediments and at present over 2200 fossil 

species have been described and this number is growing. Fossil motile stages occur rarely. Usually the 

fossil dinoflagellates relate to the non-motile forms: spores or cysts (Goodman, 1980).  The majority 

of fossil cysts is composed of an organic material: dinosporin - resembling sporopollenin occurring in 

spores and pollen grains (Goodman, 1980; Taylor, 1987; Falkowski et al., 2004). 

MITOSIS A
B

C

sediment

resting cyst

hypnozygote

MEIOSIS

FOSSILISATION

ENCYSTMENT

EXCYSTM
ENT

FUSION

growth bands
on theca

 
 

Fig. 1.1. Idealised dinoflagellate life cycle involving sexual reproduction and resting cyst formation. A – cells in this segment 

are motile and haploid. B – cells in this segment are motile and diploid (nucleus dotted). C – cells in this segment are 

nonmotile (except for excysted cell shown to the left) and diploid. Hatched area in discarded cyst at bottom left represents the 

archeopyle. From Fensome et. al (1996) after Vink (2000). 
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 Motile cells living in the water column may reproduce themselves asexually through mitosis.  

However, for several species a more complicated life cycle has been evidenced, including sexual 

reproduction (Head, 1996). Dinoflagellates produce different types of gametes. They may be identical 

to the vegetative cells, or differ from them or / and differ from each other. After conjugation of the 

gametes the zygotes may form cysts (Pfiester and Anderson, 1987). Encysting cells lose their flagella, 

become immobile and may sink to the ocean floor where they settle. In natural environments 

encystment seems to be convergent with conditions optimal for vegetative cell growth (Wall et al., 

1970; Kremp and Heiskanen, 1999). Although encystment coincides generally with sexual 

reproduction it seems that cysts may be important for survival of dinoflagellates in disadvantageous 

conditions (Sarjeant et al., 1987). Once the cyst is formed, an obligatory dormancy period starts. Its 

length is highly variable (Pfiester and Anderson, 1987) and only after this period excystment is 

possible. Cysts form a sort of “seed bank” in aquatic sediments from which the motile stock can be 

renewed. This is especially important in the case of species developing “red tides”. Recent 

experiments have shown that cysts of some species can remain alive for at least a decade (Lewis et al., 

1999). Cysts in sediments may become fossilised. 

 

1.3. Organic-walled dinoflagellate cyst: state of art 

 

Fossilised dinoflagellate cyst-assemblages are used to obtain detailed information about past 

marine environmental conditions and form an important tool to reconstruct the palaeoceanography. 

Although cysts of dinoflagellate have been used by palaeontologist for many years, some questions 

remain about the environmental factors which influence dinoflagellate sexuality and encystment. For 

exploiting the full potential of dinoflagellate cysts in palaeoenvironmental research, detailed 

information about factors that influence cyst sedimentation and fossilisation is essential. The solution 

of these problems remained beyond our power for a long time. Results obtained in laboratories are 

always influenced by artificial conditions and therefore have to be taken into consideration. However, 

with the development of sediment traps long-time series combining environmental change with 

material fluxes to the sea floor have become available, filling the gap between laboratory studies and 

assessment of assemblages in surface sediments. 

Dinoflagellate cyst occurrence in sediments from the Atlantic and surrounding areas’ 

sediments has been studied by several authors (e.g. Wall, 1967; Williams, 1971; Williams and Bujak, 

1977; Dale, 1988; Matthiessen, 1995; Rochon et al., 1998; Rochon et al., 1999; Devilliers and de 

Vernal, 2000; Vink et al., 2000; Zonneveld et al., 2001; Dale et al., 2002; Esper and Zonneveld, 2002; 

Marret and Scourse, 2002). Assemblages have also been investigated for other regions e.g. the Indian 

Ocean (Marret and de Vernal, 1997; Zonneveld, 1997) or Japanese Islands (Matsuoka, 1999; 

Matsuoka, 2001). For a recent overview of global cyst occurrence in surface sediments see Marret and 

Zonneveld (2003). A clear link exists between cyst occurrences in surface sediments and 
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environmental parameters such as salinity, water stratification, temperature, nutrients input. These 

relationships are extrapolated to the past by means of transfer functions. However, cyst occurrence in 

sediments is influenced not only by production in the overlaying surface waters but also by other 

factors such as relocation of material, transport through the water column or species selective oxygen 

decay. Especially this last factor seems to have a strong influence on cyst assemblages (Zonneveld et 

al., 1997). Pure cyst-environment relations can only be assessed without these disturbing factors. The 

information obtained from sediment traps comes close to this ideal situation. Sediment trap moorings 

in the open ocean traps enabled investigations of different fluxes (e.g. Ramaswamy et al., 1991; 

Fischer et al., 1996; Timothy and Pond, 1997; Ratmeyer et al., 1999; Fischer et al., 2000; Abrantes et 

al., 2002; Romero et al., 2003) including fluxes of foraminifera, diatoms, silicoflagellates or 

coccolithophores (Takahashi et al., 1989; Knappertsbusch and Brummer, 1995; Treppke et al., 1996; 

Guptha et al., 1997; Timothy and Pond, 1997; Romero et al., 1999; Conan and Brummer, 2000; 

Gyldenfeldt et al., 2000; Romero et al., 2002; De Bernardi et al., 2005). However, relatively few trap 

studies focused on dinoflagellates (Montresor et al., 1998; Harland and Pudsey, 1999; Kremp and 

Heiskanen, 1999) and our knowledge about dinoflagellate fluxes in tropics and subtropics is very low 

(Zonneveld and Brummer, 2000; Wendler et al., 2002). Moreover, long time-series of trap 

observations on organic-walled dinoflagellate are entirely missing. The only information from the 

tropics we have is derived from the Arabian Sea. There are no data about the Atlantic Ocean. 

 

1.3.1. Variations in cyst morphology  

 

Usually in paleoecological research variations in cyst associations are used. However, in many 

species the morphology of the cysts may vary as well. Possible reasons of cysts variations were 

considered many years ago (May, 1975; Sarjeant et al., 1987) and they are important since 

morphological characteristics of dinoflagellate cysts are used to differentiate between taxa. In the past, 

changes in morphology of a biological species have resulted in the creation of several morphospecies 

(e.g. Lingulodinium machaerophorum (Kokinos and Anderson, 1995; Lewis and Hallett, 1997)).  

Observations from natural environments indicate that variations in morphology of some 

dinoflagellates correlate to salinity changes (Wall and Dale, 1973; Nehring, 1994; Dale, 1996; 

Ellegaard, 2000; Brenner, 2001). However, these correlations can not be considered as a proof of 

causality. To investigate this problem directly, a number of culturing studies has been carried out 

(Hallett, 1999; Ellegaard et al., 2002; Lewis et al., 2003). Indeed, a causal relationship exists between 

morphology and environment and this ecophenotypism might be exploited to increase the precision of 

paleo-environmental reconstructions (Brenner, 2001; Servais et al., 2004; Brenner, 2005). However, 

until present only a few species have been experimentally investigated and further experiments on 

other taxa are needed. 
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1.4. Results  
 
 
The use of dinoflagellate cysts in reconstructing of palaeoenviroments and changes in the past is 

determined by the knowledge about the relationship between the specific environmental conditions in 

the upper water column and particular cyst species appearance as a result of encystment. Sexual 

reproduction and, in effect, encystment can be influenced by several different environmental factors 

such as temperature, light, nutrients/food availability or salinity. In order to enhance knowledge about 

species specific encystment in relation to environment, sediment trap samples from the region off NW 

Africa (off Cape Blanc) were quantitatively analysed on their organic-walled cyst content. To enlarge 

our current understanding of factors influencing cyst morphology, experiments on Tuberculodinium 

vancampoae (Rossignol 1962) Wall 1967 (motile affinity: Pyrophacus steinii (Schiller 1935) Wall et 

Dale 1971) were carried out. The results are presented in Chapters 2 to 4. Chapter 5 presents 

unpublished experiments carried out on Gonyaulax sp. 

Chapter 2 (Organic-walled dinoflagellate cysts production in relation to upwelling intensity and 

lithogenic influx in the Cape Blanc region (off NW Africa)) deals with the temporal variation in cyst 

assemblages from the upwelling area off northwest Africa (off Mauritania) collected by trap CB9. 

Cyst fluxes have been compared to environmental conditions of the upper water column. The most 

important environmental factor strongly influencing this area is relatively permanent upwelling. 

Another element effecting production in this region is the Saharan dust bringing to the surface water 

eolian aerosol with trace elements such as iron, resulting in enhanced productivity. Marked differences 

in cyst fluxes are observed which appear to be associated with periods of relatively low/enhanced 

nutrient availability in the upper water column.  

Although region off NW Africa is characterized by strong year to year differences also long-term 

observations (4 years) on cyst production in this region indicate that dust is the most important 

element influencing encystment in this region as presented in Chapter 3 (Interannual and seasonal 

variability of the organic-walled dinoflagellate cyst production in the northeast (sub)tropical Atlantic 

with emphasis on transport and preservation processes). Off Cape Blanc a transition zone exists 

between subsurface water masses. Their relative contribution to the upwelled water influences the 

signature of the primary production at the surface. The quality of upwelled water also influences the 

organic-walled cyst production. To determine possible relationships between cyst production and 

environmental parameters redundancy analysis is used. Cysts assemblages are dominated by 

heterotrophic taxa, however the dominating species differ between years. 

An important issue in dinoflagellate research is, how other factors than those influencing cyst 

production may modify the final cyst assemblages in sediments. The influence of lateral transport was 

investigated by comparing the cyst assemblages in sediment traps from different depths (730m and 

3557m). Comparison of sediment trap assemblages collected during 4 years (including 5 
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summer/autumn seasons) with underlying sediments indicate that additional factors modify the cyst 

associations in this region. 

 Usually in paleoecological researches cyst associations are used, however, not only the 

assemblages change, also the cyst morphology of several species varies. Chapter 4 deals with 

morphological variations of the warm water species Tuberculodinium vancampoae (Rossignol 1962) 

Wall 1967. Cultures of Pyrophacus steinii (Schiller 1935) Wall et Dale 1971, producing cyst of 

Tuberculodinium vancampoae were obtained by germinating single resting spores form surface 

sediment collected in southern Japan. Cultures were exposed to different light intensities, salinities and 

temperatures. The culture experiments indicate that T. vancampoae cysts vary especially when 

maintained in extreme temperatures. Also salinity has influence on cyst morphology. During this study 

also other taxa were cultured to establish morphological variation in other species. Although cyst 

production stopped during the experiment, the yielded useful information is presented in Chapter 5. 

Cultured Gonyaulax sp. grown in a width temperature and light window. Growth of the cultures was 

monitored daily by chlorophyll-a measurements indicating that dinoflagellates may have trouble 

adapting to very low irradiances. 

 

 
1.5. Material and methods 
 
 
1.5.1. Environmental study (trap material) 
 
 The sediment trap material studied was derived off Cape Blanc (NW Africa). The trap samples 

were collected using large aperture time-series sediment traps of type SMT 234 Aquatec 

Meerestechnik, Kiel, deployed from 15.03.1989 and 03.05.1991 (traps CB2, CB3 upper, CB3 lower 

and CB4) and between 11.06.1998 and 07.11.1999 (CB9). The details of the sampling and splitting 

procedure are given in Chapter 2 and 3 and in Wefer and Fischer (1993) and Fischer et al. (1996). The 

combination of particle sedimentation with measurements of the physical environment, biological 

processes in the upper ocean could be assessed (Deuser, 1986). The long-term studies also provide 

useful information about cyst production in the open ocean. Measurement of current speeds around the 

moorings indicate that traps were not disturbed by high current velocities (Fischer et al., 1996; 

Helmke, 2003) and a fast and almost undisturbed downward transport was observed (Ratmeyer et al., 

1999) so that it may be assumed that observed cyst fluxes mirror cyst production in the surface waters. 

 
1.5.2. Experimental study 
 
 
1.5.2.1. Set up of dinoflagellate cultures 
 
 

To experiment with species environment relations dinoflagellate cultures were set up. The 

cultures were obtained from single cysts (Wall et al., 1967). The fresh surface sediment to set up the 
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cultures was collected from Spieka (south-eastern North Sea) in February 2002 and from Omura Bay, 

southern Japan in September 2003. Surface sediment was kept cold (4°C) and dark until processing. 

Individual cysts were isolated with a micropipette under inverted light microscope (Zeiss Axiovert 

25°C). Cultures were maintained in incubators at 15°C and 24°C depending on the species. For 

culturing K medium without Si was used (Keller et al., 1987). For experiments, material was prepared 

in Erlenmayer flasks (250ml) with 100ml of medium. Cultures were not axenic. Details are given in 

Chapter 4 and 5. 

 
1.5.2.2. Equipment 
 
 

In experiments a temperature gradient box (TGB) and light gradient box (LGB) were used. 

The TGB (Karwath et al., 2000; Meier et al., 2004) (Fig.1.2) allows the simultaneous culturing of 

phytoplankton strains throughout a temperature gradient. It is made of aluminium block with four 

rows of 30 holes. In each hole a tube containing up to 40 ml can be located. To provide a suitable 

temperature the block can be cooled at one end and heated at the other. Light is supplied from below 

by cool white fluorescent lamps (an irradiance of 60-90µmol m-2 s-1). During experiments tubes were 

filled with 30ml of medium and inoculated with 1 ml of dense culture. In order to ensure comparable 

cell densities in all tubes, stock cultures were homogenized by shaking prior to inoculation. 

For the light experiments a light gradient box (LGB; Karwath, 1999) was used. Two cool 

white fluorescent lamps are covered lengthways with different strips of semi-transparent film. To 

stabilize equal temperature in the gradient box fans are located. The gradient boxes are located in a 

dark-room. 

Growth of the cultures was monitored every day by chlorophyll-a measurements. They were 

carried out with a laboratory fluorometer (TD-700, Turner Designs); cultures were shortly mixed with 

a vortex stirrer before placing tubes in the fluorometer. Evaporated water in the test tubes was 

replenished twice a week to stabilize salinity. Experiments on Gonyaulax sp. were terminated after the 

cultures reached the stationary phase. 

At the termination of experiments, each culture material was fixed with formaldehyde (1/20 of 

culture volume). After 24 hours, the cultures were washed with distilled water, sieved with a 20µm 

sieve and shortly ultrasonicated to remove small particles. The sieved residue was centrifuged and 

transferred into a 1.5 ml Eppendorf reaction vessel. Prior to microscopic analyses, the homogenized 

residue was placed on a glass slide, embedded in glycerine jelly and sealed using paraffin wax. 
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Fig.1.2. Schematic drawing of the temperature gradient box. (TGB); (Karwath et al., 2000) 
 
(a) Sectional drawing, longitudinal axis without frame and insulation. 
 
(b) Sectional drawing, lateral axis. 

 

 

1.5.2.3. Growth phases 

 

Growth of the culture within a constant volume of unchanged medium is usually described by a 

sigmoid growth curve (Sorokin, 1973). Growth of most batch-cultures can be divided into several 

phases:  
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• lag phase – the growth rate is usually increasing, but net growth may also be absent during a 

portion of the phase or there may even be a decline in cell volume per unit of cell suspension. 

• exponential phase – the mass of cells doubles over each of successive time intervals: the 

growth rate is constant during the entire exponential phase 

• declining phase – the doubling time for the cell mass is increasing  

• stationary phase – a stable concentration of cell mass per unit volume of cell suspension is 

maintained. 

 
1.5.2.4. Tuberculodinium vancampoae measurements 
 
 
 Cyst size measurements were made at a 1000 x magnification under Zeiss Axioskop 50 light 

microscope. To assess variations in cyst morphology, central body length and width as well as 

tubercule length and width were measured. To determine tubercule length and width the tubercules 

with the most extreme length and width were measured for each cyst. Photos were taken by digital 

camera under a 400 x magnification. 
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Ewa Susek1, Karin A. F. Zonneveld1, Gerhard Fischer1, Gerard J. M. Versteegh2, 3 and Helmut Willems1 
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ABSTRACT 

Fossil dinoflagellate cyst assemblages are increasingly used in paleoclimatic research to 

establish palaeoenvironmental reconstructions. To obtain reliable reconstructions, it is essential to 

know which physical factors influence the cyst production. Most information about the relationship 

between variations in physical parameters and cyst production is known from middle and higher 

latitudes. Information from the (sub)tropics is rare. To increase this information, the temporal variation 

in cyst assemblages from the upwelling area off north-west Africa (off Mauritania) has been compared 

to environmental conditions of the upper water column. Samples were collected by the sediment trap 

CB9, off north-west Africa (Cape Blanc, 21°15’2’’N, 20°42’2’’W) between 11 June 1998 and 7 

November 1999 at 27.5-day intervals. Off Cape Blanc, upwelling occurs throughout the year with 

variable intensity. This region is also characterized by frequently occurring Saharan dust storms. 

Seasonal variations in dust input, upwelling intensity and sea surface temperature are reflected by the 

production of organic-walled dinoflagellate cyst assemblages. Several cyst taxa are produced 

throughout the sampling interval, with the highest fluxes at times of strongest upwelling relaxation 

and/or dust input (Echinidinium aculeatum Zonneveld, Echinidinium delicatum Zonneveld, 

Echinidinium granulatum Zonneveld, Echinidinium spp., Impagidinium aculeatum (Wall) Lentin et 

Williams, Impagidinium sphaericum (Wall) Lentin et Williams, Protoperidinium americanum (Gran 

et Braarud) Balech, Protoperidinium stellatum (Wall in Wall et Dale) Rochon et al., Protoperidinium 

spp., Selenopemphix nephroides (Benedek) Benedek et Sarjeant and Selenopemphix quanta (Bradford) 

Matsuoka). Species such as, for example, Bitectatodinium spongium (Zonneveld) Zonneveld et 

Jurkschat and Impagidinium patulum (Wall) Stover et Evitt do not show any production pattern related 

to a particular season of the year or to specific environmental conditions in the upper water column. 

The production of cysts of Protoperidinium monospinum (Paulsen) Zonneveld et Dale is restricted to 

intervals with increased nutrient concentrations in upper waters when sea surface temperatures at the 

sampling site is below approximately 24°C.  

 

Key words: dust, north-west Africa, organic-walled dinoflagellate cysts, sediment trap, upwelling. 
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INTRODUCTION 

 

Several dinoflagellate species produce cysts as a part of their life cycle. They are used as 

(paleo)environmental proxies because of their ability to fossilize. Although the modern geographic 

distribution of cysts in relation to surrounding environment is quite well known (e.g. Marret and 

Zonneveld, 2003) there are still some unsolved questions about which and to what extent 

environmental factors influence or trigger dinoflagellate sexuality, encystment and the rate of cyst 

formation (Kremp and Heiskanen, 1999; Olli and Anderson, 2002). Comparison of the modern 

distribution patterns of cyst species with environmental conditions of overlaying water masses gives 

no direct answer to these questions because surface sediments contain assemblages that are deposited 

over many years and the ecologic ‘signal’ can be altered by secondary processes, such as aerobic 

decay and selective transport (Zonneveld et al., 1997). By studying sediment trap material, a direct 

correlation of the cyst production with environmental conditions of surrounding water masses can be 

made (Montresor et al., 1998; Harland and Pudsey, 1999; Zonneveld and Brummer, 2000; Wendler et 

al., 2002). Here we aim to enhance the insight in the relationships between variations in turbulence, 

nutrient availability and temperature and the timing and rate of cyst production of individual species 

by studying trap samples of the high productivity area off north-west Africa, Mauritania. This area is 

characterized by permanent upwelling in seasonally varying intensity. Frequently occurring dust 

storms bring terrestrial elements into the region. We show that cyst production of individual taxa is 

strongly related to these environmental changes. 
 

 

OCEANOGRAPHIC SETTING 

 

The upwelling area off north-west Africa belongs to the system of Eastern Boundary Currents (for 

overview of these current systems see Barton et al., 1998). The surface water circulation of the region 

between 20°N and 25°N is predominantly determined by the southward flowing Canary Current that 

bends from the continental margin to the south-west at about 21°N (Fig. 2.1; Barton 1998). Similar to 

other eastern ocean boundaries in the trade wind belt, a dominant feature of the region is the presence 

of coastal upwelling of cool and nutrient-rich subsurface water, which results in high bioproductivity 

on the shelf. The primary upwelling band is 20–30 km wide (Mittelstaedt, 1991). Further offshore a 

second upwelling band can occur along the shelf break (Mittelstaedt et al., 1975). A dominant steering 

role of upwelling length and intensity are the trade winds that blow equatorward. Between 20°N and 

24°N upwelling occurs throughout the year, with maximum intensity during spring and autumn 

(Fig. 2.2; Speth et al., 1978; Speth and Detlefsen, 1982; Mittelstaed, 1983; 1991). Subsurface waters 

consist of South Atlantic Central Water (SACW) and North Atlantic Central Water (NACW; 

Mittelstaedt, 1983, 1991; Klein and Tomczak, 1994). The SACW is transported poleward off Cape 
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Blanc at depths between 200 and 400 m (Mittelstaed, 1983; Hagen, 2001), whereas NACW follows 

equatorward the Canary Current at depths of 100–600 m (Sarnthein et al., 1982). 
 

 
 

Fig.2.1 Location of the mooring site off Cape Blanc. CC, Canary Current, NEC, North Equatorial Current. 

 

The most intensive mixing of their waters takes place at 22–23°N. The SACW is characterized 

by high nutrient concentrations compared to the NACW (Minas et al., 1982). According to Hagen 

(2001) enhanced productivity off Cape Blanc occurs when SACW feeds the onshore transport of 

upwelled water. This occurs especially during winter and spring (Mittelstaedt, 1991). Characteristic 

for this region are giant filaments of relatively cold, chlorophyll-rich water that persist throughout the 

year. They spread offshore over 450 km from the coast (Van Camp et al., 1991). The frequency of 

occurrences of these filaments during the year is coupled to the general pattern of upwelling in this 

region (Kostianoy and Zatsepin, 1996). 

As a result of the coastal upwelling, the sea surface temperatures (SST) at the shelf are lower 

than in the open ocean. The upwelling intensity can, therefore, be documented by sea surface 

temperature anomaly (SSTA) (Speth et al., 1978), the difference between the coastal zone SST and the 

open Atlantic SST. 

The region off north-west Africa is also characterized by frequent Saharan dust storms. Saharan 

dust aerosols influence the nutrient dynamics of ocean and have a significant effect on oceanic 

productivity (Middleton and Goudie, 2001). Dust particles from dry regions are easily mobilized and 

transported westwards within the north-east trade wind system over long distances (Moulin et al., 

1997). Deposition of this dust enriches the surface water trace with elements such as iron, resulting in 

enhanced productivity (e.g. Sarthou and Jeandel, 2001; Pittman, 2002). 
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Fig.2.2. Mean sea surface temperature anomaly (SSTA) based on data from 1969 to 1971 (Speth et al., 1978). Strongest 

anomalies in gray. Position of CB9 is indicated by a line at 21°N. 

 

MATERIALS AND METHODS 

 

Samples were collected with trap CB9 (21°15’2’’N, 20°42’2’’W) from the north-west Africa 

upwelling area, off Cape Blanc, Mauritania, between 11 June 1998 and 7 November 1999 (514 days). 

During that time 20 samples were collected every 27.5 days (with exception of the first sample, 

7.5 days, and the last, 11.5 days). The Kiel model mooring (0.5 m2 collecting surface) was located at a 

depth of 3580 m (bottom depth 4121 m). The sampling cups were stained with HgCl2. Samples were 

stored

 splits of the original samples were investigated. They were rinsed 

with distilled water through a 20 µm stainless steel sieve to remove HgCl2. Material preparation was 

carried out according to the method described by Vink et al. (2000): the sediment was treated with 

 in darkness at 4°C until further treatment. Information about SST was obtained from 

http://ingrid.ldeo.columbia.edu/ (Fig.2.3). SSTA for the sampling period was calculated by 

comparison of SST in the coastal area (21°50’N, 17°50’W) with that of the open ocean (21°50’N, 

40°50’W). It is assumed that sinking velocity of marine particles is such that it takes 2 weeks to reach 

the sampling depth (Fisher et al., 1996; Siggelkow et al., 2002).  

Therefore, SSTA was calculated with a 2-week phase lag. Within the sampling period, four events of 

intensified upwelling (separated by upwelling relaxation periods) could be identified: (i) June 1998; 

(ii) January/February 1999; (iii) May 1999; and (iv) September/October 1999 (gray blocks in 

Figs 2.3–2.5). For the sampling interval, high concentrations of lithogenic input were collected by 

CB9 from August to September 1998 and from January to April 1999 (Figs 2.4, 2.5). Because of 

minor fluvial input in the Cape Blanc region (Tomczak, 1977; Sarnthein et al., 1982) this material can 

be regarded to be of eolian origin (Saharan dust). 

For the present study, 1/125th
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cold 10% HCl in order to remove carbonates, neutralized with 10% KOH and washed over a 20-µm 

ith 40% KOH under continuous mixing and without allowing the 

olution to become alkaline at any time, to avoid damage on individual cyst species. The sieved 

nickel precision sieve (Stork Veco, mesh: 570). Subsequently, the material was treated with cold 38% 

HF and agitated for 2 h in order to remove silicates. After having stood in HF for an additional 2 days, 

samples were carefully neutralized w

s

residue was centrifuged and transferred into a 1.5-mL Eppendorf reaction vessel that had a 0.5 mL 

scale. The volume was reduced to 0.1 mL and 50 or 100 µL of the homogenized residue was placed on 

a glass slide, embedded in glycerin jelly and sealed using paraffin wax. All prepared material was 

analyzed. Identification of organic-walled dinoflagellate cyst species was accomplished using light 

microscope, at magnification 400x. 

 

 
 

Fig.2.3. Sea surface temperature (SST). Grey bars indicate periods with intense upwelling. Actual and climatic temperatures 

are based on http://ingrid.ldeo.columbia.edu./. Actual temperature: SST derived from ship, buoy and bias-corrected satellite 

data at a 1 degree square block at the study site. Climatic temperature: mean SST within a 2 degrees square block at the study 

site for the period between 1971 and 2000. 

 

Cyst fluxes are calculated by dividing the number of collected cysts per m2 in the investigated time 

intervals by the number of collecting days. Mean relative abundance of cyst species (mean percentage) 

are calculated by dividing the number of cyst of the individual species by the total number of cysts 

counted in all trap samples. Relative abundances (%) of cyst species in individual samples are 

calculated by dividing the number of cysts of certain species with number of all cysts in that sample. 

Relative abundance of cyst species in the summer/autumn season of 1998 is calculated for samples 1–

6 and for summer/autumn season of 1999 for samples 15–20. The taxonomy for the dinoflagellate 

cysts is used. The cysts-theca relations are given in Table 2.1 and follow Marret and Zonneveld 

lmost undisturbed downward transport was observed (Ratmeyer et al., 1999). As a result, we assume 

 cyst flux reflects cyst production. 

(2003). The group of Protoperidinium spp. includes round brown cysts without spines. 

Because trap CB9 was not disturbed by high current velocities (Helmke, 2003), a fast and 

a

that observed
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Fig. 2.4. Compilation of sea surface temperature anomaly (SSTA), organic carbon content of sediment trap samples, total 

organic dinoflagellate cyst flux (dark gray) and lithogen flux. Low values of SSTA (calculated as difference between coastal 

and open ocean SST) reflect strong upwelling (gray bars). 

 

RESULTS 

 

A total of 22 different cyst types were recorded in the present study. Detailed information about 

cyst fluxes is given in Table 2.2. The fluxes of the most abundant cyst species are illustrated in 

Figure 2.5. Highest total cyst flux can be observed at times of elevated nutrient availability in surface 

aters as a result of lithogenic input and/or upwelling filaments passing the sampling site. This pattern 

xes (Fig. 2.4). The cyst assemblages are strongly dominated 

y heterotrophic species (Fig. 2.6). Mean annual abundance of cysts from autotrophic species 

ut the sampl val, with the highest fluxes at times 

nidinium granulatum Zonneveld, 

yst of Protoperidinium stellatum (Wall in Wall et Dale) Rochon et al., and cysts 

oral production pattern dinium aculeatum Zonneveld, 

 Impagidinium aculeatum (Wall) Lentin et Williams, 

 related to elevated lithogen  are observed after 

iii) May 

. Impagidinium s and 

w

is comparable to that of organic carbon flu

b

constitute only 1.5% (maximal mean abundance of 6%). 

Several cyst taxa are produced througho ing inter

of strongest upwelling relaxation and/or dust input: Echi

Echinidinium spp., c

of Protoperidinium spp. Temp  of Echini

Echinidinium delicatum Zonneveld,

Selenopemphix nephroides (Benedek) Benedek et Sarjeant  and Selenopemphix quanta (Bradford) 

Matsuoka can be positively ic input. These species

upwelling periods of (ii) January/February 1999 ( 1999 and (iv) September/October 1999, but 

not after the upwelling period of June 1998  sphaericum (Wall) Lentin et William
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num (Gran et Braarud)  of elevated 

t availability, but only at times when SST is relatively low. The temporal 

be related to a particular season or to specific 

olum (e eveld) 

 

 species with enhanced cyst production at conditions of low 

utrient concentration in the upper water masses is observed. 

 
Table 2

chinidinium delicatum Zonneveld unknown 
 Zonneveld unknown 

 
Impagidinium aculeatum (Wall) Lentin et Williams Gonyaulax sp. 
Impagidinium patulum (Wall) Stover et Evitt Gonyaulax sp. 
Impagid
Impagid

_ 
After Marret and Zonneveld 2003, modified. 

 

 

he most abundant taxa are Protoperidinium spp. (40.9–100%; mean relative abundance, 56%) 

9 different cyst associations are 

observed. The 1998 summer/autumn season is dominated by Protoperidinium spp. Cysts, whereas in 

cyst of Protoperidinium america Balech are produced at times

upper water nutrien

production pattern of the other species can not 

environmental conditions in the upper water c n .g. Bitectatodinium spongium (Zonn

Zonneveld et Jurkschat, Protoperidinium monospinum (Paulsen) Zonneveld et Dale and Impagidinium

patulum (Wall) Stover et Evitt). No

n

.1. List of observed dinoflagellate cyst taxa 

 

Species Motile affinity 
________________________________________________________________________________________________________________ 
Bitectatodinium spongium (Zonneveld) Zonneveld et Jurkschat unknown 
Echinidinium aculeatum Zonneveld unknown 
E
Echinidinium granulatum
Echinidinium spp. 

inium sphaericum (Wall) Lentin et Williams Gonyaulax sp. 
inium spp.  

Impagidinium strialatum (Wall) Stover et Evitt Gonyaulax sp. 
Lingulodinium machaerophorum (Deflandre et Cookson) Wall Lingulodinium polyedrum (von Stein) Dodge 
Cyst of Polykrikos schwartzii Bütschli Polykrikos schwartzii Bütschli 
Cyst of Protoperidinium americanum (Gran et Braarud) Balech Protoperidinium americanum (Gran et Braarud) Balech 
Cyst of Protoperidinium monospinum (Paulsen) Zonneveld et Dale Protoperidinium monospinum (Paulsen) Zonneveld et Dale 
Cyst of Protoperidinium spp.  
Selenopemphix nephroides (Benedek) Benedek et Sarjeant Protoperidinium subinerme (Paulsen) Loeblich lll 
Selenopemphix quanta (Bradford) Matsuoka Protoperidinium conicum (Gran) Balech 
Spiniferites membranaceus (Rossignol) Sarjeant Gonyaulax sp. 
Spiniferites delicatus Reid Gonyaulax sp. 
Spiniferites hypercanthus (Deflandre et Cookson) Cookson et Eisenack Gonyaulax sp. 
Cyst of Protoperidinium stellatum (Wall in Wall et Dale) Rochon et al Protoperidinium stellatum (Wall in Wall et Dale)   Rochon 
et al 
Trinovantedinium applanatum (Bradford) Bujak et Davies   Protoperidinium pentagonum (Gran) Balech 
________________________________________________________________________________

T

and P. monospinum. During comparable seasons of 1998 and 199

1999 the co-dominance of Protoperidinium spp. and P. monospinum is observed (Fig. 2.7). 

 

DISCUSSION 

 

The phenomenon of upwelling throughout the year in the region off Cape Blanc results in 

coastal subsurface waters characterized by relatively low temperatures and high nutrient 
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SSTA and 

lithogenic input at the trap position with total cyst fluxes shows that cyst fluxes are high during 

periods of elevated nutrient levels in the upper water column. The relation between cyst flux and 

upwelling is consistent with other regions (Zonneveld nd Brummer, 2000; Wendler et al., 2002). The 

encystment of the majority of cyst species is thought to be related to sexual reproduction (Pfiester and 

Anderson, 1987). In contrast to our results, a number of laboratory experiments suggest nutrition 

depletion as the main trigger for sexuality and cyst production (Anderson et al., 1984; Anderson and 

Lindquist, 1985; Blanco, 1995). This relationship can often not be found in natural environments.   

 

 

concentrations. Variations in upwelling intensity are indicated by SSTA. Comparison of 

 a

 
 

Fig.2.5. Cyst fluxes of selected species (cysts/m2/day). Lithogen flux in mg/m2/day 

 

 

 document highest 

yst abundances related to high nutrient concentrations at times of maximal vegetative growth. This 

(Kremp and Heiskanen, 1999; Godhe et al., 2001). Field and trap studies generally

c
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indicates that cyst production seems to be convergent with conditions optimal for vegetative cell 

growth (Wall et al., 1970; Anderson et al., 1983; Kremp and Heiskanen, 1999). A possible explanation 

for this paradox is that at maximal vegetative growth, nutrient depletion can occur within individual 

cells or their microhabitat and, as such, trigger enhanced sexuality. Other factors that might influence 

encystment are temperature, day length, irradiance and an endogenous encystment rhythm. 

 
 

 

 
 

Fig.2.5. Continued. 

 

Several dinoflagellates are able to produce cysts in a limited temperature window only 

(Anderson et al., 1984, 1985; Sgrosso et al., 2001). Temperature itself, however, is not a triggering 

factor. In general, encystment of dinoflagellates in the field is not related to stress, but is rather favored 

by optimal conditions for vegetative growth. Godhe et al. (2001) showed for a Swedish fjord that the 

most important factors affecting cyst formation were surface water temperature and the intensity of 

solar radiation. 
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Fig.2.6. Relative abundances of the autotrophic and heterotrophic organic-walled dinoflagellate cysts. 

 

The vegetative reproduction rate of dinoflagellates depends on a variety of factors such as 

nutrie

on and weaker vertical mixing when the mixed layer depth is reduced 

ugdale and Wilkerson, 1985). In newly upwelled waters of the active upwelling cells, bioproduction 

is generally low (although nutrient concentrations are extremely high) because the extreme mixing of 

the upper water layer prevents phytoplankton from remaining in the photic zone and so inhibits the 

rapid build-up of a phytoplankton standing stock. In the Benguela, as well as in the Somali, upwelling 

areas dinoflagellates are absent from these active upwelling cells, but appear later in the phytoplankton 

succession succession (Shannon and Pillar, 1986; Mitchell-Innes and Walker, 1991; Pitcher et al., 

1991; Veldhuis et al., 1997). Dinoflagellates become dominant in the more stratified, matured waters 

in which nutrient concentrations have declined, but are still enhanced compared to non-upwelled 

waters. High amounts of dinoflagellates can also be observed in the water column during periods of 

upwelling relaxation, or in upwelling filaments transported offshore. In the Benguela Region 

nt, light and/or food availability and water movements. Field measurements and laboratory 

studies indicate high, species specific, sensitivity of dinoflagellates to turbulence (Thomas and Gibson, 

1992; Gibson and Thomas, 1995; Gibson, 2000). Generally, the dinoflagellate production is negatively 

influenced by turbulence (Gibson, 2000). Phototrophic species are bound to the upper water layers; 

that is, the photic zone that is influenced by wind and waves causing turbulence. A reason for the low 

autotrophic cyst flux observed in the trap off Cape Blanc might be the presence of upwelling persisting 

throughout the year, preventing phototrophic dinoflagellates from establishing a standing stock large 

enough to produce a sufficient amount of cysts. Earlier observations (Gillbricht, 1977; Mitchell-Innes 

and Walker, 1991; Pitcher et al., 1991) showed that in upwelling areas at times of active upward water 

motion the phytoplankton community is dominated by small diatoms. Over the gradual change 

towards less intense water movement there is a phytoplankton succession from smaller to larger 

diatom species and, eventually, to dinoflagellates. In the studied area, the mixed layer is often deeper 

than the euphotic zone as a result of the generally strong winds. Maximum productivity is observed 

during periods of wind relaxati

(D
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dinoflagellates only dominate the phytoplankton association during quiescent conditions when a well-

developed thermocline is present (Shannon and Pillar, 1986; Mitchell-Innes and Walker, 1991; Pitcher 

et al., 1991). In other regions, dinoflagellates become abundant in phytoplankton assemblages when 

the upper water layers get stratified (e.g. Taylor, 1987; Thomas and Gibson, 1992; Lewis and Hallet, 

1997). Our study site is not located in the actual upwelling area, but at a site where giant filaments 

pass. Within these filaments, nutrition content is still high compared to surrounding waters, but 

vertical water movement is not as strong as in upwelling bands. According to Gabric et al. (1993), 

nutrients are not exhausted on the shelf and within the giant filaments, enabling in situ growth of 

phytoplankton, including dinoflagellates, in offshore waters. The most abundant (probably) 

phototrophic taxon observed is B. spongium (Zonneveld and Jurkschat, 1999). This species is 

characteristic for areas with well-mixed surface waters and prefers SST above 23.9°C (Zonneveld and 

Jurkschat, 1999; Marret and Zonneveld, 2003). In CB9 its occurrence was not restricted to periods 

with intensified upwelling. Cysts were found also at times of weak upwelling but with elevated 

chlorophyll concentrations (September 1998) related to enhanced Saharan dust input (Thomas et al., 

2001; Gregg, 2002). In the present study, highest fluxes were observed at time of upwelling relaxation 

in May/June 1999 when SST was between 20.1°C and 22.0°C. This suggests that B. spongium can be 

produced in colder environments than previously suggested. Our results also suggest that although 

B. spongium tolerates mixing of upper water masses it is not restricted to upwelling and/or well-mixed 

surface water, but can be related to eutrophic envir

m throughout the studied interval. 

In September–October 1998, the cyst flux of several taxa is exceptionally high (Fig. 2.5), which 

is con

not further 

offsho

onmental conditions. 

In the present study, no species with increased cyst fluxes have been observed at times of 

relatively low nutrient concentrations. Impagidinium species are often considered to be characteristic 

for oligotrophic regions such as the open ocean. This can not be concluded from the present study 

where I. sphaericum is found at times of strong upwelling relaxation, I. aculeatum cysts at times of 

more intense upwelling and/or dust input and I. patulu

sistent with an increase in general primary bioproduction (Gregg, 2002). During this interval, 

surface ocean temperature was relatively high and no anomalous situation in wind stress or wind 

direction could be observed, indicating that upwelling was not markedly intense. A possible 

mechanism causing the exceptionally high flux of several taxa in September–October 1998 could be 

the advection of material. Siggelkow et al. (2002) suggested that material collected by the CB array at 

a depth approximately 3500 m below sea level might be influenced by lateral cyst transport from the 

more onshore area. Zonneveld and Brummer (2000) noted extremely high cyst fluxes in sediment trap 

material from the Arabian Sea related to advection of resuspended sediment (Koning et al., 1997; Van 

Weering et al., 1997; Conan and Brummer, 2000). However, they found transported cysts only in the 

sediment trap closer onshore (on the mid continental slope; Conan et al., 2002), and 

re, at a site position similar to our CB9 trap. No evidence for enhanced advection of material 

presently exists for the studied trap. Consequently, we assume that lateral transport did not cause the 
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observed increase in cyst flux. 

 

 

 
Fig.2.7.  Relative cyst abundances of selected species and groups of species in 1998 and 1999. Echinidinium spp.: 

Echinidinium aculeatum, Echinidinium delicatum, Echinidinium granulatum. Protoperidinoids: cyst of Protoperidinium 

americanum, cyst of Protoperidinium stellatum, Selenopemphix nephroides, Selenopemphix quanta, Trinovantedinium 

applana

sphaericum

d Streu, 1993; Sarthou et al., 2003). In this region, high atmospheric deposition 

occurs

tum. Other species: Bitectatodinium spongium, Impagidinium aculeatum, Impagidinium patulum, Impagidinium 

, Impagidinium strialatum, Spiniferites delicatus, Spiniferites hypercanthus, Spiniferites membranaceus, 

Lingulodinium machaerophorum, cyst of Polykrikos schwartzii. 

 

According to Gregg (2002), this phenomenon can be subscribed to enhanced Saharan dust input. 

Indeed, elevated lithogenic material concentrations are found in the trap samples in August/September 

1998 (Fig. 2.4). Dust from the Sahara plays an important role in bringing nutrients to ocean (Kremling, 

1985; Kremling an

 and might be one of the dominant sources of iron to the upper part of the water column 

(Sarthou et al., 2003). Iron plays an important role in world oceans as a limiting factor for primary 

production (Coale et al., 1996; Boyd et al., 2000; Boyd and Law, 2001; Smetacek, 2001; Pittman, 

2002). In the present study, not all species show an increase in flux during this period of enhanced 

lithogenic input (e.g. cyst of P. americanum and P. monospinum). Other factors, such as the relatively 

high SST and a stratified water column, might be limiting the production of these species. 
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region might have influenced the dinoflagellate cyst 

produ

 biological species most probably differ in their ecologic requirements. 

ed at times of active upwelling. The present 

study suggests that the cyst production of this species is not restricted to the presence of upwelling 

t be characteristic for eutrophic/mesotrophic conditions. Several studies suggest 

that c P. stellatum are characteristically formed in upwelling areas or at times of active 

upwel

A second increase in lithogenic input was observed in February/March 1999. It coincides with 

strong upwelling. Here we observed the highest total cyst flux for the studied interval. During this time 

the quality of the waters upwelled in the 

ction. SACW contains more nutrients and is less salty than NACW. Strong admixture of SACW 

in upwelled water masses is especially present during winter and spring. Consequently, the high cyst 

fluxes might have been induced by a double nutrient ‘loading’ in this interval. For some species, the 

fluxes (e.g. E. granulatum, P. stellatum and Selenopemphix nephroides) were lower than during first 

dust input. A deep mixed layer might also be limiting the cyst production during the second dust 

period. 

Cyst assemblages in the trap are dominated by cysts of Protoperidinium spp. All biological 

species included within this morphospecies are thought to be heterotrophic. The most important factor 

influencing the seasonal dynamics of individual Protoperidinium species is thought to be food 

availability (Kjæret et al., 2000). Several Protoperidinium species appear to be diatom grazers. 

According to Romero et al. (2002), the seasonal and annual diatom fluxes and species assemblages 

vary considerably in the studied region. This might be a reason for the rather unclear Protoperidinum 

flux pattern. The Protoperidinium spp. flux pattern does not provide any detailed ecologic information 

because the individual

Similar to Protoperidinium spp., increased fluxes of E. granulatum, Echinidinium spp. and cysts 

of P. stellatum coincide with periods of elevated nutrient content in the upper water column related to 

both upwelling and dust input events. Newly formed E. granulatum cysts were observed by Zonneveld 

and Brummer (2000) from sediment trap material collect

filaments, but migh

ysts of 

ling (Zonneveld and Brummer, 2000; Marret and Zonneveld, 2003). Our results show that the 

presence of upwelling is not a requirement for P. stellatum to produce cysts. 

Echinidinium aculeatum, E. delicatum, I. aculeatum, S. nephroides and S. quanta show no 

elevated flux rates in June 1998 at times of maximal upwelling. Their enhanced fluxes during 

enhanced lithogenic input suggest, however, that their production is stimulated by increased nutrient 

input. The presence of upwelling filaments does not seem to be a requirement for these species. This 

confirms earlier observations that S. nephroides, S. quanta, E. delicatum and E. aculeatum are 

characteristic for regions with mesotrophic to eutrophic surface waters (see overview in Marret and 

Zonneveld, 2003) 

The production of species of I. sphaericum and P. americanum is restricted to times of maximal 

upwelling. For P. americanum, this confirms earlier studies demonstrating that this species 

characterizes the north-west African and Benguela upwelling regions (Dale and Fjellså, 1994; 

Zonneveld et al., 2001). Impagidinium species were traditionally characterized as being characteristic 
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ances can be found in extremely eutrophic areas 

(Marret and Zonneveld, 2003). In spite of the low recovery rate, our results seem to suggest that this 

though in low amounts, within upwelling filaments. Clearly, the ecology 

of this species requires further investigation. 

age in 

1998 and 1999, respectively). Conditions began to change by January 1999. Exceptionally strong 

inds and reduced SST (1.11°C cooler in February 1999 than in the analogous period 

f 1998) indicate anomalously strong upwelling in 1999 for the region (Gregg, 2002). The relatively 

h

P. mono

P. mono of this species have been described by Zonneveld and Dale (1994) from the 

O

cysts w hereby cysts with cell 

co

suggest than 

ap

A etween cyst productivity 

an

parame  

A

 

C

 

intensit late cyst 

as

column n of organic-walled 

d

E. gran

highest production in intervals of strongest upwelling relaxation and high lithogenic input. 

E

input is upwelling 

re

nutrient

for oligotrophic, open oceanic conditions. The global distribution of I. sphaericum is, however, not 

restricted to these areas. In contrast, high abund

species might even occur, al

A characteristic temporal distribution is documented for cysts of P. monospinum. This species is 

practically absent in 1998 and dominates the association in 1999. The year 1999 was characterized by 

lower SST at the sampling site than the summer/autumn of 1998 (23.6°C and 21.8°C on aver

south-westward w

o

igh temperatures in 1998 could, therefore, have been a limiting factor for the production of 

spinum cysts. To date, there is hardly any information available on the ecology of 

spinum. The cysts 

slo Fjord, Norway, which is characterized by relatively low surface water temperatures. In our data, 

ere only found during intervals with SST between 19.6°C and 25.3°C, w

ntent were restricted to intervals with SST between 19.6°C and 23.5°C. Consequently, it can be 

ed that P. monospinum might require eutrophic environments and/or SST lower 

proximately 24°C. 

lthough in the present paper we have focused on the relationship b

d a limited amount of physical parameters in the upper water column, it is obvious that other 

ters not included in the present study, for example dissolved gases, light intensity (Pfiester and

nderson, 1987) might have influenced cyst production. 

ONCLUSIONS 

During the studied time interval seasonal variations in sea surface temperature, upwelling 

y and Saharan dust input are reflected in the production of organic walled dinoflagel

semblages. Off north-west Africa Saharan dust bringing nutrients (e.g. iron) to the upper water 

 seems to be the most important factor influencing productio

inoflagellates. Cysts of Protoperidinium spp. dominate cyst assemblages throughout the year. 

ulatum, Echinidinium spp., cysts of P. stellatum and cysts of Protoperidinium spp. show 

. aculeatum, E. delicatum, S. nephroides and S. quanta show enhanced production when lithogenic 

 elevated, but their flux pattern does not always coincide with periods of strong 

laxation. I. sphaericum and cyst of P. americanum are produced at times of elevated upper water 

 availability and relatively low SST. The production of cysts of P. monospinum is restricted to 
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intervals with enhanced nutrient concentrations in upper waters when SST at the sampling site is 

b

elevated

concent
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Fluxes of individual species or groups of species recovered at CB9 mooring. 
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1 0 0 0 0 733 0 0.5 7.5

2 0 0 0

3 0 0 0 0 691 64 0.5 27.5

0 0 0 0 473 36 0.5 27.5

6 0 0 0 0 1918 9 0.5 27.5

7 9 0 0 .5

8 0 9 0 0 591 0 0.5 27.5

9 0 0 0 0 1100 36 0.5 27.5

10 0 0 0 0 3518 27 0.5 27.5

11 0 0 0 9 4291 0 0.5 27.5

12 0 0 0 0 1045 9 0.5 27.5

13 0 0 9 0 2191 36 0.5 27.5

14 0 0 0 0 1809 0 0.5 27.5

15 0 0 0 0 2218 18 0.5 27.5

16 0 0 0 0 973 27 0.5 27.5

17 0 0 0 0 291 0 0.5 27.5

18 0 0 0 0 1309 0 0.5 27.5

19 0 0 0 0 673 0 0.5 27.5

20 0 0 0 0 335 4 0.5 11.5

 0 509 0 0.5 27.5

4 

5 0 0 0 0 2982 0 0.5 27.5

0 773 0 0.5 27
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Interannual and seasonal variability of the organic-walled dinoflagellate cyst production 

sub)tropical Atlantic with emphasis on transport and preservation 

processes. 

sediment trap 

study 

in the northeast (

 

Ewa Susek and Karin A. F. Zonneveld   

 

Fachbereich 5-Geowissenschaften, University of Bremen, Postfach 330440, D- 28334  Bremen, Germany 

 

ABSTRACT 

 

Living dinoflagellate cysts in marine sediments form a seed bank from which their motile 

planktic stock can be renewed. Excessive growth of dinoflagellates in the upper water column can 

have major environmental and economic consequences especially when toxin producing species are 

involved.  Fossilised cyst-associations are used to obtain detailed information about past marine 

environmental conditions and form therefore a sufficient tool to reconstruct the palaeoceanography. 

To estimate this risk, and for adequate use of dinoflagellate cysts in palaeoenvironmental research, it is 

essential to have detailed information about factors that influence cyst formation, sedimentation and 

fossilisation. Within this study, we enhance this information by presenting results of a 

from the upwelling region off NW Africa that is characterised by strong seasonal and 

interannual variability. Cyst production of organic-walled dinoflagellate cysts has been related to 

environmental conditions in the upper water column over a period of 4 years (including 5 

summer/autumn seasons), notably to variations in sea surface temperature, upwelled water salinity, 

upwelling intensity and Sahara dust input. We show that enhanced cyst production coincides with high 

nutrient availability in the upper water column. The most important environmental parameters 

affecting cyst production in the region appear to be the amount of dust input and the quality of 

upwelled water reflected by the water salinity. No clear relationship between surface temperatures, 

upwelling intensity and cyst production is found. Cysts assemblages are dominated by heterotrophic 

taxa: Brigantedinium spp. and Protoperidinium monospinum. Autotrophic taxa constitute max 4% of 

the assemblages. Production of cysts of P. americanum and P. monospinum is positively related to the 

Saharan dust input. Increased production of Lingulodinium machaerophorum is observed in periods 

with relatively high South Atlantic Central Water content of the upwelled water. Fluxes of 

Brigantedinium spp. show similar variability as the total diatom flux. Species selective aerobic decay 

strongly influences surface sediment cysts association resulting in an enhanced concentration of 

autotrophic taxa in surface sediments compared to that of heterotrophic taxa. 

 

Key words: organic-walled dinoflagellate cyst, sediment trap, interannual differences, dust, 

NACW/SACW, NW Africa. 
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r with diatoms and coccolithophorids the majority of the 

marine eukaryotic phytoplankton and are, therefore, important as primary producers. About 200 

ce resting stages (so called resting cysts) as part of their sexual 

reproduction cycle (Pfiester and Anderson, 1987). During encystment the dinoflagellates lose their 

flagell

by toxin producing species form a risk to develop, so called, toxic blooms. Such blooms can have 

major economic consequences for the fish industry as well as forming a severe risk for public health. 

To optimise the estimates about these risks, it is essential to have detailed information about the 

environmental factors that influence cyst production of individual species as well as their 

sedimentation behaviour. Such information is also required within the palaeoceanographic and 

palaeoclimatic research fields where the ecological information of fossilised cyst can be used to 

establish detailed reconstructions of past oceanographic and environmental conditions.   

Until now the majority of the required information is derived by comparing the modern 

distribution patterns of cyst species within surface sediments with environmental conditions of 

overlaying water masses (e.g. Marret and Zonneveld, 2003). However, this method has it’s restrictions 

since surface sediments contain assemblages that are deposited over many years and the ecological 

be disturbed by secondary processes such as species selective aerobic decay and transport 

 

nmental conditions of surrounding water masses can be obtained (Montresor et 

l., 1998; Harland and Pudsey, 1999; Zonneveld and Brummer, 2000; Wendler at al., 2002). 

ogical affinity, transport and preservation of tropical organic walled dinoflagellate cysts by 

omparing the cyst content of four sediment traps with upper ocean conditions (Fig. 3.1). By studying 

 

INTRODUCTION 

 

Dinoflagellates constitute togethe

marine species are known to produ

a and become immobile. As a result they sink through the water column towards the sea bottom 

where they sediment and may become fossilized. Cysts may form a sort of seed bank in aquatic 

sediments from which the motile stock can be renewed. Recent experiments have shown that cysts of 

some species can remain vital for at least almost a decade (Lewis et al., 1999). Especially cysts form 

“signal” can 

(Zonneveld et al., 1997). By studying sediment trap material, a direct correlation of the cyst

production with enviro

a

Information about transport processes through the water column and the fossilization potential of 

individual species can be obtained by comparing several traps at different water depths at one site with 

each other and with the underlying surface sediments. However, until now sediment trap studies of 

dinoflagellate cysts are restricted to short time intervals only. In regions with strong year to year 

variability such as for instance upwelling areas information is required from a time span of at least 

several years, to address this variability (Fischer et al., 1996; Ratmeyer et al., 1999; Romero et al., 

2002; Romero et al., 2003). In this study we are the first to present information about the 

dinoflagellate cyst production over a 4-year period from the NW African upwelling area, one of the 

most important upwelling area’s in the word. We aim to enhance the presently available knowledge on 

the ecol

c

 43



Chapter 3 
_________________________________________________________________________________ 
 

e cyst content from traps at different water depths in one year, information is retrieved about 

t secondary transport and 

reservation in the sediments is obtained by comparing the cyst associations recovered from the traps 

with those of the underlying sediments. 

OCE GRAPHIC SET

 

 in d f al u lling a is dire pled to the 

northeast trade wind blowing alongshore NW Africa toward the southwest (Mittelstaedt, 1983). 

During upwelling, subsurfa lace the ater masses on the continental 

shelf tin ly  e ced ary he u Since 

 
 

 
Fig. 3.1

ea surface temperature anomaly (SSTA) the 

differe

th

processes of decay and transport within the water column. Information abou

p

 

ANO TING 

The tensity and uration o coast pwe  off NW Afric ctly cou

ce, nutrient rich waters rep surface w

resul g in regional  restricted nhan  prim productivity in t pper water column. 
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. Location of the traps and the surface sediment sample GeoB 3402-9 off Cape Blanc. CC = Canary Current, NEC = 

North Equatorial Current. 

 

upwelled waters are relatively cold, a lowering of sea surface temperature (SST) is observed.  The 

upwelling intensity can therefore be documented by s

nce between the coastal zone SST and the open Atlantic SST (Speth et al., 1978). Between 20 

and 24°N upwelling occurs throughout the year with maximum intensity during spring and autumn 

(Speth et al., 1978; Speth and Detlefsen, 1982; Mittelstaedt, 1991). Variability in upwelling intensity 

is modified by short-term intensification and relaxation of the wind stress on a scale of days to weeks 

(Barton, 1998; Nykjaer and Van Camp, 1994). Apart from short term and seasonal variability, 

upwelling intensity can change remarkably at an interannual scale (Bory et al., 2001; Fischer et al., 

1996; Nykjaer and Van Camp, 1994; Ratmeyer et al., 1999; Romero, et al., 2002; Thomas et al., 

2001).  
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Table 3.1. Location, deployment depths, sampling duration and intervals (Fischer et al.1996) 

 

Trap 

name 

Trap  type 

(opening) Position 

Water 

depth 

(m) 

Trap 

depths 

(m) Sampling duration Samples x days 

CB2 Mark V  21°08.7' N 4092 3502 15.03.89 - 24.03.90 22 x 17 

 (1.17m²) 20°41.2' W     

CB3 Kiel SMT 230  21°08.3' N 4094 730 08.04.90 - 30.04.91 18 x 21.5 

 (0.5m²) 20°40.3' W  3557 29.04.90 - 08.04.91 16 x 21.5 

CB4 Kiel SMT 230  21°08.7' N 4108 3562 03.05.91 – 19.11.91 20 x 10 

 (0.5m²) 20°41.2 W     

CB9 Kiel SMT 234  21°15.2’ N 4121 3580 11.06.98 - 07.11.99 1 x 7.5; 18 x 27.5; 1 x 11.5 

    20°42.2’ W        

 

t periods of extreme, strong upwelling intensity, a cold upwelling belt can become separated 

water (Barton et al., 1977; Hagen, 2001). Although the major 

upwelling zone is found on the shelf-slope waters such a band of “primary upwelling” can be observed 

about 

e cold Canary Current flowing 

equato

 al., 2003). The 

SACW

far north as 25°-26°N, the strongest mixing of the SACW and the NACW occurs between 22°-23°N 

 

A

from the coast by a zone of well-mixed 

20–30km offshore (Mittelstaedt, 1991). A “secondary upwelling” band can develop along the 

shelf break. On the contrary to the above described features this type of upwelling induces not a strong 

biological response (Mittelstaedt et al., 1975; Minas et al., 1982). The generally strong winds in the 

Cape Blanc region induce strong turbulences in the photic zone. Maximal primary production in 

upwelling area is observed during periods of wind relaxation since the phytoplankton is not able to 

build up a considerable standing stock at times of strong mixing (Dugdale and Wilkerson, 1985). 

Characteristic for this region are “giant filaments” of relatively cold, chlorophyll- and nutrient- 

rich water that persist throughout the year. They spread offshore over 450 km from the coast 

(VanCamp et al., 1991). The occurrence of these filaments during the year is coupled to the general 

pattern of upwelling in this region. Between 20°30’-22°N the highest concentration of “giant 

filaments” is observed (Kostianoy and Zatsepin, 1996). 

The surface circulation in this area is dominated by th

rward. About 21°N it bends from the continental margin southwestward to the open ocean to 

supply the North Equatorial Current (Barton, 1998). The water column between 150-600m depth 

forms a frontal zone between less saline, nutrient rich and slightly cooler the South Atlantic Central 

Water (SACW) and saltier, relative nutrient depleted the North Atlantic Central Water (NACW) 

(Hughes and Barton, 1974; Barton 1998; Klein and Tomczak, 1998; Vangriesheim et

 is transported northward by a counter current at depths between 150-400m, whereas the 

NACW follows the Canary Current at depth between 100-600m. Although the SACW can be traced as 
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ace especially during winter and 

spring (Mittelstaedt, 1991; Hagen, 2001). Below 2000m the water masses are formed by the North 

Atlantic Deep Water (NADW). Below 4000m occasionally Antarctic Bottom Water (AABW) can be 

aced (Sarnthein et al., 1982). Apart from upwelling, nutrients can be brought into the oceanic system 

rd within the 

trade wind or Hartmann wind system over long distances (Moulin et al., 1997; Ratmeyer et al., 1999). 

Sahara

MAT

d sediment traps between 

15.03.

 located at 730 m depth (CB3 upper) was collected between 08.04.90 - 

30.04.

ted. They were rinsed with distillate water to remove HgCl2 and than prepared according to 

ethod described by Susek et al. (2005). The surface sediment sample GeoB 4302-9 was collected at 

1°13’4’’N and 20°42’0’’W during MS Meteor cruise (M38/1). 50% of material was counted.  

Identification of organic-walled dinoflagellate cyst species was accomplished using light microscope 

at magnification 400xs. Data of CB9 are from Susek, et al. (2005). 

Off Cape Blanc upwelled waters ascend from depths of about 200m (Mittelstaedt, 1983). The 

upper water layer (50-100m) can be, temporarily, influenced by tropical warm water from the south. 

Therefore, to establish upwelled water masses data from the depth 157.5m (temperature) and from 

160.51m (salinity) are used. Monthly data at the mooring position are extracted from UMD Carton goa 

beta7: beta7 (http://iridl.ldeo.columbia.edu/ SOURCES/.UMD/. Carton/.goa/.beta7/.). 

As an indicator for upwelling intensity the sea surface anomaly (SSTA) is calculated by 

comparison of coastal (21°50’N 17°50’W) and open ocean (21°50’N 40°50’W) SST. SST data from 

(Tomczak and Hughes, 1980; Sarnthein et al., 1982). Enhanced productivity off Cape Blanc occurs 

when the SACW feeds the upwelled water masses what takes pl

tr

by frequently occurring dust storms from the Sahara. These storms transport dust westwa

n dust aerosols influence the nutrient dynamics of ocean and have a significant effect on the 

oceanic productivity (Middleton and Goudie, 2001). Aeolian dust contains appreciable quantities of 

iron (Zhu et al., 1997; Goudie and Middleton, 2001) which can enhance plankton productivity by 

reducing nitrogen limitation stress as a result of stimulation of N2-fixation (Gruber and Sarmiento, 

1997). 

 

ERIAL AND METHODS 

 

Sampling and preparation of material 

 

The trap samples were collected with cone-shaped multisample

1989 and 03.05.1991 (traps CB2, CB3 lower and CB4) and between 11.06.1998 and 07.11.1999 

(CB9). The moorings CB2-4 and 9 were located 235 nautical miles off Cape Blanc at 3550 m depth 

(Fig. 2.1).  An additional trap

91. The sampled material was stained with HgCl2. The details of the sampling and splitting 

procedure are given in Wefer and Fischer (1993) and Fischer et al. (1996). For this study 1/64 (CB2), 

1/40 (CB3upper and lower) and 1/64+1/80 (CB4) and 1/125th (CB9) of the original samples were 

investiga

m

2
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ship buoy and bias-corrected satellite sources at a one-degree square block around the study site are 

obtained from http:// Ingrid.ldeo.columbia.edu/SOURCES/.IGOSS. 
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Fig.3.2. Compilation of total organic dinoflagellate cyst flux (black), salinity, lithogen flux, SST and SSTA.  

 

 calculated by dividing the number of collected cysts in the trap per m² by the 

number of collecting days. Mean relative abundance of cyst species in the sediment trap (mean %) are 

group of Brigantedinium spp. includes round 

rown cysts without spines.   

Since traps were not disturbed by high current velocities (Helmke, 2003) a fast and almost 

ndisturbed downward transport was observed (Ratmeyer et al., 1999) we assume that observed cyst 

Cyst fluxes are

calculated by dividing the total number of cyst of an individual species in all samples by the total 

number of cyst counted in all trap samples. Mean relative abundances of cyst species in surface 

sediments are calculated by dividing the number of cyst of the individual species by the total number 

of cyst counted in the sediment sample.  

The studied moorings did not have a sample covering of complete years. However, all moorings 

collected material in the summer and autumn seasons (June – November). For adequate acquisition of 

the interannual variability, we have focussed our comparison to these seasons. Material collected in 

summer-autumn correspond to samples 6-14 (CB2; 1989), samples 4-10 (CB3 lower; 1990), samples 

5-19 (CB4; 1991), samples 1 to 6 (CB9; 1998) and 15 to 20 (CB9; 1999).  

The nomenclature of dinoflagellate cysts is used. The cysts-theca relations are given in 

Table 3.2. and follow Marret and Zonneveld (2003). The 

b

u
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fluxes reflect cyst production. Lithogen data concerning CB2-4 are obtained form Ratmeyer, et al. 

(1999). 
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Fig.3.3a. Cyst fluxes of selected species (cysts/m²/day). Lithogen flux in mg/m²/day. 

 

To de

simultaneously, as a complex. 

The u

 

Gauch, 1980; Jongman et al., 1987). Previous to our RDA analysis our dataset has been tested on it’s 

orrespondence analysis (DCA). 

Statistical methods  

 

termine the relationship between the environmental conditions in the upper water column and 

cysts production, a visual comparison of cysts fluxes with environmental/physical parameters such as 

salinity (as indicator of upwelled water masses), lithogen, sea surface temperature and SSTA can be 

made. However, ecological parameters influence the cyst production 

se of statistical methods can be helpful to elucidate these relationships. Here we use the method 

of redundancy analysis (RDA) to establish a direct correlation between cysts production and 

environmental variables using the programme CANOCO for  Windows (CANOnical  Community  

Ordination: version 4.0, author C.J.F. Ter Braak, 1998, Wageningen, The Netherlands). RDA is based 

on the assumption that species show a linear response to changing environmental gradients (Hill and

linearity by a detrended c
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Fig.3.3b. Cyst fluxes of selected species (cysts/m²/day). Lithogen flux in mg/m²/day. 

 

Results of a RDA analysis are depicted in a two dimensional space. Results of both species and 

environmental variables are depicted by arrows. Directions of the arrows point in the direction of 

increased species accumulation rate or variable value, respectively. The length of an arrow of an 

environmental variable is a function of that variable’s importance in determining the species variation 

(see Fig. 3.4). Species that plot close to the centre of the diagram (i.e. having short lines) are most 

likely not significantly affected by the environmental gradients. The correlation coefficient between a 

species and the environmental gradient corresponds to the cosine of the angle between the species line 

and that of the gradient: a positive score represents increasing abundance of a species along the 

gradient and a negative score the opposite. The known environmental variables available for the 

analysis are: (a) SST, (b) SSTA, (c) salinity at depth 160.51m (17.5°W 21.5°N), (d) lithogen. It is 

assumed that sinking velocity of marine particles is such that it takes meanly two weeks to reach the 

sampling depth (Fisher et al., 1996; Siggelkow et al., 2002) salinity, temperature at depth 157.5m 

(17.5°W 21.5°N), SST and SSTA were therefore compared to productivity with a two week phase lag.  

 

 

 

Lithogen

80 Lingulod inium machaerophorum

0
2000

0
140

Protoperid in ium  americanum

Protoperid in ium  m onosp inum

Protoperid in ium  ste lla tum

0
200

0

Selenopemphix nephroides

Selenopemphix quanta

CB2 CB3 CB4 CB9

 49



Chapter 3 
_________________________________________________________________________________ 
 
RESULTS 

 

 

y 

 

e 

 

Interannual variations 

 

Although the associations of all traps at 3550 m depth are dominated by heterotrophic taxa 

(Fig.3.5) the species composition varies annually. The assemblages collected by CB2 (1989) and CB3 

(1990) are dominated by Protoperidinium monospinum (respectively 59% and 59%) whereas those of 

CB4 (1991) and CB9 (1998/1999) are dominated by Brigantedinium spp. (78% and 45%, respectively) 

(Fig.3.6).  

Our study covers five summer/autumn seasons. Cyst assemblages of these seasons in 1989 

(CB2) and 1990 (CB3) are dominated by Protoperidinium monospinum (respectively 56% and 60%) 

55%). In the summer/autumn season of 1999 Protoperidinium monospinum forms 31% of 

e assemblages whereas in 1991 and 1998 it forms only a small part of the association (Fig.3.7). 

999 (CB9 – 11.2 cyst/d/m2). 

 

 A total of 30 different organic-walled dinoflagellate cyst morphotypes are recorded 

(Table 3.3.). Within the studied surface sediment 18 taxa have been recorded. Total cyst flux is 

illustrated in Fig. 3.2. The fluxes of the selected cyst species in CB 2-4 and CB9 are illustrated in 

Fig. 3.3a and 3.3b.  

 

Redundancy analysis (RDA) 

 

The results of the RDA analysis are illustrated in Fig.3.4. Of the studied environmental 

variables only lithogen (or Sahara dust input) and salinity appear to be significantly related to the

variability in cyst production of individual species explaining 40% and 10%, respectively, of the

variability in the dataset. The following relationships can be indicated: 

Cyst production of Protoperidinium monospinum and P. americanum can be positivel

correlated to lithogen.  Lingulodinium machaerophorum production is negatively correlated with

salinity. The production of Brigantedinium spp., Echinidinium aculeatum, P. stellatum, Selenopemphix 

nephroides and Selenopemphix quanta is positively correlated to both lithogen and salinity. Th

abundances of other species do not show clear correlation with the environmental parameters studied. 

with Brigantedinium spp. forming the second most important species. In 1991 (CB4), 1998 (CB9) and 

1999 (CB9) assemblages of these seasons are dominated by Brigantedinium spp. (respectively 78%, 

73% and 

th

 Comparison of the average daily flux of dinoflagellate cyst in comparable seasons shows 

minor differences between 1989, 1990 and 1991 (respectively: 469.0, 470.4 and 480.7 cyst/d/m2). In 

1998 the flux is strongly increased compared to previous years (1217.7 cyst/d/m²) whereas the flux in 

1999 is of intermediate high (Fig.3.8). The average daily flux of autotrophic species is highest in 1989 

(CB2 – 29.0 cyst/d/m2) and the lowest in 1
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Fig.3.4. Redundancy analyses (RDA) diagram showing the relative distributions of organic walled dinoflagellate cyst 

occurrence in relation to the known environmental variables. Values along the first and the second axes represent standard 

deviation. 

 

Several species are observed throughout the years (i.e. in every mooring): Brigantedinium spp., 

Impagidinium spp., Protoperidinium monospinum, 

p.m on

p.ame

e.acu

e.delt.app
i.sph

b.spon

l.mach
i.spp

v.cal

n .lab

Echinidinium aculeatum, Echinidinium delicatum, Echinidinium granulatum, Echinidinium spp., 

Impagidinium aculeatum, Impagidinium patulum, 
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Protoperidinium stellatum, Selenopemphix nephroides and Selenopemphix quanta. Occurrence of 

other taxa varies among individual traps. 

 

4%

C 2B

3%

CB3

96% 97%

4%

96%

heterotrophicautot roph ic

CB4

99%

1%

CB9

th

The flux rates in upper and lower trap are on the average at level 774 and 663 cyst/d/m², 

 both traps cyst assemblages are dominated by heterotrophic taxa (with autotrophic 

specie ituting 2 and 3% respectively). Comparison of associations indicates some differences: 

upper 

 
 
Fig.3.5. Relative abundances of e autotrophic and heterotrophic organic-walled dinoflagellate cysts in traps.  

 

Comparison of upper and lower CB3 trap 

 

  

respectively.  In

s const

trap assemblages are dominated by Brigantedinium spp. (73%), whereas material collected by 

the lower trap is dominated by Protoperidinium monospinum (59%; Fig. 3.9).  
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 spp.: E. 

, 

idinium aculeatum, I. patulum, I. sphaericum, I. strialatum, Impagidinium 

Lingulodinium machaerophorum, Nematospheropsis labirynthus, Operculodinium centrocarpum, Operculodinium 

raelianum,  cyst of Polykrikos schwartzii, Polysphaeridium zoharyi, Spiniferites delicatus, S. hypercanthus, S. 

, S. pachydermus, Spiniferites spp.  

 

The temporal distribution pattern of total dinoflagellate cyst assemblages collected by the upper 

and lower CB3 mooring are comparable and do not show strong discrepancies.  Comparison of 

Brigantedinium spp. and Protoperidinium monospinum fluxes in upper and lower CB3 mooring 

indicate no or 1 cup (21.5 day) time lag between upper and lower trap (Fig. 3.10). The fluxes of other 

taxa are lower and do not show clear time relationship between upper and lower traps. 

 

 

 

 
Fig.3.6. Relative cyst abundances of selected species and groups of species in CB2-4 and CB9. Echinidinium

aculeatum, E. delicatum, E. granulatum, Echinidinium spp.  

Protoperidinoids: cyst of Protoperidinium americanum, cyst of P. stellatum, Selenopemphix nephroides, S. quanta

Trinovantedinium applanatum, Votadinium calvum, Votadinium spinosum. 

Other species: Bitectatodinium spongium, Impag

spp., 

is

membranaceus
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species Ech , 

Operculodini ericanum, 

Selenopemph antedinium 

applanatum, ver, not 

observed in underl hic: 127.8 

 

DISC

., 2001; Fischer et al., 1996; Nykjaer and Van Camp, 

1994; 

ve upwelling 

and lo

; 

Montresor et al., 1998; Susek et al., 2005; Wendler et al., 2002; Zonneveld and Brummer, 2000). For 

the Arabian Sea Zonneveld and Brummer (2000) and Wendler et al. (2002) have shown that cyst 

ment 

In consistence with the trap samples, the cyst association of the surface sample 

 taxa (Fig. 3.11). However while autotrophic species in the traps constitute on the

2.5% (1-4%) of association, their contribution in the surface sediment samp

 compose 29%. The most abundant autotrophic species is Impagidi

constituting 12.3% of total surface sediment assemblage and 42.2% of autotrophic part of asso

most abundant taxon is Impagidinium spp. (6.8% and 23%, respectively

 part of assemblage is co-dominated by Brigantedinium spp. and Proto

. All taxa observed in surface sediment material are found in the trap materi

inidinium granulatum, Impagidinium strialatum, Nematospheropsis labirynthus

um centrocarpum, Polyspheridium zoharyi, Protoperidinium am

ix quanta, Spiniferites delicatus, Spiniferites hypercanthus, Trinov

Votadinium calvum and Votadinium spinosum found in the traps are, howe

ying sediments. Sediment material contains 439.1 cyst/gram (autotrop

cyst/gram). 

USSION 

 

  The coastal upwelling regions are known to be characterised by high productivity related to 

fertilization of the upper water column due to upward movement nutrient rich water to the surface. 

The region off Cape Blanc is characterised by relatively permanent upwelling with seasonal and 

interannual variability in strength (Bory et al

Ratmeyer et al., 1999; Romero et al., 2002; Thomas et al., 2001). Our study site is not located in 

the actual upwelling area, but at a site where “giant filaments” pass. Within these filaments nutrient 

concentrations are is still high compared to surrounding waters but vertical water movement is, 

although still severe, not as strong as in the active upwelling bands. Within the filaments nutrients are 

not exhausted and enable in situ growth of phytoplankton, including dinoflagellates (Gabric et al., 

1993). For the region of active upwelling off Cape Blanc, maximum biological productivity during 

periods of wind relaxation and weaker vertical mixing is observed (Dugdale and Wilkerson, 1985).  

We do not observe a relationship between dinoflagellate cyst production and wind stress or relaxation. 

As discussed before, the trap position is located further offshore outside the region of acti

cal conditions are not directly influenced by wind intensity.  

Field observations indicate that enhanced dinoflagellate cyst production can be related to 

increased nutrient availability (Godhe et al., 2001; Kremp and Heiskanen, 1999; Marino et al., 1984
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roduction is enhanced in periods of intense upwelling. In our study, however, upwelling intensity 

t forming a rather continuous nutrient supply.  In 

p

appears to be no significant factor influencing the cyst association. This can be explained by the fact 

that upwelling in the studied area is almost permanen

the Arabian Sea upwelling is strongly seasonally constrained which results in marked differences in 

nutrient availability in different seasons. 
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Fig.3.7. Relative cyst abundances of selected species and groups of species in summer/autumn seasons 

Echinidinium spp.: E. aculeatum, E. delicatum, E. granulatum, Echinidinium spp. 

Protoperidinoids: cyst of Protoperidinium americanum, cyst of P. stellatum, Selenopemphix nephroides, S. quanta, 

Trinovantedinium applanatum, Votadinium calvum, Votadinium spinosum. 

Other species: Bitectatodinium spongium, Impagidinium aculeatum, I. patulum, I. sphaericum, Impagidinium spp., 

Lingulodinium machaerophorum, Operculodinium israelianum, cyst of Polykrikos schwartzii, Polysphaeridium zoharyi, S. 

hypercanthus, S. pachydermus, Spiniferites spp.  
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Fig.3.8. Average flux in summer/autumn seasons compared with average lithogen flux. 

osphorus 

s (Anderson and Lindquist, 

 to Susek et al. (2005), Zonneveld et al. (2005) and references therein for 

ore detailed information about this subject.  

ust input seems to be one of the most important parameters influencing cyst production. 

Comp

 

Laboratory experiments indicated nutrient depletion, especially nitrogen and/or ph

limitation as primary trigger for sexuality and encystment of dinoflagellate

1985; Anderson et al., 1984; Anderson et al., 1985; Blanco, 1995; Pfiester and Anderson, 1987). The 

discussion about the possible causes of this discrepancy is, however, beyond the scope of this paper 

and we would like to refer

m

The results of the redundancy analysis indicate that the most important parameter influencing 

cyst production over a longer time span is lithogen concentration related to dust input. This is not 

surprising since in this region Saharan dust deposition plays an important role bringing trace elements 

to ocean (Kremling, 1985; Kremling and Streu, 1993; Sarthou et al., 2003). For the high nutrient/low 

productivity areas in the Southern Ocean it has been shown that trace elements such as iron form the 

factor limiting biogenic production (Boyd and Law, 2001; Boyd et al., 2000; Coale et al., 1996; Gregg, 

2002; Moulin et al., 2001; Pittman, 2002; Smetacek, 2001). In the studied region a similar situation 

occurs with nutrients being refilled continuously through upwelling and with mineral dust deposition 

forming the main source of iron supply to the upper water column (Sarthou et al., 2003).  

D

arison of total dinoflagellate cyst flux with lithogen (Fig.3.2) shows distinct convergence. 

However, no clear relationship between average total cyst-flux in summer/autumn and average dust  
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Fig.3.9. Relative cyst abundances in CB3 upper and CB3 lower: a) abundances of the autotrophic and heterotrophic cyst, b) 

abundances of selected species and groups of species. 

Echinidinium spp.: E. aculeatum, E. delicatum, E. granulatum, Echinidinium spp. 

Protoperidinoids: cyst of Protoperidinium americanum, cyst of P. stellatum, Selenopemphix nephroides, S. quanta, 

Trinovantedinium applanatum, Votadinium calvum, Votadinium spinosum. 

Other species: Bitectatodinium spongium, Impagidinium aculeatum, I. patulum, I. sphaericum, I. strialatum, Impagidinium 

put can be observed (Fig.3.8). The average total cyst-flux in summer/autumn remained relatively 

stable 

spp., Lingulodinium machaerophorum, Operculodinium centrocarpum, Operculodinium israelianum, cyst of Polykrikos 

schwartzii, Polysphaeridium zoharyi, Spiniferites spp.  

 

in

in 1989, 1990 and 1991 independent of fluctuations in lithogen level.  In 1998, however, the 

total cyst-flux was the highest of the studied period whereas lithogen input was of intermediate level. 

A possible explanation for this finding might be that the combination of lithogen influx with 

stratification of the upper water column influenced the total cyst production in this season. During 

August/September 1998 SST was relatively high indicating that upwelling was less intense. A more 
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stable upper water column (relatively less mixing) with a still high level of nutrient and trace element 

input could have favoured total-cyst production in this season of this year.  

Brigantedinium spp

Protoperidinium monospinum

upper trap
2200

0
1 2 3 4 5 8 9 10 11 12 13 14 15 16 17 18

sample nr
6 7

lower trap2200

0
1 2 3 4 5 8 9 10 11 12 13 14 15 16 17 18

sample nr
6 7

upper trap

2500

0
1 2 3 4 5 8 9 11 12 13 14 15 16 17 18

samp r
6 7 10

le n

lower trap

2500

1 2 3 4 5 8 9 10 11 12 13 14 15 16 17 18
sample nr

6 7
0

 
Fig.3.10. Fluxes of Brigantedinium spp. and Protoperidinium monospinum in the upper and lower CB3 trap 

 

Observations by Wolf and Kaiser (1978) indicate that production on the NW African shelf is 

related also to quality of upwelled water. Off Cape Blanc there is a transition zone between the NACW 

and th

re much lower as can be expected to be of direct influence on the cyst 

produ

e SACW. The latter water mass is less salty but more enriched in nutrients. As a consequence, 

biological production is markedly accelerated during periods with increased admixture of the SACW in 

the onshore transported intermediate waters that form the source of the upwelling waters. Hagen (2001) 

and Klein and Tomczak (1994) characterise T-S water properties of both water masses and it appears 

that in our study region salinity reflects the composition of the mixture of NADW and SACW and as 

such can be used to trace the upwelled water quality (Fig.3.12). Since the absolute variability in salinity 

over our 4 years study interval a

ction (see for instance Marret and Zonneveld, 2003 and references therein) we conclude that the 

documented significant relationship between cyst production and salinity reflect the upwelled water 

quality.  
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Fig.3.1

ised by relatively strong upwelling. The 

fact th

1. Relative cyst abundances of selected species and groups of species in the sediment sample GeoB 4302-9: 

a) abundances of the autotrophic and heterotrophic cyst, b) abundances of selected species and groups of species. 

Echinidinium spp.: E. aculeatum, E. delicatum, Echinidinium spp.  

Protoperidinoids: cyst of P. stellatum, Selenopemphix nephroides. 

Other species: Bitectatodinium spongium, Impagidinium aculeatum, I. patulum, I. sphaericum, Impagidinium spp., 

Lingulodinium machaerophorum, Operculodinium israelianum, cyst of Polykrikos schwartzii, S. membranaceus, S. 

pachydermus, Spiniferites spp.  

 

All studied samples are dominated by heterotrophic taxa. We observe extreme low relative 

abundance of autotrophic species. Phototrophic species are compelled to stay in the upper water layers, 

i.e. the photic zone that is influenced by wind and where strong turbulences persist. A reason for the 

low autotrophic cyst abundance observed in the trap off Cape Blanc might be the presence of upwelling 

persisting throughout the year with a mixed layer that is often deeper than the euphotic zone (Dugdale 

and Wilkerson, 1985). This might make it difficult for phototrophic dinoflagellates to remain present in 

the photic zone long enough to establish a standing stock that can produce a high amount of cysts.  

Highest average daily flux is noted for 1989 what might be related to the observed relatively weak 

winds enabling appearing of stratified surface water conditions (Fischer et al., 1996; Ratmeyer et al., 

1999). 

Cyst production of P. americanum and P. monospinum are positively correlated to lithogen input.  

P. americanum is thought to be typical for upwelling regions (Dale and Fjellså, 1994). In our study P. 

americanum is however, absent in 1991 (CB4) that is character

at 1991 was characterised by strong upwelling may be confirmed by relatively strong winds, low 

SST and stronger contribution of neritic diatoms in sediment collected by CB4 mooring (Fischer et al., 

1996; Ratmeyer et al., 1999; Romero et al., 2002). Dale and Fjellså (1994) suggest relatively high 

percentages of this species in surface sediments off Mauritania (6-16%) in roughly the area 
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approximating the region where our trap was moored. However, they do not give information on the 

precise position of the samples. We therefore cannot verify if high amounts of cyst abundances were 

found by these authors at sites where active upwelling in the upper water column prevails or in 

surrounding area’s. Nevertheless in the Benguela region and similarly in the Arabian Sea, the 

distribution of this species could not be related to centres of active upwelling (Zonneveld et al., 2001). 

Based on the observed correlation of enhanced productivity of this species at times of high dust input 

we suggests that this taxon is related to high nutrient content in the upper water column rather than to 

active upwelling.   
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ig.3.12. Temperature-salinity diagram of intermediate water masses off Cape Blanc (after Klein and Tomczak, 1994; 

icate upwelled water masses 

calculated for moorings’ periods. 

 

n. 

 

F

modificated). The lines show the water mass definitions for NACW and SACW. Grey rhombs ind

 A production pattern similar to P. americanum is observed for P. monospinum. Until now this 

species is not documented from upwelling areas. However, the morphology of this species is such that it 

might often be missed as individual species and its counts being included in species groups like 

Echinidinium spp. or Islandinium spp. The cyst-theca relationship of P. monospinum is described from 

the Oslo Fjord (Zonneveld and Dale, 1994) where it was collected at a site in the harbour where rather 

eutrophic conditions prevailed (Zonneveld, personal communication). Taking this into account, together 

with the here observed positive correlation between lithogen content and cyst production we assume 

that P. monospinum cyst production is related to high trophic level in the upper water colum
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 low wind speeds resulting in less severe turbulence of the upper water 

colum Our results are therefore in agreement with previous studies that document high production of 

Lingul

y and Harrison, 

1975; 5; Marasovic, 1989; Marasovic et al., 1991).  
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Fig.3.13. Brigantedinium spp. and total diatom fluxes (Romero et al., 2002) in CB 2-4. 

 

 The results of our RDA analysis show a negative correlation between salinit

ction of Lingulodinium machaerophorum. L. machaerophorum is known as a euryhaline species 

that can be found in regions with extreme high and low salinity content (Lewis and Hellett, 1997; 

Marret and Zonneveld, 2003 and references therein). Consequently, salinity itself forms not a factor that 

could have directly influenced cyst production. As discussed above, salinity forms an indication for the 

source waters of the upwelling waters at the studied site. When salinity in the upper waters is relatively 

low, this is an indication that upwelled waters consist for the major part of S

ared to NADW, SACW is slightly warmer and contains more nutrients result

ctivity in upper waters when SACW supports the upwelled water masses (Hagen, 2001). Our 

results suggest therefore, that the conditions of the upwelling source waters can be of major importance 

for th

is characterised by relatively

n. 

odinium machaerophorum cysts in regions characterized by high nutrient input and relatively 

stratified surface water conditions such as during upwelling relaxation periods (Epple

 Lewis and Hallett, 1997; Lewis et al., 198

High daily fl

enhanced production can be found at times of highest nutrient concentrations in the upper waters related 

nput. This is in consistence with environmental information based on geographical distribution 
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n  mesotrophic to eutrophic conditions in the upper waters 

B thin this 

and com namics of 

diatom  assemblages 

diatoms

contrast to observations of Gillbricht (1977), Mitchell-Innes and Walker (1991) and Pitcher et al. (1991) 

bigger d lagellates. A possible explanation of this “lost” succession might be 

 

Transp

 

sinking 

We observe that the flux patterns of individual species are similar in the upper and lower trap of 

consiste

cup is r

the wes

phase le

2000 m

the organic matter fraction of marine particles, varies considerably between the different organic matter 

Compar

for CB

observe

showing  and 61 days. As results of their size (30-

Lively, observed to 

natural 

(Mudie  Brummer, 2000). Such an effect can also be observed for coccoliths and 

studies that characteristically document Echinidinium aculeatum, P. stellatum, Selenopemphix 

es and S. quanta in regions withephroid

(Marret and Zonneveld, 2003).  

rigantedinium spp. generally dominates the assemblage. All motile species included wi

morphotype are thought to be heterotrophic. Several species are diatom grazers and food availability 

position is thought to be the most important factor influencing the seasonal dy

individual Protoperidinium species (Kjæret et al., 2000). In the studied region the seasonal and annual 

fluxes vary considerably. Despite these fluctuations the composition of the diatom

shows only little variability (Romero et al., 2002). The flux patterns of Brigantedinium spp. and total 

 accumulation (CB2-4) are very similar and no lag phase can be observed (Fig.3.13). This is in 

who observe a clear phytoplankton succession in upwelling areas starting with small diatoms towards 

iatoms and finally, to dinof

the relatively long sampling time of our samples, covering 10 to 21.5 days. 

ort within the water column 

By comparing material collected by traps at one site at different water depths information about 

velocities and possible transport of particle in the water column can be obtained.  

CB3 with a phase lag of maximal 1 cup lag (21.5 days) indicating high sinking velocities. This is 

nt with earlier findings on calcareous dinoflagellate cysts for which a maximal phase leg of 1 

ecorded as well for site CB3 (Siggelkow et al., 2002). Also in the seasonal upwelling region of 

tern Arabian Sea sinking velocities of organic-walled dinoflagellate cysts were such that no 

g between cyst fluxes of individual species could be observed in traps that were separated by 

 of water column. Previous studies in the region studied here, suggest that the settling speed of 

types and for different years in the order of 59 – 280 m d-1 (Fischer et al., 1996; Helmke, 2004). 

ison of the upper and lower traps of CB3 showed a phase leg of 48 days for alkenones, whereas 

4 a lag phase of 10 days is assumed (Müller and Fischer, 2001). For CB 9 Helmke (2004) 

d that chlorophyll-a peaks at the surface correspond with total sedimentation peaks in the trap 

 an average lag of 47.6 days varying between 21

60µm) dinoflagellate cyst were thought to behave as silt particles in the water column (Anderson and 

1985; Dale, 1983; Dale, 1996). Although sinking rates of individual cysts have been 

vary between about 0.011 and 0.013 cm/s (Anderson and Lively, 1985) recent studies suggest that in 

environments they sink much faster incorporated in faecal pellets or flocculated material 

, 1996; Zonneveld and
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almost  different directions. The lower traps were located in the North Atlantic Deep 
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individu unt this fact has 

NADW ividual dinoflagellate cyst species show 

Brigant

explana

 

 

through nd relocation of sediment. We observe a marked 

phototrophic 

differen

account rica (Kuhlmann, 2004) and relatively 

coccospheres, that sink much faster when incorporated in faecal pellets and marine snow relative to 

n be expected on their size (Winter and Siesser, 1994).  

oth traps are dominated by heterotrophic taxa and although the species composition is similar, 

tive abundances of the species 

Brigantedinium spp., the most abundant cyst in the lower trap is Protoperidinium monospinum.  A 

 explanation of this discrepancy could be the effect of lateral particle advection within the 

id layer (Freudenthal et al., 2001). Siggelkow et al. (2002) suggested that material collected by 

er CB 3 trap might be influenced by latera

et al. (2002) documented for the lower traps CB2-4 benthic diatoms, typical for near-shore regions. 

r, both authors find no univocal evidence that lateral particle transport within the nepheloid 

s taken place and current velocities over the ocean floor during the sampling interval are so low 

.9cms-1; May – November 1991) that no

documented (Helmke, 2004). We also have no evidence that Brigantedinium spp. or P. monospinum are 

d in higher amounts in the near shore regions of NW Africa.  We therefore cannot conclude nor 

 the possibility of lateral particle transport within the nepheloid layer in

Another factor that might have influenced the cyst association is that the upper and lower traps 

ted in different water masses. The upper trap was located within the Antarctic Intermediate-

ranean Water-mass (AAIW – MW; Zenk et al., 1991) with current speeds ranging from 1 to 

20cm s-1 from

Water-mass (NADW) with significantly lower velocities and southward flow direction (Fischer et al., 

With the presently available limited amount of information about the cyst distribution of 

al cysts in the current region no conclusion can be drawn about to what acco

influenced our results. Both water masses are characterized by different oxygen concentrations with 

 being most enriched in oxygen. As discussed below ind

different sensitivity towards aerobic decay. Species selective degradation within the water column with 

edinium spp. being more sensitive for aerobic decay than P. monospinum, might be an 

tion for our observation but more research is needed to test this hypothesis. 

 

Preservation – Comparison of trap associations with the underlying sediment 

The final cysts burial in sediments is depended on several factors such as production, transport 

 the water column, species selective decay a

difference between the cyst associations of the traps, with a maximum of 4% 

dinoflagellates, and the surface sediments at the sample location that contain 29% phototrophs. This 

ce is much larger than the interannual variability we document in this study. Taking into 

 the high accumulation rates in upwelling areas off NW Af
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here do might be representative for a much longer period. As such it 

A ervation.  (Zonneveld et 
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Bottom trap site are bathed in oxygen rich NADW (Sarnthein et al., 1982). Similar 

against  samples. We therefore 
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 likely explanation for this observation might be species selective pres

al., 1997; Zonneveld et al., 2001) have shown that cysts formed by phototrophic dinoflagellate species 
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 sediments at the 

findings are recorded for the Arabian Sea where surface sediments were enriched in species resistant 

aerobic decay compared to sensitive cyst species relative to the trap

conclude that species selective aerobic degradation in bottom sediments and at the sediment/water 

e forms an important factor that can affect cyst association in oceanic sediments. 

CONCLUSIONS  

In the studied area cysts production and association strongly varies seasonally and interannually. 

st important environmental parameters affecting cyst production in the region appear to be

amount of dust input and the quality of upwelled water reflected by the sea surface salinity. No clear 

ship between surface temperatures, upwelling intensity/win

production is found. This might be due to the fact that the trap position is outside the region of active 

ng with local conditions not directly influenced by wind intensity. Furthermore, upwelli

region is almost permanent forming a rather continuous nutrient supply. Trace elements are, however, 

d into the system through dust input. 
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.2.  List of observed dinoflagellate cyst taxa. (after Marret and Zonneveld, 2003) 

 

Species Motile affinity 

todinium spongium  (Zon veld unknown ne ) Zonneveld et   Jurkschat  
Brigantedinium spp.  
Echinidinium aculeatum  Zonn
Echinidinium delicatum  Zonn unknown 
Echinidinium granulatum  Zonneveld  unknown 
Echinidinium spp.  
Impagidinium aculeatum  (W
Impagidinium patulum  (Wall) over et Evitt  Gonyaulax sp.  
Impagidinium sphaericum  (Wall) Lentin et Williams  Gonyaulax sp.  
Impagidinium spp.  
Impagidinium strialatum  (Wa
 
Lingulodinium machaerophorum 

Gonyaulax
 

(von Stein) 
Dodge 

Nematospheropsis labirynthus stenfeld) Reid Gonyaulax spinifera (Claparéde et 
Lachmann)

Operculodinium centocarpum ll et P culatum (Claparéde et 

Operculodinium israelianum ( ssign W ll ? Protoceratium sp. (Claparéde et 
Lachm

cyst of Polykrikos schwartzii Bütschli 
Polysphaeridium zoharyi (Rossignol) Bujak . P i e Plate 

cyst of Protoperidinium americanum (Gran et Braarud) Balech  

Protoperidinium (Gran et 

 

cyst of Protoperidinium monospinum  (Paulsen) Zonneveld et Dale 
(Paulsen) 

Zonneveld et Dale 

Selenopemphix nephroides (Ben dek) Benedek et Sarjeant  

(Paulsen) 
Loebli

 
Selenopemphix quanta  (Bradford  Matsuoka (Gran) Balech 
Spiniferites  membranaceus  (R
Spiniferites delicatus  Reid  Gonyaulax sp.  
Spiniferites hypercanthus  (Def
Eisenack   

Spiniferites pachydermus (Rossingnol) Reid ? Gonyaulax spp. 
Spiniferites spp.  

cyst of Protoperidinium stellatum (Wall in Wall et Dale) Rochon et al. 
Protoperidinium (Wall in Wall et 
Dale) Rochon et al. 

Trinovantedinium applanatum (Bradford) Bujak et Davies 
(Gran) 

Balech 

Votadinium calvum Reid 
(Aurillius) 

Parke & Dodge 

Votadinium spinosum  Reid  
Protoperidinium l icans (Paulsen) 

eveld  unknown 
eveld  

 
all) Lentin et Williams  Gonyaulax sp.  
 St

 
ll) Stover et Evitt  

(Deflandre et Cookson) Wall 
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Protoperidinium monospinum  

e

Protoperidinium subinerme 
ch lll 

) Protoperidinium conicum 
ossignol) Sarjeant Gonyaulax sp.  

 
ax sp.landre et Cookson) Cookson et Gonyaul   
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Protoperidinium pentagonum 

Protoperidinium oblongum 
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. Fluxes of individual species or groups of species recovered at sites CB 2-4, CB3 upper and cysts counted in

Bitectatodinium spongium, 2 = Brigantedinium spp., 3 = Echinidinium aculeatum, 4 = Echinidinium delicatum, 

Echinidinium granulatum, 6 = , 

9 = Impagidinium sphaericum, 10 = a u s a ulodinium machaerophorum, 

13 = Nematospheropsis labirynthus, 14 = Operculodinium centocarpum, 15 = Operculodinium israelianum, 16 = cyst of 

Polykrikos schwartzii, 17 = Po haeridium zoharyi, 18 = cyst of Protoperidinium americanum, 19 = cyst of Protoperidinium 

stellatum, 20 = cyst of Pro nium monospinum, 21 = Selenopemphix nephroides, 22 = Selenopemphix quanta, 

23 = Spiniferites delicatus tes hypercanthus, 25 = Spiniferites mambranaceus, 26 = Spiniferites pachydermus, 

27 = Spiniferites spp., 28 , total = total 

cyst. 
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Table 3 al species or groups of species recovered at sites CB 2-4, CB3 upper and cysts counted in sample GeoB 4320-9 

 

 

2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 tal 

CB                          

.3. Fluxes of individu

 

 

 1 1 1 1 1 1 1 1 1 1 1 2 21 22 23 24 25 26 27 28 29 30 to

2       

1  0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 6 0 48 180 0 122 0 0 0 0 0 0 0 0 0 0 
2  0 0 0 42 3 0 0 3 0 10 0 0 0 16 0 3 3 376 592 
3  3 3 0 10 0 0 3 0 0 10 0 0 0 6 0 0 0 248 431 
4  3 0 3 6 3 0 0 6 0 23 0 0 0 6 0 3 3 341 692 
5 0 0 0 13 0 0 0 13 0 10 0 0 0 0 0 0 0 190 312 
6 3 0 3 0 3 0 0 0 6 0 39 0 0 0 3 0 0 0 151 302 
7 93 3 0 0 3 0 0 0 0 0 42 0 0 0 0 0 0 0 277 418 
8 0 0 0 0 0 3 0 6 0 39 0 0 0 0 0 0 3 161 280 
9  0 0 0 6 6 6 6 6 0 16 0 0 0 3 0 0 6 42 203 

10  10 10 0 0 0 13 0 16 13 84 473 
11  0 0 0 10 0 0 0 0 0 13 0 0 3 13 0 10 3 113 376 
12  10 13 10 171 364 
13  10 16 0 0 0 19 3 3 6 
14 3 0 0 3 3 3 0 0 0 0 0 0 0 3 0 0 6 235 351 
15  6 13 0 16 0 6 0 3 0 3 0 0 0 0 3 3 3 428 627 
16  13 13 0 0 0 0 0 0 0 0 0 6 0 10 0 241 415 

0                             
87 3 6 0 29 0 0 0 3 0 3 0 0 0 6 0 0 0 534 0 3 0 0 0 0 0 0 0 0 775 

360 16 0 0 23 0 3 0 10 0 6 0 0 0 16 0 13 16 589 3 0 0 0 0 0 0 0 3 0 1059
20 13  32 13 0 6 3 10 0 3 3 0 0 3 0 10 19 679 
21 0 351 16 0 0 16 6 3 0 6 0 13 0 0 0 6 0 0 16 740 0 0 0 0 0 0 0 0 6 0 1181

22 0 183 3 0 3 13 0 3 0 3 0 0 0 0 0 0 0 0 10 441 0 0 0 0 0 0 0 0 6 0 666 

0 132 0 3 0 0 0 0 0 0 0 0 
0 148 0 0 0 0 0 0 0 0 0 0 
0 280 6 6 0 0 0 0 0 0 0 0 
0 84 0 0 0 0 0 0 3 0 0 0 

93 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 61 0 6 0 0 0 0 0 0 0 0 
0 103 0 0 0 0 0 0 0 0 0 0 
0 302 6 3 6 0 0 3 0 0 3 3 0 0 0 0 0 0 0 0 
0 212 0 0 0 0 0 0 0 0 0 0 
0 122 3 0 3 3 6 3 3 0 3 0 0 0 0 6 0 6 0 0 0 0 0 0 0 0 
0 235 6 3 3 0 6 0 0 0 1142 0 0 0 0 0 0 0 0 0 0 1454
0 90 0 0 0 0 0 0 0 0 3 0 
0 138 0 0 0 0 0 0 0 0 3 0 
0 129 0 0 0 0 0 0 0 0 0 0 0 0 

17  183 3 0 0 23 0 0 0 0 0 3 0 0 0 6 0 10 10 380 0 3 0 0 0 0 0 0 0 0 621
18 0 1
19 0             

412 0 0 6 6 0 0 0 0 0 0 0 0 1220
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Table 3. (continued) 

 

 

 

 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 total 

CB3                                

2 15 517 15 4 4 11 7 4 0 0 0 0 0 0 0 0 0 7 26 2032 0 11 0 0 0 0 0 4 0 0 2668
3 7 279 11 4 11 4 0 0 4 11 0 11 0 0 1 0 0 4 15 815 0 0 0 0 0 0 0 0 0 0 1183
4 0 216 0 11 0 15 4 4 0 4 0 7 0 0 2 0 0 11 4 368 0 0 0 0 0 0 0 0 0 0 647 
5 0 130 4 4 0 4 7 4 0 4 0 0 0 0 0 0 0 4 7 432 0 0 0 0 0 0 0 0 4 0 603 
6 4 164 7 0 0 22 7 4 4 0 0 4 0 0 0 0 0 4 11 428 0 4 0 0 0 0 0 0 0 0 662 
7 4 112 4 0 0 11 0 0 0 0 0 4 0 0 0 0 0 0 0 246 0 0 0 0 0 0 0 0 0 0 380 
8 0 127 4 30 7 7 4 7 0 4 0 0 0 0 0 0 0 7 7 361 4 4 0 0 0 0 0 0 0 0 573 
9 0 71 7 11 11 4 0 4 0 0 0 4 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 212 

10 0 160 0 4 0 0 0 0 4 0 0 4 0 0 0 0 0 0 0 45 0 0 0 0 0 0 0 0 0 0 216 
11 no sample                            
12 4 353 7 4 4 15 4 7 4 0 0 0 0 0 0 0 0 4 0 272 0 0 0 0 0 0 0 0 0 0 681 
13 7 450 0 7 0 7 7 0 0 22 0 0 0 0 0 0 0 4 19 234 7 0 0 0 0 0 0 0 0 0 767 
14 4 331 15 4 0 0 4 4 11 11 0 0 0 0 0 0 0 0 0 305 7 0 0 0 0 0 4 0 0 0 700 
15 7 104 0 0 0 4 4 0 7 0 0 0 0 0 0 0 0 0 0 182 0 0 0 0 0 0 0 0 0 0 309 
16 0 97 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 30 0 0 0 0 0 0 0 0 0 0 130 

17 0 160 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 45 0 0 0 0 0 0 0 0 0 0 208 
 

 

 

 

 

 



Chapter 3 
_____________________________________________________________________________________________________________________________ 
 

 76

Table 3. (continued) 

 

 

 

 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 2 8 30 total 

CB4                                                     

18 

  

5 26 27 2 29

        

1 0 78 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 92 4 0 0 0 0 0 0 0 0 0 0
2 0 156 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 5 213
3 0 299 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 5 356
4 0 427 0 0 7 21 0 0 0 0 0 0 0 0 0 0 0 0 0 6 533
5 0 320 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 320
6 0 647 0 0 7 0 21 7 0 0 0 71 0 0 0 0 0 0 14 9 875
7 0 199 7 7 7 0 0 7 0 0 0 0 0 0 0 7 0 0 0 5 292
8 0 164 0 7 7 7 0 0 0 7 0 0 0 0 0 0 0 0 0 1 206
9 0 612 0 0 0 21 0 7 0 21 0 0 0 0 0 0 7 0 7 690

10 0 818 0 21 50 21 7 0 0 7 0 0 0 0 0 0 0 5 988
11 0 320 0 7 14 7 0 0 0 0 0 7 0 0 0 0 0 0 0 7 441
12 0 1202 7 0 64 92 0 0 0 0 0 14 0 0 0 7 0 0 7 78 1 0 1508
13 0 220 0 0 0 28 0 0 0 0 0 0 0 0 0 0 0 0 0 14 0 0 0 0 0 277
14 0 135 7 7 21 14 0 0 0 0 0 0 0 0 0 0 0 0 0 50 0 0 0 0 0 0 0 0 0 249
15 0 533 0 0 21 28 0 0 0 0 0 7 0 0 0 0 0 0 7 1 612
16 0 348 14 0 57 36 7 7 0 7 0 7 0 0 0 0 0 0 7 57 7 0 0 0 0 7 576
17 0 71 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 100
18 0 50 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 64
19 0 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14

20 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 57

 
 
 
 
 
 
 
 

0 
 
 
 
 
 
 
 
 
 

 

0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
4 7 0 0 0 0 0 0 0 0 0
7 7 0 0 0 0 0 0 0 0 0
2 7 0 0 0 0 0 0 0 7 0
7 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0
7 7 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 7 0

4 0 0 0 0 0 0 14
0 0 0 0

14
4 0 0 0 0 0 0 0 0 0 0

14 0 0 0
1 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0

14

7
14
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3 5 6 7 8 9 25 26 27 2 9 otal 

                    

Table 3. (continue

 

 

  1 2 

CB3upper 

4 

  

 

    

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

                          

8 2

  

30 t

    

1 4 2110 4 45 0 1 0 0 0 0 29955 4 4 0 11 0 0 0 0 0 4 0 4 7 778 0 4 0 0 0 4
2 0 1846 
3 0 781 
4 0 212 
5 0 506 
6 0 145 
7 0 56 
8 0 156 
9 0 223 
10 4 119 
11 0 160 
12 4 290 
13 0 223 
14 0 179 
15 7 141 
16 0 186 
17 0 1235 

18 0 1771 

GeoB 4302-9 

4 22 4 15 7 0 0 0 0 7 2486
0 0 0 4 4 0 0 0 0 0 1395
4 0 0 0 0 0 0 0 0 0 439
0 0 4 26 4 4 0 0 0 0 0 841
0 0 0 0 0 0 0 0 0 0 0 179
0 0 0 0 0 0 0 0 0 0 0 0 86
0 0 4 0 0 0 0 0 0 0 0 0 190
0 0 0 0 0 0 0 0 0 0 4 0 268
0 4 0 0 0 0 0 0 0 0 0 0 164
7 0 0 0 0 0 11 0 0 0 0 0 197
4 4 0 0 4 0 26 0 0 0 0 0 424
0 0 0 0 7 0 0 0 0 0 0 0 383
0 0 0 0 0 0 7 0 0 0 0 0 298
0 0 0 15 2 7 0 0 0 0 0 0 0 275
0 0 0 7 0 0 0 0 0 0 0 0 216
0 0 0 0 0 0 0 0 0 0 0 0 1235

0 0 0 0 0 0 0 0 0 0 0 0 1853

            

4
0
0
0
0
0
4
4
7
7
7
4
0
2
0
0

7

 

7
0
0
7
4
4
4
7
0
0
0
0
0
0
0
0

0

 

0 0 0 0 0 8 4 0 11 536 4 7 0 0
0 0 0 0 0 4 4 0 0 595 4 0 0 0
0 0 0 0 0 0 0 0 0 223 0 0 0 0

0 0 0 0 0 0 0 0 290 0 0 0 0
0 0 0 0 0 0 0 0 30 0 0 0 0
0 0 0 0 0 0 0 0 22 4 0 0 0
0 0 0 0 0 0 0 0 22 0 0 0 0
0 0 0 0 0 0 0 4 22 0 4 0 0
0 0 0 0 0 0 0 0 26 4 0 0 0
0 0 0 0 0 0 0 0 11 0 0 0 0
0 0 0 0 0 0 0 60 19 4 0 0 0
0 0 0 0 0 0 0 134 15 0 0 0 0
0 0 0 0 0 0 0 45 67 0 0 0 0
0 0 0 0 7 0 0 15 45 0 15 0 0
0 0 0 0 0 0 0 0 15 7 0 0 0
0 0 0 0 0 0 0 0 7 0 0 0 0

0 0 0 0 0 0 0 19 52 0 4 0 0

            

0
0
0
0
0
0
0
0
0
0
4
0
0
0
0
0

0

 

0
0
0
0
0

  1 84 3 2 0 4 7 2 0 1 1 1 0 0 22027 15 7 0 0 1 1 0 0 1 60 1 0 0 0 0
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gnol 1962) Wall 1967 (Pyrophacus steinii (Schiller 

1935) Wall et Dale 1971). 

 

Ewa Susek and Karin A. F. Zonneveld   

 

Fachbereich 5-Geowissenschaften, University of Bremen, Postfach 330440, D-28334 Bremen, Germany 

 

ABSTRACT 

 

Cyst forming dinoflagellate cysts are useful to reconstruct past environments. For accurate 

application it is essential to know how environmental parameters such as salinity, temperature and 

light influence the dinoflagellate cyst production and morphology. Here we studied the effect of 

variation in these parameters on the cyst production and morphology of Tuberculodinium vancampoae 

(= Pyrophacus steinii). Encystment of T. vancampoae has been observed in all executed culture-

experiments although only a few cysts are being formed at the edges of the temperature range studied 

(16.5°C and 34.8°C). Highest cyst production has been found to occur at 27°C. In light and salinity 

experiments highest cyst production has been documented for temperate to strong illumination and a 

salinity concentration of 34.5psu, respectively. Our results are in agreement with field data where T. 

vancampoae is observed in surface sediments of regions characterised by mean sea surface 

temperatures between 12.7°C and 29.5°C and sea surface temperatures between 16.9 and 36.6 psu. 

Temperature and salinity control the morphology of the cysts. Extreme temperatures result in a 

reduction of the tubercule size.  

Our results indicate that T. vancampoae is not heterothallic species as was previously 

suggested. 

 

Key words: Tuberculodinium vancampoae, dinoflagellate, cyst, morphological variation, temperature, 

salinity, light. 

 

INTRODUCTION 

 

Dinoflagellate cysts are a useful proxy for reconstructing past environmental conditions (e.g. 

Lewis et al., 1990; Harland, 1994; Versteegh, 1994; Rochon et al., 1998). Since cyst morphology is 

pecies specific, the amount and distribution of cysts in fossil sediments is determined by the ecology 

f the cyst forming dinoflagellate. Many studies have shown that fossil cyst associations in detail 

horsen and Dale, 1997; Thorsen and 

Effect of temperature, light and salinity on cyst production and morphology of 

Tuberculodinium vancampoae (Rossi

s

o

reflect past environmental conditions such as temperature, salinity, nutrient input or industrial 

pollution (Wall and Dale, 1974; Dale, 1996; Sætre et al., 1997; T
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be 

differen

 the species Lingulodinium machaerophorum, Gonyaulax baltica Ellegaard, Lewis et 

Harding

rhythms. (e.g. Ishikawa and 

Taniguc

peratures between 20°C and 25°C. This inverse relationship was 

not the

lzer and Hardeland, 1991; Godhe et al., 2001). Salinity in itself is not a 

te Pyrophacus steinii (Schiller 1935) Wall et Dale 1971 (Wall and Dale, 1971; Faust, 

998; Pholpunthin et al., 1999). Tuberculodinium possess characteristic bulbous processes cause that it 

can easily be distinguished from other cysts (Wall and Dale, 1971; Harland, 1983; Matsuoka, 1985). 

Dale, 1998; Dale et al., 1999; Matsuoka, 1999; Ellegaard, 2000). During such palaeoenvironmental 

studies it has often been observed that there is morphological variation within a cyst population of a 

single species. Their possible causes form a point of discussion for decades since cyst taxonomy is 

based on cyst morphology (e.g. May, 1975; Sarjeant et al., 1987). Observations of morphological 

variation within a species in natural environments made several authors suggest that they might be 

related to environmental changes (Wall and Dale, 1973; Nehring, 1994; Dale, 1996; Ellegaard, 2000; 

Brenner, 2001). Indeed, recent studies have shown that changing environmental conditions can have 

such a severe effect on cyst morphology that different morphotypes are being interpreted to 

t species in older literature (e.g. Lingulodinium machaerophorum (Deflandre et Cookson 

1955) Wall 1967; Kokinos and Anderson, 1995; Lewis and Hallett, 1997). Recently a number of 

studies have been carried out to investigate the effect of individual environmental parameters on cyst 

morphology (Hallett, 1999; Ellegaard et al., 2002; Lewis et al., 2003). It appears that morphological 

variations can be used to reconstruct past environment and the observed ecophenotypism might 

increase the precision of palaeo- reconstructions (Servais et al., 2004; Brenner, 2005). However, until 

now only

 2002 and Gonyaulax spinifera (Claparède et Lachmann 1859) Diesing 1866 have been 

studied in detail. To enable ecophenotypism to be used in palaeoenvironmental research it is important 

to enlarge the present information for other species.  

Dinoflagellate sexuality and, as result, cyst production is influenced by nutrient availability, 

temperature, irradiance, turbulence and by endogenic encystment 

hi, 1996; Montresor et al., 1998; Sgrosso et al., 2001; Olli and Anderson, 2002; Meier et al., 

2004). It has been shown that several dinoflagellates are able to produce cysts in a narrow temperature 

window. Temperature itself however, is not a triggering factor.  

Recent studies on the encystment of several dinoflagellate species show an inverse 

relationship between day length at tem

 result of a relationship with total daily irradiance and an increased cyst production was 

prevented by light breaks during the dark phase of the photocycle (Sgrosso et al. 2001).  In general 

reproduction of phototrophic organisms is strongly influenced by factors as the intensity and angle of 

radiation, the amount of surface reflection and the transparency of the water column (Dawson, 1966; 

Kirk, 1983; Tett, 1990; Ba

factor known to influence the amount of cyst produced but studies on Lingulodinium 

machaerophorum indicate that it can have a strong effect on the cyst morphology (Hallett, 1999). 

First occurrences of Tuberculodinium vancampoae (Rossignol 1962) Wall 1967 are known 

from the Lower Miocene (Wall and Dale, 1971). The species is a resting stage of the phototrophic 

dinoflagella

1
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arret and Zonneveld (2003) document its present day geographical distribution in surface sediments 

and observe that T. vancampoae is found subtropical to tropical coastal areas which are characterised 

by extreme salinities.  

Here we present results of experiments where Tuberculodinium vancampoae is cultures under 

different temperature, light and salinity conditions to test if and how the production and morphology 

of T. vancampoae is influenced by the above mentioned environmental variables. 

 
Table 4.1. Alphabetical list of cited species and genera with authors. 

             

Alexandrium catenella (Whedon et Kofoid) Balech, 1985 

M

Ceratium cornutum (Ehrenberg) Claparede et Lachmann  

Gonyaulax baltica Ellegaard, Lewis et Harding 2002 

Gonyaulax spinifera (Claparède et Lachmann 1859) Diesing 1866 

Gymnodinium catenatum Graham 1943 

Lingulodinium Wall 1967 

Lingulodinium machaerophorum (Deflandre et Cookson 1955) Wall 1967  

Protoceratium Bergh 1881      

Pyrophacus steinii (Schiller 1935) Wall et Dale 1971  

Spiniferites Mantell 1850      

Thoracosphaera heimii (Lohmann 1920) Kamptner 1944  

Tuberculodinium vancampoae (Rossignol 1962) Wall 1967     

 

 

MATERIAL AND METHODS 

 

Cysts were isolated from surface sediment sample collected in September 2003 from the 

Omura Bay (Nagasaki Prefecture, Kyushu, Japan). The sediment samples were stored at 4°C and in 

dark until further treatment. Subsamples were rinsed with artificial sea water (salinity 34.5 psu; HW 

Meersalz Professional, Wiegandt GmbH, Krefeld, Germany) and sieved through a 20µm nickel 

precision sieve (Stork Veco, mesh: 570). Subsequently the sieved residue was cleaned by 

ultrasonication and rinsed through the sieve again. Individual cysts were isolated with a micropipette 

under inverted light microscope (Zeiss Axiovert 25C). After rinsing the individual cysts in drops of 

clean medium (K medium –Si; Keller et al., 1987) they were transferred into 24-chambers microwells 

(Corning Inc., Corning, NY, USA; Costar 3524) containing ~ 1.0mL of the culture medium 

medium –Si). The medium was made of seawater collected off NW Africa with the RV Meteor 

 cruise 58-2 with a salinity of 36.6 psu. Since the highest number of T. vancampoae cysts is 

edium was prepared. 

(K 

during

recorded from regions with sea surface salinity (SSS) of ~34.5psu (Marret and Zonneveld, 2003) 

seawater was diluted with demineralised water to obtain 34.5psu before m
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icrowells were incubated at 24°C and a 12:12 hours light and dark cycle. Light in incubator was 

provided by cool white fluorescent tubes.  

le length, F - average tubercule 

idth, G - length-to-width tubercule ratio, H - central body –to-tubercule ratio. 

M
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Fig. 4.1. Results of temperature experiment. A - average central body length, B - average central body width, C – length-to-

width central body ratio, D – number of cyst produced in experiment, E - average tubercu

w
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ells were regularly examined for germinating cysts once a week. Since survival of small 

umber of dinoflagellate motile cells in medium is influenced greatly by the volume of medium (Wall 

e

ell contained approximately 15 

motile cells. To avoid morphological variations related to genetic differences between strains obtained 

ave used one strain for our experiments (GeoB1010). When well growing 

train GeoB 1010 was dense, cells were transferred to 250mL Erlenmayer flask containing 100mL of 

medium

rwath (1999) and Karwath et al. (2000). The culture tubes contained 

30mL o

 sensors positioned in 

oxes and connected with a computer via interface. Evaporated water from each tube was refilled 

 demineralised autoclaved water to stabilize salinity.  

Additionally motile cells from strain GeoB 1010 were transferred to microwells containing 

5mL of

The sieved residue was centrifuged and transferred into a 1.5mL Eppendorf 

reaction vessel. The homogenized residue was placed on a glass slide, embedded in glycerine jelly and 

 wax. 

 yst size measurements were made at a 1000 fold magnification under Zeiss Axioskop 50 

light mi

The microw

n

t al., 1967), the cells were transferred to a 6-chambers microwell (Corning Inc.,Corning, NY, USA; 

Costar 3516) containing 50mL medium when an individual microw

from different cysts we h

s

 to establish material for further experiments. Material used in experiment was non-axenic. 

To examine cysts produced at different light and temperature regimes a Light Gradient Box 

(LGB) and a Temperature Gradient Box (TGB) were used. The details of the equipment construction 

and parameters are given in Ka

f K medium –Si (35psu) inoculated with 1mL of dense culture. The LGB cultures were 

exposed to light intensities of 25, 40, 70, 120 and 250µEm-2s-1 in a 12:12 day and night cycle. 

K medium –Si (35psu) was used.  Temperature in LGB varied between 23.6°C and 25.7°C (average 

24.7°C). 

In TGB cultures were maintained in 16.5°C, 20°C, 27°C, 30.2°C and 34.8°C and with a 12:12 

hours light and dark cycle. The culture tubes were lighted from below by cool white fluorescent tubes 

(Osram L18W/11-869). Temperature in both gradient boxes was controlled by

b

twice a week with

 K medium –Si at salinity levels 20, 30, 35, 40 and 45 psu. Salinity levels lower than 36.5psu 

were achieved by dilution with demineralised water and levels above by addition of artificial sea salt 

(HW Meersalz Professional, Wiegandt GmbH, Krefeld, Germany). Subsequently the nutrients and 

vitamins were added to the seawater.  

At the termination of experiments, each culture material was fixed with formaldehyde (1/20 of 

culture volume). After 24 hours cultures were washed with distillate water through 20µm sieve and 

shortly ultrasonnicated. 

sealed using paraffin

C

croscope. Number of measurements is given in Table 1. Central body length and width as well 

as tubercule length and width were measured. To determine tubercule length and width tubercules 

characterised by most extreme length and width (longest-shortest, thinner- wider, respectively) were 

measured. 
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dth 

y ratio, D – number of cyst produced in experiment, E - average tubercule length, F - average tubercule width, G - 

ngth-to-width tubercule ratio, H - central body –to-tubercule ratio. Light intensities in µEm-2s-1. 
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Fig. 4.2. Results of light experiment. A - average central body length, B - average central body width, C – length-to-wi
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tio. Salinity (20-45) in psu. 
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Fig. 4.3. Results of salinity experiment. A - average central body length, B - average central body width, C – length-to-width 

central body ratio, D – number of cyst produced in experiment, E - average tubercule length, F - average tubercule width, G - 

length-to-width tubercule ratio, H - central body –to-tubercule ra
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RESUL

yst production was also relatively high (1322 cysts) whereas at 34.8°C, 20°C and 16.5°C cyst 

ch reduced.  

he ratio of central body length/width as well as the tubercule length/width ratio varies 

between

 

is observed at 35psu (Fig. 4.3). At the salinities 20 and 45 psu, cyst 

roduction is very low. The ratio between central body and length of tubercules increases with 

increasi

TS 

 

Within 22 strains of Pyrophacus steinii (GeoB1010-1017, 1019-1021 and 1023) three of them 

produced cysts in non-crossed strains (GeoB 1010, 1014 and 1017).  

 

Temperature experiment 

 

In cultures maintained in TGB growth and cyst production occurred under all tested 

temperatures (Fig. 4.1). The maximal number of cyst was produced at 27°C (2905 cysts). At 30.2°C 

c

production was mu

T

 tested temperatures and were maximal in 27°C.  Minimal central body length/width is 

observed at 34.8°C. At 16.5°C and 34.8°C cyst possessing flat tubercules dominate the assemblage. At 

27°C they are occur only in low relative amounts.  A T-test indicates that the relationship between 

tubercule length and temperature significant at the 95% confidence interval. This is also the case if 

only the shortest or longest spines are taken into consideration. Relation between length of central 

body and tubercules shows that relatively longest tubercules are found in 27°C. 

 

Light experiment 

 

In LGB growth and cyst production was observed under all tested light conditions (Fig. 4.2). 

The maximal cyst production is found at light intensity of 70 µEm-2s-1 (1601cysts). At 25µEm-2s-1 cyst 

production was the lowest (18 cysts). Central body length remained similar in higher light intensities 

(250, 120 and 70 µEm-2s-1) and was only slightly decreased at 40 and 25µEm-2s-1. A similar 

relationship is observed for central body width resulting in a constant length/width ratio of the central 

body. No differences in tubercule morphology are observed. Relatively shorter tubercules are observed 

at high light intensities. 

 

Salinity experiment 

Maximal cyst production 

p

ng salinity between 20 and 40psu and is slightly lower at 45psu indicating relatively longer 

tubercules in low salinities. According to t-test comparison of neighbouring samples indicates not 

significant differences between 20 and 40psu; however samples that are not neighbouring (20 and 30, 

30 and 40, 25 and 35 and also 35 and 40psu) show a significant trend.   
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Central body length as well as width increases between 20 and 40 psu with increasing salinity.  

Tubercule length decreases between 20 and 40 psu with increasing salinity.  

 

A B

C D

 

 
Fig.4.4. Light micrographs of Tuberculodinium vancampoae illustrating the morphological variations of cysts under different 

temperature conditions.  A - 20°C, B - 16.5°C, C - 27°C, D - 34.8°C and E - cyst from sapropel 3, Crete, core T87/2/20G, 

168-169. 

 

E
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and 

ferences therein). 

emperature experiment 

 

ncing encystment (Anderson et al., 1984; 

Anderso

g T. vancampoae cysts, Pyrophacus steinii is 

known 

ture window studied (16.5°C – 

34.8°C)

h cyst production during the same time in LGB where temperature remained on average 

24.7°C (apart from extreme elucidations). Of course in laboratory conditions cultures might be 

ons resulting in encystment window failing to meet with environmental 

sults. This problem might be especially important in the case of deep dwelling species (Meier et al., 

04) b

ld data. 

DISCUSSION 

 

Among our 22 strains we have found three of them that produce cysts in non-crossed cultures. 

This indicates that homotally can occur in this species. Our results do not agree with results by 

(Pholpunthin et al., 1999) which suggested that in marine dinoflagellates, Pyrophacus steinii is the 

only species known to have heterothallism in its sexual process. Most marine species are homothallic. 

Heterothally is recorded only in Alexandrium catenella (Whedon et Kofoid) Balech, 1985 and 

Gymnodinium catenatum Graham 1943. In freshwater dinoflagellates, Ceratium cornutum (Ehrenberg) 

Claparede et Lachmann is the only species recorded as heterothallic (Pholpunthin et al., 1999 

re

 

T

Temperature is known to be a parameter influe

n et al., 1985; Nuzzo and Montresor, 1999; Godhe et al., 2001; Sgrosso et al., 2001). 

Depending on dinoflagellate taxa cyst production can occur in width or narrow temperature window 

and/or in high or low temperature value (Nuzzo and Montresor, 1999; Sgrosso et al., 2001). In natural 

environment cyst of T. vancampoae are known from surface sediments of regions where sea surface 

temperature (SST) vary between 7.1°C and 29.5°C. However, with some exceptions it has not been 

found in areas with summer sea surface temperature below 14.5°C and winter SST below 12.7°C 

(Marret and Zonneveld, 2003). The motile producin

from warm temperate to tropical waters (Faust, 1998 and references therein). She records 

maximal cyst occurrence from the region of East Asia (Japan) and northern coast of Gulf of Guinea. In 

our experiments cyst production is observed in the complete tempera

, with maximal production at 27°C in consistence with the above discussed field data.  

Although we have no direct data from TGB regarding 24-25°C we have observed also 

relatively hig

exposed to stressful conditi

re

20 ut it rather not influence of results obtained on T. vancampoae in so far as this taxon is mainly 

reported from coastal environment (Marret and Zonneveld, 2003 and references therein).  As the strain 

GeoB 1010 is isolated from Japanese coast it is also possible that observed results might be related to 

ecophenotyp characteristic for this region (Meier et al., 2004). The majority cysts noted from the field 

is found in the region of Japan (Marret and Zonneveld, 2003) and it might be the cause observed 

similarity between our experimental and fie
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Reduction in process length has been thought to can result from different environmental 

alinity is thought to be a factor influencing processes size.  The effect of 

mperature on process length has not been docu   

a . 4. e a pe e length values within cysts 

produced in 27°C. At extreme temperatures we observed that cyst possessing “flat” tubercules form a 

large, dom m lage. Ho nces of these cysts are not restricted to these 

extreme peratu . Our ta sh that perature m ht cause m ological deformities of 

T. vancampoae cy so extreme that in palaeoenvironmental studies thes orphotypes would not be 

considered to be formed by P. steinii ( g. 4.4).

Light experiment 

 

L t is th ther important factor inf ncing dino gellate life c e affecting 

encystme ination (Binder a  1986; Balzer and Hardeland, 1991;  

t al., 2001; S l., 2001). However, there is only little information 

about potential influence of light in sity o yst production and morphology. Algae are able to 

acclimate to differentiated light conditi y  

1999) observed fo horacosphaera heimii (Lohmann 192 amptner growth between 10 and 

800µEm  and noted that ween and 4 Em-2s-1 there is a zone where, for this dinoflagellate, 

diances gets problematic. Similarly in our results at 25 and 40 µEm-2s-1 cyst 

roduction was very low. We observe maximal cysts production at light intensity 70 µEm-2s-1. Higher 

ght intensity caused a significant reduction of cyst production. It might therefore be suggest that at 

 illumination that is optimal for encystment of this species since. In natural 

nvironment it is observed that encystment coincides with favourable conditions for a species (Wall et 

the op arwath (1999) noted that the 
-2 -1

simila

light i

Salinity experiment 

1994; Brenne nd Dale, 1973) have shown that variations in 

and Spiniferites ental work 

has confirmed these observations. Hallett (1999) has showed that Lingulodinium polyedrum (Stein) 

factors. However, usually s

te mented previously but is significant for

T. vancampo e (Fig 1). Siz nd sha  of tub rcules vary with maximal 

inating the asse b wever, occurre

 tem res  da ow tem ig orph

sts e m

Fi   

 

igh ought to be ano lue fla ycl

nt and germ nd Anderson,  Nuzzo and

Montresor, 1999; Godhe e grosso et a

ten n c

ons (Kirk and Tilne -Basset, 1978; Karwath, 1999). (Karwath,

r T 0) K 1944 
-2s-1 bet 20 0µ

adaptation to such low irra

p

li

about 70µEm-2s-1

e

al., 1970; Anderson et al., 1983; Kremp and Heiskanen, 1999). Our results might therefore imply that 

timal growing conditions of P. steinii might be about 70µEm-2s-1. K
-2 -1 final yield of 2 strains of T. heimii was maximal at 40 µEm s and 130 µEm s . Our results suggest a 

r pattern for T. vancampoae with high production at 70 and 130µEm-2s-1.  

We observed no significant changes in cyst morphology during this experiment. It seems that 

ntensity have rather small influence on cysts morphology.  

 

 

Observations from the Limfjord, Denmark (Ellegaard, 2000), Baltic Sea (Dale, 1988; Nehring, 

r, 2001) and from the Black Sea (Wall a

cyst morphology of species belonging to genera Lingulodinium Wall 1967, Protoceratium Bergh 1881 

 Mantell 1850 can be strongly influenced by salinity changes. Also experim
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salini

baltic uced cysts with shorter processes at lower salinities. Although we obtained only a low 

vanca  salinity and cysts morphology although not as pronounced as 

betwe

Unfor f cysts being produced during the salinity experiment makes firm 

alinity experiment 

when experimental tubes contained more medium (Wall et al., 1967). The negative influence of 

sever

labora atural conditions indicating that other than the investigated factors 

obser

were ents.  

(20, servations on other dinoflagellate cysts 

diame

and c ems to be 

might

ents T. vancampoae has been found in brackish as well as in full marine 

is kno  the year between c. 33 and 34.5 psu (average at 

limits t can occur over 36.6psu. 

under unnatural conditions. The result of this study are, however, in remarkable agreement with field 

dinof

of th ology of a tropical species. Similarly to Lingulodinium machaerophorum, 

Spiniferites baltica, Spiniferites spp. and Protoceratium reticulatum, changes in Tuberculodinium 

Dodge 1989 develops relatively higher numbers of cysts possessing reduced processes lengths at low 

ty. Similar results are documented in an experiment by Ellegaard et al. (2002) where Gonyaulax 

a prod

number of cysts in our salinity experiment our results suggest that also for Tuberculodinium 

mpoae there is a relation between

in our temperature experiments. We observed that the cyst length/tubercule length ratio differs slightly 

en neighbouring samples with a distinct trend towards larger values at high salinities. 

tunately the low number o

conclusions premature. 

The reason why only a low number of cysts have been produced in our s

might be stressful conditions. Within our experiments much higher cyst production rate is observed 

unknown factors effecting the cysts production in cultures has been previously observed during 

al experiments (Hallett, 1999; Ellegaard et al., 2002; Meier et al., 2004). In several cases the 

tory results differed from n

influence cyst production. For instance, although Hallett (1999) and Ellegaard et al. (2002) have 

ved a similar forcing of salinity on cyst morphology in laboratory and natural environments, cyst 

produced in a more narrow salinity range than in surface sedim

For T. vancampoae salinity has no clear effect on cyst central body. However, in low salinities 

25 and 30psu) cysts were slightly longer. Ob

(L. polyedrum (Hallett, 1999), Gonyaulax baltica (Ellegaard et al., 2002)) also indicate that cyst 

ter remains rather independent of salinity changes. Although relation between increasing salinity 

yst-to-tubercule length remains insignificant for small salinity changes (5psu), it se

worth to indicate. Comparison of data from salinity 20, 30 and 40psu shows that this relationship 

 be significant. 

In natural environm

conditions with sea surface salinity (SSS) ranking between 16.9 and 36.6 psu. Maximal number of cyst 

wn from regions were salinity varies within

34.3psu; (Marret and Zonneveld, 2003)). Our results indicate that high salinity is not a factor that 

 cyst production and that encystmen

 

As mentioned above laboratory experiments have their restrictions as cysts are being grown 

observations indicating that culture experiments can enhance our knowledge about factors influencing 

lagellate cyst production. We document here for the first time the effect of environmental factors 

e cyst morph
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until  for a restricted amount of species, the 

be a c enon. This implies that this effect might have been underestimated 

ong to a single 

ITS1 

species. Information about if environmental stress might cause beside a phenotypic effect a genotypic 

 

 

specie

Tuber by changing 

the m ampoae cysts produced in extreme 

maxim ationship between cyst production rates and temperature 

45psu. Maximal cyst 

indica rcules in relation to cyst central body.  

intens

70µE

ACK

 

Gradu llege “Proxies in Earth History” EUROPROX, Bremen University. Thanks for Gerard 

prepa  and Nicole Zatloukal 

Crete

 

vancampoae morphology can be strongly influenced by changing environmental gradients. Although 

now the effect of environmental factors is documented

present results suggest that environmentally induced morphological variation within the species might 

ommonly occurring phenom

in dinoflagellate taxonomy and that different cyst species or even genera might bel

biological species. On the contrary, recent studies on ribosomal DNA internal transcribed spacers 

and ITS2 suggest the presence of “cryptic” species within previously considered single (morpho) 

effect is one of the questions that might be investigated in future culture experiments. 

CONCLUSIONS 

Our results indicate that T. vancampoae can be homothallic and is not exclusively heterothallic 

s as has previously been suggested for this species. 

Our experiments indicate that similarly to other organic-walled dinoflagellate cyst 

culodinium vancampoae encystment rate and morphology can be influenced 

environmental conditions. In contrast to previous studies, changing temperatures and not salinity had 

ost pronounced effect on the cyst morphology.  T. vanc

temperatures show strongly shortened tubercules. The longest tubercules are found at 27°C where also 

al cysts production is observed. The rel

found in this study corresponds to field observations.  

Cyst production is observed in the complete salinity range studied 20 – 

production has been found at 35psu. Between 20 and 40psu increasing central body-to-tubercule ratio 

tes relatively shorter tube

Light intensity appears to have a neglecting influence on cyst morphology although low 

ities coincide with slightly smaller tubercule length and width. Maximal encystment is noted at 

 m-2s-1. 
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Table 4.

  

    

 
2. Number of measurements. 

 

 Cyst  Cyst  Tubercule  Tubercule Cyst  Tuberc  Cyst-to-tubercule 

lenght width lenght width lenght-to-width lenght-to-width length 

   temperature 

(°C )        

34.8 1 1 2 2 1 1 1 

30.2 60 60 120 120 60 60 60 

27 60 60 120 120 60 60 60 

20 20 20 40 40 20 20 20 

16.5 4 4 8 8 4 4 4 

light (µE⎯²s⎯¹)        

250 60 60 120 120 60 60 60 

60 

 (psu) 

120 60 60 120 120 60 60 60 

70 60 60 120 120 60 60 60 

40 60 60 120 120 60 60

25 10 10 20 20 10 10 10 

salinity 

       

45 8 8 16 16 8 8 8 

21 22 21 

8 8 

40 16 16 32 32 16 16 16 

34.5 42 37 86 86 37 43 42 

30 21 22 44 44

25 11 11 22 22 11 11 11 

20 8 8 16 16 8
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Temperature, light and nutrient effect on growth of Gonyaulax sp.  

 

 

Ewa Susek and Karin Zonneveld 

 

 

Abstract 

 

To enlarge our knowledge about encystment and morphological variation of organic-walled 

dinoflagellates in relation to environmental factors, an experiment was carried out. Cultures of organic 

–walled dinoflagellates were established by germinating single resting cysts isolated from surface 

sediment samples collected from the southern North Sea coast, Spieka (Germany). Only 2 of the 9 

cultures obtained produced cysts: GeoB 1005 (Pentahparsodinium dalei Indelicato and Loeblich III) 

and GeoB1007 (Gonyaulax sp.). Strain GeoB1007 was used in further experiments.  The homothalic 

culture was exposed to different temperature, light and nutrient conditions. The culture was able to 

grow between 7.5°C and 27.8°C with maximal growth at 18°C and between 10 and 250µEm-2s-1 with 

maximal growth between 120 and 250µEm-2s-1. Growth of the cultures was controlled every day by 

chlorophyll a measurements. Experiments were ended when the cultures started the declining phase. 

Cyst production halted during the experiments probably caused by the species specific endogenous 

rhythm. 

 

Introduction 

 

 Resting cysts of dinoflagellates are formed by about 200 marine dinoflagellates. Paleontological 

research uses organic-walled dinoflagellate cysts to reconstruct ecological conditions in the past (e.g. 

Lewis et al., 1990; Harland 1994; Versteegh, 1994; Rochon et al., 1998). Cysts of some of 

dinoflagellates contain extremely resistant, geologically preservable organic polymer – dinosporin 

(Fensome et al., 1993; Kokinos et al., 1998) and therefore they can be well preserved in sediments. 

During palaeoecological studies there were state morphological variations of several cysts’ species. 

everal variations were observed in species of genera Spiniferites in the Baltic Sea, the Black Sea and the 

rd, 2000) and they have 

een coupled with salinity changes. However, this correlation can not be regarded as the cause. Possible 

length. For Gonyaulax 

S

Limfjord, Denmark (Wall and Dale, 1973; Nehring, 1994; Dale, 1996; Ellegaa

b

reasons of cysts variations were considered many years ago (May, 1975; Sarjeant et al., 1987). 

Laboratory experiments on Lingulodinium machaerophorum (Deflandre et Cookson 1955) Wall 1967 

(Hallett, 1999) and Gonyaulax baltica Ellegaard, Lewis et Harding 2002 (Ellegaard et al., 2002; Lewis 

et al., 2003) indicate that changes in salinity effect in processes of reduced 
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baltica have observed also reduction of central body length in increasing temperatures (Ellegaard et al., 

2002).  

Spiniferites is a cyst-base genera with over 100 recognized species and subspecies. It is known 

from the Cretaceous to the present. For cyst of Spiniferites, the motile stage is referred to Gonyaulax 

(Lewis et al., 1999 and references therein). Better understanding of observed ecophenotypism might 

increase precision of paleoreconstructions (Servais et al., 2004; Brenner, 2005). 

To increase information about growth, encystment and morphological cyst variation in relation 

to different environmental conditions (temperature, nutrient availability and light intensity), 

experiments have been carried out. By establishing cultures from individually isolated cyst, we were 

able to test cyst production and variations in the morphology of cysts produced under different 

conditions. 

 

 
Fig. 5.1. Map showing sediment sample locality.  

 

Material and methods 

The dinoflagellate cultures were obtained by germinating a single resting cyst (Wall et al., 

resh surface sediment to set up the cultures was collected from the coast at Spieka (south-

astern North Sea, Fig.5.1) in February 2002. The material was kept cold (4°C) and dark. Subsamples 

North Sea

Germany

Denmark

SpiekaSpieka

Bremen

North Sea

 

 

1967). The f

e

were rinsed with artificial sea water (20psu; HW Meersalz Professional, Wiegandt GmbH, Krefeld, 

Germany) and sieved through a 20µm nickel precision sieve (Stork Veco, mesh: 570). Subsequently 

the sieved residue was cleaned by ultrasonication and rinsed through the sieve again. Individual cysts 

were isolated with a micropipette under inverted light microscope (Zeiss Axiovert 25C). After rinsing 

every individual cyst in drops of clean medium (K medium –Si; Keller, et al., 1987) they were 

transferred into 24-chambers microwells (Corning Inc., Corning, NY, USA; Costar 3524) containing 
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n GeoB1007 (Gonyaulax sp.) was 

chosen.

stment medium (K 

medium

 7.5°C and 27.8°C 

with maximal growth rates at 18°C (Fig.5.2). In the LGB growth occurred between 40 and 250 µEm-2s-1 

nd was highest between 120 and 250µEm-2s-1 in normal medium (Fig.5.3). In the encystment medium 

rowth was similar but the declining phase started earlier (Fig.5.4). Photos of Gonyaulax sp. obtained 

nder standard conditions (15°C, a 12:12 dark-to-light photoperiod) are presented in Fig.5.5.  

 

~ 1.0mL of the culture medium (K medium –Si). The culture medium was made of artificial sea water 

(20psu). Cultures were incubated at 15°C, with a 12:12 dark-to-light photoperiod. Survival of 

dinoflagellate motile cells in medium is influenced greatly by the volume of medium (Wall et al., 

1967). Therefore, when an individual microwell contained over 10 motile cells, the cells were 

transferred to a 6-chambers microwell (Corning Inc., Corning, NY, USA; Costar 3516) containing 

50mL medium to secure better growth conditions. Species identification was accomplished using 

inverted light microscope and SEM. For further experiments strai

 Using homothalic strain enabled us to avoid morphological variations related to genetic 

differences between strains. Material used in experiments was non-axenic. Cyst production started 

spontaneously. To obtain material for experiment, cells were transferred to 250mL Erlenmayer flask 

containing 100mL of medium. 

 To examine cysts produced at different light and temperature regimes, a Light Gradient Box 

(LGB) and a Temperature Gradient Box (TGB) were used. The details of construction are given in 

Karwath et al. (2000) and Meier et al. (2004). The culture tubes contained 30mL of K medium –Si 

(20psu) inoculated with 1mL of dense culture. In the Temperature Gradient Box (TGB) culture 

material was exposed to temperature gradient of 5°C to 34°C and a 12:12 hours light and dark cycle. 

The LGB cultures were exposed to light intensities of 10, 13, 25, 40, 70, 120, 150 and 

250µEm-2s-1 in a 12:12 day and night cycle. K medium –Si (20psu) and ency

 –Si (20psu) with nitrogen capacity reduced to 10%) were used.  Temperature in LGB was on 

average 22°C. 

Temperature in both gradient boxes was controlled by sensors positioned in boxes and 

connected with a computer via interface. To avoid salinity variation, evaporated water from each tube 

was refilled twice a week with demineralised autoclaved water. Growth of the cultures was controlled 

every day by chlorophyll a measurements. They were carried out with a laboratory fluorometer (TD-700, 

Turner Designs); cultures were shortly mixed with a vortex stirrer before placing tubes in the 

fluorometer. Experiments were ended when the cultures started the declining phase. 

 

Results 

 Only 2 of the 9 cultures obtained produced cysts: GeoB 1005 (Pentapharsodinium dalei 

Indelicato and Loeblich III) and GeoB1007 (Gonyaulax sp.). Strain GeoB1007 was used for further 

experiments.   

During the experiment in the TGB, Spiniferites sp. was able to grow between

a

g

u
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ig.5.2. Chlorophyll measurements during temperature experiment on Gonyaulax sp.; K medium. 

yst production halted during the experiments. This was probably caused by the species specific 

bserved.  

 ysts formation in strain GeoB 1005: Pentahparsodinium dalei Indelicato and Loeblich III 

ccurred spontaneously and encystment was unstable.   
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C

endogenous rhythm. To restore encystment of Spiniferites, the culture was maintained in K medium 

with different level of nitrogen: 100%, 10%, 5% and 0%. Only very rarely induced the formation of 

the cysts during next two months and thereafter encystment was not o

C

o
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Discu

 

to hig on where the cyst were collected, temperatures vary from 4.7°C in 

Temp

tempe  was observed at 18°C which represents the summer temperature in 

the region of origin. During the light experiment cultures grew very weakly below 40µEm-2s-1.  Also for 

 
Fig. 5.3.Chlorophyll measurements during light experiment on Gonyaulax sp.; K medium. 

ssion 

 

The Spiniferites experiment in the TGB indicates that this taxon is able to adapt to low as well as 

h temperatures. In the regi

February and March to 16.3 in August (IGOSS nmc Reyn_SmithOIv2 climatology c7100 Sea Surface 

erature 7.5E 56.5N; sea surface temperature (SST)). Although this strain was able to grow at 

rature 27°C, optimal growth
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about ll functions can not be maintained, 

1987 

the p  low irradiance might be elevated (Fig. 5.4), probably since it is more 

sexua 995), data 

condi

indica nditions sexual reproduction resulting in encystment may be spontaneous. 

Lachm 02) or Polykrikos kofoidii Chatton (Morey-Gaines and Ruse, 

were 

sexual reproduction (Pfiester and Anderson, 1987), encystment may be a strategy for overcoming 

specie dogenous rhythm. Ellegaard et al. (2002) noted this problem in cultures of 

elong

old; Lewis, personal communication) but our culture was relatively young (c. 6 months). Since several 

obtain ferred to 

induc  were also reported to 

Godh bsequently to 

photo y:night - 14:10 hours). Also this manipulation had not effect on cyst 

 

 

 

 

Thoracospahaera heimii (Lohmann 1920) Kamptner 1944 adaptation to such low irradiances gets 

ematic somewhere between 20 and 40µEm-2s-1(Karwath, 1999). Other authors indicate that below 

 50-100 µEm-2s-1 growth of dinoflagellates stops and many ce

probl

although the physiological changes associated with low light responses vary among species (Prézelin, 

and references therein).  Present observations suggest also that in nutrient depleted environments 

oint of adaptation to

difficult to produce organic substances in the case of double stress. 

Although laboratory experiments indicate that nutrient depletion is the main trigger for 

lity and encystment (Anderson et al., 1984; Anderson and Lindquist, 1985; Blanco, 1

obtained from natural environment indicate that encystment coincides rather with optimal growth 

tions (Wall et al., 1970; Anderso, et al., 1983; Kremp and Heiskanen, 1999). The present results 

te that in laboratory co

This situation was observed also for other species e.g. Protoceratium reticulatum (Claparède et 

ann) Bütschli (Ellegaard et al., 20

1980). In cultures of Pentahparsodinium dalei encystment also occurred spontaneously, however cyst 

observed only in old cultures. Although generally cyst production is considered to result from 

problems such as surviving of disadvantageous conditions (Sarjeant et al., 1987). 

During the light experiment cyst production of Spiniferites stopped probably as a result of the 

s specific en

Protoceratium reticulatum, Spiniferites membranaceous (Rossignol) Sarjeant 1970 and Spiniferites 

atus Reid 1974. For old cultures noted that encystment may cease (in the cultures over c. 2 years 

laboratory experiments suggested nutrient manipulations and especially nitrogen starvation as a key to 

 cyst production (e.g. Pfiester and Anderson, 1987), strain GeoB 1007 was trans

encystment media containing 10%, 5% and 0% of normal nutrient content. However, this did not re-

e cyst production. Since temperature as well as day-to-light rhythm

influence encystment (Anderson et al., 1984; Anderson et al., 1985; Nuzzo and Montresor, 1999; 

e et al., 2001; Sgrosso et al., 2001), the culture was also exposed to lower and su

higher temperatures (10°C and 18°C, respectively). Because encystment still did not occur, the 

period was changed (da

production and further work on cyst formation of this culture remained impossible.  
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.Chlorophyll measurements during light experiment on Gonyaulax sp.; K encystment medium. 
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Fig.5.5. Cyst of Gonyaulax sp. from the culture (SEM) 
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Conclusions and further perspectives 

 

 In the eastern part of north (sub)tropical Atlantic Ocean, conditions in the upper part of water 

column appear to be suitable for the production of organic-walled dinoflagellate cysts. Conditions off 

Cape Blanc are characterised by mesotrophy/eutrophy due to the year-round upwelling. However, over 

4 years of detailed observations indicate upwelling intensification or relaxation have no clear influence 

on encystment. Nutrients can be brought into the region also by frequently occurring dust storms from 

the Sahara (Moulin, et al., 1997). The Saharan dust aerosols have a significant effect on the oceanic 

productivity due to the appreciable quantities of iron and other trace elements that they introduce (Zhu, 

et al., 1997; Goudie and Middleton, 2001; Middleton and Goudie, 2001; Pittman, 2002; Sarthou, et al., 

2003). Encystment of Protoperidinium americanum appears to be closely related to elevated dust 

input. This contrasts with the view that the species is characteristic for upwelling regions (Dale and 

Fjellså, 1994). P. americanum can thus be applied more widely, to reconstruct mesotrophic to 

eutrophic conditions, rather than upwelling only. Also high fluxes of Protoperidinium monospinum 

cysts are positively correlated to the dust input. Our study documents this taxon from an upwelling 

area for the first time. Most probably cysts of this species have been assigned to Echinidinium or 

Islandinium previously. High daily fluxes of several other species such as of Brigantedinium spp., 

Echinidinium aculeatum, Protoperidinium stellatum, Selenopemphix nephroides and Selenopemphix 

quanta are observed at intervals of enhanced lithogen input. The temporal changes in the fluxes of 

Lingulodinium machaerophorum suggest that the composition of the upwelling source waters can be 

of major importance for the production of individual dinoflagellate species in studied region. 

Encystment of L. machaerophorum coincides also with relatively stratified surface water conditions. 

All above mentioned relations show positive correlation between high nutrient content and encystment 

as observed also in other environmental studies (Marino, et al., 1984; Montresor, et al., 1998; Kremp 

and Heiskanen, 1999; Zonneveld and Brummer, 2000). Cyst production of the heterotrophic 

Brigantedinium spp. increases with increasing fluxes of the food source of their motiles which are 

diatoms.  

In contrast to the field studies mentioned above, a number of laboratory experiments suggest 

nutrition depletion as the main trigger for sexuality and cyst production (Anderson, et al., 1984; 

Anderson and Lindquist, 1985). Although Impagidinium species are often considered to be 

characteristic for oligotrophic regions such as the open ocean during this study no correlation between 

their fluxes and periods of depreciate nutrient content in the upper water column was observed.  Our 

results suggest therefore, that encystment is convergent with conditions of optimal vegetative cell 

growth.  

Observed variations in organic-walled dinoflagellate cyst fluxes and trap assemblages 

composition provide a particularly illustrative example of how organic-walled dinoflagellate cysts can 

be applied to reconstruct rapid local and regional changes in surface water conditions with respect to 
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nutrient contents. However, for a complete understanding the environmental picture that is usually 

obtained through the study of surface sediments and sediment cores, secondary processes effecting 

cysts assemblages in sediments have to be assessed. Analyses of material from sediment traps and 

underlying surface sediments reveals a clear discrepancy between the cyst assemblages produced in 

the upper water column and the cysts assemblages in the surface sediments. The relative increase of 

phototrophic taxa in the sediments compared to the traps, demonstrates that species selective oxygen 

degradation in bottom sediments and at the sediment/water interface forms an important factor 

affecting cyst association in oceanic sediments. For the application of organic-walled dinoflagellate in 

environmental reconstructions this fact has to be taken into account.  

Laboratory experiments on Tuberculodinium vancampoae show morphological variations 

related to changes in temperature and salinity. Although a reduction in process length at low and high 

temperature levels is immediately obvious under light microscope, the differences between cyst body-

to-tubercule length and changing salinity are recognised only after thorough statistical analysis of the 

measurements. Therefore, application of variations in tubercule length appears to be more useful. 

Although new information has been obtained on factors triggering encystment of organic-

walled dinoflagellate in the present study, this research was confined to a relatively small and specific 

region and the future applications will obviously require evidence also from other regions covering a 

broader range of environments from different oceans and different regimes. The unexplained halted 

cyst production during experiments on Gonyaulax sp. indicates that still some questions about 

parameters influencing cyst production remains unsolved. Another open question is if other organic-

walled dinoflagellate than presently known (Lingulodinium machaerophorum, Spiniferites baltica, 

Tuberculodinium vancampoae) also show variations in cyst morphology in relation to environmental 

change. To answer this problem further laboratory experiments are needed. 

  As discussed in this thesis a number of laboratory experiments suggest that environmental 

stress e.g. nutrition depletion to be the main trigger for sexuality and encystment whereas present 

results, similarly to other findings, indicate that cyst production is convergent with conditions optimal 

for vegetative cell growth. A possible explanation for this paradox is that at maximal vegetative 

growth, nutrient depletion can occur within individual cells or their microhabitat and, as such, trigger 

enhanced sexuality. It is also plausible that in such a heterogeneous group as dinoflagellates, the 

factors that influence sexuality resulting in cyst production differ between the species. This problem 

appears also important because cysts may form a sort of seed bank in aquatic sediments from which 

the motile stock can be renewed – it is especially important in the case of blooming species. However, 

this idea also needs further environmental observations and laboratory work. 

 Further investigations are also needed to better understand secondary processes influencing 

cyst assemblages in sediments. Some experiments on species selective oxygen decay have just started 

(Zonneveld, pers. commun., 2005). In addition, chemical analysis of the cyst wall of Tuberculodinium 
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vancampoae obtained from cultures will be done by Gerard Versteegh. Cysts are already isolated and 

awaiting removal of cell contents and further analysis.  
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