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[ dnen=]
Reinhardt Mebjerg Kristensen & Poul Mgller PEDERSEN
Iete ARKTISK
The Board of Arctic Station, Faculty of Science, University of Copenhagen, Denmark STATION

The arctic field courses from the University of Copenhagen have been held regularly since
1973 at Arctic Station, Qeqertarsuaq (Godhavn), Disko Island, West Greenland. The station
was founded in 1906 by the Danish botanist Morten Porsild, and it is thus the oldest research
institution north of the Polar Circle. The 4™ of August 2006 the station celebrated its 100
years anniversary. Today, the station is owned by the Faculty of Science, and it is open all
year round for international and national scientists as well as graduate students. For a more
comprehensive introduction to the Arctic Station, please consult the address:
http/www.nat.ku.dk/as/.

The Arctic Biology Field Course, Qeqertarsuaq 2006, was organised by the Biological
Institute and Natural History Museum, University of Copenhagen. It was carried out between
the 11™ and 30™ of August 2006 at the Arctic Station. The field course addressed exclusively
marine issues, but a few terrestrial excursions were made, €.g. the hiking trips to Ilulissat
(Jakobshavn) to the enormous Ilulissat Icefjord on the 31* August and in Kangerlussuaq (Sdr.
Stromfjord) on the 1% of September. The botanical teachers were Niels Daugberg and Poul
Mpller Pedersen, and the zoological teachers were Reinhardt Mebjerg Kristensen and
Andreas Wanninger. The scientific leader of the station during the course, Henrik Sulsbriick
Mpiller, and the whale researcher Outi Tervo (the present scientific leader) assisted the
teachers with several talks, and we were allowed to use the laboratory and the microscopes
with digital camera and video recorder. The dean of the Faculty of Science, Nils O. Andersen
and his wife Jette Brons, participated in the beginning of the course.

Twelve master students from the University of Copenhagen participated in the field
course. They had all successfully passed the course in arctic biology, and they were chosen to
carry out their proposed field projects after an evaluation by their supervisors. Furthermore,
two German Ph.D.-students, Henrike Semmler and Nora Brinkmann, participated and
collected various species of marine plankton larvae as part of their Ph.D.-programmes for
subsequent studies in Copenhagen using confocal laser scanning microscopy. Furthermore,
they helped to supervise the Danish students. Finally, the tidal tardigrade Echiniscoides was
studied by, Seren Faurby, who is Ph.D.-student from the University of Aarhus.

The proposed field projects and selected students were:

1). Marine phytoplankton (Iben Renn Veland & Maria Hastrup Jensen)

2). Marine, benthic macroalgae (Mads Birkeland, Christian Nielsen & Helle Wilken-Jensen
3). Identification of arctic marine invertebrate larvae from West Greenland near Disko and
description of their muscular and neural anatomy by confocal laser scanning microscopy
(Louise Holst Hemmingsen, Payana Henriksen & Mette Liebst-Olsen).

4). Marine Meiofauna — Gastrotricha, Kinorhyncha and Polychaeta (Jonas Thormar & Martin
O. Macnaugthon).

5). Osmotic stress tolerance and de novo protein synthesis in the Arctic tardigrade (water
bear), Halobiotus crispae (Kenneth A. Halberg & Dennis Persson).

The stay on Disko Island was general successful from a scientific point of view and this
report summarises the results. All contributions published in this report are also available as
pdf-files at the homepage of the Arctic Station: http/www.nat.ku.dk/as/.
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The weather was not equivalent to the so-called “Godhavn summer”, however, the wind
conditions allowed us to visit both Haregen with an overnight camp in Nordfjord and
Mudderbugten with an overnight camp at Flakkerhuk. The field course deviated from
standard procedures by not using camp sites for longer periods of time, as the students needed
the laboratory facilities such as microscopes, refrigerators and the cooling room, but all
students were allowed to join several excursion €.g. to Nipisat, Skansen, and Ippik. During
nearly all excursions humpback whales were observed; sometimes even observed up close
from a dinghy (small boat) - this was a new and fascinating experience for both senior
scientists and students.

Acknowledgements. First we want to thank the entire staff at the Arctic Station
for providing logistic support, especially the crew onboard “Porsild”, Frederik
Grenvold, Seren Fisker and Erik Wille, and the station manager Kjeld (Akaaraq)
Mpolgaard. Thanks are also given to a number of colleagues at the University of
Copenhagen for assisting the students to process their field data and samples.
Especially, we acknowledge the secretary of Arctic Station, Gitte Henriksen, who
solved all the logistic problems with transportation also related to the station’s
anniversary.

The Faculty of Science covered travel expenses for 12 students and two
teachers, and additional support was given by the Arctic Station. Substantial
support to the students’ accommodation was given by the Danish Botanical
Society and the Carlsberg Memorial Grant for Brewer J.C. Jacobsen. Finally, we
are indebted to Kenneth Agerlin Halberg for editing this report.

Dedication. We dedicate this report to stud. scient. Mette Liebst-Olsen, who after
the return to Copenhagen was attacked by severe illness with an effect on the rest
of her life. We give her our warmest sympathy.
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A Survey of Marine Dinoflagellates in the Waters Surrounding
Disko Island, Western Greenland

Maria Hastrup JENSEN & Iben Rgnn VELAND

Department of Phycology, Biological Institute, University of Copenhagen, Copenhagen, Denmark

Abstract. The Global tendency towards an increase in atmospheric temperature seems to be especially
pronounced in the Arctic regions, where dramatic alterations are predicted to occur within the next 40 years. The
present survey was conducted in order to pursue indications of possible Global change induced alterations of the
dinoflagellate species composition in the vicinity of Disko Island. In addition, the aim was to establish a base
line of the species diversity for future comparison. From August 11" to the 30", 2006, net samples were
collected at nine different stations in the vicinity of Disko Island, from Mudderbugten to Haregen. Using LM and
SEM techniques we identified 50 dinoflagellate species belonging to 22 genera, of which four are new
recordings for this area. These results indicate a slight change in the species composition in comparison to
recordings from previous surveys; changes that may be associated with alterations of the Arctic marine food
web. In addition, we have isolated single cells from the samples and obtained molecular data on 7 species of the
family Dinophysiaceae. Surprisingly, the phylogenetic results support a re-instatement of the genus Phalacroma
which, in resent literature, is considered to be synonymous with Dinophysis.

Keywords. Marine Dinoflagellates, Global change indication, Western Greenland, species diversity, phylogeny,
Dinophysis, Phalacroma.

1. INTRODUCTION

The material for this project was collected during the Arctic field course at Arctic Station
Qegertarsuag/Godhavn, Disko Island, Greenland, from the 11" of August to the 1% of
September, 2006. This introduction contains three main paragraphs; the first concerning
global changes in the Arctic environment and the role of the marine phytoplankton in this
ecosystem, while the second paragraph contains descriptions of some general features of the
phytoplankton group of interest: the dinoflagellates. The third paragraph presents an overview
of some of the problems within the Ceratium (C. arcticum and C. longipes) complex.

1.1.  Global warming and the Arctic marine environment

Together with climate reconstructions of the past millennia, several observations made over
the last 100 years have all shown changes in the global climate, the tendency being an
increase in atmospheric temperature [DICKSON, 1999; HUGHES, 2000; HANNA & CAPPELEN,
2003; ACIA, 2005]. According to the 2001 report from the Intergovernmental Panel on
Climate Change (IPCC) this temperature rise has been 0.06 °C per decade during the 20"
century; however, since the 1950s the increase has escalated to ca. 0.12 °C per decade
[HANNA & CAPPELEN, 2003]. Even though general patterns are difficult to determine, the
tendency is a higher temperature increase in Arctic regions in comparison to a global scale
[AAGAARD et al., 1999; HuGHES, 2000; ACIA, 2005]. Geographically, the Arctic can be
defined as the area above the Polar circle; the 66™ Northern latitude. Another definition is the
area on the Northern hemisphere, apart from the Alpine regions, where the mean annual air
temperature never rises above 10 °C and the annual cycle can be divided into a light and dark
period [BOrRN & BOCHER, 1999].

In some Arctic regions the temperature appears to be decreasing. In the period from 1958
to 2001 West Greenland has experienced a significant decrease in temperature of 1.29 °C.
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This decrease is correlated with an increase in the North Atlantic oscillation (NAO)
[EDWARDS et al., 2001; HANNA & CAPPELEN, 2003]. NAO is a climate phenomenon that
forces the atmospheric air masses between the high-pressure system of the Azores and the
low-pressure system of Iceland, and is responsible for one third of the variance in sea level
pressure in this region [DICKSON, 1999; EDWARDS et al., 2001]. The pressure differences are
stated on the NAO index and are either positive or negative. During the last decades this index
has been positive due to an unusually strong sub tropic high-pressure system over the Azores
and a corresponding low pressure over Iceland. This has caused stronger Western winds and
colder winters in West Greenland [DicksoN, 1999; EDWARDS et al., 2001; HANNA &
CAPPELEN, 2003; ACIA, 2005].

The temperatures of aquatic environments are correlated with the atmospheric air
temperature; hence changes in atmospheric temperature will imply changes the aquatic
environments [BORN & BOCHER, 1999; HUGHES, 2000; HANNA & CAPPELEN, 2003; ACIA,
2005]. Especially in the Arctic marine environment, which is characterised by great amounts
of ice, a change in the temperature will have dramatic consequences for the entire ecosystem.
This is, in part, due to the fact that the temperature determines the length of the ice-free
period, the thickness and the distribution of the ice [AAGAARD et al., 1999; CHRISTENSEN &
RYSGAARD, 1999; NIELSEN, 2005]. Since 1980 the extent of the ice in the Arctic has been
reduced with ca. 10% per decade [HOLLAND et al., 2006]. This reduction is mainly in multi-
annual ice, which influences the ratio between this and the annual ice [ACIA, 2005].
Furthermore, the temperature influences the extent of freshwater entering the marine
environment, either as precipitation or melt water from icebergs and the terrestic systems
[CHRISTENSEN & RYSGAARD, 1999; ACIA, 2005; NIELSEN, 2005]. An increase in freshwater
entry will reduce the salinity of the surface layer and hence strengthen the water column
stratification [BORN & BOCHER, 1999; CHRISTENSEN & RYSGAARD, 1999; ACIA, 2005]. Thus,
a change in atmospheric temperature will lead to changes in the salinity and temperature of
the water column, which will further influence the stability of the pycnocline (thermo -and
halocline). A consequence of this is a change in the vertical heat flux in the water column,
which might influence both global and regional water currents and hence the distribution of
water masses and sea ice [AAGAARD et al., 1999; ACIA, 2005].

A change in the ratio between ice, snow and open sea will have a feedback mechanism
though changes in the albedo. Newly fallen snow has a high albedo of 70-90%, which means
that most of the incoming radiation is reflected. Depending on the radiation angle, the albedo
for water lies in the range of 3-5% and 50-80% [BORN & BOCHER, 1999]. An earlier seasonal
ice and snow melt due to a temperature increases will result in a positive feedback due to
larger amounts of solar radiation being absorbed by the ocean and hence a further temperature
increase in the marine environment [AAGAARD et al., 1999; BORN & BOCHER, 1999; HOLLAND
et al., 2006].

These temperature and irradiation changes in the marine environment will have a dramatic
impact on the organisms that form the base of the entire food web, the phytoplankton. Some
of these effects are discussed in the following Paragraphs.

Whether the temperatures rise or fall, the Arctic environment is strongly influenced by
changes in the global climate, and is therefore an important area for evaluation of the
consequences of these changes.

1.1.1. The Arctic marine phytoplankton

Approximately 40 % of the global net photosynthesis stems from marine pelagic primary
producers [ACIA, 2005]. This production forms the base of the entire marine food web from
protists to polar bears, including also the microbial and viral loops. In addition, the primary
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Figure 1.1. The distribution of Arctic sea ice. The first picture illustrates the present distribution of sea ice
in the Arctic with a permanent ice cap. The second picture presents the same area as predicted for 2040, a
situation with no permanent ice cap during the summer period [HTTP//WWW.UCOR.EDU/NEWS/RELEASES/
2006/ARCTIC. SHTML].

producers seem to serve as very sensitive indicators of changes in the environment, since the
autotrophic plankton reacts with a non-linear response to even small changes in their
surroundings [HAYs et al., 2005]. Thus, in a time when the global climate and especially the
Arctic climate is changing, a focus on the primary producers is highly relevant.

In the Arctic oceans the phytoplankton is responsible for 90-95% of the net
photosynthesis [AAGAARD et al., 1999; BOrRN & BOCHER, 1999]; the phytoplankton comprises
the autotrophic or mixotrophic organisms free floating in the water column. In the Arctic
environment, which is one of the most extreme environments in the world, only ca 250
species of dinoflagellates are known [OkoLODKOV & DOGDE, 1996]. In addition to the pelagic
phytoplankton is a group of micro-algae in the ice biota, which is specialised to low radiation,
temperatures below 0 °C and highly saline environments in the brine channels within the ice
and between the ice crystals [HORNER, 1989; BORN & BOCHER, 1999; CHRISTENSEN &
RYSGAARD, 1999].

The marine Arctic environment is, as mentioned above, characterised by the presence of
great amounts of ice, which, in combination with the low radiation levels, has enormous
consequences for the carbon-fixating organisms and hence the entire Arctic marine food web.
This is in part due to a short growth period, i.e. when solar radiation is sufficient to support
net photosynthesis, and to a winter period with the complete absence of a euphotic zone. Low
levels of primary production, low input of nutrients and low turnover rates of these are other
characteristics for this marine system [AAGAARD et al., 1999; HUGHES, 2000; ACIA, 2005;
NIELSEN, 2005]. The light and nutrients available for the marine phytoplankton are indirectly
influenced by the temperature, i.e. though the length of the ice-free periods, the level of
freshwater run-off, etc. Nevertheless, these factors, light and nutrients, seem to be more
limiting for the primary production than the low temperature itself [TILZER & DUBINSKY,
1987; BORN & BOCHER, 1999; ACIA, 2005; Mock & HocH, 2005; NIELSEN, 2005].

The Arctic marine phytoplankton is adapted to the above-mentioned abiotic factors, which
characterise this environment. Apart from the indirect influence, as outlined above, extremely
low temperatures also have various direct consequences for all organisms being part of the
Arctic marine food web; essentially because the temperature is the determinating factor for
the pace of any given reaction in most biochemical processes [MATHEWsS et al., 2000].

The adaptations to low temperatures have been studied in various groups of phytoplankton
and revealed that the adaptational mechanisms are usually adjustment of structural flexibility
in many photosynthetically essential proteins complexes, such as RUBISCO and Photo
system I, and altered composition of lipids in the membrane systems [Devos et al., 1989;
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DAVIDSON, 1991; SMITH et al., 1994; WILLEM et al., 1999; GAo et al., 2000; MORGAN-KISS et
al., 2002; Mock & HocH, 2005; D' AmICA et al., 2006].

1.1.2. Consequences of a temperature increase in the marine Arctic environment

Recent studies predict dramatic changes in the global climate, especially in Arctic regions
[ACIA, 2005; HoLLAND et al., 2006]. According to several model simulations a nearly ice-
free September could be reached within approximately 30 to 50 years (Figure 1.1). This
dramatic change over a relatively short time period is explained by the Arctic summer ice
cover exhibiting the signature of the abrupt retreat rather than being linearly related to the
global temperature. Not only the predicted total loss of multi annual ice, but also the gradual
melting of the ice cap will have several climatic consequences. The ice-free period will
further delay the onset of ice growth in the autumn period; in part due to the albedo feedback
mechanism (Paragraph 1.1), which causes additional warming of the surface layer due to
absorption of solar radiation. Furthermore, a rapid increase in ocean heat transport to the
Arctic might lead to and possibly trigger the occurrence of ice-free summers [HOLLAND et al.,
2006].

The primary production. Major analyses of marine primary production show that the
patterns in quantity and density of the phytoplankton can mainly be explained by a number of
correlated factors, such as wind-induced mixture of the water column, the temperature of the
surface layers as well as other hydrodynamic parameters, all influenced by the NAO [REID et
al., 1998; DicksoN, 1999; EDWARDS et al., 2001]. Globally, the tendency is a higher primary
production. However, a fall in primary production has been observed in areas with
temperature decreases, for instance West of Greenland [HUGHES et al., 2000; AAGAARD et al.,
2001; HANNA & CAPPELEN, 2003; ACIA, 2005].

As mentioned above, the growth period for the marine phytoplankton is nearly identical to
the ice-free period, which is both directly and indirectly determined by the temperature.
However, the length of the growth period is also limited by the totally dark winter period. In
the Arctic an almost linear proportionality between the pelagic production and the length of
the ice-free period has been observed [CHRISTENSEN & RYSGAARD, 1999]. Hence, the
predicted temperature increase will indirectly lead to a higher level of primary production,
due to longer growth periods.

The amount of light, as stated earlier, is not the only limiting factor for the primary
producers; the level of nutrients also has an essential role. Thus, a rise in primary production
as a consequence of higher temperatures will only be observed in areas where this can be
supported by adequate nutrient levels. The availability of nutrients depends in part on the
stability of the pycnocline, which is determined by wind-caused turbulence and the amount of
fresh water entering the surface layer. These hydrodynamic effects are influenced by the NAO
and, hence, to some degree correlated with the temperature. In areas where the availability of
nutrients is insufficient to support an increase in carbon fixation a consequence of a
temperature rise will be an early onset but shorter duration of the spring bloom. This can have
dramatic consequences for the entire food web (Paragraph 4.1.6) [HANSEN et al., 2003; ACIA,
2005; NIELSEN, 2005].

The primary producers. In the Arctic there is a tendency towards higher growth rates of
marine phytoplankton with increasing temperature. For some species a linear proportionality
between the Q1o (The increase in metabolic rates when the temperature is increased 10 °C and
temperature has been observed, apparently to an upper limit where the cell cycle is arrested
due to thermic stress [DAUGBJERG & MOESTRUP, 1992; SMITH et al., 1994]. Due to the
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mechanisms explained in 1.1.1. this limit may be lower for the cold adapted than the
temperate algae. Hence, the cold adapted Arctic algae may not be able to maintain growth if
the temperatures rise to levels that seem relatively low for mesofile algae, i.e. algae adapted to
a temperate climate.

The predicted changes in the temperature will most likely influence the stability and pace
of the biochemical and physiological processes and have serious consequences for the
survival and competitional abilities of the phytoplankton [Devos et al., 1989; DAVISON, 1991;
SMITH et al., 1994; WILLEM et al., 1999; GAo et al., 2000; MORGAN-KIss et al., 2002; HAYS et
al., 2005; Mock & HocH, 2005; D' AMICA et al., 2006]. Increasing temperatures will probably
allow invasion of temperate species in the phytoplankton community, leading to changes in
the composition and species diversity. However, the length of the photoperiod in the Arctic
exerts a serious selection pressure on the invading species, which may favour the already
adapted phytoplankton.

Thus, with higher temperatures and longer growth periods in the Arctic, lower species
diversity is to be expected. The species that will survive under this new condition will be the
ones that can adapt to the climatic changes and to the light levels in the Arctic; and these
adaptations need to occur rather fast in order to encounter the changes [HOLLAND et al.,
2006].

1.1.3. Conditions in the Disko Bay

Most data represented in this project are based on samples from Disko Bay, which is a ca.
10.000 km? bay in West Greenland (Figure 2.1), 300 km north of the Polar circle. Some areas
of the bay are up to 600 metres deep [NIELSEN, 2005].

The hydrography determines the distribution of the phytoplanktonic organisms, and is an
important aspect to consider. The hydrography of the surface layer in Disko Bay is highly
influenced by the weather conditions and changes throughout the year. During winter the
temperature of the surface layers decreases severely and the water column is mixed down to a
depth of 150 meters. Normally, the bay is ice-covered two to five months during the winter.

In the early spring, the surface temperature increases in accordance with the amount of
freshwater influx from the terrestic environment, i.e. the melting of sea ice, icebergs and the
especially the llulissat glacier. This temperature increase strengthens the pycnocline. During
the summer period, the water column consists of three layers (Figure 1.2): An upper layer of
20-30 metres that is heated by the sun
and contains considerable amounts of
freshwater, an intermediate cold water
layer of 100-150 metres that stems from
the winter surface layer, and a lower
layer with  higher  temperatures;
probably from the West Greenlandic
Current (WGC) from the South (Figure
1.3) [HERMAN, 1971]. During autumn, a
reduction in the outflow of melt water
20 T 3 g 95557 occurs and this, in combination with
Juni. 2001 Jess solar heating and stronger winds,

Figure 1.2. The verticale temperature distribution inthe  ~reates a water column with uniform

water column at Qeqertarsuaq June 2001. The remains . .
of the cold surface layer from the winter period are salinity and uniformly low temperatures

located between the warm surface layer and the warm N the upper 80 metres [ANDERSEN,
bottom layer [NIELSEN 2005]. 1981].
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Figure 1.3. Most important currents in the waters around South Greenland [HERMANN in N@RREVANG et al.,
1971].

The WGC that comes from the south is warm and saline. Part of the water continues, as just
described, beneath the fresher and cooler surface layer into Disko Bay. The WGC consists of
a mixture of the relatively cold and fresh East Greenland Current and the relatively warm and
saline Irminger Current (Figure 1.3). Another aspect in the Disko Bay area is the tidal
fluctuations. The rising tides can halt outgoing currents, which are then either forced back into
the bay or towards Kronprinsens Ejlande [ANDERSEN, 1981].

1.2.  Dinoflagellates

Diatoms and dinoflagellates constitute the two major groups of net plankton represented in
the Arctic marine environment, as is the case for all other marine environments. In this report
we focus on the dinoflagellates, since they have previously been studied to a limited extent
only and, hence, the knowledge on Arctic marine dinoflagellates is scarce [GR@NTVED &
SEIDENFADEN, 1938]. In addition, dinoflagellates are highly important for the ecology of an
area, since they can occur on different trophic levels and are found as both nano- and net
plankton. Furthermore, around 70 marine dinoflagellate species are known to be toxin-
producing, which can result in accumulation of toxins in larger organisms of the marine
system and affect the entire food web [GRAHAM & WIiLC0OX, 2000; HTTP://www.BI.KU.DK/IOC/
GROUP2.ASP].

1.2.1. Phylogeny

Molecular data places the dinoflagellates within a monophyletic clade, the Alveolata, together
with Ciliophora, Apicomplexa, Perkinsozoa and Colpodellidae. Synapomorphies for the
members of Alveolata are the cortical alveoli, mitochondria with tubular cristae and the
presence of diverse forms of tricocysts [CAVALIER-SMITH, 1993; HAUSMANN et al., 2003]. The
dinoflagellates form a monophyletic clade with the Perkinsozoa as the sister group
[HAUSMANN et al., 2003].

1.2.2. Characteristics

All species of dinoflagellates have at least one stage (Paragraph 1.2.4.) as a unicellular
flagellate with two heteromorphic flagella. The flagellate can be desmokont, where the
flagella emerge apically, or dinokont with the flagella emerging laterally close to the equator
of the cell (Figure 1.4 A, B). For the dinokont dinoflagellates, the transverse flagellum usually
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lies within the cingulum, the transverse furrow which surrounds the cell; whereas the
longitudinal flagellum runs along the longitudinal furrow; the sulcus. The two flagella emerge
from two pores at the intersection between cingulum and sulcus [TAYLOR, 1980; VAN DEN
HOEK et al., 1995; STEIDINGER & TANGEN, 1997]. The transverse flagellum, which gives the
dinoflagellate its’ characteristic, rotating movement, has a helical axoneme and, running in
parallel, a contractile string composed of centrin. The longitudinal flagellum is flattened and
controls the direction of movement. The flagella are anchored, below the plasma membrane,
in a complex rooting system composing at least 3 types of microtubule-based roots. Near the
flagellar base lies the pusule, which is a characteristic organelle for dinoflagellates. It is
formed by several invaginations of the plasma membrane and of yet unknown function
(Figure 1.4 C) [VAN DEN HOEK et al., 1995].

In addition to the pusule, another characteristic membrane-associated feature of the
dinoflagellates is the amphiesma, consisting of membrane-enclosed polygonal vesicles
beneath the plasma membrane. Their number, shape and size vary among genera, and
sometimes even during the life cycle of a species [MORRILL & LOEBLICH IlI, 1983;
STEIDINGER & TANGEN, 1997]. For a large fraction of the present dinoflagellates, the
amphiesmal vesicles contain 100-1000 nm thick polysaccharide plates mainly composed of
cellulose, mannose and galactose; the thecal plates (Figure 1.5). Expansion of thecal plates
takes place by addition of polysaccharide material along the plate margin and causes
intercalated bands at the sutures; the space between adjacent plates. Species possessing such
thecal plates are referred to as armoured or thecate [MORRILL & LOEBLICH 11, 1983; VAN DEN
HoEK et al., 1995; GRAHAM & WiLcox, 2000].

The cingulum divides the dinoflagellate into an apex and an antapex, the epicone and
hypocone, respectively (Figure 1.4) [VAN DEN HOEK et al., 1995], and along with plate
ornamentation, the number and arrangement of the thecal plates in the epicone and hypocone
form a valuable base for identification of thecate dinoflagellate species (for nomenclature, see
Appendix 1).

About 40% of the dinoflagellates possess a pellicula, a fibrous layer within the
amphiesmal vesicles, beneath the thecal plates. The pellicula provides the cell with stability
during ecdysis (extrusion of the theca) or development of a hypnozygote (“cysts”, Paragraph
1.2.4). The pellicular material is known as dinosporin [TAYLOR, 1980; GRAHAM & WILCOX,
20001, since it highly resembles the sporopollenin of gymno- and angiosperms [MORRILL &
LOEBLICH 111, 1983; STEIDINGER & TANGEN, 1997].

Figure 1.4. Morphological types and morphological features. A. Lateral view of a desmokont cell with two
dissimilar flagella at the anterior end. B. A dinokont cell in ventral view; the two dissimilar flagella are housed
in each their furrow. C, cingulum, S, sulcus, LF, longitudinal flagellum, TF, transverse flagellum [STEIDINGER
& TANGEN, 1997]. C. Cross-section of a dinokont cell with typical dinoflagellate organelles. Thecal vesicles
(AV) with thecal plate material (TP), chloroplast (Cp), chromosomes (Cr), Golgi apparatus (G),
mitochondrion (M), nucleus (N), pellicle layer (PE), pusule (PU), striated strand (SS) of transverse flagellum
(TF), trichocysts (Tr) [TAYLOR, 1980].
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A D ——> C_———> CZ= Figure 1.5. Amphiesmal vesicles with (A) none, (B)
thin or (C) thick thecal plates. Below these lie
microtubules [GRAHAM & WiLcoX, 2000].

An almost universal feature among dinoflagellates is trichocysts. These are ejectile
proteinaceous rods that lie in the periphery of the cell. If the species is thecate, the location is
beneath a pore in the theca [TAYLOR, 1980; VAN DEN HOEK et al., 1995; GRAHAM & WILCOX,
2000]. Some genera possess nematocysts, which are larger and more elaborate than
trichocysts, and arranged radially or subradially in the cell [TAYLOR, 1980; STEIDINGER &
TANGEN, 1997; GRAHAM & WILcoX, 2000].

Some dinoflagellate genera possess a discrete red eyespot located freely in the cytoplasm
close to the site of flagellar origin. Other genera are equipped with eyespots consisting of a
series of spherical globules within the chloroplast. Some members of one family, the
Warnowiaceae have a complex eyespot; an ocellus. This feature, which highly resembles the
metazoan eye, consists of a lens-like refractile hyalosome and a reddish-brown or black
pigment cup backing a para crystalline retinoid [TAYLOR, 1980; VAN DEN HOEK et al., 1995;
GRAHAM & WiLcoX, 2000].

1.2.3. Trophic conditions and chloroplasts

Plastids are found in approximately half of the extant dinoflagellates, making them capable of
performing photosynthesis. The chloroplast is usually surrounded by three membranes
discontinuous with the endoplasmatic reticulum, and the thylakoid membranes are usually
arranged in stacks of three without a girdle lamella (Figure 1.4 C). [VAN DEN HOEK et al.,
1995]. Uniquely, about half of the photosynthetic dinoflagellates possess the xanthophyll-like
carotenoid peridinin, which is thought to have developed in an early dinoflagellate form
[YooN et al., 2002]. Being the main light-harvesting complex with an absorption spectrum in
the blue-green area, 470-550 nm, peridinin forms a water soluble and highly effective protein
complex with chlorophyll a (chl a) within the thylakoid lumen; the transfer efficiency is
nearly 100% [GRAHAM & WIiLcox, 2000]. In addition, various species-specific accessory
pigments, such as chl c, carotenoids, and xanthofylls, are found among the dinoflagellates.
This diversity is due to the multiple occurrences of secondary and tertiary endosymbiosis of
photosynthetic protists throughout dinoflagellate evolution [GRAHAM & WiLcox, 2000;
MORDEN & SHERWOOD, 2002]. The peridinin-containing chloroplast, which also contains the
proteobacterial enzyme RUBISCO |l [SCHNEPF & ELBRACHTER, 1999], is believed to result
from secondary endosymbiosis of a rhodophyte ancestor [TAKISHITA et al., 2002] but
dinoflagellate species with a green alga as secondary endosymbiont are also known [MORDEN
& SHERWOOD, 2002]. In addition, tertiary endosymbiosis is known to have occurred with a
diatom, a haptophyte, and a cryptophyte [SCHNEPF & ELBRACHTER, 1999; MORDEN &
SHERWOOD, 2002].

Kleptochloroplasts, i.e. temporary endosymbionts, are found in some dinoflagellate species,
for instance in the genus Dinophysis [TAKISHITA et al., 2002]. Still being a controversial
subject, it is believed that the kleptochloroplasts are usually found as only partially reduced
and within a food vacuole (see below) in which they can function in photosynthesis from days
to months before eventually being digested [SCHNEPF & ELBRACHTER, 1999]. The various
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types of endosymbionts lead to great variation in dinoflagellate chloroplast colour; from
typically yellow-brownish to bright yellow, green and even blue [SCHNEPF & ELBRACHTER,
1999; HAUSMANN et al., 2003].

Hetero- and mixotrophy. About half of the known dinoflagellates lack plastids and are thus
obligate heterotrophs. Since many dinoflagellate species are relatively large the
surface:volume ratio might be insufficient for osmotrophy. This helps to explain why
phagotrophy, where the food item is taken up in a food vacuole, is the most common feeding
strategy among heterotrophic dinoflagellates [VAN DEN HOEK et al., 1995; GRAHAM &
WiLcox, 2000]. In addition to smaller organisms, potential prey comprises ciliates and
diatoms even in the same size range as the predating dinoflagellates themselves. To avoid
expansion of their cell to this extend, many dinoflagellate species possess a special organelle
for food uptake; a pallidum or a peduncle, which is localised close to the sulcus and can be
extended out of the cell. The exact function of the organelle and the size of food items vary in
between species [GRAHAM & WILCOX, 2000; NIELSEN, 2005].

Mixotrophy, a combination of phototrophy and heterotrophy, is also well known, and
many phototrophic dinoflagellates are considered as potential osmo- or phagotrophs. This is
based on multiple ultra-structural analyses of plastid containing species revealing
microtubular root-structures of a peduncle, although these species have never been observed
having food vacuoles. In addition, many of the photosynthetic species are auxotrophs and thus
strictly dependent on osmotrophy [VAN DEN HOEK et al., 1995; SCHNEPF & ELBRACHTER,
1999; GRAHAM & WILcoX, 2000].

The most common storage product in the photosynthetic dinoflagellates is starch,
positioned in grains outside of the chloroplast. Coloured droplets containing long-chained
poly-unsaturated fatty acids are found in both phototrophic and heterotrophic dinoflagellates
[VAN DEN HOEK et al., 1995; SCHNEPF & ELBRACHTER, 1999].

1.2.4. Life history

The most common dinoflagellate life cycle is shown in Figure 1.6. The dinoflagellate nuclear
envelope is permanent, resulting in endonuclear mitosis with the mitotic spindle placed
outside of the nucleus [TAYLOR, 1980; STEIDINGER & TANGEN, 1997].

The dinoflagellate nucleus, the dinokaryon, is characteristic in having chromosomes that are

Figure 1.6. The general life cycle of a hypnozygote-producing dinoflagellate [STEIDINGER & TANGEN,
1997].
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condensed throughout the cell cycle and, unlike any other eukaryote, it possesses no histones
[TAYLOR, 1980; HAUSMANN et al., 2003]. The vegetative cell (1 in Fig. 1.6) is motile,
planktonic and haploid, and can divide asexually into two identical cells by binary fission (A
in Fig. 1.6) or it can form a non-motile temporary cyst (11 in Fig. 1.6). Sexual reproduction
has been observed for several species and in cultures it can be induced in by depletion of
nutrients, especially nitrogen [STEIDINGER & TANGEN, 1997]. The sexual reproduction begins
with the formation of gametes (2 in Fig. 1.6), which look like the vegetative cells but are
typically slightly smaller. Two gametes can fuse by iso- or anisogami to produce a
planozygote (3b in Fig. 1.6), a motile cell similar to the vegetative stage but with two
longitudinal flagella. The planozygote can produce motile vegetative cells through meiosis
(3a in Fig. 1.6) or cyst formation (4 in Fig. 1.6). The meiosis can take place in the resting
stage, the hypnozygote (6 in Fig. 1.6), and produce motile vegetative cells (8a in Fig. 1.6); or
excystment of the hypnozygote can result in a new planozygotic stage (8b in Fig. 1.6), which
produces motile vegetative cells by meiosis. Sexual reproduction can be both homothallic and
heterothallic [GRAHAM & WiLcoX, 2000]. Formation of a haploid cyst stage (11) can result
from a variety of environmental changes, e.g. available nutrients, intensity of radiation, length
of the photoperiod or temperature [CHAPMAN & PFIESTER, 1995; STEIDINGER & TANGEN,
1997]. In most cases, dinoflagellate cysts are surrounded by a thick wall, contain many
storage products, and are thus considered as survival stages. However, temporary division
cysts during vegetative growth are known from some species, while other, heterotrophic,
species form digestion cysts [STEIDINGER & TANGEN, 1997; GRAHAM & WiLcox, 2000].
Much knowledge of the history of the dinoflagellates relies on the presence of preserved cysts
from marine fossil sediments [HAUSMANN et al., 2003].

1.3.  Ceratium arcticum and C. longipes

The dinoflagellate genus Ceratium is found all over the world in limnic and marine
environments. According to recent literature [DODGE, 1982; STEIDINGER & TANGEN, 1997
THRONDSEN et al., 2003] two of the most frequently occurring Ceratium forms in Northern
waters can be identified as C. arcticum (Ehrenberg) Cleve 1901 and C. longipes (Bailey) Gran
1902, illustrated in Figure 1.7 A, B. However, C. arcticum and C. longipes have been
considered as form variations under a former species definition of C. tripos (O. F. Muller)
Nitzsch 1817; C. tripos has, nevertheless, been taxonomically revised not to include these two
[VANHOFFEN, 1897; OSTENFELD, 1899; STEIDINGER & TANGEN, 1997].

Whether these two species are genuine or rather variants of the same species has been
debated several times [GRAN, 1902; DoDGE, 1982; KLEKOWSKI & WESLAWSKI, 1995;
STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003], since the cell body-shape, length and
orientation of the apical horn and the plate tabulation are identical (Figure 1.7 and Paragraph
3.1) [OSTENFELD, 1899; GRAN, 1902]. In addition, intermediate forms (Figure 1.7 C) have
been observed by Gran 1902.

Figure 1.7. Ceratium forms. A. Ceratium arcticum B. Ceratium longipes C. Intermediate between C.
arcticum and C. longipes. [GRAN, 1902].
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Figure 1.8. The method of Gran for measurement of the angle between the horns of Ceratium specimens.
Illustrated is the measuring of C. arcticum. Angles below 180° are denoted positive, and angles above 180°
negative. Modified from Gran (1902).

Concerning the separation of the two species despite their close morphological resemblance, it
Is important to compare the original descriptions of the species in question. Unfortunately, the
original descriptions of C. arcticum and C. longipes as Peridinium arcticum and P. longipes
(EHRENBERG, 1840 and BAILEY, 1855, respectively) have not been accessible to us for
comparison.

In 1902, Gran determined that C. arcticum and C. longipes are in fact two species, on
behalf of significant differences in the angle between the terminal ends of the anterior horns
(Figure 1.8). The angles were measured on fully developed specimens since the direction of
the horns might change during growth. Angles were set positive if the horns diverged and
negative if the horns were convergent. The results clearly showed a division of the measured
specimens into two groups with a slight overlap: the antapical horn-tips of C. arcticum were
highly diverging (+40° to +140°, usually +70° to +120°) whereas C. longipes had weakly
diverging to converging horns (-20° to +40°, usually -10° to +30°). The intermediate form
was conferred to C. longipes, since this species showed the largest extent of variation in
anterior horn angles [GRAN, 1902].

In addition, no statistically significant difference in the distribution of horn angles was
revealed from the investigation, although Gran based his data on Ceratium specimens
collected from the 63" to the 74™ latitude in a temperature range of -11.1 to +9.7 °C. Hence,
the morphological differences are not simply form variations caused by abiotic factors [GRAN,
1902].

The occurrence of the two species shows quite an overlap in distribution pattern (Figure
1.9) with C. arcticum usually coexisting with C. longipes, although C. longipes has been
registered alone in more southern temperate regions [OCEAN BIOGEOGRAPHIC INFORMATION
SYSTEM, 2007]. To some authors this simultaneous occurrence indicates that C. arcticum and
C. longipes are both "good” species [THRONDSEN et al., 2003].

In order to supplement the existing biogeographic and morphometric information, it
would be useful to obtain molecular sequence data on C. arcticum and C. longipes to
determine whether these Ceratium species should be kept separate or are in fact conspecific.

1.4.  Aim of study

The aim of this study is to perform a floristic survey of the marine dinoflagellates in Disko
Bay, West Greenland. As already mentioned, the Arctic represents a unique environment for
assessing an indication of global climate changes and their consequences. Due to the dramatic
changes in the climate already observed and the even more dramatic consequences predicted
(Paragraph 1.1.2) it is especially important to focus on the phytoplankton, both as biological
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Figure 1.9. The World-wide occurrences of Ceratium arcticum and C. longipes. A. C. arcticum. B. C. longipes
[Ocean biogeographic information system]. Data retrieved 16™ of January 2007 from WWWw.IOBIS.ORG.

indicators and to establish a status quo on the current species diversity, i.e. a baseline to
which future observations on species diversity can be compared.

Similar surveys have been conducted in this area in 1928, 1994, 1996 and 2002 [GR@NTVED
& SEIDENFADEN, 1938; CLAUSEN et al., 1994; TRIER, 1998; J@NSSON et al., 2002]. Hence, a
substantial amount of information about the composition of the dinoflagellate community is
available for comparison to our results.

We have collected and studied live material from the waters around Disko Island, from
the 69.11" to the 70.22™ latitude. With this project, we hope to contribute to the
knowledge on the dinoflagellate species diversity, concerning both thecate and athecate
species, in the sub- and high Arctic regions.

For future comparisons we would like to contribute with light microscopic (LM) and
scanning electron microscopic (SEM) photos of the dinoflagellates that are likely to be
encountered in the waters surrounding Disko, and other parts of the Arctic.

In addition, the large ribosomal subunit gene (LSU) was sequenced for Phalacroma cfr.
braarudii, Ceratium arcticum and C. longipes to help clarify the taxonomic problems
concerning these (Paragraph 1.3). The sequences can furthermore be used as a genetic
fingerprint for comparison of populations, e.g. to determine if the Ceratium populations
in Denmark are genetically similar to the one encountered in Greenland. For population
studies ITS sequences are good molecular markers.

Finally, the isolated cells can contribute to the already exiting DNA sequence data of
dinoflagellates.
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Station Coordinates Description | Weather Depth* Date
1. Udkiggen - Heavy waves Sunshine and | 1 m. 13.08.06
Samples were taken with | a clear sky.
plankton net from the
coast and in rock pools
2.Plankton station | 69°11 N, Calm waters Sunshine and - 14.08.06
53°30W Net samples at ca.12 a clear sky
meters depth.
Pycnocline at 17 meter.
Water samples at 2.5, 10
and 20 metres
3. The harbour - At the entrance to the Strong wind - 15.08.06
harbour. Rocks on each and many
side not open waters. clouds
Heavy waves.
Only net samples.
4. Fortune Bay 69°15°446'N, Isolated and very quiet Cold and 20 m. 17.08.06
53°43.864' W bay area. misty
Only net samples.
5. Ippik 69°17'102" N, Relatively calm waters Cloudy 20.08.06
53°13'646" W but a strong current.
Net samples.
Water samples at 2.5 and
14 m.
6. Nordfjord 69°56.777'N; Net samples, Cold and 103m. |22.08.06
54°27.114'W and | surface water sample misty
69°56.827'N; from 2.5 m.
54°26.040W
7. Haregen 70°22.223'N; Strong current. Misty and 21.9m. |22.08.06
between. Niaqua |54°49.780'W Many wing snails in the | raining
and Talerua surface layer. Net
samples.
8. Between 70°17.336'N; Open waters and strong Misty and 259 m. 22.08.06
Haregen and 54°51.486"W current. raining
Disko Water samples from 2.5,
10 and 20m.
9. Mudderbugten |69°37.147 N Net samples Clear and - 25.08.06
51°52. 031 W quiet

Table 2.1. Descriptions of the 9 stations where the samples were collected. From the stations 2, 3, 5, and 9
no position data or vertical profile of the water column could be obtained due to CTD-errors (Paragraph
2.1.1) *) Depth refers to the total depth at the respective locality; not equivalent to sampling depth.

2. MATERIALS AND METHODS

2.1. Stations

Samples were collected at 9 different stations in the area around Disko Island, West
Greenland (Figure 2.1), from Haregen (7) to Mudderbugten (9). Apart from the first sample,
which was collected from the seashore, all sampling was performed at open sea; station 3
from a speed boat and the remaining from Porsild, the research vessel of Arctic Station. Table
2.1 gives an overview of sample sites and conditions at the time of sampling.
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Figure 2.1. Map over Disko Island and Disko Bay. The numbers correspond to the sampling stations described
in table 2.1.Modified from Hansen et al., 2003.

2.2.  Sampling

Dinoflagellates were collected either with plankton net or by using a Niskin bottle. Initially,
the plan was to collect water at three different depths corresponding to the surface layer (2.5
m), the depth of maximal fluorescence and just above the pycnocline. The depths of maximal
fluorescence and the position of the pycnocline would have been determined using a CTD.

2.2.1. CTD measurements

The CTD (Conductivity, Temperature, and Depth recorder) directly measures three
parameters in the watercolumn: conductivity, temperature and pressure. The salinity measure
is derived from waters conductivity, and since pressure and depth are directly related, the
pressure measurements can be converted into a depth in metres. Additional sensors can be
placed on the CTD, for the measuring of dissolved oxygen, pH and fluorescence.
[WwWwW.WINDOWS.UCAR.EDU/TOUR/LINK=/EARTH/WATER/CTD.HTML&EDU=HIGH].

During the sampling from Porsild the CTD scanner did, for unknown reasons, not function
properly, making it impossible to obtain data for the depth profiles.

2.2.2. Sampling of net plankton (> 20 um)

Sampling was performed by pulling a 20 um plankton net through the surface layer, until the
desirable concentration of organisms was obtained. The colour of the water samples (yellow-
brownish) was used as indicator of the concentration. Attached to the net was a glass or
plastic flask in which the organisms, withheld from the 20 um net (Aquanet), were collected.
A 20 meter robe was attached to the net, but the current highly influenced the depth of the
water column that was intergraded during the sampling. If neccessary, the samples were
concentrated by filtering some of the water through the net.

2.2.3. Handling and storage of samples

In order to minimise the degree of thermic stress on the collected organisms, the samples were
transported in a thermo flask or a thermo box with Blue Ice. After returning to Arctic Station,
the samples were kept cool and without lid to allow air circulation. The samples were
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analysed within 24-36 hours after sampling since little or almost no activity was observed
beyond this time period.

2.3.  Concentration of dinoflagellates in water samples

By using a continuous centrifuge it was possible to obtain and investigate the fraction of
dinoflagellates that was not withheld by the 20 um plankton net.

Different sample volumes were centrifuged using the continuous centrifuge and the
centrifuged samples were collected with a plastic pipette and kept in 50 ml plastic containers.
Only two continuous centrifuges have ever been made, and we were very pleased to have the
opportunity to use one of these.

2.4.  Light microscopy (LM)

Live samples were examined at temperatures of 8-10°C and LM image acquisition was
performed on cells at 10, 20, 40 or 60 times magnification using an Olympus Provis BX 60
light microscope and an Olympus C5050 digital camera. The photos were taken with a
resolution of either 1300x1030 or 2600x2060 pixels and subsequently edited in Photo Shop
version 8.0 CS.

Video sequences were recorded with a Sony High definition video camera. To identify
some of the thecate dinoflagellates we stained cells from the fixed samples with Calco
flour/white, which is a fluorescent agent that binds to the cellulose in the thecal plates. After
staining the cells are analysed with UV fluorescence light and photographed as described
above.

2.5.  Scanning electron microscopy (SEM)

On Disko Island, cells were fixed in 5% alkaline Lugol and kept cool and dark, until further
analysis. Only thecate dinoflagellates are well preserved in Lugol, and hence the athecate
dinoflagellates cannot be analysed using this method. To ascertain proper conservation of
both thecate and athecate dinoflagellates, part of the subsequent dehydration procedure (until
the 70% ethanol step, see below) should have been performed instantly.

The following steps were carried out at Section of Phycology, Institute of Biology,
University of Copenhagen. To wash the cells, the fixed material (ca. 1 ml, depending on the
concentration of cells) was poured through an 8.0 um Millipore polycarbonate filter in a
Swinnex13 filter holder and washed with double-distilled water for about 60 min. without
letting the filter dry out. Subsequently, the cells were dehydrated by washing them with
increasing ethanol concentrations (30%, 50%, 70%, and 96%) for at least 10 minutes at each
concentration, and then 2x30 min, first with 99.9% followed by absolute ethanol (99.9% with
molecular sieves).

Critical point drying (CPD) with CO, was performed hereafter using a Balzer CPD. The

dried filters were mounted on SEM stubs with double-adhesive stickers.
At the Zoological Museum, University of Copenhagen, the filters with the fixed cells were
coated with a 10-20 nm thick palladium layer and placed in a JEOL JSM 6335-F field
emission electron microscope. Photos were taken with a digital camara and subsequently
edited in Photo Shop version 8.0 CS.

2.6.  Filtration and counting of Ceratium longipes and C. arcticum

Volumes of water samples were filtrated as described in Paragraph 2.7. A small sample
volume was withheld in the filtering chamber and collected with a plastic pipette, and
subsequently fixed with alkaline lugol (5%). The number of Ceratium longipes and C.
arcticum (Paragraph 1.3) was counted at 40 times magnification using a stereo microscope.
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2.7. lIsolation of cells

The water samples for the isolation were homogenised by turning the bottle upside down 20
times. 500 ml of sample was filtered through a 2 um filter (Millipore, cat# TTTPO4700) with
a Millipore filtration system.

Using a stereo microscope (Olympus SXZ12) single cells were isolated with a capillary
pipette. Individual cells were washed in drops of 0.22 um-filtered seawater from Disko Bay
(West Greenland). All isolated cells (one in each drop) were video filmed for future reference
with a Sony High Definition video camera (HDR-HC1) and finally transferred to a 0.2 pl
PCR tube. Isolation of cells was performed at approximantely 9 °C in a temperature
controlled room. The PCR tubes with isolated cells were kept frozen at -18 °C until further
processing in the laboratory in Copenhagen.

2.8. DNA amplification and determination of the sequences encoding the LSU

Amplification of DNA sequences partially encoding the large ribosomal subunit (LSU),
approximately 1500 base pairs, was performed in 50 pl reaction volumes using the same PCR
amplification conditions (e.g. chemicals and temperature profile) as in DauceiErc et al.
[2000]. PCR bands of the correct length using primers D1R-F and 28S-ND1483 were cleaned
with a Nucleofast kit (Macherey-Nagel) by following the recommendations of the
manufacturer. Following this step PCR samples were prepared for cycle-sequencing with the
PCR amplifications primers in addition to 3 internal primers (viz. D2C-R, D3A-F and D3B-R;
see Dauceierc et al. 2000 for all primer sequences). Hence, LSU rDNA sequences were
obtained in both directions and the cycle-sequencing reactions were executed on an automated
sequencer (model 3130XL Genetic Analyzer from Applied Biosystems).

2.9. LSU rDNA determination and phylogenetic inferences

All sequence reactions were annotated by eye using Chromaspro (ver. 1.34) and added to an
alignment comprising 46 LSU rDNA sequences available in GenBank. In order to polarise the
in-group we selected two ciliates assigned to the genus Tetrahymena (viz. T. pyriformis and T.
thermophila); hence, the ciliates constituted the out-group taxa. The alignment was performed
using MACCLADE ver. 4.08 and ambiguous sites were excluded prior to phylogenetic
inferences. For the selection of dinoflagellates, particular interest was paid to species
belonging to the genus Dinophysis. However, the drawback with LSU rDNA sequences from
Dinophysis in GenBank is that for most species less than 700 base pairs (bp) have been
determined (in this context it should be mentioned that until recently even the autotrophic
species of Dinophysis could not be cultured). These approximately 700 bp correspond to
domains D1 and D2 of the LSU gene, but domain D2 is highly variable and therefore virtually
impossible to align with any confidence when compared to dinoflagellates other than species
of Dinophysis. Hence, we had to omit this domain leaving 1125 base pairs for the
phylogenetic analyses. This limited number of nucleotides and the fact that for many of the
species of Dinophysis we had to add Ns (for unknown nucleotide) to the end of the sequences,
are likely to have had an impact on the power of resolution for the relationships between the
more divergent lineages included. To increase the level of homology for the aligned
nucleotide sites information from the secondary structure of the LSU rDNA was included as
suggested by de Ruk et al. (2000).

Two different methods for phylogeny inference were applied, namely Maximum
Parsimony (MP) and Bayesian Analysis (BA). For MP we used the heuristic search option
with 1000 random additions and a branch-swapping algorithm (TBR) available in PAUP* ver.
4b10 [SwoFFORD, 2003]. All characters were unordered, weighted equally, and gaps treated
as missing data. To examine the robustness of the tree topology we did a MP bootstrap
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analysis with 1000 replications. Using the program MRBAYES (ver. 3.1.2) by RonquisT &
Huersenseck [2003], Bayesian analysis invoked the GTR substitution model with base
frequencies and substitution rate matrix estimated from the data matrix. Four simultaneous
Monte Carlo Markov chains (MCMC) [YANG & RANNALA, 1997] were run from random trees
for a total of 500.000 generations (Metropolis-coupled MCMC). A single tree was sampled
every 50 generations and the “burn-in” was evaluated for stationarity by examining the
plateau in log-likelihood over generations using an Excel spreadsheet. For the LSU rDNA
data set the “burn-in” of the chains occurred in fewer than 6050 generations so the first 121
trees were discarded, leaving 9880 trees for estimating posterior probabilities (PP). Thus, PP
values were obtained from the 50% majority rule consensus of the kept trees.

3. RESULTS

This Paragraph contains the results obtained from the samples collected during the Arctic
Field course 2006 at Arctic Station, Disko Island, West Greenland. Photo plates and
descriptions of the species encountered constitute the first of four Paragraphs. The second
contains a list of species, which were sampled at the different stations. The third Paragraph
concerns the phylogeny of some of the dinoflagellates which were isolated for molecular
analyses based on single cell PCR, while the fourth and last Paragraph concerns the results
concerning the Ceratium species (C. arcticum and C. longipes) complex.

3.1.  Species descriptions

This Paragraph contains descriptions of the orders, families, genera and species encountered.
The morphometric data presented are taken from the illustrated specimens and should not be
taken as fully representative for each species, since the measurements are based on to few
cells. Furthermore, all of the photo documentation is presented in this Paragraph. Not all
details about the encountered species could be derived through LM and SEM; in these
situations the descriptions have been supplied with information from the literature.

Phylum  Alveolata Cavalier-Smith, 1992

This phylum constitutes three large and old taxa, the Dinoflagellates, the Ciliophorans and the
Apicomplexans. Many members of this phylum produce large cells with a high level of
complexity, of which much can be attributed to varied use of the cortical alveoli; a
homologous character. Thus, the amphiesmal vesicles of the biflagellate dinoflagellates, the
inner membrane of the non-flagellated apicomplexans and the alveoli of the ciliated
Ciliophora represent a system inherited from a single ancestor (Paragraph 1.2.1) [CAVALIER-
SMITH, 1993; HAUSMANN et al., 2003].

3.1.1. Order Prorocentrales Lemmermann, 1910

The cells are thecate with a desmokont flagella orientation, i.e. the flagella emerge at the
anterior end. The two flagella emerge from the larger of two pores (Figure 3.1.A). The smaller
pore may be the opening to the pusule. Neither a cingulum nor sulcus is present. The theca
consists of two valves, lateral plates, which interlock in a large suture; these two valves may
be interpreted as homologues to the epicone and hypocone of the typically dinokont cell. Cell
mobility is forward-directed through a spiralling motion. [DoDGE, 1982; FENSOME et al.,
1993; VAN DEN HOEK et al., 1995].
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Figure 3.1. The basic dinoflagellate thecal types. A Prorocentroid (in apical view). B Dinophysoid. C
Gonyaulacoid. D Peridinioid. E Gymnodinoid. [TAYLOR, 1980].

Family  Prorocentraceae Stein, 1883
All species possess several periflagellar plates surrounding the flagellar pore complex where a
normal and a helical flagellum emerge [FENSOME et al., 1993].

Genus  Prorocentrum Ehrenberg, 1833

The two valves are rotundate, elliptic to heart-shaped. The nucleus is located posteriorly in the
cell. Two chloroplasts are present, sometimes together with a pyrenoid. This genus has a
world-wide distribution in marine environments [DoDGE, 1982]. The cells may possess apical
spines and the posterior end either rounded or elongated into a spine [DODGE, 1982].

Species  Prorocentrum micans Ehrenberg, 1833

Prorocentrum micans is the type species of this genus, and was the only desmokont
dinoflagellate species observed during our stay at Arctic Station. The cell has a rounded
anterior end and a pointed posterior end. The cell is widest around the middle (Plate 1 A, B).
The cell is 25 um wide and 43 um long (Plate 1), and possesses a prominent anterior spine
with wings (Plate 1 A). The theca is often perforated by numerous tubular trichocyst pores
arranged in radial rows [DODGE, 1982]; these are difficult to recognise on plate 1 B, but can
be faintly seen on 1 A. The large nucleus is located in the posterior end of the cell (Plate 1 B).
Besides from the cell possessing green chloroplasts, information concerning the chloroplasts
and the pyrenoid is difficult to obtain from plate 1. This species is cosmopolitan in the marine
environment and can cause toxic red tides [VAN DEN HOEK et al., 1995].

3.1.2. Order  Dinophysiales Kofoid, 1926

The cells are laterally flattened with a dinokont flagella orientation and a premedian cingulum
(Figure 3.1.B). Cingulum and sulcus often have wide lists supported by ribs and the single
flagellar pore is typically located within the sulcus [STEIDINGER & TANGEN, 1997]. The
number and arrangement of thecal plates are highly conservative and most species of this
order lack chloroplasts [FENSOME et al., 1993].

Family  Dinophysiaceae Stein, 1883

Dinophysis was the only genus in this family until 1883 when Stein proposed a new genus,
Phalacroma to include those species that have a prominent and clearly visible epitheca
[DoDGE, 1982]. However, it has several times been questioned whether this separation is
acceptable, since the members of the two genera are very similar. This problem has not yet
been resolved (Paragraph 3.3).
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Genus  Dinophysis Ehrenberg, 1840

Comprises cells with a small epitheca and a hypotheca that normally represents 3/4 or more of
the cell length. The epitheca may be flattened or convex, and the hypotheca may be
ornamented with spines or lists. The cingulum is wide and not descending. The anterior

Plate 1. Prorocentrum micans. A-B: LM. A. High focus showing the left valve with a prominent spine

(arrowhead) at the anterior end. B. Low focus on the same cell showing the large, posteriorly located nucleus (n).
Same scalebars for A and B.
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Plate 2. Dinophysis acuminata. A-C: LM. D-F: SEM. A. Low focus on cell viewed from the left side, showing
the nucleus (n). B. Higher focus on the same cell showing the cell shape and theca. C. High focus on empty
theca showing the circular areolae with pores. Same scalebar for A-C. D. Cell viewed from the left side showing
the large sulcal list (LSL), the small right sulcal list (RSL) and the two well-developed cingular lists (CL). E.
Oblique view showing the small epitheca. F. Left dorsal view revealing a rupture at the antapical end.
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cingular list i angled into a distinctive funnel shape. The sulcus is located on the hypotheca
but can extent into the epitheca and has both a left and a right list. The theca may be porate
with aeroles and reticulations. The nucleus is large and located in the hypotheca. Both a
pusule and chloroplasts may be present [DoDGE, 1982; STEIDINGER & TANGEN, 1997].
Species within the Dinophysis genus produce the toxin DSP, which causes diarrhetic shellfish
poisoning [THRONDSEN et al., 2003].

Species  Dinophysis acuminata Claparede and Lachmann, 1859

Cells are thecate with a small epicone and a large hypocone. Cell size ranges: 30-35 pum in
length and 20-25 um in dorso-ventral width (widest near middle of cell). The shape is oval to
elliptic with a rounded antapex (Plate 2 A-F). A well-developed left sulcal list (LSL) extends
beyond the midpoint of the cell (Plate 2 C-E). The thick thecal plates are covered with
prominent circular areolae, each containing a pore; the pore size seems to vary (Plate 2 C-F).
The epitheca is slightly convex and inclines ventrally (Plate 2 A-D, F). Two well-developed
lists border the cingulum: A broad anterior cingular list with ridges, and a smooth posterior
cingular list (Plate 2 D-F). The plates of the cingulum are smooth with pores (Plate 2 D). The
LSL, supported by three ribs, is rather narrow with the third rib being the longest (Plate 2 C,
D). The right sulcal list (RSL) is small, only one third of the LSL. Dinophysis acuminata is a
photosynthetic species with large brown chloroplasts and a centrally located nucleus (Plate 2
A and data not shown).

Species  Dinophysis acuta Ehrenberg, 1839

Dinophysis acuta is the type species for this genus. Cells are armoured and laterally
compressed with a small epitheca and a much larger hypotheca (Plate 3 A-F and H). The cells
are large, robust and oblong with a rounded posterior end (Plate 3). Cell size ranges: ca. 50
um in length and 40 um in dorso-ventral width, being widest below the middle (Plate 3). The
LSL extends beyond the midpoint of the cell (about two thirds of the cell length) ending at or
above the widest portion of the cell (Plate 3 H). The thick thecal plates of the hypotheca are
slightly aerolated, each areole with a central pore (Plate 3 E, H, I). The epitheca is flat or
slightly convex and not visible in lateral view (Plate 3 A, H). A large anterior and a smaller
posterior cingular list are present, both being smooth (Plate 3 E-H). The LSL, supported by
three ribs that radiate outwards, is rather broad with a convex ventral margin (Plate 3 H). The
hypotheca is ovoid with a rounded antapex (Plate 3 A, H). The large nucleus is centrally
located (Plate 3 B).

Dinophysis acuta is a mixotrophic species and both specimens with green and red
chloroplasts were observed (Plate 3). The dramatic changes in cell shape of the specimens on
3 B, C, and D are most likely a result of phagotrophic food-uptake (Paragraph 1.2.3). These
alterations in cell shape are also observed on plate 3 E, F, G, and I, where the sutures of the
hypotheca have enlarged extensively; a feature we interpret as being a consequence of eating.
This species is considered the most toxic of the DSP-producing members of Dinophysis
[THRONDSEN et al., 2003].

Species  Dinophysis norvegica Claparede & Lachmann, 1859

The cells are thecate, laterally compressed with a small epitheca and a large hypotheca. The
cells are large, ovoid and robust. Cell size lies within the range of 50-60 um in length and 40-
45 um in width (Plate 5 A-F). Characteristically, the posterior end of the cell has an almost
triangular shape (Plate 4 A and 5 A-F); a shape which, however, seems to vary slightly (Plate
5 A-F). The antapex is pointed (Plate 4, 5 A) or slightly rounded (Plate 5 C). The cells are
widest at or slightly above the middle of the cell (Plate 4 A and 5 A-F). The thick thecal plates
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Plate 3. Dinophysis acuta. A-D LM, E-l SEM. A Low focus of cell view from the left side with greenish plastids.
B-D Low focus, supposably from the dorsal side since no sulcal lists can be observed, the cells contain different
amounts of red plastids and have a centrally located nucleus (n). Same scale bar for A-D. E-F Dorsal view of a
cell showing the large suture and the prominent cingulum lists (CL). G Detail of the dorsal part of the cingulum
and the epitheca. The cell has enlarged serverely, probably as a consequence of eating. H Cell viewed from the
left side, showing the large left sulcal list (LSL). | Cell viewed from the antapex.

Plate 4. Dinophysis norvegica. SEM. A Cell viewed from the left side, showing the cell shape, the cingular
lists (CL) and the left sulcal list (LSL). B Apical view of the cell showing the small and narrow epitheca. Further-

more the aerolated theca with pores can be observed.
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Plate 5. Dinophysis norvegica. LM. A-F. Cells viewed from the left side. A-E. Low focus of cells with different
coloured chloroplasts or with only small fragments of chloroplasts (E), the nucleus (n) is large and dorsally located
in the cell. F. High focus on an empty theca showing the porated aerola. Same scale bar for A-F.

Plate 6. Dinophysis rotundata. A, B: LM C: SEM. A-C: Cells viewed from the left side A. Low focus showing the
large dorsally located nucleus (n). B. Hi%h focus showing the thecal plates. C. Showing the cingular lists (CL) and

the left sulcal list (LSL) Same scale bar for A and B.
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are coarsely aerolated with the areolae being large and each containing a pore (Plate 4 A and
B). The small epitheca is low, flat or weakly convex, and is obscured by cingular lists (4 B).
The cingular plates have pores (Plate 4 B). The cingulum bears two well- sculptured lists, an
anterior and a posterior (Plate 4 A), which are both projected anteriorly (Plate 4 A, B and 5 A-
F). The LSL extends about 2/3 of the cell length (Plate 4 A and 5 A-F). This list, supported by
three ribs that radiate outward, is relatively narrow (Plate 4 A and 5 A-F). The third rib is
located at the mid-point of the cell or just above it (Plate 4 A and 5 A-F). The sulcal lists have
delicate surface ornamentation (Plate 4 A, B).

D. norvegica is a mixotrophic species and has kleptochloroplasts [TAKISHITA et al., 2002].
These were observed with many different colours, ranging from light green to brownish and
red (Plate 5 A-E). The nucleus is large and dorsally located (Plate 5 C, D).

Species  Dinophysis rotundata Claparéde & Lachmann, 1859

The cells are thecate, laterally compressed with a small epitheca and a much larger hypotheca.
Cell size ranges: 45-50 um in length and 35-40 pum in width (Plate 6 A-C). Cells are broadly
rounded in side view (Plate 6 A-C). The thecal surface is slightly aerolated and with scattered
pores (Plate 6 B, C). The epitheca is visible in a side view; it is a small convex cap above the
cingulum, low and fairly evenly rounded (Plate 6 A-C). The cingular lists (CL) are smooth
and slightly anteriorly inclining (Plate 6 A-C). The LSL extends over ca. 3/4 of the cell length
(Plate 6 C). This list is supported by three ribs and is relatively narrow but widening
posteriorly (Plate 6 C). The first two ribs are situated more closely together than the second
and third ribs. Dinophysis rotundata is a heterotrophic species without chloroplasts. The
nucleus is posteriorly positioned and the protoplasm is clear with numerous food vacuoles
(Plate 6 A).

Genus  Phalacroma Stein, 1883

The cells are medium to large and typically without chloroplasts. Very identical to Dinophysis
except from the anterior cingular list, which is not funnel shaped but horizontal, and the
epitheca is clearly visible in lateral view [DODGE, 1982; STEIDINGER & TANGEN, 1997].

Species  Phalacroma cfr. braarudii Nordli, 1951

The cells are thecate with a small epicone and a large hypocone. Cell size is ca. 15 pm in
width and 20-25 pm in length (Plate 7). From a ventral or dorsal view the cell is ovoid to
elliptical (Plate 7 A-C). In a side view the cell appears almost round and at the antapex the
hypothecal plates are approximately as wide as the cingulum (Plate 7 E). The cingulum is
excavated and very wide (Plate 7 A-C, E) and the sulcus also appears wide (Plate 7 D). The
epicone is convex and visible from the side (Plate 7 A-C, E). The CLs are small and straight
(Plate 7). The thecal plates of the epicone, hypocone and cingulum have pores but lack
ornamentation (Plate 7 D-E). This species is heterotrophic and the protoplasm is highly
vacuolated (Plate 7 A-C).

3.1.3. Order  Gonyaulacales Taylor, 1980

This order comprises species with strongly asymmetrical tabulation, especially in the
antapical and anterior ventral regions. The cingulum is usually descending, displaced by a
cingulum width or more, and often with overhang (Figure 3.1.B). The distinct apical pore
complex (APC), which consists of a small, outer pore plate and a smaller, inner cover plate, is
non-symmetric as is the first of the four apical thecal plates. The basic pattern in plate
tabulation is: 4’, 6’°, 6¢, 6”7, 1p, 1’””", 5s (Appendix 1, Figure 3). In many species a ventral
pore is present, located at the right anterior margin of the first apical plate. Variations in
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tabulation pattern, including the presence of anterior intercalary plates, form the base of
subdivision within Gonyaulacales (Appendix 1, Figures 1 and 3). Especially important is the
shape and position of the first apical plate [FENSOME et al., 1993].

Formation of both vegative and resting cysts occurs within this order, and the cysts may
be fossilisable [FENSOME et al., 1993].

Family  Ceratiaceae Lindemann, 1928
Gonyaulacaulids having more than two, usually 3-4 horns with one or two of these formed by
postcingular plates [FENSOME et al., 1993].

Genus  Ceratium Schrank, 1793

The cells are slightly dorso-ventrally compressed and apically extended into a horn with an
APC at the tip. In addition the cells have up to two postcingular and one antapical horn with
the tips being either closed (pointed) or open. The horns are all hollow, comprising cytoplasm
and may possess “thorns”; intraspecific variation between number and length may occur due
to environmental changes. The cingulum is slightly declining on the right, ending in a
depressed ventral area with an invagination to the left; a modified sulcus, from which the
longitudinal flagellum emerges [DODGE, 1982; FENSOME et al., 1993; STEIDINGER & TANGEN,
1997]. The thecal plates, except for those in the ventral area, are rather thick with several
trichocyst pores [DODGE, 1982; FENsOME et al., 1993] and may be smooth to highly
reticulated [STEIDINGER & TANGEN, 1997]. Numerous yellow-brownish chloroplasts of
discoid shape are usually found in the cytoplasm, and starch grains, lipid droplets as well as
food-vacuoles may be present [STEIDINGER & TANGEN, 1997]. The nucleus is large and
centrally positioned. The thecal plates are shared during division [DODGE, 1982]. Some
species reproduce sexually, through anisogami, with the zygote normally being similar in
shape to the vegetative cells. Cyst formation is only known for freshwater species [DODGE,
1982].

Species  Ceratium arcticum (Ehrenberg) Cleve, 1901

Very similar to C. longipes (see below), and sometimes regarded as a form of this species
(Paragraph 1.3) [DoDGE, 1982]. The dimensions of the cell are 385-400 um in width and ca.
200 pum in length including the horns (Plate 8 A, C). The cell body is gonyaulacaulid with the
apical horn leaning to the right (Plate 8 A, C). The antapical horns are open, only slightly
curved and are directed outwards from the cell body. Below the straight posterior body
margin, the horns are only vaguely curved (Plate 8 A-C). According to Gran (1902) the angle
between the horns in dorsal view lie within the range of 40-140°, usually 70-120° (Paragraph
1.3); however angle measurements were not conducted in the present survey. The nucleus is
centrally placed and the cell possesses yellow-brownish chloroplasts (Plate 8 A, B). The cells
are only vaguely ornamented, but pores are found on the cell body as well as the antapical
horns (Plate 8 C, D). Thorns are found along the horn margins (Plate 8 D). The species is
mainly found in cold waters [STEIDINGER & TANGEN, 1997] (Figure 1.9).

Species  Ceratium fusus (Ehrenberg) Dujardin, 1841

The cell is elongated and fusiform, ca. 150-600 um long, 30-40 um wide, with one pointed
horn drawn out from both the epi- and hypotheca (Plate 9). A small or rudimentary antapical
horn may exist and both of the long horns can be slightly bent or curved (Plate 9). Linear
markings may be apparent on the surface [STEIDINGER & TANGEN, 1997]. Information about
the chloroplasts and the nucleus is difficult to obtain from Plate 9. The species is
cosmopolitan [STEIDINGER & TANGEN, 1997].
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Plate 7. Phalacroma cfr. braarudii A-C: LM. D-E: SEM. A. High focus on a cell from a dorsal view showing the
wide cingulum. B. Low focus of a cell, showing the highly vacuolated protoplasm. C. High focus on a cell view from
the ventral side, showing the wide sulcus. D. Cell viewed from the apex, showing the epitheca. E. Cell view

from the right side showing the narrow left sulcal list (LSL) and the cingulum lists (CL). Same scale bar for A-C.
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Plate 8. Ceratium arcticum. A-B: LM. C-D: SEM. A. High focus of cell viewed from the dorsal side showing the
shape. B. Low focus of cell showing the nucleus (n) and the chloroplasts.C. Dorsal view showing the thecal plates

and the cingulum. D. Close up of an antapical horn with small torns.
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Species  Ceratium longipes (Bailey) Gran, 1902.

The cell is ca. 230-240 um long and 220-240 um wide including the horns (Plate 10 A, B, F).
The cell body is subpyriform to triangular with the epitheca tapered into an apical horn, which
is slightly bent to the right. The hypotheca appears straight but is angled posteriorly (Plate 10
A-F). The right antapical horn emerges just beneath and approximately in parallel to, the
cingulum, whereas the left emerges slightly lower and in an angle of ca. 45° (Plate 10 A, B,
D-F). Both horns are open, of equal thickness and bent anteriorly (Plate 10 A, B, F). The right
horn may be nearly parallel to and of similar length as the apical horn (Plate 10 A, B),
whereas the left one is most commonly shorter and more curved (Plate 10 A, B, F). In dorsal
view, the angle between the horns may vary within a range of up to 60° [GRAN, 1902]. The
thecal plates are substantial and highly reticulated (Plate 10 E, F), and thorns may be found
along the margins of the apical (Plate 10 C) and the antapical horns (Plate 10 G). In dorsal
view the nucleus is centrally located (Plate 10 B) but appears slightly displaced in ventral
view (Plate 10 D). The chloroplasts are numerous and yellow-brownish (Plate 10 A-D). This
species is found in Arctic to cold, temperate waters [STEIDINGER & TANGEN, 1997] (Figure
1.9).

Family  Goniodomataceae Lindemann, 1928

The cells may be antero-posteriorly compressed and, in most genera, the principal life stage is
motile and thecate. Typically for this family are the three posterior-most plates, of which the
first antapical homologue has a characteristic pentagonal shape. The number and position of
the thecal plates display some variation, especially in the cingular and sulcal regions, but
tabulation is basically: 3-4", 67, 6c, 3-bs, 5-77"", 37", Plate growth occurs only at
overlapping margins. Species of this family are photosynthetic and found in both cold and
warm temperate marine environments [FENSOME et al., 1993].

Genus  Alexandrium Halim, 1960

The cells are armoured and spherical to oval or slightly biconic, lacking horns and spines. The
cingulum is median and descending, displaced 1-1.5 times its width but without any
overhang. The surface may be reticulated, vermiculated and/or have pores. The thecal plates
can be very delicate to substantial. A ventral pore is found in many species. The nucleus is
elongated, sometimes C-shaped, and all species posses brown, net shaped chloroplasts. In
some species, the dorso-ventral positioning of the apical pore complex together with the age
of the theca, may result in apical protuberance [STEIDINGER & TANGEN, 1997; THRONDSEN et
al., 2003]. The distinction of species is based on shape and position of the pore plate and the
ventral pore, cell dimensions, and the shape and size of the plates near the sulcal area
[STEIDINGER & TANGEN, 1997]. Species of this genus have a pore with a distinct pore plate,
four apical plates, six precingular plates, five postcingulars and 2 antapical plates.

Species  Alexandrium minutum Halim, 1960

The cell is ovoid of shape and 30 um in length and width (Plate 11 A). Viewed form the apex
the cell appears circular (Plate 11 C). The wide cingulum descends ca. one width and is
bordered by lists. Both the left and right border of the sulcus have distinct lists made by
extensions of the 1" and 5™ (Plate 11 A, B). The thecal plates are smooth with scattered pores
(Plate 11 B). The rhomboid 1' has a small ventral pore and does not appear connected to the
Po (Plate 11 B). A. minutum is known to produce PSP toxins, which cause paralytic shell fish
poisoning; an illness that can be lethal even to humans [HANSEN et al., 2003b; THRONDSEN et
al., 2003]. This species has a wide distribution in temperate waters [HANSEN et al., 2003b].
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Plate 9. Ceratium fusus. A: LM, B: SEM. A. Low focus of cell, showing some of
the apical horn and the left hypotheca horn, the chloroplasts extent into the horns.
B. Cell from a ventral view showing the sulcal area.
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Plate 10. Ceratium longipes. A-D: LM. E-G: SEM. A. High focus of cell view from the ventral side showing the cell
shape. B. High focus of cell viewed from the dorsal side showing the cingulum.C. Close up of the apical horn,
showing chloroplasts and the small spines. D Closeup of the cell body showing the nucleus (n) and the chloroplasts.
E. Ventral view. F. Dorsal view showing some thecal plates and the cingulum. G. Close up of antapical horn showing
the small spines.
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Species  Alexandrium tamarense (Lebour) Balech, 1992

The cells are small to medium sized, ca. 30 um in width and length, and the cell appears
globular. The cingulum is displaced ca. one time its width (Plate 12 A, B), and both the sulcus
and the cingulum are bordered with prominent lists (Plate 12 A, B). The sulcus broadens
towards the antapex (Plate 12 B). The epitheca is broadly conical with slight shoulders (Plate
12 A, B). The hypotheca is trapezoidal and posteriorly concave. The hypotheca appears
skewed because the left side is less angled than the right (Plate 12 A). The comma-shaped Po
has a strongly developed callus (Plate 12 D). This plate is connected to the 1', which has a
small ventral pore located proximately at the 4' (Plate 12 B, C). The 6" is wide (Plate 12 A, B;
compare with A. minutum plate 11 A, B). Since we only identified this species in SEM we
could not obtain information on the chloroplasts and the nucleus. However, according to the
literature this species possesses a sausage-shaped nucleus and yellow-brown chloroplasts
[THRONDSEN et al., 1993]. This species is cosmopolite and produces PSP toxins [THRONDSEN
etal., 1993].

Family  Gonyaulacaceae Lindemann, 1928

The cells are subspheroidal, subovoidal, subpolygonal or fusiform in shape. Dorso-ventral
compression is observed rarely, and the antapical outline is almost symmetrical. An apical
horn as well as 1-2 antapical spines is present, but the cells have neither postcingular horns
nor thecal processes. The sulcus is more or less midventral and can be straight, crossing from
the upper right to lower left, or is sigmoidally shaped; usually within a groove in extant
species. Cyst formation is common, and great morphological variations are found among
these [FENSOME et al., 1993]. Species in this family usually have 6 precingular plates
(Appendix 1, Figure 1) [STEIDINGER & TANGEN, 1997; FENSOME et al., 1993].

Genus  Amylax Meunier, 1910

The cells are armoured and small to medium sized. The epitheca tapers into an apical horn
with an apical pore complex and a round pore opening. The hypotheca extends into at least
one antapical spine. The cell is slightly dorsoventrally compressed. Chloroplasts are present.
Plate formula: Po, 3’, 3a, 6°’, 6¢, 7 or 8s, 6°””, 2’””". The 1’ is narrow with a ventral pore at the
posterior right side [STEIDINGER & TANGEN, 1997].

Species  Amylax triacantha (J6rgensen) Sournia, 1984
The cell is subpyriform to ovoid with one apical horn and three antapical spines (Plate 13).
Not including the antapical spines, the cell length is ca. 35 um and the width 20 um (Plate
13). The antapical profile is inverted trapeze-shaped and the epitheca slightly triangular (Plate
13). Cingulum displacement is approximately two times its widths, leaving hardly any
overhang (Plate 13 C). Thecal ornamentations are reticulate with varying distinctiveness;
possibly related to cellular age (Plate 13 C, D). The chloroplast are multiple and yellow-
brownish, with some being located in the apical horn (Plate 13 A, B).

Amylax triacantha is a coastal coldwater-species, found in the Pacific, Atlantic and Arctic
Oceans [STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003].

Genus  Gonyaulax Diesing, 1866

The shape of the cells varies from spheroidal to polygonal and the cingulum is equatorial,
displaced up to seven times its width. The sulcus is mainly on the hypotheca, but often
extends to the epitheca [STEIDINGER & TANGEN, 1997; GRAHAM & WIiLcoX, 2000]. Thecal
plate thickness is often substantial with or without ornamentation, and the theca is either shed
before division or shared following cytokinesis. Many species have cyst stages, and these
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Plate 11. Alexandrium minutum. SEM. A. Ventral view showing the cell shape, the 1’, sulcus and cingulum. B.
Close-up of the ventral side showing the 1°, the ventral pore (arrowhead) and the narrow 6’’. C. Apical view of
the specimen, displaying the position and shape of the Po (arrow).

Plate 12. Alexandrium tamarense. SEM. A. Ventral view showing cell shape, the sulcus and cingulum. B.
Ventral view showing the 1’ with ventral pore (arrow) and the wide 6’°. C. Apical view showing the epithecal
plates. D. Close-up of apical pore area.

A A+ 5 B
\
A\ :
ki —

P B nes
e {38
¥ :‘ ¢ poaaS RO
' n .QJQ‘.L‘E‘..'
g

-.w‘._-_f {

10 pm

Plate 13. Amylax triacanta. A-B: LM. C-D: SEM. A. Low focus of cell from dorsal view showing the ventral
side with sulcus (arrow) and the centrally located nucleus (n). B. High focus of the same cell showing the dorsal
side and the cingulum (arrows). C. Ventral view of a specimen showing the cingular overhang and the sulcus. D.
Dorsal view showing the descending cingulum and the antapical spines. Same scale bar for A and B.
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species can be identified mainly on behalf of cyst morphology, due to the great form-variation
between species. Apart from cyst morphology, Gonyaulax species can be distinguished on
behalf of size and shape, plate tabulation and pattern, APC, cingulum displacement and
overhang, development of apical horn, and ornamentation (Figure 3.2) [STEIDINGER &
TANGEN, 1997].

Species  Gonyaulax cfr. alaskensis Kofoid, 1911

The cells are broadly ovoid in shape, ca. 45 um in width and 40 um in length. The epitheca
appears triangular leading into a very short apical horn (Plate 14 A, B). In an apical view, the
cell appears almost circular (Plate 14 B). The hypotheca is straight, leading into a short
dorsally located antapical spine (Plate 14 A). According to the literature, two short spines are
present on 1™ and 5 [DoODGE, 1982]; however, these are difficult to recognise on plate 14.
The cingulum is relatively narrow and displaced ca. 3 widths with a large overhang. Narrow
lists border the cingulum (Plate 14 A, B). The sulcus, which does not reach the antapex, is
sigmoidal and deeply impressed (Plate 14 A, B). The thecal plates are delicately reticulated
(Plate 14). An elliptic to droplet-shaped apical pore is present, being 5 um in length and 2 um
in width (Plate 14 C). The Po is lancet-shaped (Plate 14 B, C) and according to the literature it
has stripes [DODGE, 1982].

Species  Gonyaulax cfr. digitale (Pouchet) Kofoid, 1911.

Without the spines the cells is ca. 35 um wide and 30 um long (Plate 15 A). In an apical view
the cell is circular with a centrally located Po (Plate 15 D, E). The epitheca leads into a large
apical horn, which is almost half the length of the epitheca (Plate 15 A-C). The hypotheca has
large and curved dorsal antapical spines (Plate 15 A-C). The cingulum is bordered with lists
and displaced ca. 2 to 2.5 widths with an overhang (Plate 15 A, B). The sulcus is deeply
impressed in the epitheca (Plate 15 A). The sulcal list leads into two spines on 1" and 5™. The
thick thecal plates are heavily reticulated and large sutures are present; there seems to be some
intraspecific variation in reticulation on the apical horn (Plate 15, Compare A and B). The
concave Po is lancet shaped without any reticulation and ca. 3 um long and 1 um wide (Plate
15 D-F).

Species  Gonyaulax cfr. spinifera (Claparde & Lachmann) Diesing, 1866.

This is the type species for Gonyaulax. Excluding the antapical spines the cell is ca. 40 um
wide and 45 um long. The cell is top-shaped and the epitheca appears lightly twisted in a
ventral view (Plate 16 A). The epitheca leads into a short apical horn. The hypotheca is
rounded with two small antapical spines (Plate 16 A). In apical view the cell appears
somewhat circular with a centrally located APC (Plate 16 B). The cingulum is wide, displaced
ca. 2.5 widths and is without lists. The thecal plates are thick without any ornamentation
beside pores, which appear unevenly scattered (Plate 16). The Po is concave without
ornamentation (Plate 16 C). On plate 16 C the Po is lifted from the pore, probably as a
consequence of the washing and dehydration during SEM preparation. According to the
literature this species has yellow-brown chloroplasts [DODGE, 1982].
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Plate 14. Gonyaulax cfr. alaskensis. SEM. A. VVentral view of the cell, showing the cell shape, the sulcus and the
cingulum. B. Apical view, showing the epithecal plates and the location of the apical pore complex (APC). C.

Close-up of the APC.

B. Ventral view, showing the cingulum lists and the apical horn. C. Dorsal view, showing two antapical spines and
the dorsal plates of the hypotheca. D. Apical view, showing the circular shape of the cingulum and the lists
bordering this furrow. E. Close-up of the apical horn with the apical pore. F. Close-up of the apical pore showing

the Po.
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Plate 16. Gonyaulax cfr. spinifera. A-C: SEM. D-E: LM. A. Ventral view, showing the declining sulcus, the
cingulum and the cell shape. Two small antapical spines are present. B. Apical view of the twisted apex. C. The
apical pore with the Po.
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Plate 17. Gonyaulax elongata. SEM. A. Ventral view, showing the cell shape, the sulcus, the cingulum and the
single antapical spine. B. Ventral apical view, showing the apical horn and the cingular overhang. C. Apical view
showing the position of the Po and the plates of the epitheca. 4" is missing, which may be a consequence of the
dehydration. D.High focus of cysts, showing the processes. E. Lower focus of cysts showing shape and
processes. Note the thick cyst wall.
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Species  Gonyaulax elongata (Reid) Ellegaard et al., 2003.

Including the apical horn and the antapical spine the cell is ca. 30 um wide and 40 um long.
The cell is elongated with a tapered epitheca. The epitheca is triangular with a moderately
broad apical horn (Plate 17 A). Due to the antapical horn and triangular hypotheca the cell
appear rhomb shaped in ventral view. In an apical view the epitheca appears circular with the
apical horn and the APC located in the centre (Plate 17 B, C). The Po is elliptic and appears in
contact with the 1' (Plate 17 B, C). The hypotheca is rounded with a broad dorsally located
antapical spine (Plate 17 A). The wide cingulum is displaced ca. one cingulum width with a
small overhang, is deeply impressed and bordered with narrow lists (Plate 17 A). The sulcus
runs into the epitheca and widens towards the antapex. Relatively small lists are formed from
the 1™ and the 5™ (Plate 17 A). The cell is heavily reticulated (Plate 17). The cysts appear
elongated in a lateral view. The outer layer is thin and slightly coarse while the inner layer is
smooth (Plate 17 D, E). The paratabulation is not visible on plate 17, however according to
the literature is the formula 4', 6", 6¢, ? s, 1 p, 6™, 1" [ELLEGAARD et al., 2003]. The
processes in the middle of the cell, at the place of the paracingulum are shorter that the ones
located at the ends (Plate 17 D, E)

Genus  Peridiniella Kofoid & Michener, 1991 emend. Balech, 1977

Morphologically, this genus is an intermediate between the orders Gonyaulacales and
Peridiniales (see below). The hypocone and sulcal area is typically gonyaulacaulid, but the
epitheca displays protoperidinian plate tabulation and pattern (see below): Po, X, 4', 3-4a, 7",
6c, 6-7s, 6™, 2" [FENSOME et al., 1993; STEIDINGER & TANGEN, 1997]. The cingulum is
descending and displaced about one width, and the thecal plates have reticulate
ornamentation. Chloroplasts are present [STEIDINGER & TANGEN, 1997]. Some Scrippsiella-
species have been found to match the original description of Peridinella [FENSOME et al.,
1993].

Species  Peridiniella catenata (Levander) Balech, 1977

A small species with cells being solitary or catenated. Cellular shape may correspondingly
vary from ovoid [THRONDSEN et al., 2003] to subspherical, with small but substantial
hyposomal spines (Plate 18). Each cell is ca. 25-26 um wide and 22-23 um long (Plate 18).
The cingulum is wide and displaced about 1.5 cingulum widths (Plate 18 A). On the contrary
to other species of this genus, P. catenata possesses 4 intercalary plates with the 2" and 3
being very small as if a division of a single plate had occured [STEIDINGER & TANGEN, 1997].
The thecal plates on both epi- and hypotheca are reticulatedly ornamented (Plate 18 B). The
nucleus is centrally located (Plate 18 A). The chloroplasts are yellow-brownish [STEIDINGER
& TANGEN, 1997]. P. catenata is mainly found in cold, brackish waters and can perform
blooms [STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003].

Genus  Protoceratium Berg, 1881

The cells are small and oval to broadly biconical [STEIDINGER & TANGEN, 1997]. The
cingulum is descending less than one width with no overhang, and the sulcus is nearly straight
[FENSOME et al., 1993]. The thecal pattern is obscured by the ornamentation, which is usually
substantial and heavily reticulated. The APC separates this genus from Gonyaulax and
Alexandrium, with the pore plate being circular and the pore crescent-shaped. The tabulation
pattern is: Po, cp, 3", 67", 6¢c, 6s, 6", 27", Chloroplasts are present. [STEIDINGER & TANGEN,
1997].
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Plate 18. Peridiniella catenata. A: LM. B. SEM.
A. Low focus of 4 catenated cells with centrally located
nuclei (n), presenting cingulum and sulcus. B. Dorsal
view of two catenated cells, showing the cingulum lists
and the reticulation. Same scale bar for A & B.

Plate 19. Protoceratium reticulatum. A-C, F: SEM. D-E: LM. A. Ventral view showing the cell shape, the sulcus and
the cingulum. B. Dorsal view of the cell, showing the difference in ornamentation density in comparison to A and C.

C. Antapical view showing the hypothecal plates. D.High focus of cyst, showing the processes. E. Lower focus of cyst,
showing the nagel-like processes and the shape. F. Cysts with nagel-like processes.
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Species  Protoceratium reticulatum (Claparede & Lachmann) Biitschli, 1885

The cell is pentagonal with an overall spherical to ovoid appearance (Plate 19). The cell is ca.
35 um long and 35 um wide. The epitheca is slightly smaller than the hypotheca, and the cell
tends to be antapically flattened (Plate 19, A). The ornamentation is characteristical in being
highly reticulate in a polygonal pattern but the intensity seem to vary between specimens;
most likely the density of reticulation is correlated with cellular age (Plate 19 —Compare A, B,
C). The cingulum is displaced up to one width without overhang (Plate 19 A).

The spherical cysts are ca. 35 um in diameter with numerous nail-shaped processes
approximately 10 um in length. The highly vacuolated and light brown protoplasm is
surrounded by a thick colourless wall. (Plate 19 D-F).

Since the motile stage of this species was only photodocumented in SEM, information
concerning the plastids and the nucleus is difficult to obtain. According to the litterature the
chloroplasts have a pale brownish colour [THRONDSEN et al., 2003]. P. reticulatum produces
yessotoxins (YTX). The precise effect of these are uncertain, but accumulations of the toxin
has been detected in blue mussels [THRONDSEN et al., 2003].

3.1.4. Order Gymnodiniales Apstein, 1909

Dinoflagellates with numerous amphiesmal vesicles without any cellulose content or with
little osmophilic material. Some taxa possess a thin and flexible pellicula (Paragraph 1.2.2 and
Figure 1.5), often with a fine surface ornamentation. The members of gymnodiniales are
defined on the basis of the arrangement of amphiesmal vesicles, which is non-serial as
opposed to Gonyaulacales and Peridiniales (Paragraphs 3.1.3. and 3.1.5.). The number of
amphiesmal vesicles range in numbers from a few hundreds to thousands (Figure 3.1. E). The
cells are motile and both a distinct cingulum and a sulcus are present. The Gymnodiniales
comprises species containing ocelli or an internal skeleton, and species either possessing or
lacking plastids are found in this order. Cells are usually free-living but some species may
possess a peduncle adapted to parasitism [FENSOME et al., 1993; VAN DEN HOEK et al., 1995;
STEIDINGER & TANGEN, 1997].

Family  Actiniscaceae Kitzing, 1844

The cells are unarmoured and gymnodinoid with internal star-shaped siliceous skeletal
elements [FENSOME et al., 1993; STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003]. The
internal skeletal elements are composed of two structures, which enclose the perinuclear
strengthening membrane and the nucleus. Species of this family are marine planktonic and
non-phototrophic [FENSOME et al., 1993].

Genus  Actiniscus Ehrenberg, 1841
The cingulum is median and descending about one cingulum width. The sulcus slightly
indents the epitheca [STEIDINGER & TANGEN, 1997].

Species  Actiniscus pentasterias Ehrenberg, 1854

Since no micrograph of the ventral side was obtained, information about the cell size is
difficult to obtain. However the diameter of the cell is ca. 50 um (Plate 20 A). The cells are
unarmoured (Plate 20, A-E), small and spherical but appear antero-posteriorly compressed
(Plate 20 A-D). In each cell, a siliceous internal skeleton of two convex, five-armed star-
shapes (pentasters) surrounds the nucleus (Plate 20, A, E and Plate 21). Each arm of the
pentaster is ca. 10 um long and the diameter is ca. 10 um (Plate 20 E and Plate 21). The
sulcus extends from the antapex to the epicone (Plate 20 D). Since the cell was not
photographed from the ventral side, no information about cingulum can be obtained. The
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Plate 20. Actiniscus pentasterias. LM. A. High focus of cell in lateral view showing one pentaster. B. High
focus of cell in dorsal view, showing the docidosomes (arrow). C. Low focus on the antapex of the same cell in
dorsal view, showing the docidosomes in cross-section (arrow) and the nucleus (n) with numerous conspicuous
chromosomes. D. High focus on cell in antapical view, showing the cingulum (arrow) and sulcus (arrowheads).
E. A single pentaster. Same scale bar for B-D.

Plate 21. Actiniscus pentasterias. SEM. A. A single pentaster seen from the inside; the convex shape is
probably an artefact caused during SEM preparation. B. A single pentaster in lateral view. Same scale bar for A
and B.

nucleus is kidney-shaped and surrounded by a perinuclear capsule and contains numerous
conspicuous chromosomes (Plate 20 C). A bundle of long, narrow rods are located in
proximity of the nucleus, oriented in parallel with the longitudinal axis of the cell (Plate 20
D). These rods comprise the docidosomes, a sort of extrusome [HANSEN, 1993]. Chloroplasts
are absent and, hence, the species is heterotrophic (Plate 20).

Family  Gymnodiniaceae (Bergh, 1881) Lankester, 1985

Cells without an internal skeleton, ocelli and with a single nucleus. Normally, taxa of this
family are considered athecate, but some do possess thin thecal plates. The cingulum may be
more or less equatorial or approaching either of the poles. The cingulum can be planar or
helical and encircle the cell up to four times. Chloroplasts may be absent or present and a
peduncle has been observed in some taxa [FENSOME et al., 1993].



A Survey of Marine Dinoflagellates 41

Species  Gymnodiniaceae sp

This species, containing red droplets, was observed at several stations; we were, however, not
able to identify neither the genus nor the species. The cell is unarmoured with an elliptical
shape and a rounded apex (Plate 22 A, B). The cell is ca. 40 um in width and 50 um in length
(Plate 22 A). The cingulum appears to be displaced almost half a cell length but only encircles
the cell once (Plate 22 A, B). The sulcus broadens towards the antapex (Plate 22 A). The
surface is smooth without stria. A feature, which we interpret as an apical groove
[DAUGBIERG et al., 2000], is observed at the apex (Plate 22 C). This species is heterotrophic
and the protoplasm is filled with several small and bright red droplets (Plate 22). No
information about the nucleus was obtained. Single cells of this species were isolated several
times (data not shown), making further phylogenetic analysis possible.

Genus  Cochlodinium Schutt, 1896

This genus comprises athecate and gyrodinoid dinoflagellates having a cingulum that forms a
descending left-handed spiral of 1.5 turns or more with a considerable displacement of the
two ends. Frequently, the sulcus is contorted halfway or more around the cell. The cell body
may appear twisted due to the cingular torsion. The nucleus is centrally or posteriorly located.
Neither nematocysts nor ocelli have been observed. Within this genus the protoplasm is
colourless or contains pigmentation. Only one Cochlodinium species contains plastids.
Pusules are observed in association with the flagellar pore. Species within this genus are
differentiated on the basis of shape, size, amount of cingular rotation or number of turns, and
on the presence of stria or ribs [DODGE, 1982; STEIDINGER & TANGEN, 1997].

Species  Cochlodinium sp. 1

An athecate cell, which is ca. 23 um wide and 30 um long. The shape is almost spherical
(Plate 23). The cingulum is descending ca. 1/3 of the body length and is encircling the cell
body ca. 1.5 turns (Plate 23 A). From the micrographs it is difficult to determine the extent of
sulcal contortion. A tentacle is present (Plate 23 C). The peri-apical region contains surface
ornamentation (Plate 23 A). This species is heterotrophic and contains a large pink food item
in the otherwise colourless protoplasm (Plate 23). The nucleus is medianly located in the left
side of the cell (Plate 23 C).

Species  Cochlodinium sp. 2

The cell is athecate, but due to lack of scale bars the cell size cannot be determined. The shape
is elongated to elliptical. The cingulum seems to encircle the cell 2.5 times, and is descending
3/4 of the body length (Plate 24). The sulcus does not appear twisted (Plate 24 B). A ribbon-
shaped ornamentation encircles the upperpart of the epicone (Plate 24 A). The nucleus is
located medianly in the cell (Plate 24 C). This species is heterotrophic and no chloroplasts are
observed in the colourless protoplasm (Plate 24).
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Plate 22. Gymnodiniacea sp. LM. A.High focus of a cell view from the ventral side of the antapex, showing the
sulcus(arrowhead) and the beginning of the cingulum (arrowheads). B. High focus of a cell viewed from the dorsal
side showing the cingulum. C. High focus on the cell from the apex showing presumable apical groove.

Same scale bar for A-C.

Plate 23. Cochlodinium sp. 1. LM. A. High focus of cell in a ventral view showing the surface ornamentation.
B. Lower focus of a cell from a ventral view, displaying a pink food item (arrowhead). C. Low focus of the cell,
showing the large nucleus (n), which is located in the left side of the cell and the small tentacle (arrow).

Same scale bar for A-C.

Plate 24. Cochlodinium sp. 2. LM. A. High focus from the ventral view, showing the sulcus, cingulum and a
ribbon shaped ornamentation that encircles the upperpart of the epicone (arrow). B. Low focus from a ventral view.
C. Low focus from the dorsal side, showing the cingulum and the large nucleus (n).
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Genus  Gymnodinium Stein, 1878

Unarmoured cells that can appear in solitary or form colonies. All members of this genus have
a horseshoe-shaped apical groove running in an anticlockwise direction. The cingulum is
more or less centrally positioned, and displaced one or more cingulum widths. The sulcus
may extend from the antapex to the apex or be restricted to the hypocone. Members of this
genus may have chloroplasts and the nucleus is centrally located. A nuclear envelope and
nuclear or dorsal fibrous connective are present. The cell surface may be striated, smooth or
punctated [DODGE, 1982; DAUGBJERG et al., 2000].

Species  Gymnodinium gracile Bergh, 1881

The cells are ca. 120-130 um long and 50-60 um wide around the cingulum The cells are
large with a subovoidal to elliptic shape; however the shape can change dramatically as a
consequence of food uptake (Plate 25 D-F). Furthermore, the cells are capable of altering their
shape through contractions around the cingulum, which is especially apperant when
comparing plate 25 A and B; these micrographs where taken with only seconds apart. The
narrow cingulum is premedian and displaced ca. 2 widths. The sulcus extends almost from the
apex to the antapex, where it widens (Plate 25 C). The surface appears to have delicate stria
(Plate 25 C). This species is heterotrophic, with a highly vacuolated and colourless
protoplasm (Plate 25). According to the literature the protoplasm can be coloured [KoFoID &
Swezy, 1921] and this was also observed in Greenland (data not shown). In the cells on Plate
25 D-F food items can be observed; especially on F, where the food item is enormous and has
altered the cell shape dramatically. The nucleus is located in the hypocone, and in the apical
end of the cell several vacuoles are observed (Plate 25 A-C).

Species  Gymnodinium sp. 1.

This species is athecate. The cell is entirely spherical, ca. 40 um long and 40 um wide. The
cingulum is narrow, median located and almost not displaced (Plate 26), but with a slight
overhang (Plate 26 A). The sulcus extends to the middle of the epicone (Plate 26 A, B). The
surface appears smooth (Plate 26 A). This species is heterotrophic with a colourless
protoplasm and many large vacuoles. The nucleus is centrally located (Plate 26 C).

Genus  Gyrodinium Kofoid & Swezy, 1921

Naked and heterotrophic dinoflagellates. The cingulum is descending and displaced more than
1/5 of the body length forming a characteristically left-handed spiral. The apical groove is
elliptical The cell shape is highly variable but frequently ovoid to fusiform or droplet-shaped.
The surface has longitudinal stria [STEIDINGER & TANGEN, 1997; DAUGBJERG et al., 2000].

Genus  Gyrodinium crassum (POUCHET) KOFOID & SWEZzY, 1921

The cell is large, ca. 45 um in width and 90 um in length. The cell is very elongated and
elliptical of shape, with the epicone being more slender than the hypocone (Plate 27 B). Both
the apex and the antapex are rounded (Plate 27 B). The cingulum is displaced ca. 1/3 of the
cell length and only encircles the cell once. The sulcus broadens towards the apex (Plate 27
A) and is diplaced more than a half turn. Information concerning the sulcal shape near the
antapex cannot be obtained from the micrographs. Narrow stria are present on both epicone
and hypocone (Plate 27 A). The nucleus is enclosed by a capsule and located in the hypocone
(Plate 27 B). This species is heterotrophic with a colourless protoplasm.
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Plate 25. Gymnodinium gracile. LM. A. Low focus showing the typical cell shape. B. Low focus of the same

cell with the cingulum being contracted. C. High focus in ventral view, showing the surface, the sulcus and cingulum.
D. High focus in dorsal view showing the cingulum and a food item. E. Low focus of the same cell as D, showing
another food item located in the cingular area. F. Low focus of cell with a large food item. Same scale bar for A-F.

Plate 26. Gymnodinium sp 1. A. High focus of a cell viewed from the ventral side, showing the cingulum, which have
a slight overhang (arrow) and the sulcus. B. Lower focus from the ventral view. C. High focus from dorsal view
showing the cingulum and the centrally located nucleus (n). Same scale bar for A-C.
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Plate 27. Gyrodinium crassum. LM. A. High focus of a cell viewed from the ventral side, showing the
sulcus (arrow), the cingulum and the surface stria. B. Low focus showing the capsule enclosed nucleus
(n). Same scale bar for A-B.

A

Plate 28. Gyrodinium spirale. LM. A. High focus of a cell viewed from the ventral side, showing the
cingulum. B. Low focus of the cell, showing the centrally located nucleus (n), which is enclosed by a
capsule (arrowhead) and remains of a food vacuole (arrowheads). C. High focus of the cell viewed from
the ventral side, showing the broad stria on the cell surface (arrow). The sulcus can be seen on the left
side of the cells hypocone on B and C. Same scale bar for A-C.

45



46 Maria Hastrup JENSEN & Iben Rgnn VELAND

Species  Gyrodinium spirale (Bergh) Kofoid & Swezy, 1921

This species is the type of the genus, with medium to large sized cells, ca. 60 um wide and
210 um long. The cell is slender and asymmetrically spindle-shaped with a slight longitudinal
twist (Plate 28). Cingulum is displaced ca. 1/3 of the body length (plate 28 A, C). From the
micrographs on plate 28 it is difficult to retrieve any information about the sulcus. According
to the literature the sulcus extends from the apex to the antapex, is narrow at the antapex but
slightly widens towards the anterior end [DODGE, 1982]. The epicone appears straight and has
a slightly rounded apex. The hypocone is curved to the right with a pointed antapex (Plate
28). The surface of the cell is ornamented with longitudinal stria situated ca. 5 to 10 um apart.
This species has colourless protoplasm and is heterotrophic; a small food vacuole can be
observed in the epitheca (Plate 28 B). The nucleus is elongated, surrounded by a capsule and
median located (Plate 28 B). This cosmopolitan species is found in polar to subtropical waters
[STEIDINGER & TANGEN, 1997].

Species  Gyrodinium cfr. undulans Hulburt, 1957

This species is athecate. The cell is small, ca. 25 um wide and 30 um long, with an ovoid
shape (Plate 29). The cingulum is wide and displaced one width (Plate 29 B). The sulcus
extends from the apex to the antapex and has a sigmoidal shape on the epicone (Plate 29 A).
The surface of the cell appears smooth (Plate 29 A). This species is heterotrophic with a
colourless and highly vacuolated protoplasm (Plate 29 B, C). The nucleus is centrally located
(Plate 29 C).

Genus  Gyrodinium sp. 1

The cell is ca. 20 um wide and 25 um long. The shape is ovoid to elliptic with a deeply
impressed cingulum (Plate 30 B-D). Both the epitheca and hypotheca are slightly conical
(Plate 30 C, D). The wide cingulum is median and displaced by ca. one width (Plate 30 B).
The sulcus appears to run from the apex to the antapex (Plate 30 B). The surface of the cell is
ornamented with broad stria, which lie relatively far from each other and do not reach the
apex (Plate 30 A, B). The protoplasm is colourless and the nucleus is centrally located, just
above the cingulum (Plate 30 D).

Genus  Gyrodinium sp. 2

The cells are large, straight, elongated and with rounded apex and antapex (Plate 31). The cell
is ca. 70 um long and 35 um wide. The cingulum is displaced about 7 cingulum widths (Plate
31 A), and the sulcus appears to extend from the apex to the antapex where it broadens (Plate
31 A). The surface is ornamented with narrow stria (Plate 31 A). The protoplasm is colourless
and highly vacuolated (Plate 31 B). The nucleus is located below the cell median and is
surrounded by a capsule (Plate 31 B).

Genus  Katodinium Fott, 1957

Cells of this genus can be armoured or unarmoured. They are small gymnodinoid cells with a
postmedian cingulum. Cells appear pear shaped or inverted top shaped, pendulate, club- or
mushroom-shaped. The theca can be with or without ridges or ribs. The length of the epitheca
exceeds that of the hypotheca about two times, and is wider than the hypotheca. The outer
membrane is covered with characteristic triangular scales with ribs or spines. Chloroplasts
may be absent or present [DODGE, 1982; STEIDINGER & TANGEN, 1997].
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Plate 29. Gymnodinium cfr. undulans. LM. A.High focus of a cell viewed from the ventral side, showing the sigmoidal
sulcus (arrow). B. Lower focus in a ventral view showing the wide cingulum.C. Low focus showing the centrally placed
nucleus (n) and the colourless and vacuolated protoplasm. Same scale bar for A-C.

Plate 30. Gyrodinium sp 1. LM. A. High focus in apical view showing the stria (arrow) on the cell surface, that

do not reach the apex. B. High focus of a ventral view showing the sulcus which runs from the apex to the antapex,
the median cingulum and the stria on the cell body. C. Lower focus, showing the cell shape. D. Low focus showing
the centrally located nucleus (n). Same scale bar for A-D.

Plate 31. Gyrodinium sp. 2. LM. A. High focus of a cell viewed from the ventral side, showing the sulcus (arrow)
and cingulum, furthermore the surface stria are seen. B. Low focus of a cell, showing the vacuolated and colourless
protoplasm and the nucleus (n). Same scale bar for A and B.
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Species  Katodinium glaucum (Lebour) Loeblich 111, 1965

Cells are armoured and spindle-shaped (Plate 32 A-C). The epitheca has several longitudinal
ribs while only a few of these are observed on the hypotheca (Plate 32 C). The epitheca is
both longer and wider than the hypotheca, and the cell is ca. 42 um in length and 18 um in
width (Plate 32). The cingulum is broad and descending ca. three cingulum widths (Plate 32
B). The nucleus is located in the epitheca (Plate 32 A). No chloroplasts are found and the
cytoplasm is colourless with a yellow body at the anterior end (Plate 32). This body is
suggested to be a product of food uptake [DODGE, 1982; STEIDINGER & TANGEN, 1997].

Family  Warnowiaceae Lindemann, 1928

The cells are unarmoured. Cingulum has one or two turns and the cell body may appear
twisted. Furthermore, the sulcus may be contorted. The motile cell may possess one or more
ocelli with red or black pigment masses, located on the left side of the sulcus. Ocelli are
elaborate, light-receiving organelles, and their presence is probably related to a phagotrophic
life-style (Paragraph 1.2.3.). Plastids are usually absent, but the protoplasm usually appears
coloured. Nematocysts and tentacles are found in some taxa [SCHILLER, 1933; FENSOME et al.,
1993]

Genus  Nematodinium Kofoid & Swezy, 1921

The cells are small to large. The cingulum encircles the cell more than once and is descending
more than 0.5 cingulum width. The sulcal torsion creates a posterior loop. Nematocysts are
present. The ocellus can be dispersed in small spherical lenses or in one. The pigmentation of
the protoplasm is highly variable but no chloroplasts are present [SCHILLER, 1933;
STEIDINGER & TANGEN, 1997].

Species  Nematodinium sp.

The cell is athecate and located inside some sort of mucous layer (Plate 33 C). The cell is ca.
40 um wide and 50 um long (Plate 33 A-C). From Plate 33 information on the cingulum and
sulcus it is difficult to retrieve, but the cingulum appears to be displaced several widths and
encircles the cell more than once (Plate 33). The protoplasm is light brown and the nucleus is
centrally located (Plate 33 C). Several nematocysts are present in the epicone, orientated
perpendicular to the cell membrane (Plate 33 B). In the posterior part of the heterotrophic cell,
a large brown body is present, presumably a food vacuole. The cell appears to contain some
delicate pigmentation near the cell surface; probably oil droplets (Plate 33 A).

Genus  Proterythropsis Marshall, 1925

The cell has a spiralling cingulum and a curved sulcus. Species of this genus have an ocellus
consisting of a lens with concentric ring and capsules. The presence of nematocysts and a
posterior ventral tentacle distinguishes this genus from Nematodinium [DoDGE, 1982].

Species  Proterythropsis vigilans Marshall, 1925

The cell is ovoid to elliptical, ca. 50 um in width and 65 pum in length. The cell surface
appears delicately ornamented and with pigmented areas (Plate 34 A, C). The cingulum
encircles the cell by one and a half turn, continuing into the posterior ventral tentacle (Plate 34
A, C). From the plate it is difficult to retrieve information about the sulcus, but according to
the literature the sulcus extents half way around the cell [DoDGE, 1982]. An ocellus with red
pigment and a globular lens is present in the posterior end of the cell (Plate 34 B). The large
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Plate 32. Katodinium glaucum. LM. A. Low focus showing the nucleus (n) and a food vacuole (v).
B. Through focus from a ventral view, showing the cingulum from the dorsal side. C. High focus from the

ventral view, showing the sulcus and the surface ribs. Same scale bar for A-C.

Plate 33. Nematodinium sp. LM. A. Through focus on the cell in ventral view, showing the surface,
the cingulum. B. Lower focus from a ventral view showing the large nematocysts (arrow). C. Low focus
showing the surroundig mucus layer (arrowhead) and the centrally located nucleus (n).

Same scale bar for A-C.
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Plate 34. Proterythropsis vigilans. LM. A. High focus of a cell viewed from the ventral side, showing
the surface and the highly displaced cingulum. B. Low focus, showing the large nematocysts (arrow),
the large anteriorly located nucleus (n) and the large ocell (arrowhead) with the red pigment cup.

C. High focus of a cell viewed from the dorsal side, showing cingulum and nematocysts (sarrow).
Same scale bar for A-C.
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nucleus is anteriorly located (Plate 34 B). Nematocysts are visible on plate 34 B and C. No
chloroplasts are present but a vacuole, perhaps a food vacuole, seems to be present in the
cytoplasm (Plate 34 B).

Genus  Warnovia Lindemann, 1928

Small to large cells with the cingulum encircling the cell one or two times, which may cause
the cell body to appear twisted. In some species the sulcal torsion creates a posterior loop. An
apical groove is present. Species of the Warnovia possess an ocellus with a large hyaline lens
and red or black pigment masses, the location being median to posterior. Nematocysts and
chloroplasts are absent [DODGE, 1982; STEIDINGER & TANGEN, 1997].

Species  Warnovia sp.

An ovoid to elliptical cell being ca. 35 um wide and 45 um long. The cell is surrounded by a
mucous layer (Plate 35 C). The cingulum is descending ca. 1/3 of the cell body length (Plate
35 A). An ocellus is observed in the posterior end of the cell, on the left side of the sulcus
(Plate 35 A-C). The ocellus consists of a large hyaline lens but no proximal pigment mass can
be observed on the micrograph (Plate 35 B). The large nucleus is located in the epicone just
above the cingulum (Plate 35 C). The protoplasm is yellowish, with some darker
pigmentation observed on the cell surface. Black pigment grains are located in the sulcal
region at the posterior end of the cell (Plate 35 A, C), possibly originating from ocellar
pigment mass.

3.1.5. Order Peridiniales Haeckel, 1894

Comprises cells with amphiesmal vesicles which contain polygonal cellulose plates, usually
with a bilateral-symmetrical plate tabulation. The shape is spherical, ovoid or pyramidal and
the cells are usually dorsoventrally compressed (Figure 3.1 D). Both a distinct cingulum and
sulcus are present. Plate tabulation is used for diagnostics and is based on the first apical
plate, which is diamond to rhomb-shaped (Appendix 1, Figure 3), in combination with the
two antapical plates which are placed more or less symmetrically around the
midventral/middorsal plane. A small plate, the canal plate, is commonly found on the ventral
side of the APC, and may elongate ventrally towards the first apical plate. The following plate
formula is characteristical: 3-6', typically only 3 or 4', 1-3a, 6 or 7". 4-6¢, 4-6 s, 5™ and 1 or
2", but typically 2" (Appendix 1, Figure 2). Commonly, a transitional cingular-sulcal plate is
found at the proximal end of the cingulum, to the left of the anterior sulcal plate. Both
photosynthetic and non-photosynthetic members are found within this order [FENSOME et al.,
1993; VVAN DEN HOEK et al., 1995; STEIDINGER & TANGEN, 1997].

Subfamily  Calciodinelloideae (Taylor) Fensome et al., 1993

Peridiniod cells with bipesoid tabulation on the epicone; the second anterior intercalary plate
is hexa, i.e. six-sided (Appendix 1, Figure 4). Extant genera have a conical episome and a
subsphaeroidal hyposome. The subfamily is characterised by the formation of calcerous cysts
[FENSOME et al., 1993].

Genus  Pentaphasodinium Indelicato & Loeblich I11, 1986

Small, thecate cells with following plate formular: Po, X, 4', 3a (2a), 7", 5¢ (4+t), 4s, 5" and
2"". The sp plate does not contact the cingulum. The cells are egg-shaped [STEIDINGER &
TANGEN, 1997; THRONDSEN et al., 2003] and can easily be confused with Scrippsiella. The
two genera can be separated on behalf of the number of cingular plates [STEIDINGER &
TANGEN, 1997; THRONDSEN et al., 2003].
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Plate 35. Warnovia sp. LM. A. High focus of a specimen in ventral view showing the surface and the cingulum.
B. Lower focus showing the ocell (arrow). C. Low focus showing the large and almost centally located nucleus
(n) and the mucous layer (arrowhead) that surrounds the cell. Same scale bar for A-C.

Plate 36. Pentapharsodinium dalei. SEM. A. Rigth side of the cell showing the cell shape and the wide
cingulum. B. Antapical view showing the hypothecal plates and the deeply impressed sulcus. C. Cell viewed from
the apex showing the epithecal plates and the APC. D and E. Close-up of cingular area showing the concentric
ring surrounding each thecal pore. See Appendix 1 for the plate tabulations.

Species  Pentaphasodinium dalei Indelicato & Loeblich 111, 1986

Thecate pyriform cells in the size of ca. 20 um in length and width (Plate 36 A-C). The
cingulum is wide and median and bordered with narrow lists (Plate 36 A, B). The sulcus does
not indent the antapex (Plate 36 A, B). The theca is smooth with distrinctive thecal pores
surrounded by concentric rings, ca. 1 um in diameter (Plate 36 D-E). The narrow first apical
is ortho and rhomb shaped (Appendix 1, Figure 3). The three other apical plates are five-sided
and surround the apical pore complex. The three anterior intercalary plates form a half circle
and are all five-sided. The seven precingulars have four or five sides (Plate 36 C). The
hypotheca has seven large plates. The first antapical is sligthly smaller than the second
antapical, and both plates are five-sided (Plate 36 B). This species is difficult to recognise in
the light microscope and therefore no information about the plastids and nucleus was
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obtained. According to the litterature the nucleus is large, median and spherical to ovoid, and
the chloroplasts brown to yellowish-green [DOGDE, 1982].

Genus  Scrippsiella Balech ex Loeblich 111, 1965

The cells are thecate and small (< 50 um). Species of this genus are photosynthetic with some
species being mixotrophic and possessing a peduncle. Thecal ornamentation can be reticulate,
striated or with papillae, and pores may occur. Can be distinguished on behalf of the APC and
the plate tabulation: Po, X, 4", 3a, 77", 6¢, 4-5s, 5", 2°""". Species within Scrippsiella are
differentiated on the basis of cell size and shape, the shape of 1"and 2a, the number of
precingulars, surface ornamentation, the presence of stigma and the habitat [STEIDINGER &
TANGEN, 1997].

Species  Scrippsiella sp. 1.

The cells are ca. 15-20 um wide and 20-25 um long. Both in ventral and lateral view, the cell
appears droplet-shaped (Plate 37 A-C, E). The shape of the epitheca is conical with an apical
process (Plate 37 D). The 1' is ortho, very narrow and contacts the apical process. The
hypotheca is rounded (Plate 37 A-C, E, F). The cingulum is median, deeply impressed and
displaced ca. one width (Plate 37). The sulcus does not reach the antapex and is deeply
impressed (Plate 37 F). Both furrows are wide and without lists (Plate 37). The thecal plates
are smooth with some delicate pearl-like ornamentation along the borders of the thecal plates
(Plate 37). This species contains light yellow-brown chloroplasts and have a large centrally
located nucleus (Plate 37 A, B).

Family  Heterocapsaceae Fensome et al., 1993

Peridinoid cells with five apical plates. The cells are subovoidal with a round episome and
rounded to pointed hyposome. The hyposomal tabulation is the same as described for
Peridiniales, the episome usually having seven precingulars. The first apical plate is
asymmetrically positioned at the ventral midline while the third and second are dorsally
located [FENSOME et al., 1993].

Genus Heterocapsa Stein, 1883

The cells are small (< 20 um) and thecate but can appear unarmored under the light
microscope. The epitheca is rounded to conical and the hypotheca is rounded to attenuated.
The cingulum is median and slightly descending. The thecal plates are thin and display some
variation with the typical tabulation pattern: Po, cp, X, 6, 3a, 7", 6¢, 5s, 5™, 0-1p, 2"". Species
of this genus are photosynthetic with numerous brown chloroplasts and a large pyrenoid
[DOGDE, 1982; STEIDINGER & TANGEN, 1997].

Species  Heterocapsa triquetra (Ehrenberg) Stein, 1883

This species is the type species of the genus [FENSOME et al., 1993]. The plate number may
vary [FENSOME et al., 1993]. Both epitheca and hypotheca are conically shaped with the
epitheca being apically rounded (Plate 38 A). The surface is smooth without ornamentation,
resulting in visible thecal plates (Plate 38). The hypotheca tapers into a horn-like structure
(Plate 38 B, C) and a posterior intercalary plate is present (Plate 38 B, C). The cingulum is
displaced about one width without any overhang, and the cingulum lists are distinct;
especially the lower one (Plate 38 B, C). Since this species was only photodocumented in
SEM it was not possible to obtain informations concerning the chloroplasts and the nucleus.



A Survey of Marine Dinoflagellates 53

Plate 37. Scrippsiella sp. A-B LM, C-F SEM. A. Low focus, showing cell shape, colour and the large
centrally located nucleus (n). B. High focus from the dorsal side, showing the cingulum. C. Ventral view
showing the cingulum and sulcus. D. Close-up of the epitheca in a ventral view, showing the narrow 1' and the
apical process. E. Lateral view of cell showing the pearl-like ornamentation between the thecal plates (arrow).
F. Antapical view, showing the plates of the antapex and the sulcus.

Plate 38. Heterocapsa triquetra. SEM. A. Cell viewed from the ventral side, showing thecal plates, sulcus and
cingulum. B. Cell viewed from the ventral side, showing the flagellar pores (arrow) and the posterior intercalary plate
1p. C. Cell viewed from the antapex showing the posterior spine and the posterior intercalary plate 1p.



54 Maria Hastrup JENSEN & Iben Rgnn VELAND

According to the litterature the chloroplasts are brown and a pyrenoid is present [TRONDSEN et
al., 2003]. The occurence of H. triquetra is worldwide in neritic, estuarine, brackish and low
salinity as well as marine waters [STEIDINGER & TANGEN, 1997].

Family  Congruentidiaceae Schiller, 1935

Peridinialeans with a distinct cingulum containing three cingular plates; no intracingular
margins are found on the dorsal surface. Extant species are peridinoid (Figure 3.1 D) in shape
with one apical horn and two antapical spines. The general plate tabulation is peridinian,
except for the subfamily Diplopsalioideae, which has a reduced number of plates. There may
be one or three Kofoidian anterior intercalary plates (Appendix 1, Figure 2) in symmetric or
asymmetric arrangement around the dorsal midline. Extant genera are nonphotosynthetic and
marine [FENSOME et al., 1993].

Genus  Preperidinium Mangin 1913

The cells are small to medium sized and antero-posteriorly compressed resulting in a
sublenticular to subglobular shape. The left sulcal lift is substantial. The cingulum is median
and non-descending, with distinct, rib-supported lists. Pores are scattered over the surface.
Chloroplasts are absent. The plate formula is: Po, X, 47, 1a, 777, 4c, 5s, 577, 1”°"", with an
alternative formula being 3' and 2a. The 1' is ortho (Appendix 1, Figure 3) [STEIDINGER &
TANGEN, 1997].

Species  Preperidinium meunieri (Pavillard) Elbrachter, 1993

This is the type species of the genus. The cell is small to medium sized and the shape is
lenticular. In apical view the cell appears almost circular (Plate 39 A), and the epitheca has a
small apical projection. The first apical plate is ortho and narrow. The third apical plate is
very large and appear almost half circular. The 2’ and 4’ are almost similar in size and shape
(Plate 39 A). Very little information concerning the precingular plates can be derived from the
micrograph, but according to the litterature, seven precingular plates are present [DOGDE,
1982; STEIDINGER & TANGEN, 1997]. Both the sulcus and cingulum are wide, the cingulum
being median and without displacement while the sulcus is straight and running towards the
antapex (Plate 39) [THRONDSEN et al., 2003]. The cingulum lists are prominent with radial
ribs (Plate 39). A large wing-like sulcal list is present from the cingulum to the antapex (Plate
39 B). The antapex has only one very large and broad antapical plate, which covers almost the
entire antapex (Plate 39 B). Five large postcingulars are present (Plate 39 B). Since this
species was only identified in SEM no information about the nucleus could be optained, but
according to the litterature P. meunieri is heterotrophic and the protoplasm typically red
[THRONDSEN et al., 2003].

Genus  Protoperidinium Bergh, 1881

Small to large heterotrophic cells with varying cell shape. Several species have apical and
antapical spines. The cingulum is typically equatorial with or without displacement,
descending or ascending, and sometimes with a cingular overhang. Surface markings vary
from poroids to areolae or spines. The typical plate formular is: Po, 4', 2 or 3a, 7", (3+t)c, 6s,
5" and 2. Typically an APC present and can be used for diagnostic as can the shape of 1'
(Appendix 1, Figure 3) and 2a (Appendix 1, Figure 4). Further characteristic features are cell
size and shape, body contour, cingulum displacement, the presence of horns and spines, APC
type and surface markings [DODGE, 1982; STEDINGER & TANGEN, 1997].
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Species  Protoperidinium bipes (Paulsen) Balech, 1974

The cell is very small, 25 um wide and 30 um long, and triangular to inverted heart-shaped
(Plate 40). The epitheca tapers into an apical horn, and the sides of the epicone are slightly
convex both in ventral and dorsal view (Plate 40 A, B). The hypocone is shorter and biloped,
each lope having a long antapical spine (Plate 40). The cingulum is broad, non-displaced and
bordered by lists (Plate 40); the extreme dorsal widening on Plate 40 C is an artifact caused by
the SEM preparation, and the cell is collapsed. The sulcus extends to the antapex and
broadens posteriorly [DoDGE, 1982]. The thecal plates are very delicate and smooth without
ornamentation (Plate 40). The first apical plate is of the meta type whilst the second
intercalary plate is penta [DODGE, 1982]. Due to its size, this species is easily overlooked in
the microscope. The cytoplasm is colourless with a centrally placed nucleus and without
chloroplasts (Plate 40 A, B). The distribution is neretic, possibly cosmopolitan [DODGE, 1982;
THRONDSEN et al., 2003].

Species  Protoperidinium cerasus (Paulsen) Balech, 1973

The cell is pear-shaped and ca. 52 um in length and width, excluding the spines. The epitheca
tapers into a short, apical horn (Plate 41). The cingulum is very shallow, displaced about one
time its width (Plate 41 A) and bordered by substantial, rib-enforced lists (Plate 41). The
deeper sulcus extends slightly onto the epitheca and is broader towards the antapex (Plate 41
A); a LSL is present as are two antapical spines of equal length (Plate 41) and with small
wings (Plate 41 B). The thecal plates are delicately reticulated and the 1’ is meta (Plate 41).
The micrographs reveal no information about the 2a, but according to the litterature it is
qguadra [DoDGE 1982]. Since the species was not detected in LM, no information about the
protoplasm could be obtained; however, this should be colourless without chloroplasts
[THRONDSEN et al., 2003]. The species is cosmopolitan [DoDGE, 1982; THRONDSEN et al.,
2003].

Species  Protoperidinium brevipes (Paulsen) Balech, 1974

The cells are small, ca 22-33 um wide and 21-31 um long (Plate 42 A-C, E-J). The cell shape
is pentagonal in overview (Plate 42 A-C, E-1) but rounded triangular to heartshaped in apical
or antapical view (Plate 42 D, J, K'). The epitheca is triangular with a short process (Plate 42
B, C, F, G, I) formed by the 2" and 4' apical plates and surrounding the apical pore (Plate 41
J). The hypotheca is indented by the sulcus and appears biloped (Plate 42 A, B, F-H, K) with
two short antapical spines, one on each side of the sulcus (Plate 42 A-C, F, H, ). The broad
cingulum is deep and displaced up to 0.5 widths (Plate 42 A-C, E, F, 1), while the sulcus is
very deep and extending to the antapex and widening posteriorly (Plate 42 F, H, K). Surface
ornamentation is punctate with short spines or papillae, which can be fine to rather
substantial; compare F, G and H. The first apical plate is meta (Plate 42 C, F, H, J), whilst the
2a is quadra (Plate 42 D, I). This species is heterotrophic with a colourless protoplasm and a
large, centrally positioned nucleus (Plate 42 B). P. brevipes is a coastal cold water species
[STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003], and was detected in large numbers
at all stations (data not shown).

Species  Protoperidinium conicum (Gran) Balech, 1974

The cell is ca. 65 um wide and 55 um long (Plate 43). The cell is rhomb-shaped with straight
(Plate 43 A, B) to concave sides (Plate 43 C); however, on C this is exaggerated due to thecal
collapse during SEM preparation. The antapex is divided into two cone-shaped horns (Plate
43). The cingulum is excavated and only slightly displaced (Plate 43 A, C). The sulcus is very
deep and distally broadened (Plate 43 B, C). The thecal plates are reticulately ornamented
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Plate 39. Preperidinium meunieri. SEM. A. Apical view showing the narrow 1°, the large 3’ and the wide
cingular lists. B. Antapical view showing the large 1’’’ and the large sulcal lists. For plate tabulation, see
Appendix 1.

Plate 40. Protoperidinium bipes. A-B: LM. C: SEM. A. High focus on cell in ventral view showing the
apical horn. B. Lower focus showing the cell shape, the two antapical spines and the nucleus (n). C. Dorsal
view of a specimen showing the cingular lists and the smooth thecal plates. The cell has collapsed somewhat
during the SEM preparation procedure.

Plate 41. Protoperidinium cerasus. SEM. A. Ventral view showing the cell shape, the cingulum, sulcus and
the curved antapical thorns. The 1’”” possesses a distint pore structure (arrow). B. Apical view showing the
meta 1" and the apical horn.
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Plate 42. Protoperidinium brevipes. A-B: LM. C-E: Epifluorescence. F-K: SEM. A. High focus in ventral
view, showing the sulcus and the median cingulum. B. Low focus, showing the cell shape and the centrally
located nucleus (n). C. High focus showing the meta 1” and the distinct cingular lists. D. Dorsal view of the
epicone, showing the characteristic 2a. E. Low focus showing the cell shape. F-H. Ventral view of three
specimens showing the thecal plates and displaying the diversity in thecal ornamentation; the cell in H has very
large sutures. I. Dorsal view showing the quadra 2a. J. Antapical view showing the hypothecal plates and the
sulcus that reaches the antapex. Scare bars = 10 pm.
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(Plate 43 A, C), also within the cingulum and sulcus (Plate 43 C). The sutures surrounding 1,
1’ and 77’ are substantial and resemble straight lines (Plate 43 C). The protoplasm is
colourless and without chloroplasts (Plate 43 A, B). This species is cosmopolitan
[THRONDSEN et al., 2003].

Species  Protoperidinium depressum (Bailey) Balech, 1974

This species is very large and, hence, proper information on cellular length can not be
obtained from the micrograph; however, the cells are approximately 100 um wide (Plate 45).
A long apical horn (Plate 45 A, C-F) with an apical pore (Plate 45 E, F) and two substantial
but hollow antapical spines (Plate 45 B, C, D) are present. The cell is sligthly dorso-ventrally
flattened and rounded to heart-shaped in apical view (Plate 45 E). The cingulum has broad
lists supported by ribs (Plate 45 A, C-E), and is descending (Plate 45 C) more than 2 times the
cingular width [STEIDINGER & TANGEN, 1997]. The sulcus extends to the antapex beyond the
antapical spines (Plate 45 D), is deep and bordered by lists (Plate 45 B, C). The thecal plates
are thick with reticulated ornamentation on both epi- and hypotheca (Plate 45). The 1’ is ortho
(Plate 45 A, C, E) and the 2a is penta (Plate 45 F). The protoplasm is bright pink without
chloroplasts (Plate 45 A, B) and the species is phagotrophic [STEIDINGER & TANGEN, 1997]
and luminiscent [DoDGE, 1982]. The distribution is World-wide [DODGE, 1982].

Species  Protoperidinium ovatum Pouchet, 1883

The cell is 40 to 45 um long and 55 to 60 um wide. The shape is lenticular and slightly
anteroposteriorly flattened. The epitheca has a small apical horn (Plate 44 B, C) The cingulum
is median, displaced one width and bordered with lists (Plate 44 C). The sulcus only runs on
the hypotheca and broadens towards the antapex. Distinct sulcal lists are present on 1" and
5". The 1' is meta and appear twisted due to the size differences between 1" and 7" (Plate 44
C). This species has two large and equally sized antapical plates, which each have a winged
spine (Plate 44 D). The thecal plates are sculptured with delicate reticulation. This species is
heterotrophic with a pale pink protoplasm and the nucleus located in the hypotheca. The
species is cosmopolitan [DODGE, 1982]

Species  Protoperidinium pallidum (Ostenfeld) Balech, 1973

In dorsal view the shape appears rhomboid and is sligthly longer than broad. The size is 70-
100 um long and 66-85 um wide [DOGDE, 1982]. The cell is dorso-ventrally flattened with a
triangular epitheca (Plate 46 B). An apical process and two large antapical horns are present
(Plate 46). The antapical spines have wings (Plate 46 A), which can appear as four. The
radiating sutures between the apical plates have distinct lists (Plate 46 B). The cingulum
appears somewhat deep and is displaced ca. one width; and bordered with large rib-supported
lists (Plate 46). The 1'is large and para (Plate 46 B). The hypotheca is sligthly convex. The
protoplasm is yellow to greenish [THRONDSEN et al., 2003]. Specimens of this species have
been reported to be luminescent This species is cosmopolitant and have been recorded from
Arctic to Antarctic seas [DODGE, 1982; THRONDSEN et al., 2003]

Species  Protoperidinium pellucidum Bergh, 1881

The cell is ca. 38 um wide and 43 um long (Plate 47 A). The epitheca is triangular and
tapered into an apical horn, while the hypotheca is longer and invertedly trapez-shaped, with
two short antapical spines (Plate 47 A). The cingulum is shallow, displaced less than half a
width (Plate 47 A, B) and bordered by rib-supported lists (Plate 47). Likewise, the sulcus is
shallow and broadens towards the antapex. Lists are bordering both sides of this furrow;
however, the list formed by the first postcingular plate is largest and wing-like (Plate 47 A).
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Plate 43. Protoperidinium conicum. A-B: LM. C: SEM. A. High focus in ventral view showing the cingulum
and sulcus, which broadens towards the antapex. B. Low focus showing the cell outline and protoplasm, which is
not extended into neither the apical or antapical horns. C. Ventral view showing surface ornamentation. The cell
is somewhat collapsed due to the SEM preparation.
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Plate 44. Protoperidinium ovatum. A-B: LM. C-D: SEM. A. High focus in ventral view showing the displaced
and median cingulum. B. Low focus of the cell showing the pink protoplasm and distal nucleus. C. Ventral view
showing the meta 1’ and distinct cingular and sulcal lists. D. Antapical view of antapical plates with posterior
thorns.
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Plate 45. Protoperidinium depressum. A-B: LM. C-F: SEM. A. High focus on the epitheca in ventral view
showing the ortho 1°. B. Low focus showing the pink protoplasm which does not extend into the large antapical
horns. C. Ventral view showing the large apical horn, the median cingulum and the cingular lists. D. Dorsal view
of the antapex showing some of the hypothecal plates and the antapical horns. E. Apical view showing the
epithecal plates. F. Close-up of the apical horn, the APC and the 2a.

Pores associated with lightly reticulated ornamentation are scattered over the surface and
along the cingular borders (Plate 47 B, C). A large, ornamented opening with numerous pores
is situated on the 1" (Plate 47 B, C); the function of this structure is unknown, but is similarly
observed on P. cerasus (Plate 41). The 1' is para (Plate 47 A) and the 2a hexa [DODGE, 1982].

Species  Protoperidinium pentagonum (Gran) Balech, 1974

The cell is very large and the epitheca broadly triangular (Plate 48 A). It is ca. 70 um wide
(Plate 48 A, B). Information about the height of the cell can not be derived from the
micrograph, but according to the litterature the height is within the range 75-110 pm
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[THRONDSEN et al., 2003]. The cingulum is deep and bordered by rib-supported lists. The
radiating sutures have distinct lists (Plate 48), which are also surrounding the APC (Plate 48
C). Thecal plates are highly porated with extensive reticulations (Plate 48). The 1’ is ortho
(Plate 48 B), and the 2a is penta (Plate 48 A). This species can have a yellow to greenish
protoplasm [THRONDSEN et al., 2003], but we did not identify the species in LM. P.
pentagonum is a temperate to tropical coastal cosmopolitan, also in eustarine to brackish
waters [STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003].

Species  Protoperidinium steinii (Jergensen) Balech, 1974

Cells of this species are pear-shaped (Plate 49) and dorsoventrally flattened (Plate 49 E). The
cells are ca. 40-45 um wide and 45-55 um long (Plate 49 B-E). The epitheca extends into an
apical horn, while the hypotheca is semi-globular with two long antapical spines (Plate 49).
Both cingulum and sulcus are bordered with rib-supported lists; the LSL being more
prominent and wing-like (Plate 49 C-E). Each of the antapical spines have three lists
(compare C-E). Thecal plates are finely reticulated and delicate stria are found in the sutures
(Plate 49 C-E). The 1’ is meta (Plate 49 D). The cytoplasm is colourless and vacuolated
without chloroplasts (Plate 49 A, B) but, according to the litterature, may appear yellowish to
pale pink [THRONDSEN et al., 2003]. The nucleus is located above median (Plate 49 B) and the
species is heterotrophic; a large food vacuole is located in the hyposome, just beneath the
cingulum (Plate 49 B). P. steinii is a cosmopolitan species [THRONDSEN et al., 2003].

Species  Protoperidinium subinerme (Paulsen) Loeblich 111, 1970

The cell is overall rhomboid in ventral and lateral view, ca. 60 um wide and 55 um long, with
a triangular epitheca and a more rounded hypotheca (Plate 51 A, B). The cingulum is slightly
excavated, non-displaced and bordered by lists (Plate 51) that are rib-enforced (Plate 51 D).
The sulcus is deep and widens posteriorly (Plate 51 A). Thecal ornamentation is reticulate
with many pores (Plate 51); also within the furrows (Plate 51 A, B, D). Lists are found along
the sutures (Plate 51 A-C), as are the sutural stria (Plate 51 A, C). The 1’ is ortho and slightly
skewed (Plate 51 A), while 2a is quadra (Plate 51 C). No cytological information can be
derived from from plate 51, but the protoplasm is usually greyish to colourless [THRONDSEN
et al., 2003]. This species is a coastal and oceanic cosmopolitan in temperate to tropic waters
[STEIDINGER & TANGEN, 1997; THRONDSEN et al., 2003].

Species  Protoperidinium sp. 1.

Excluding the antapical horns the cell is ca. 25 um long and wide. The shape is almost ovoid
with convex plates, and the epitheca tapered into a short apical process (Plate 50 A). The 1'is
meta and appears twisted due to the cingular displacement and the size difference of 1" and 7"
(Plate 50 A). The wide cingulum is shallow, displaced ca. two widths and bordered with very
broad rib-supported lists (Plate 50 A, B). The shallow sulcus extends into the epitheca, is
sligthly twisted and without lists. The hypotheca appears flattened, with two substantial and
curved, wingless antapical spines of ca. 10 um. The thecal plates are delicately reticulated and
porated, also within the sulcus and cingulum (Plate 50 B).

Species  Protoperidinium sp. 2

This species is very similar to P. pallidum (Plate 46), however the size of the cell is
considerably smaller, being ca. 35 to 40 um wide and 40 to 45 um long. This species appears
round in an apical view (Plate 52 B) as opposed to P. pallidum, which is dorso-ventrally
flattened. A very similar specimen was observed by Gert Hansen in Danish waters (p. 133 and
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Plate 49. Protoperidinium steinii. A-B: LM. C-E: SEM. A.High focus in a ventral view, showing the median cingulum
and the sulcus. B. Low focus, showing the cell shape with the apical horn and the two antapical spines. Furthermore the
nucleus (n) and a food vacuole (v) can be observed ‘C. Ventral view, showing the cell shape, the sulcus, cingulum and the
antapical spines. D.Ventral view, showing the 1', the apical horn and the large sutures. E.Lateral view , showing the
dorsoventral flattened shape of the cell. All scale bars are 10 pm.

Plate 50. Protoperidinium sp 1. SEM. A. VVentral view showing the cell shape, the displaced cingulum, the sulcus,
the distinct cingular lists, the meta 1', the apical horn and the two antapiacl horns. B. Close-up of the meeting of

cingulum and sulcus, showing the radiating ornamentation on the cingular lists and some of the sulcal plates.
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10 um } y 10 um

Plate 51. Protoperidinium subinerme. SEM. A. Ventral view showing the cell shape, the impressed sulcus and
the cingulum bordered by lists. B. Lateral view showing the cell shape and some of the thecal plates. C. Apical
view showing the epithecal plates, the ortho 1’ and the quadra 2a. D. Close-up on cingular region revealing
reticulation within this furrow.

Plate 52. Protoperidinium sp. 2. SEM. A. Ventral view showing the cell shape, the cingulum with broad lists,
the sulcus with wing-like left list, and the ortho 1’. B. Dorsal view showing the rib-supported cingular lists and
the 2a.

135, P. sp B) [HANSEN in THOMSEN, 1992]. The epitheca is triangular and tapered into an
apical process. The 1' is relatively large and ortho (Plate 52 A). In the radiating sutures
between the apical plates are lists which extend from the apex to the cingulum (Plate 52). The
2a is large and hexa (Plate 52 B). The cingulum is wide, shallow, displaced one width and
bordered with rib-supported lists (Plate 52). The sulcus is shallow and bordered by lists, the
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one on 1" being large and wing-like (Plates 52 A). The hypotheca is triangular and has two
antapical spines with small wings (Plate 52).

3.2. Species list

During the visit at Arctic Station and following in Copenhagen 50 taxa of dinoflagellates
belonging to 22 genera were identified and photo documented (Paragraph 3.1 and Table 3.1).
Of the 50 taxa 11 could only be identified to genus level; 8 of these taxa were athecate.
During the investigation of the living material multiple other species were encountered,
however several of these were not identifiable since insufficient information was retrievable
from the photos. 15 of the 50 identified taxa were athecate. Several taxa could only be
identified to species level in SEM: Pentaphasodinium dalei, Protoperidinium pentagonicum,
P. cerasus, P. pallidum, P. pellucidum, P. subinerme, the two species of Alexandrium, the
three Gonyaulax species, Protoceratium reticulatum, Heterocapsa triquetra, Preperidinium
meunieri (Paragraph 3.1). Since the fixation and dehydration during SEM preparation
damaged the athecate cells, only Actiniscus pentasterias could be identified in SEM due to the
siliceous pentasters (Plate 21). Most taxa were encounted at several stations (Table 3.1);
however, the following were only rapported at one station: Nematodinium sp, Alexandrium
minutum, the two species of Cochlodinium, Prorocentrum micans, Gonyaulax sp 1,
Katodinium glaucum, Protoperidinium pentagonicum, P. subinerme, P. sp 1 and P. sp 2.
Eight of the encountered species have been rapported to be toxin-producing [THRONDSEN et
al. 2003, HTTP://WWW.NMNH. SI.EDU/BOTANY/PROJECTS/DINOFLAG/TAXA.HTM]. At the 9 different
stations, various numbers of taxa were identified. The highest number of species, 29, were
recorded at station 4 while the lowest number, 17, were found at stations 1 and 2. On average
ca. 25 taxa were identified at each station. The pattern seemed to be that more athecate taxa
where identified at the last stations visited in comparision to the first ones (Table 3.1).

3.3. Phylogeny

During the visit at Arctic Station, 185 dinoflagellates were isolated (Appendix 3). Of these the
DNA of 40 single cells was amplified with PCR, but unfortunately none of the PCR reactions
resulted in products suitable for sequentation. In Copenhagen more cells were attempted
amplified and sequenced resulting in the data described below.

A data matrix comprising 648 nucleotides of the domains D1 and D2 of the LSU rDNA
gene was compiled for 49 taxa (sequences made accessible by Niels Daugbjerg and GenBank)
in order to elucidate the phylogeny of the genera Phalacroma and Dinophysis. The topology
of the phylogenetic tree (Figure 3.2.) was obtained from a Bayesian analysis and was rooted
with the two ciliates Tetrahymena pyriformis and T. thermophila. Posterior probabilities for
the branches were calculated. Maximum parsimony was performed resulting in 43 equally
parsimonious trees, each requiring 5729 steps (trees not shown). Bootstrap values were based
on 1000 replications. Values for posterior probabilities and bootstrap are nearly the same for
most branches; both the deep branches and the clades for the terminal taxa are well-supported
(Figure 3.2). The branch pattern and branch lengths of the resolved tree reveal that the
dinoflagellates form a well-supported monophyletic group, which has diverged much from a
common ancestor shared with the ciliates (Figure 3.2; see scale bar). Within the
dinoflagellates several well-supported groups, containing species belonging to the same genus
or order, can be observed, for instance Amphidinium, Gymnodinium, Alexandrium and
Gonyaulax, which are all members of the Gonyaulacales.

The tree with associated posterior probability and bootstrap values support the monophyly
of the members of Dinophysiales. The phylogenetic analysis, where Phalacroma is sister
group to the nine species of Dinophysis, supports that Phalacroma is a good genus within the
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P. micans X
D. acuminata x| x| x| x[ x| x|[x] x|[x
D. acuta X X | X[ x| x| x| x]x
D. norvegica x| x| x| x| x| x| x]x][x
D. rotundata x| x| x| x| x| x| x] x|[x
P. cfr.braarudii X X X X X
C. arcticum x| x| x| x| x| x| x] x|[x
C. fusus X | x| x
C. longipes X x| x| x| x| x| x]x]Xx
A. minutum X
A. tamarense X | x| x| x| x| x| x
A. triacanta X x| x| x| x| x X
G. cfr.alakensis X X
G. cfr.digitalis X X
G. cfr.spinifera x| x| x| x| x| x
G. elongata X
P. catenata X | X X
P. reticulatum X | x| X x| x| x| x]x
P. dalei X X | x| x{ x| x]|x
S. sp. X X | X X | x| X
H. triquetra X X| X | x| X
P. meunieri X x| x| x| x X | x
P. bipes X | X X X | x| x
P. brevipes X | x| x| x| x| x| x| x]|]x
P. cerasus X
P. conicum X X | x X | X
P. depressum X | x X | x| X X
P. ovatum X | X
P. pallidum x| x| x| x[ x| x]|x
P. pellucidum X | x| x| X X | x| X
P. pentagonium X
P. steinii X | x X| x| x| x
P. subinerme X
P.sp. 1 X
P.sp.2 X
G. sp X [ x
A. pentasterias X x| x| x| x| x
C.spl X
C.sp2 X
G. gracile x| x| x| X
G. cfr.undulans X | x
G.sp. 1 X | x| x X | x
G. spirale X X X
G. crassum X X
G.sp.1 X X | x
G.sp.2 X | X X
K. glaucum X
N. sp. X
P. vigilans X X | x| X
W. sp X X | X

* % % % %9JIXOL

¥66T 113pund

¢00¢ !19pund

x

x

Table 3.1. The complete species lists of the 50 dinoflagellate taxa encountered at the 9 stations in the vicinity
of Disko island. * marks toxic species.
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Figure 3.2. Phylogeny of Phalacroma cfr. braarudii and 46 other dinoflagellates based on partial nuclear-encoded

LSU rDNA sequences. The tree topology was obtained from Bayesian analysis and it was rooted with two ciliates assigned to
the genus Tetrahymena. Maximum Parsimony analyses were also performed and resulted in 43 equally parsimonious trees,

each requiring 5729 steps (trees not shown). In Parsimony analyses the consistency index was 0.351 and the retention index was
0.564. Posterior probabilities from Bayesian analyses are written as the first numbers to the left of the internodes. The second
numbers are parsimony bootstrap values based on 1000 replications. The branch lengths are proportional to the number of
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Phalacroma D. D. D. D. D. D. D. D. D. D.

norvegica  acuminata. acuta caudata dens fortii odiosa rotundata sacculus tripos
Phalacroma 248 25,0 252 243 254 25,0 24,1 26,6 25,0 24,10
D. norvegica 21,0 0,47 2,04 1,90 0,94 1,88 1,42 18,8 0,47 110
D. acuminata. 211 0,46 2,20 2,06 0,47 2,04 1,58 18,6 0,00 1,26
D. acuta 21,3 2,01 2,17 2,21 2,52 0,16 1,73 19,4 2,20 1,41
D. caudata 20,7 1,87 2,03 2,18 2,54 2,05 1.10 19,6 2,06 0,78
D. dens 214 0,93 0,46 2,47 2,49 2,52 2,06 18,6 0,47 1,74
D. fortii 211 1,96 2,01 0,16 2,02 2,47 1,57 19,4 2,04 1,25
D. odiosa 205 1,46 1,56 171 1,09 2,03 1,55 194 1,58 0,31
D. rotundata 22,2 16,5 16,3 17,0 17,1 16,3 17,0 17,0 18,56 19,0
D. sacculus 211 0,46 0,00 2,17 2,03 0,46 2,01 1,56 16,34 1,26
D. tripos 20,5 1,10 1,25 1,40 0,78 1,71 1,24 0,31 16,65 1,25

Table 3.2. Percentual sequence divergence in 10 species of Dinophysis and one species of Phalacroma, based
on 648 bp of the LSU rDNA, D1-D2 region. Uncorrected distances are given below the diagonal and above
are distance estimations based on the Kimura-2-parametre model.

Dinophysiales. Most surprisingly, Dinophysis rotundata forms a sister group to the other
Dinophysis species and to Phalacroma; this indicates that Dinophysis rotundata does not
belong to either of the genera. The "real" Dinophysis clade is unresolved and has very short
branches, which indicates that the LSU rDNA sequences determined contain insufficient
information to resolve the relationship within this genus.

The sequence divergence estimates (Table 3.2) support the phylogeny, that neither
Phalacroma nor Dinophysis rotundata belongs to the Dinophysis genus. From table 3.2 it is
observed that the Phalacroma LSU sequence differs more from all of the Dinophysis species
than the species within this genus differ from one another. The results lie in the range of
20.5% to 22.2% uncorrected distances and 24.1% to 26.6% distance estimations based on the
Kimura-2-parametre model. This means that, on average, the Phalacroma LSU sequence
differs from the other sequences at every fourth base pair. Furthermore, it is observed that D.
rotundata also varies greatly in comparison to the other Dinophysis species; the data lie
within a range of 16.4% to 17.1% uncorrected distances and 18.6% to 19.6% distance
estimations based on the Kimura-2-parametre model. Phalacroma and Dinophysis rotundata,
however, differ more from each other with 22.4% uncorrected distances and 26.6% distance
estimations based on Kimura-2-parametre model, than each of the species differs from the rest
of the Dinophysis-sequences. Between the remaining Dinophysis species the variation is much
lower and lies in the interval of 0 to 2.49% uncorrected distances and 0 to 2.54% distance
estimations based on Kimura-2-parametre model.

3.4.  Ceratium arcticum and C. longipes

During the stay at Arctic Station the two Ceratium species depicted below, C. arcticum and C.
longipes, were encountered with high frequency at all stations (Table 3.1 and Chart 3.1). Due
to limitation in time no morphometric data were obtained.

Figure 3.2. A. Ceratium arcticum B. Ceratium longipes. Lugol-fixed material. Same scale bar for A and B.
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3.4.1. The morphological differences between C. arcticum and C. longipes

When comparing the two Ceratium species several morphological features, both similar and
differing can be observed (Figure 3.2.). The apical horn of both species is open and bends to
the right, and the size and shape of the cell body is similar for the two species. Furthermore,
both are autotrophic and have chloroplasts located within the apical and antapical horns. The
morphological differences which have been used to separate the two species are the shape and
angle between the antapical horns (Paragraph 1.3). For C. longipes the right horn appears to
be almost parallel to the apical horn, whereas the left horn is more curved and substantially
shorter. The antapical horns of C. arcticum are only slightly curved and the angle between
them is very large.

3.4.2. Occurence of Ceratium arcticum and C. longipes

Water samples were taken at locations 2, 4, and 5-9 (Figure 2.1 and table 2.1, Paragraph 2.1)
samples were filtered and the number of fully developed specimens of Ceratium arcticum and
C. longipes was counted, as described in section 2.6. The results are depicted in chart 3.1.

In general, the two species seem to co-occur; the number of specimens varied
considerably at the different stations but never exceeded 45 specimens per litre. The highest
density was encountered at station 2, and the lowest at the stations 8 and 9 (Chart 3.1 and
Appendix 2). The density of cells does not appear to be connected to the latitude or longitude;
for comparison, large variation in the number of each species was found at stations 7 and 8,
although the samples were taken within 1 hour at the two very closely located stations (Figure
2.1 and table 2.1).

In general, the density of C. longipes was higher than for C. arcticum. Especially on
stations 2, 4, 5, and 6 the number of C. longipes encountered was substantially higher than the
number of C. arcticum (Chart 3.1). Only at station 7 did C. arcticum account for the majority
of the specimens but the difference between the two species was not pronounced. On station 8
and 9 the concentration of specimens was low and the densities of C. arcticum and C.
longipes were almost similar.

50

45

40

35

30 1
HEC. arcticum

25 1 NI C. longipes

Specimens/litre

2 4 5 6 7 8 9
Station

Chart 3.1. The occurence of C. arcticum and C. longipes as number of specimens counted per litre at 7
different stations.
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4. DISCUSSION

In the present survey 50 marine pelagic dinoflagellates were identified. This is the highest
number of dinoflagellate species ever encountered in the vicinity of Disko (Paragraph 3.1 and
3.2) [GR@NTVED & SEIDENFADEN, 1938; CLAUSEN et al., 1994; TRIER, 1998, JBNSSON et al.,
2002]. Of the 50 taxa several genera and species have not previously been recorded in these
waters (Table 4.1). The following Paragraphs will contain comparative analyses including the
results of former investigations. These analyses are followed by a discussion of the changes in
the species diversity, what they might indicate and which consequences this could have on a
long-term basis.

The exciting phylogenetic results concerning the members of Dinophysiacea, which
reinforce the genus Phalacroma and indicate a third genus within the family, are discussed in
the second Paragraph. Furthermore, the taxonomic chaos within the Dinophysiacea is
illustrated in a historic perspective, underlining the need for a taxonomic revision of the
genera of this family.

The results concerning the Ceratium arcticum and C. longipes are discussed together with
a proposal for solving the problem involving these two morphological similar species.

The last Paragraph of the discussion contains methodical considerations and suggestions
for improval of methods on future surveys in Greenlandic marine waters.

4.1. Survey

To compare the results of the present study to prior investigations of the marine dinoflagellate
community in the vicinity of Disko is suboptimal since all of the former investigations had
different aims and did not exclusively investigate the composition of the dinoflagellate
diversity in the water column. Most importantly, there has been no consistency concerning the
time of year for conduction of the surveys (see below).

During the Godthaab Expedition in 1928, Gunnar Seidenfaden collected phytoplankton
material both vertically and horizontally at ca. 250 different station in the waters West of
Greenland, also in Disko Bay and South of Haregen [GR@NTVED & SEIDENFADEN, 1938]. The
sampling material was not studied during the expedition, but fixated in paraformaldehyde for
preservation. Since this procedure only conserves thecate dinoflagellates while the athecate
specimens are slowly degraded, no information about the athecate dinoflagellates of the high
Arctic was obtained during the Godthaab Expedition 1928. The subsequent surveys were all
performed on live material, and includes observations of both thecate and athecate species.

In 1994, a major pelagic sampling programme was performed during the Arctic field
course, with most of the sampling executed at the plankton station outside Godhavn (Table 1
in 1.3.1). Both the physical and chemical water conditions were described together with the
diversity and vertical distribution of the pelagic community [CLAUSEN et al., 1994].

The study conducted by Trier in 1996 was part of a major investigation of the plankton
production in West Greenland, and contained both a quantitative and qualitative analysis of
the phytoplankton composition.

The main focus in 2002 was the biomass of flagellates. Sampling took place at several
locations from Disko Fjord to Mudderbugten, and both species diversity and biomass
composition of the phytoplankton were studied [J@NSSON et al., 2002].

In general, the amount of species identified seems to be connected to the time spent with
identifications, the prior knowledge about the different genera and species, and on the
equipment available. Table 4.1 contains a complete list of the dinoflagellate species observed
in the vicinity of Disko Island from 1928 to 2006.
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2B 432 2432
BRERENN PNy
Thecate &8 § § % § Athecate § § § §
Prorocentrum P 3 X  Gymnodiniacae G. sp. X
P. minimum X Actiniscus A. pentasterias X X
Dinophysis D. acuminata X X X X Amphidinium A. crassum X
D. acuta X A. operculatum X
D. norvegica X X X X A. hadai X
D. rotundata X X X X A. sphenoides X
Phalacroma P. cfrbraarudii x  Cochlodinium C. brandtii X X
Ceratium C. arcticum X X X X X C. helicoides X
C. fusus X X C. pulchellum X
C. horridum X C.sp.1 X
C. longipes X X X X X C.sp.2 X
Alexandrium A X Gymnodinium G. elongatum X
A. ostenfeldii X G. gracile X X
A. tamarense X G. perpavum X
Amylax A. triacanta X X X G. rubrum X
Gonyaulax alaske X X
G. cochlea X G.sp. 1 X
G. cfr.digitalis X Gyrodinium G. crassum X X
G. scrippsae X G. mitra X
G. cfr.spinifera X X X X G. rhomboides X X
X G. spirale X X X X
Peridinella P. catenata X X G.sp. 1 X
Protoceratium P. reticulatum X X X X G. sp. 2 X
Pentapharsodinium P. dalei X Katodinium K. glaucum X X X X
Scrippsiella S. sp. YOI Nematodinium N. sp. X
Heterocapsa H. triquetra X X X  Proterythropsis P. vigilans X X
Preperidinium P. meunieri x  Togula T. jolla X
Protoperidinium P. bipes X X X X  Thorodinium T. robustum/teredo X
P. brevipes X X PG \\\/arnovia W. sp. X
P. cerasus X X
P. conicoides X
P. conicum X X
P. depressum X X X X
P. ovatum X X
P. pallidum X X (X)X X
P. pellucidum X (X)) x x
P. pentagonium X
P. roseum X
P. steinii X (X) X X
P. subinerme X
P. thorianum X
P.sp. 1 X
P.sp.2 X

Table 4.1. List of all the 72 dinoflagellate species detected in the vicinity of Disko Island from 1928 to 2006.
Colour code: white = genus/species detected in more than one survey, black = genus/species detected for the
first time during the present survey, grey = detected in another survey than the present (Table 3.1).
[GR@NTVED & SEIDENFADEN, 1938; CLAUSEN et al., 1994; TRIER, 1998; JBNSSON et al., 2002].
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The time of the year at which the sampling was conducted has probably influenced the species
composition of the phytoplankton to some extent. In general, variation in the diversity of the
net plankton exist between the surveys from 1994, 1998, 2002 and 2006, respectively;
whereas we mainly detected dinoflagellates and a few chrysophytes, the prior investigations
have observed large numbers of diatoms and chrysophyte species. However, the former
surveys have all been conducted during June-July, whereas the Arctic Field course 2006 took
place in August. As described in Paragraph 1.1.3, the hydrography and, hence, the
phytoplankton composition varies greatly throughout the year in Disko Bay [NIELSEN, 2005].
An upper layer of 80 metres with uniform salinity and temperature is formed in the water
column during the autumn, through a combination of reduced freshwater input and decreased
heating together with stronger winds. This is opposed to the three-layered structure of the
water column during the summer. Since the hydrodynamic changes have a direct impact on
the composition of the marine phytoplankton (Paragraph 1.1.3), the seasonal variation might,
in part, explain some of the variation among the dinoflagellate species encountered in the
different surveys.

4.1.1. Comparison with the findings from the Godthaab Expedition 1928

During the Godthaab Expedition in 1928 Seidenfaden identified 21 thecate dinoflagellate
species by sampling in Disko Bay [GR@NTVED & SEIDENFADEN, 1938]. In the same area, we
have encountered 15 of these species as well as 21 thecate dinoflagellates not detected by
Seidenfaden (Table 4.1). Seidenfaden recognised 11 Protoperidinium species and we have
encountered the eight of these. In addition we have identified five Protoperidinium species
that were not recorded in 1928 by Grgntved & Seidenfaden (1938). Thus, both in 1928 and
the present survey several more Protoperidinium species were observed than in 1994, 1998
and 2002 (seven, five, and six, respectively). One factor that may account for the differences
in Protoperidinium species detected is the amount of time spent with identification. This is
underlined by the fact that seven of our 13 identified species have been detected in SEM only
(Paragraph 3.2). In the material sampled by Seidenfaden during the Godthaab expedition all
the way around Disko Island, Amylax triacanta, Gonyaulax digitalis and G. spinifera were
also detected; all species that we have encountered both in the Disko Bay, in Nordfjord and at
Haregen (Figure 2.1 and Table 3.1).

In the high Arctic region (above the 70" latitude) Seidenfaden detected relatively few
dinoflagellates; only three Dinophysis species, one Ceratium and one Protoperidinium
[GR@NTVED & SEIDENFADEN, 1938].

4.1.2. Comparison with Clausen et al. 1994

The only genus detected in 1994 but not in the present study is Amphidinium, which is a
benthic marine dinoflagellate [KOFOID & Swezy, 1921; STEIDINGER, 1997]; due to the time
limits the diversity of benthic dinoflagellates was not investigated in 2006. However, as
described below (Paragraph 4.1.6), several species and even genera that are included in the
2006 survey were not encountered by Clausen et al. (1994).

In total, 45 dinoflagellate taxa were encountered during the survey in 1994, of which 20
were athecate specimens. Of these, 22 of the 25 thecate specimens were identified to species
level, whereas the same taxonomical level was only reached for 14 athecate dinoflagellates
[CLAUSEN et al., 1994]. Specimens only identified to genus level complicate the comparison
between surveys. One possibility is comparison of micrographs and descriptions, but
unfortunately, photo documentation and descriptions do not exist for all of the specimens
included the species list from the 1994 survey. During the 2006 survey at least 18 more than
the 15 described athecate species were encountered (data not shown). However, due to time
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and technical limitations (Paragraph 4.4) these specimens were not included in the results
section, which only consists of photo-documented species supplied with descriptions.

The most interesting differences between the surveys of 1994 and 2002, concerning the
thecate species, is the recording of the toxic Alexandrium ostenfeldii [CLAUSEN et al., 1994]
which is a common species in the waters surrounding Greenland [@JVIND MOESTRUP, pers.
comm.]; however, this species has not since been observed in this area. Clausen et al. also
encountered a C. horridum and made the only report of this species in the vicinity of Disko.

4.1.3. Comparison with Trier 1998

Triers investigation was based on Lugol-fixed material sampled in June and July 1996 along a
transect in Disko Bay and Disko Banke; the results of another transect survey are not included
in this comparison since it was conducted further South.

In total, 11 athecate and 13 thecate species were recorded; however, seven of the
unamoured dinoflagellates are identified to the genus level only, whereas a single one is
unidentified beyond “athecate”.

Trier recorded two genera which we did not encounter during the 2006 survey,
Amphidinium (see Paragraph 4.1.2 and 4.1.4.) and Torodinium Kofoid & Swezy, 1921, which
are cosmopolitan and planktonic genera [DobGE, 1982]. In addition, two Gymnodinium
species, undetected in 2006 were abundant in 1996. Unfortunately, the work of Trier (1996) is
based on quantitative observation, and contains no photo documentation of the encountered
dinoflagellate species. This makes a direct comparison impossible.

4.1.4. Comparison with Jgnsson et al. 2002

In 2002, 26 different dinoflagellate taxa were observed. Of these, 18 were identified to species
level belonging to 12 genera [J@NSSON et al., 2002]. Among the 26 species encountered, 11
were athecate. The following species were found in the 2002 survey but not in 2006: Four
unidentified Gyrodinium species, Gymnodinium rubrum, Cochlodinium cfr brandtii Wulff,
1916, Cochlodinium helicoides Lebour, 1925, Togula jolla Flg Jgrgensen et al., 2002, and
Amphidinium cfr. operculatum Claparéde & Lachmann, 1859 [J@NsSoON et al., 2002]. When
comparing our LM data with the obtained micrographs of unidentified Gyrodinium specimens
from the survey of 2002, no obvious similarities are apparent. Hence, there are several
Gyrodinium species which remain to be identified in the waters near Disko Island.

Two genera, Togula and Amphidinium, were observed in 2002 but not in 2006. However,
as is the case with Amphidinium, Togula is a marine benthic dinoflagellate [FL@ JGRGENSEN et
al., 2004], and since no sampling of microbenthos was performed in the current survey,
observations of benthic dinoflagellates were of course not expected.

No members of Warnoviaceae or Actiniscaceae were detected in the 2002 survey, neither
were species of the genera Pentapharsodinium or Preperidinium. The absence of thecate
genera may be explained by the fact that SEM was not conducted in 2002; in LM species of
these genera are difficult to distinguish from species of Scrippsiella and Diplopsalis,
respectively.

4.1.5. Below and above 70° N

The highest number of athecate species encountered, eight, were recorded at Haregen (Figure
2.1, Table 2.1). On average, 4.5 unamoured species were identified at each station; however,
this number would have been exceedingly higher, had all of the unidentified athecate
dinoflagellates been included in the results (Paragraph 4.1.2). In general, more species were
recognised and identified at the last three stations (Table 3.1). This, however, is does not
necessarily mean that more athecate dinoflagellate species are found near Haregen, but may



A Survey of Marine Dinoflagellates 73

simply reflect that our LM skills concerning identification and photo documentation improved
during the field course.

There does not appear to be any difference in the thecate species observed in sub Arctic
and in high Arctic region (Table 3.1). More or less the same species were encountered in the
two regions (Table 3.1, compare with Figure 2.1 and table 2.1), with similar frequencies (data
not shown). However, as it appears from Figure 1.3, all of the nine stations are influenced by
the waters transported by the West Greenland current. Hence, all samples for this survey have
been collected from the same water mass, and although the dinoflagellates are motile, their
distribution is predominantly controlled by the currents and movements of the water masses.

In the samples taken near Haregen as well as in Mudderbugten, more diatoms were
present both quantitatively and qualitatively than was observed in the material collected at the
other stations (data not shown). We confer these variations in phytoplankton composition to
different concentrations of nutrients availability, since a diatom occurrence is usually
associated with a higher nutrient content than for the dinoflagellates [NIELS DAUGBJERG, pers.
comm.].

An investigation for comparison of the phytoplankton composition in the high- and sub
Arctic regions should include material collected at a higher latitude, thereby improving the
probabilities that variations in the length of the photo-and ice free periods are of significant
importance for the species diversity.

4.1.6. New species encountered

Four previously unrecorded genera in the vicinity of Disko were observed during the 2006
survey: Preperidinium, Pentapharsodinium , Nematodinium and Warnovia. In addition, eight
species have been detected for the first time in this area: Prorocentrum micans, Dinophysis
acuta, Alexandrium minutum, A. tamarense, Gonyaulax alaskensis, G. elongata,
Protoperidinium subinerme, and Gyrodinium undulans. Among the specimens only identified
to genus level, we have seven potential new recordings for the area between Mudderbugten
and Haregen.

One of the Gonyaulax species, G. elongata, was identified in LM on behalf of its cysts
only, whereas the vegetative cells were detected in SEM. None of the previously conducted
surveys have included studies of dinoflagellate cysts, which presumably could have increased
the number of reported species from Disko Bay, especially of the genus Gonyaulax
(Paragraph 3.1.3).

Several of the new encountered species were identified in SEM only, i.e. the two
Alexandrium species, Gonyaulax alaskensis, Pentapharsodinium dalei, Preperidinium
meunieri, and Protoperidinium subinerme. Hence, it can not be determined whether these
species are in fact new-occurring in these waters, or simply have not been detected previously
due to restrictions in the use of equipment available.

Indications of altered species composition

A comparison of the species lists in table 4.1 reveals some indications of changes in the
species composition over the years. These variations might be explained by alterations in the
environment due to the Global change (Paragraph 1.1). This is, nevertheless, a very delicate
subject to draw conclusions about, in part since a high degree of uncertainty is connected to
the species identification; especially in cases when no photo documentation of the observed
species exists. Also, an element of subjectivity is assumed to have affected the reported
species lists to some extent. This is illustrated by the different techniques applied for detection
of the same Protoperidinium species in 1928 and 2006 (Table 4.1); whereas several of these
species were only observed in SEM in the present survey, Grgntved & Seidenfaden (1938)
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conducted all of their investigations using a light microscope [GR@NTVED & SEIDENFADEN,
1938]. In order to minimise the effects of the above mentioned subjectivity, the comparison
concerning alterations in species composition is based on the thecate and easily recognisable
species such as Prorocentrum micans, Alexandrium minutum and Ceratium fusus (Plates 1, 9
and 11, respectively). The two first have not previously been observed in this area, whereas C.
fusus has been detected at a single sampling station by Seidenfaden in 1928 [GR@NTVED &
SEIDENFADEN, 1938]. The occurrence of these three temperate species contradicts our
expectations, since the annual temperatures West of Greenland have decreased 1.29°C over
the past five decades (Paragraph 1.1) [HANNA & CAPPELEN, 2003]. Even though this decrease
in temperature is significant [HANNA & CAPPELEN, 2003] several phytoplanktonic organisms
are documented capable of sustaining viability within a wide temperature range [TILZER &
DUBINSKY, 1987; DAUGBJERG & MOESTRUP, 1992; DEVOs et al., 1998; Mock & HocH, 2005];
this is presumptively true for dinoflagellates as well [NIELS DAUGBJERG, pers. comm.].

Thus, the alterations in species composition can not be explained simply through
temperature changes; rather, an explanation may be sought in the effects of the climate
changes on the ocean currents (Paragraph 1.1). These currents might carry resting cysts of the
temperate species (Paragraph 1.2.4) with them to the Arctic regions. However, the present
survey is only a reflection of the conditions at a given moment in time, and further
investigations need to be performed in the area.

Potential consequences for the food web

Some of the species that represent the first observations in the waters near Disko are
heterotrophic, for instance the species of Warnovia and Nematodinium together with
Gyrodinium undulans, Preperidinium meunieri and potentially the three previously
undetected Protoperidinium species. The heterotrophic dinoflagellates are secondary
producers and can phagocytise food items within their own size range or even larger as for
Protoperidinium spp. Thus, they are competitors to the much larger zooplankton, which
generally consume prey one tenth of their body size. [NIELSEN, 2005]. The protozooplankton,
which also includes the heterotrophic dinoflagellates, can react instantly to increased food
availability whereas the response in the zooplankton is delayed due to their much more
complicated life cycles [HANSEN et al., 2003a]. This is underlined by a study on Calanus
conducted by HANSEN et al. [2003a] in Disko Bay, where introduction of an extra trophic
level resulted in a smaller Calanus biomass and hence less export of organic material to the
deeper layers of the water column and benthos. This benthic community, in turn, is suggested
to have an impact on the higher trophic levels of the marine food web [NIELSEN, 2005]. It is
tempting to speculate that similar competitional mechanisms occur within the food web
during the late summer and autumn months.

Toxin-producing species
Four of the first new records of marine dinoflagellates from Disko Bay species are potential or
confirmed toxin producers (Table 3.1).

According to HANSEN et al. [2001], Prorocentrum micans is capable of forming “red
tides” i.e. a bloom of caratenoid-containing cells, which can lead to harmful events such as
mass death of invertebrates and fish [GRAHAM & WiLcoX, 2000; HANSEN et al., 2001]. Many
species of the genus Prorocentrum are toxin-producing [HALLEGRAEFF et al., 2003,
WWW.BI.KU.DK/IOC/GROUP2. ASP]; however, the toxicity of P. micans remains to be confirmed
[HANSEN et al., 2001].

Alexandrium minutum has not previously been detected in the polar marine ecosystem
[HANSEN et al., 2003b]; hence, the present survey includes the Northern-most registration of
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this species. Secondary metabolites produced by A. minutum as well as A. tamarense are
known to cause paralytic shellfish poisoning, an illness that is caused by a large group of
naturally occurring and potent neurotoxins collectively known as PSP toxins. These act
through the blocking of Na* channels in excitational cells of the muscles and nervous system,
and thereby cause paralysis etc. of the consumers of PSP-contaminated shellfish. The
devastating effects can be seen on both marine animals as well as humans [HALLEGRAEFF et
al., 2003].

Dinophysis acuta, another of the first records for the area, is considered the most toxic
species within the DSP-producing Dinophysis genus [HANSEN et al., 2001; THRONDSEN et al.,
2003]. DSP, diarrhetic shellfish poison, is a complex of organotoxins causing symptoms
similar to gastric bacterial infections. The poisoning is not lethal but some of the toxic
components are suspected to induce stomach cancers [HALLEGRAEFF et al., 2003].

In summary, the changes in dinoflagellate species composition may exert several effects
on the Arctic marine food web, since it might distort the balance between the lower trophic
levels and lead to higher accumulation of toxins in the marine invertebrates through an
increased diversity of toxin-producing species; especially if the toxic dinoflagellates form
massive blooms as in other parts of the world, including Denmark.

4.2.  Suggested re-instatement of the genus Phalacroma

The species Phalacroma cfr. braarudii was encountered at several stations during the present
survey (Table 3.1) as well as in 1994 and 2002 (Table 4.1). However, in both of the previous
surveys the same species was described as belonging to the genus Dinophysis, i.e. D. cfr
braarudii Nordli, 1951. This illustrates the confusion that has surrounded these genera over
the last 125 years [SCHILLER, 1933; GR@NTVED & SEIDENFADEN, 1938; TAYLOR, 1976;
DODGE, 1982; STEIDINGER & TANGEN, 1997; THRONDSEN, 2003].

In 1883, Stein proposed Phalacroma as a second genus within the Dinophysiaceae
(Paragraph 3.1.2) with P. porodictyum as the type species. The erection of this genus was
based on the presence of a more prominent epitheca than what is observed for species of the
Dinophysis. Another genus within this family, Pseudophalacroma, was added in 1923 by
Jorgensen, who also divided Dinophysis and Phalacroma into ten sections [DobDGE, 1982],
further supported by the observations by SchiLLer [1933]. The morphological characteristics
used by ScriLLer to distinguish Phalacroma from Dinophysis were the size and angle of the
cingular lists, whereas the shape and size of the epitheca as well as other features could vary
considerably [SCHILLER, 1933]. Based on the plate formula the mentioned generic separation
was questioned by Tai & Skocseerc in 1934: ”It is far from impossible that future
investigators will decide upon the union of all these forms under a single genus, Dinophysis”
[TAYLOR, 1976]. According to Dopce [1982], all of the previously described Phalacroma
species were included in the genus Dinophysis by Ase in 1967 [DoDGE, 1982].

The confusion is maintained in recent literature, and many Dinophysis species are
supplied with Phalacroma-synonyms [STEIDINGER & TANGEN, 1997; THRONDSEN et al.,
2003]; in general, the former Phalacroma species are non-photosynthetic [TAYLOR, 1987].
According to STEIDINGER & TANGEN [1997] the genera Dinophysis and Phalacroma can be
distinguished on behalf of the development and direction of the cingular lists, since the
anterior list is distinctly funnel-shaped for species of the Dinophysis. Another character in
which the genera differ is the height and shape of the epicone, which is more prominent and
semi-globular in Phalacroma [STEIDINGER & TANGEN, 1997].
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4.2.1. Phylogeny

The phylogenetic analysis revealed Phalacroma as forming a sister taxon to a well-supported
clade of Dinophysis species (Figure 3.2). This taxonomical relationship was further supported
by estimates of sequence divergence between the LSU D1 and D2 domains of Phalacroma
and all of the taxa constituting the Dinophysis clade. Among the 648 bp comprising the D1
and D2 domains of the LSU gene, the D2 is usually hypervariable but appears highly
conservative within the Dinophysis clade (Table 3.2 and data not shown). Depending on the
model applied, the divergence of Phalacroma and the Dinophysis clade lies within a range of
20.5-26.6 % (Paragraph 3.3). Since a 20 % difference between LSU genes is enough to
indicate a higher taxonomic level, i.e. two different genera [NIELS DAUGBJERG, pers. comm.],
we hereby suggest the re-instatement of the genus Phalacroma.

Most surprisingly, the species D. rotundata is not included in the Dinophysis clade, but
forms a sister taxon to Phalacroma and the ”genuine” Dinophysis species (Figure 3.1); hence,
this species has diverged as the earliest in the evolution of the Dinophysis-containing clade.
The position of D. rotundata is also indicated by the sequence divergence, with estimates
within the range of 16.4-19.6% depending on the model applied. In comparison to the
distance estimations for Phalacroma and the "true” Dinophysis, it appears that Phalacroma
has separated from Dinophysis before D. rotundata (Table 3.2). However, application of the
Bayesian analysis which takes the evolutionary distances into account by weighting
nucleotide transversions over transitions, reveals that the divergence of D. rotundata has
occurred prior to the separation of Phalacroma from the “true” Dinophysis (Figure 3.2).

Despite these exciting issues it must be taken into consideration that the results concerning
D. rotundata are based on a single sequence of 648 bp; hence, confirmation of this indication
is required in the form of additional molecular sequence data, i.e. inclusion of additional and
longer DNA sequences of D. rotundata in order to validate that the differences are not simply
due to intraspecific variation. The conduction of a taxonomical revision demands more than
molecular data, but the morphology of the members of Dinophysiaceae has already been
studied intensively without resolving the taxonomical issues [SCHILLER, 1933; GR@NTVED &
SEIDENFADEN, 1938; TAYLOR, 1976; DoODGE, 1982; STEIDINGER & TANGEN, 1997,
THRONDSEN, 2003]. A supplementation of the existing data a with comparison of ultra-
structural features might help to sort out the taxonomical problems concerning D. rotundata,
Phalacroma and Dinophysis.

4.2.2. Comparative morphology

When comparing the plates 2-7 (Paragraph 3.1.2), a distinct character that separates
Phalacroma and D. rotundata from the *true’ Dinophysis species is the size of the epitheca; a
feature, which is visible both in LM and SEM. Also the cingular region seems to vary. The
“true” Dinophysis have wide, inclining to funnel-shaped cingular lists, which gives the
impression of a narrow and excavated transverse furrow (Plates 2.5). In contrast, the cingular
lists are more narrow and angled to a lesser extend for both D. rotundata and Phalacroma
(Plates 6 and 7). This is interesting in the context that Koroip & Skocsserc [1928], who
adopted the Phalacroma sections suggested by Jorgensen (1923, see above), refer to the
second of these sections as Rotundatum, comprising 12 species [SCHILLER, 1933]. Even in
recent literature, D. rotundata can be found described as Phalacroma rotundata [STEIDINGER
& TANGEN, 1997].

One of the morphological characteristics previously used as delimitation between genera
within the Dinophysiaceae was the size ratio between the epicone and hypocone, excluding
the cingulum [TAYLOR, 1976]. Apparently, the authors of the past and present who consider
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Dinophysis as the only genus of Dinophysiaceae have underestimated the importance of the
size and shape of the epicone as an identification-feature.

In summary, molecular data support Stein [1883] in his perceptions concerning the
existence of two genera within the Dinophysiaceae. Furthermore, we believe to have found
indications of yet another genus in this family. Additional studies addressing this issue are
clearly needed.

4.3.  Ceratium arcticum versus longipes

Several times during the Arctic field course 2006 did the question arise, of whether a
Ceratium specimen under the microscope was a Ceratium arcticum or C. longipes. Hence,
different approaches were attempted to address the question on the form variations between
these species.

Apparently, there is a higher density of C. longipes than C. arcticum in the waters of this
area (Chart 3.1); however, the number of specimens counted was not high enough for a
difference in frequency to be supported by statistics. In general, both of the species showed a
patchy distribution, which is typical for pelagic planktonic organisms since they are mostly
controlled by water currents and the availability of nutrients [NIELS DAUGBIJERG, pers.
comm.].

Due to the markedly similar morphology (Paragraph 3.4.1) the identification and counts
are associated with a degree of uncertainty, since many specimens could not readily be
conferred as belonging to either of the two species. As described in paragraph 1.3 Gran
[1902] determined that great variation in anterior horn-angles occur within C. longipes
(Figure 1.8). If, as Gran suggested, all of the diverging specimens had been conferred to C.
longipes, the frequency and distribution of the two species would appear much more uneven,
i.e. with a higher ratio of C. longipes : C. arcticum.

Morphometrical data including the two species and the diverging specimens should have
been obtained to either confirm or reject the statement of Gran (1902) that the angles between
the antapical horns are normal distributed for both of the two Ceratium species [GRAN 1902].
These data might have contained indications on whether the specimens encountered were
highly diverging or rather two types of Ceratium with many intermediate forms, i.e. to revive
the question of whether Ceratium longipes and C. arcticum are in fact two different species or
rather form variations of the same (Paragraph 1.3). Unfortunately, time did not permit a
thorough morphometrical analysis.

Molecular data on Ceratium was not obtained, since the PCR resulted in the amplification
of more than one DNA fragment, which made sequence determination impossible. This could
be explained through contamination of the samples, but is highly unlikely due to the careful
isolation procedure (Paragraph 2.7). Another possibility is amplification of DNA fragments
from possible food items of dinoflagellate origin. In general, single cell PCR is a difficult
technique, often with a low success rate. DNA sequence data for the Ceratium species from
Disko can, nevertheless, still be obtained, since single-cell PCR and sequence determination
can be performed by isolating cells from the Lugol-fixed material.

4.4. Methods

Overall, more species have been identified in this survey compared to those conducted
previous in this area, but apart from the arguments given in Paragraph 4.1, the 50 listed
species are clearly an underestimate of the species diversity in the vicinity of Disko Island;
neither dinoflagellates forming part of the microbenthic community nor the nanoplankton
(<20 um) have been examined.
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Compared to the surveys of 1994, 1998 and 2002 we have identified relatively few athecate
dinoflagellates in comparison to thecate dinoflagellates (Table 4.1). However, several more
athecate specimens where encountered but due to technical difficulties insufficient such as
LM photo documentation we have been unable to identify these. In particular, information on
the nucleus and cingulum is missing for many specimens, and these as well as the shape of an
apical groove, if present, are essential characters for identification of athecate dinoflagellates.
Characterisation of the apical groove requires SEM, but, unfortunately, we were not able to
identify any athecate species in SEM either; simply because the Lugol fixation deforms the
unarmoured cells. To avoid this and achieve optimal preparations, part of the dehydration step
for SEM preparation should have been performed immediately after sampling [GERT HANSEN,
pers. comm.].

Many of the thecate species detected in this survey were identified in SEM only:
Alexandrium minutum, A. tamarense, Pentapharsodinium dalei, Gonyaulax alaskensis, G.
digitalis, Preperidinium meunieri, Protoperidinium pentagonum, and P. subinerme. In
addition, two unidentifiable Protoperidinium species were detected with this technique. Thus,
the application of SEM has expanded the species list for the 2006 survey by almost 20%.

The use of Calco flour/white would have eased the identification of thecate species in
Greenland and on the fixed materials and, hence, decreased the fraction of species identified
in SEM only. For instance, Alexandrium minutum, of which few specimens were detected at a
single station, might have been encountered in LM combined with calco fluor white, since the
narrow 6°° and the overlapping growth zones (Plates 11 and 12) would hence have been
readily apparent. Unfortunately, due to limitations of the digital camera used in Greenland the
Calco fluor/white-technique could not be applied on live material.

A practical explanation for the variations in species diversity and the species encountered
at the various stations (Table 3.1) may be found in the different amounts of time invested in
analysis of the samples. For instance, material from stations 2 and 8 were never analysed in
SEM, which is reflected by the composition of the species lists (Table 3.1). Also, the variation
in the viability of the live material after sampling was a limiting factor for the LM analysis in
Greenland, and was highly connected to the transport time, density of cells in the samples and
the storage temperature. Clearly, the facilities at Arctic Station were not adjusted for cooling
the laboratory to the desired 4°C, especially with 4-5 persons analysing samples in it; this
became evident when the air conditioning broke down and the room temperature increased to
13°C within a few minutes.

The morphometric measurements data in Paragraph 3.1. are insufficient results and can
not be used as representative for the described species without other features, since only the
photographed specimens were measured. Hence, the naturally occurring variation in
morphometric parameters within a species was not taken into account. In addition to the
intraspecific variation, several abiotic factors are known to influence the pace of cell division,
and since newly divided cells are typically smaller than older ones, this is another element
that makes the morphometric data insufficient. [DAUGBJERG & MOESTRUP, 1992; CHAPMAN &
PFIESTER, 1995]. In addition, many of the species that are capable of reproducing sexually
(Figure 1.9) form gametes which closely resemble the vegetative stage but are usually
smaller. Also, phagotrophic behaviour is most likely to result in marked size variation of
heterotrophic dinoflagellates. Special attention should be taken when morphometric data are
obtained from some of the larger athecate species, such as Gymnodinium gracile (Paragraph
3.1.4 and Plate 25), since their shape may change due to the pressure from the coverslip.
Hence, morphometric measurements ought to be obtained from several specimens from each
sample, and without coverslips when measuring larger cells.
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Although we have worked intensively with this survey, we did not accomplish everything we
had in mind, especially concerning the phylogeny of the Arctic marine dinoflagellates.

More molecular data are required for support of the separation of Phalacroma and especially
D. rotundata from the Dinophysis, but also to help elucidating the problems concerning
Ceratium arcticum and C. longipes. The phylogenetic analysis comparing the dinoflagellate
populations in Danish waters and in the vicinity of Disko Island based on ITS-sequences has
not been conducted, but time did not permit us to amplify and sequence more DNA. However,
we still have 100+ tubes with single cells, including D. rotundata, on which PCR and
sequence determination of the LSU and ITS sequences can be performed.

5. FUTURE PERSPECTIVES

This survey is the first attempt to perform systematics in the vicinity of Disko Island within a
modern context. Several of the species encountered are previously undetected in this area,
which we, as mentioned, perceive as indications on variation in the species composition of the
dinoflagellates. These alterations could be indicative of global climate change, hence it is
most important to continue the surveillance of the phytoplankton community within this area.
An understanding of the profound changes in the marine ecosystem in Greenland is crucial,
since the Greenlandic main export consists of fish and seafood. Hence, a change in structure
of the marine Arctic food web together with introduction of additional toxin producing
species could have dramatic consequences for the entire Greenlandic society. Further
quantitative and qualitative investigations are required.
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APPENDIX 1

Figure 1. The standard gonyaulacalean Kofoid tabulation. A. Ventral view. B. Midventral detail. C. Dorsal
view. D. Apical view. E Antapical view. APC-apical pore complex, FP-flagellar pore, VVP-ventral pore. "-apical
plate, a-anterior intercalary plate, "-precingular plate, s-sulcal plate, c-cingular plate, "-postcingular plate, p-
posterior intercalary plate, ""-antapical plate.
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Figure 2. The standard peridinialean Kofoid tabulation. A. Ventral view. B. Midventral detail. C. Dorsal view.
D. Apical view. E. Antapical view. APC-apical pore complex, FP-flagellar pore, VVP-ventral pore. -apical plate,
a-anterior intercalary plate, "-precingular plate, s-sulcal plate, c-cingular plate, "-postcingular plate, p-posterior
intercalary plate, ""-antapical plate.
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Figure 3. The first apical plates and its homologues. A: Gonyaulacales. B-D: Peridiniales. B. Ortho, four-sided
plate which contacts two precingulars. C. Meta, five-sided plate which contacts three precingulars. D. Para, six-
sided plate which contacts four precingulars.
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Figure 4. Variations of the second anterior intercalary plate (2a). A. Quadra; four-sided plate. B. Penta; five-
sided plate, which can be twisted to the left or right side. C. Hexa; six-sided plate.

APPENDIX 2
The number of Ceratium specimens collected per sample volume at the various stations.
Station C. longipes C. arcticum Intermediate Sample volume (ml)
2 134 83 55 3745
4 44 16 25 1980
5 56 35 15 5990
6 43 26 10 3550
7 35 41 12 1950
8 17 17 7 3990
9 21 16 16 5840
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The Rhodoliths of Disko Fjord, Greenland: First visual record of the
Lithothamnion glaciale/tophiforme (Corallinales, Rhodophyta)
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Abstract.Unattached calcified red algae, often termed 'maerl’ or 'rhodoliths’ are present on the sea floor near the
settlement in Disko Fjord, Disko Island, Greenland. Despite occasionally being caught by fishermen, and a few
scientific samplings over the years by the use of Van Veen grabs, this Greenlandic occurrence have not received
much attention in the literature. In August 2006, these aggregations were inspected by SCUBA diving for the
first time. A habitat with a high abundance of rhodoliths and heterogeneity in their distribution was observed.
The morphology, distribution, and fauna are compared with rhodolith beds at similar latitudes and these habitats
are generally alike. The size of these branched rhodoliths is among the largest in the world and may indicate an
area with ideal conditions for their growth and survival.

Keywords. Rhodolith, maerl, Lithothamnion, Disko Fjord, Greenland

1. INTRODUCTION

In 1962, a porous and calcareous boulder-like structure was collected in Disko Fjord,
Greenland, and it have been kept at the “Arctic Station” with its original note sticked to it,
saying “Coral”? It turned out to be an unnoticed variety of the encrusting red algae
Lithothamnion glaciale Kjellman, 1883 or L. tophiforme (Esper) Unger, 1858 forming these
ball-shaped structures with a diameter of more than 10 cm.

The existence of such unattached non-geniculate coralline algae is not new to science, as
they for more than a hundred years have been known to cover large areas of the sea bed
[KseLLmAN, 1883; WEeBerR-VAN Bosse & FosLig, 1904]. They are known from sub-tidal sea-beds
all over the world, from the tropics to the high Arctic [BOsSENCE, 1983a; FOSTER, 2001]. For a
thorough overview of the topic, see the reviews by Bosence [1983a; 1983b] and Foster [2001]
combined with the extensive study by Frewap & HenricH [1994] on morphology,
sedimentary dynamics, growth, carbonate production, distribution and associated fauna, as
well as a supplemental issue of Aquatic Conservation: Marine Freshwater Ecosystems [2003]
with the main focus on conservation.

The terms “maerl”, “rhodoliths” and various spellings thereof have been applied to these
free-living coralline nodules, depending on whether they had a non-algal core, but also
differing between geologists and biologists as well as Europeans and Americans. Today,
‘rhodolith’ is widely used for any nodule comprised predominantly of coralline algae, and is
partly synonymous with maerl, which is used mostly for unattached branched crust of
irregular shape that consists wholly of coralline algae [FOSTER, 2001; DONNAN & MOORE,
2003a].

1.1.  Rhodolith formation

Rhodoliths can be formed by several genera in the Rhodophyta (fx. Lithothamnion,
Phymatolithon and Litophyllum) [ADEY & MACINTYRE, 1973] and several species may be
present in the same area or even on the same rhodolith [RIOSMENA-RODRIGUEZ et al., in press;
FOSTER, 2001]. To understand the formation of rhodoliths, it is necessary to know about the
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growth of non-geniculate coralline algae. The species have different growth forms, but the
plasticity also varies greatly within the species, depending on the environment and age
[RIOSMENA-RODRIGUEZ et al., 1999].

The three overall forms are: a smooth flat crust, crusts with knobby protuberances, or a
variety of branched forms. Species may thus progress from a smooth crust to one with
protuberances that may later develop into branches [KIJELLMAN, 1883; FREIWALD & HENRICH,
1994; ADEY et al., 2005] or it may remain in an intermediate stage. They all grow faster along
their margins, as they here get the best surface to energy investment ratio, which is important
for their photosynthesis. For those with three-dimensional growth form (as opposed to flat)
this means outward and upward [FREIWALD & HENRICH, 1994]. Branching forms have the
risk of breaking, and in these situations they respond by increased intercalary growth of the
branches near breaking point [FREIWALD & HENRICH, 1994]. This is important in increasing
the sphericity of the rhodoliths.

Free-living rhodoliths may have different origins and the formation go through several
stages. If coralline spores settle on a mobile substrate such as shells, coral rubble or small
pebbles, they may form nucleated or “massive” rhodoliths by overgrowing their substrate
[KIELLMAN, 1883]. The early stages of nucleated rhodoliths takes shape according to their
nucleus and gradually become spheroidal or discoidal as crust thickness increase [SCOFFIN et
al., 1985]. The resulting shape often depends on how much they tumble around.

If the coralline spores instead settle on a stable substrate such as rocks, they may grow and
gradually develop into branched grows, often as hemispheroid “heads” [FREIWALD &
HENRICH, 1994]. Strong wave action, such as during storms, may cause these heads or
branches to break. The breaking may be facilitated by larger size, i.e. larger surface compared
to the size of the basal attachment. Or if the most basal branches are dead and have been
affected by bioerosion. They become rhodoliths at time of detachment, and as they are
photosynthetic, nothing directly hinders them in continuing to live the place they are
redeposited to.

A variation of this method of formation is at places with a reefal framework of non-
geniculate coralline algae. These create “build-up derived” rhodoliths whose formation is
fairly identical, but the subsequent facies distribution differ as the hydrographic regimes are
dissimilar [FREIWALD & HENRICH, 1994]. Such reefal coralline algal build-ups are rare
though.

A third method of formation is by fragmentation of the rhodoliths themselves. During
physical disturbance of the rhodoliths, through wave action or perhaps bioturbation, some of
their branches may break. Such a newly detached branch will often continue its growth and
gradually grow towards a more spheroid shape. This type of internal recruitment may be a
very important, or perhaps major, contributor of rhodoliths in a rhodolith bed [FOSTER, 2001].

Several factors affect the shape and survival of rhodoliths. Light penetration through the
water may affect both rhodolith shape as well as maximum depth for survival. Rhodoliths are
generally more openly branched where light levels are low, in order to reduce self-shading,
while a dense structure is possible where light is plenty [FREIWALD & HENRICH, 1994;
FOSTER, 2001].

Rhodoliths are very vulnerable to being covered by fine sediments. A study showed that is
was more likely due to restricted gas exchange than to lack of light, as total darkness did not
have as detrimental effects [FREIWALD & HENRICH, 1994]. Rhodoliths thus require a
sufficient level of water motion to prevent their thalli from being smothered with silt or being
permanently stuck in the substrate. Moderate or strong currents, or sometimes wave action,
are therefore a prerequisite to prevent or remove sediments fouling or burying the rhodolith
[BOSENCE, 1976; FOSTER et al., 1997; MARRACK, 1999].
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Spheroid rhodoliths are even able to maintain living tissue all around, possibly due the
prevailing currents constantly redepositing the sediments around them [SCOFFIN et al., 1985].
This may even rotate them in small increments [FREIWALD, 1995] although tidal currents in
general does not move the rhodoliths [FREIWALD & HENRICH, 1994; MARRACK, 1999] except
perhaps in habitats of intertidal rhodoliths. Bioturbation or occasional storms, however, assist
in the turning and replacement of rhodoliths over time so that the sides change their exposure
to optimal and adverse conditions of light and water exchange [MINNERY, 1990; FREIWALD &
HENRICH, 1994; FREIWALD, 1995; MARRACK, 1999]. Rhodoliths contain large starch reserves,
possibly supporting them during winter at high latitudes or other unfavourable conditions
[FREIWWALD & HENRICH, 1994] and reallocation/transport within the thallus to support
unfavourable areas of growth has also been suggested [LiTTLerR et al., 1991].

Another important factor of water movement is the risk of physical damage. Frequent and
strong wave action will effectively break the branches too often for the rhodoliths to ever
increase in size. These places will instead have kelp beds or other tolerant communities.
Weaker and less frequent waves may have small and dense rhodoliths, while protected or
deeper sites have a reduced wave impact and allows more openly branched forms. This last
hydrodynamic regime is where we most commonly find rhodoliths. Here the occasional storm
may result in fragmentation and rotation, beneficial to the development of the rhodolith beds.

The largest reported massive (nucleated with smooth or protuberant crust) rhodoliths have
a diameter of up to 20 centimetres [Minnery, 1990] while the largest branched forms may
reach the same size in arctic habitats [KIELLMAN, 1883] or even 0.5 m as reported by FosLie
[1890; 1929].

The reported growth rate of branched rhodoliths in subarctic and temperate waters is a
branch extension of 0.05 — 1.5 mm yr™, which is up to five times lower than the rate from
branched tropical rhodoliths [FOSTER, 2001]. But a calcium carbonate fixation rate of 30-1423
g CaCOs m™ yr' is similar to, or even higher than that of subtropical or tropical rhodolith
bed, and comparable to the lower rates from tropical coral reefs. This high fixation rate makes
temperate rhodolith beds one of the fastest carbonate—producing marine environments in
temperate and subarctic waters, facilitated by a very high standing crop when present
[FREIWALD & HENRICH, 1994; BOSENCE & WILSON, 2003; BLAKE & MAGGS, 2003; Wilson et
al., 2004].

1.2.  Distribution and formation of rhodolith beds

Because of these requirements for formation and survival, rhodoliths are only found in places
with certain physical conditions and hydrographical regimes, and are usually distributed in
different gradients of shape and density, forming so called “rhodolith beds” or “maerl beds”.
These may be either pavements or biostromal bank-like structures. Their need for light
confines them to coastal areas, at depths depending on a trade-off between water
transparency/turbidity, wave exposure, and risk of burial/sedimentation.

Living rhodoliths have been found on intertidal flats [SCOFFIN et al., 1985] and are
actively growing down to depths of at least 90 m, with partly living rhodoliths down to 290 m
[LITTLER et al., 1991]. These large depths can only be obtained in areas with exceptionally
clear water. Around tropical reefs, a high abundance is often found at or below the lowest
depth limit of corals, and may perhaps set the lower limit for coral growth by being an
unstable substrate, unsuitable for coral spat [FRICKE & MEISCHNER, 1985]. The opposite, that
corals exclude rhodoliths from shallower depths, could also be the case. In temperate and
colder waters, living rhodoliths are most common at depths of less than 20 m [ADEY & ADEY,
1973; FREIWALD et al., 1991; KONAR et al., 2006]. But the depth limits are species-specific,
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depend on many other factors, and extensive live beds have been found deeper than 40 meters
[KIELLMAN, 1883; ADEY et al., 2005]

A certain distance to areas with high run-off of terrigenous material, such as fjords, is
necessary, but a complex typography in the area will facilitate the settling of e.g. silt, and
shallow sills are especially good at retaining material that could have an adverse effect
[FREIWWALD & HENRICH, 1994]. Headlands, narrow channels, or shallow platforms with
relatively strong currents are often ideal for extensive beds, as well as sheltered but open areas
with some wave action, such as inlets or coastal bays [BOSENCE, 1979; DONNAN & MOORE,
2003a]. Arctic and sub-arctic corallines have proven to be well adapted to the light regimes of
the north [FREIWALD & HENRICH, 1994; WILSON et al., 2004] and maximum depth of the beds
may thus be determined by lack of water motion, in addition to diminishing light levels, while
the shallowest is set by exposure to wave action.

The size of rhodolith beds is usually in the order of hectares [FREIWALD & HENRICH,
1994; PILLER & RASSER, 1996; DONNAN & MOORE, 2003a] although an extensive bed runs
along the coast of Brazil, from 2°N to 23°S [KEMPF, 1970].

1.3.  Bioerosion and Sediments

The substrate under dense bed of branched rhodolith is often comprised of poorly sorted
sediments as the branched framework limits water movement across the sediment layer. A
mixture of gravel, mud, skeletal carbonates and other CaCO3 sediments is often found below
and within the lower branches of rhodoliths. The beds are host to many carbonate-secreting
invertebrates and together with bioerosion of the inner dead parts by boring sponges, annelids,
bivalves etc. makes rhodoliths important contributors of calcareous sediments, and this may
over time lead to the formation of thick gravel banks [MINNERY, 1990; FREIWALD &
HENRICH, 1994; PERRY, 2003; DONNAN & MOORE, 2003a]. For a detailed compositional
analysis of sediments within a rhodolith framework, see FREIWALD & HENRICH [1994].

1.4. Fauna

The porous and three dimensional structures of branched rhodoliths create a very
heterogenous habitat and are known to host a high diversity, especially of cryptofaunal
species living within the interstices [STELLER et al., 2003]. In northern waters there is
relatively little epiphytic growth on living algal tissue, but a dense coverage on the inner dead
thalli by all types of filter feeders: polychaetes, cirripedes, molluscs and bryozoans. Diatoms
and foraminiferans also colonise both living and dead tissue. A dense vagile epifauna is also
present, and especially polyplacophorans, sea urchins and brittle stars are abundant, along
with gastropods, ostracods, and other crustaceans [FREIWALD & HENRICH, 1994]. In addition,
the sediments within and below the rhodoliths contains a rich meiofauna [HIGGINS &
KRISTENSEN, 1988; THORSEN et al., 1989]. The absence of larger structures may exclude
predators that are usually found at rocky reefs, e.g. some fish species [FOSTER, 2001], but it is
nevertheless more heterogeneous than sandy or muddy bottoms. They host endemic and rare
species [see STELLER et al.,, 2003] and are also efficient nursery grounds for several
echinoderms and molluscs [KAMENOS et al., 2004].

1.5. Conservation

Rhodolith beds have received less scientific attention than the three other major benthic
communities covered by marine macrophytes: coralline reefs, kelp beds and forests, and sea
grass beds [FOSTER, 2001]. This fourth major habitat may be under great threat due to their
strong susceptibility to sedimentation [WILSON et al., 2004] combined with slow growth and
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unique requirements for formation. Even small anthropogenic disturbances, whether it is
physical destruction, eutrophication, or altered sedimentation, may therefore quickly affect
these faunistically rich communities [DONNAN & MoORE, 2003b]. Commercial harvesting of
“maerl” for use as soil fertilizers does not represent a sustainable use due to the slow growth,
and fisheries trawling may bury them by causing heavy siltation [STELLER et al., 2003].

1.6. Previous studies of rhodoliths in Greenland

Now and then the rhodoliths of Disko Fjord have been caught in nets of the local fishermen
but were just regarded as a curiosity. A few studies have looked closer at these algae as well
as the fauna of the area, all by the use of a Van Veen grab for sampling. Hiceens and
Kristensen [1988] studied the meiofauna and found a new kinorhynch species, Echinoderes
peterseni, inside the rhodoliths. THorsen et al., [1989] studied the Rhodolith growth forms and
all macrofauna as well as some meiofauna, while Diwel and Wegeberg [1992; 1994] focused
on the Lithothamnion morphology and systematics. L. K. Rosenvinge [1883] reports
rhodoliths near the settlement lkamiut in Disko Bay and a few other places, but other
Greenlandic occurences are rare.

2. MATERIALS AND METHODS

A known rhodolith bed is present outside the settlement Kangerluk (Disko Fjord), Disko
Island, West Greenland, at 69°29.100N, 53°56.210W (Fig. 1). It was visited using R/V
Porsild on the 16 August 2006 as part of the Arctic Field Course 2006 by the University of
Copenhagen. A qualitative survey of the area was done by SCUBA diving at depths of 5-14
m. Visual sampling was done by photography and video recording. Physical samples were
collected by hand in sealable plastic bags. Additional samples were collected by the use of a
Van Veen grap at depths of 8-20 m. Rhodoliths and associated fauna and sediment were
treated by various methods (no treatment, freshwater shock or MgCl sedation) and fixated
(ethanol, formalin, glutaraldehyde).

All material is stored at the Zoological Museum, University of Copenhagen, Denmark, for
further taxonomic studies. A thorough identification and quantification of the fauna was not
the aim of this study due to restricted logistics.

3. RESULTS

3.1. Rhodolith distribution

Only a small area in proximity to the Kangerluk settlement was surveyed, and it is therefore
difficult to give a confident estimation of the extent of the rhodolith bed. Based on the visual
observations and Van Veen graps from this study, combined with data and positions from
previous studies, it appears to be in the order of hectares. Water surface temperature was 10°C
with 6°C at 10 meters depth. Salinity was 33%. and pH 8-9. A strong pycnocline was present
in the upper few metres. The bottom was gently sloping down to 10 meters depth where it
became almost platform-like with a depth increase of about one meter for each 20 meters
further distance from shore.

The substrate underneath and around the rhodoliths consists of mud and gravel topped
with an organically rich thin brown layer (Fig. 2a). Many were covered partly by sediments —
others not at all. There were many small rocks (< 10 cm) at depths above 8 m, and larger
rocks (10-20 cm) in the areas with dense rhodolith cover. Other areas in the 10-20 m depth
zone were barren for rocks as well as rhodoliths (Fig. 3a) The rocks were mostly devoid of
protuberant crusts and only had “flat” Phymatolithon-like crusts, while “foreign” debris, like
charcoal (Fig. 4f) and broken glass (Fig. 2a), carried protuberant forms of Lithothamnion.
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Figure 1. Map of Disko Fjord (Kangerluk). The rhodolith bed is marked by the asterisk *.
Bathymetry reproduced from Schmid and Piepenburg 1993, with depth curves in meters.
Map reproduced from Google (Terrametrics).

Rhodoliths were found within a depth range of 6-20 m, but by far the highest abundance was
between 9 and 13 m depth. Here they covered most of the seabed (Fig. 2c), although rarely
multilayered. But some of these areas with dense cover were merely narrow bars 1-2 m wide
and 20-30 m long and adjacent to barren patches with only one or two live rhodoliths per m?
and a little amount of dead fragmented thalli. Rhodolith cover declined gradually above 9 m
and below 13 m depth.

A large rock, one meter wide and 70 cm tall, was present within the rhodolith bed at 13
meters depth. It had a barren patch next to it with no rhodoliths in a half circle a little smaller
than itself. But the same pattern was not observed next to a slightly smaller one. Another
observation was an almost one meter deep depression at about 13 meters depth (Fig. 2b). It
had a half circle formed ridge, about ten centimetres higher than the adjacent rhodolith bed,
on which there are no rhodoliths. A little patch of rhodoliths appear to have tumbled down the
side. From the depression and towards deeper water, there was an elongated track devoid of
rhodoliths.

3.2. Rhodolith morphology

Morphology and size changes gradually with depth: Small irregular rhodoliths (d<5 cm) and
fragmented live thalli are found in the shallowest depths. Large spherical (d = 5-13 cm) dense
but still porous rhodoliths at 7-13 m, often hollow (Fig. 4a). Between the spherical rhodoliths
there are many small branch fragments. At greater depths, the rhodoliths are smaller (3-7 cm)
and more fragile openly branched forms (Fig.4b). Only a few of the “spheroid” rhodoliths
were truly spherical — shape varied, but within certain limits and most were of similar size.
They were round overall but could have some irregularity in their shape, or be a little
elongated or discoidal.
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The largest rhodolith collected was an unattached plate of protuberant crust with a diameter of
17 cm (Fig. 4c) while the largest spheroid rhodolith was 13 cm at its longest dimension. The
surfaces of the rhodoliths showed some variation. Most had live tissue all around, and only a
few larger openings towards their centre, while others apparently were dead on one of their
sides - usually the one facing or partly submerged in the substrate. The thallus of larger
rhodoliths formed a crust of closely spaced branches, one to one and a half centimetres thick,
surrounding a hollow interior with a volume in tens of cubic centimetres. The inner side was
usually dead or at least bleached of pigmentation. Large holes towards the interior were
common and appeared to be from physical destruction. The only exception from having a
hollow interior was specimens with live branches growing inwards, often towards a hole on
the other side of the rhodolith.

The combined volume of “protected space” in this habitat thus seem much larger than
between the holdfasts in kelp forests, rocks and pebbles in stone reefs, or any seagrass bed or
sediment flat. Coral reefs have an enormous standing stock with a vertical extension far
beyond of the flat rhodolith beds. But live corals rarely offer a matrix with such small pores,
and are often aggressive towards epibionts. The layers of coral rubble can provide a lot of
habitat, but perhaps with a longer distance to the free water mass.

3.3. Fauna

A brief characterisation of the fauna observed and collected is here presented. As observations
are sparse, they may not be representative of the entire rhodolith bed, but are nevertheless an
accurate account of the area surveyed. See e.g THorseN et al., [1989] for an extensive species
list from a previous study.

The macrofauna is dominated by echinoderms and molluscs inhabiting the internal voids as
well as being on top and in between rhodoliths. Brittlestars (primarily Ophiopholis aculeata
L., 1967) are very conspicuous in the areas with large rhodoliths, extending their arms
upwards thereby creating what appears to be a forest of arms (front-page). They are still
present in areas with small rhodoliths and crust, but in low numbers and not lifting their arms
from the substrate. The sea urchins Strongylocentrotus droebachiensis Muller, 1776 and S.
pallidus Sars, 1871 are omnipresent in high densities on all substrates, but a barren patch
showed an even higher density of large specimens (Fig. 3a), while there is a high number of
small sea urchins among the rhodoliths. Sea stars and sun stars (Leptasterias polaris Miller
and Troschel, 1842 and Solaster papposus L., 1767) are also common, and juveniles are
found between rhodoliths. The chitons Tonicella rubra L., 1767 and T. marmorea Fabricius,
1780 were all over the rhodoliths and many were juveniles. Two species of large sea
anemones were present within the dense bed, Urticina sp. Ehrenberg, 1834 (front-page) and
Metridium senile L., 1761 (Fig. 3b) while the tube-dwelling anemone Cerianthus sp. Delle
Chiaje, 1830 was in the adjacent areas. The bivalve Hiatella arctica L., 1767 was often fixed
inside the rhodoliths (Fig. 5b), while other species of bivalves and gastropods were less
abundant. The area also contains plenty of empty bivalve shells. Although sparsely
investigated, the crustaceans were not very conspicuous, and only a large spider crab Hyas
araneus L., 1758 were observed at 6 m depth, while amphipods were present in the collected
rhodoliths. Each rhodolith usually contained a few sipunculids (Fig. 5¢) and one or two
species of large nemerteans (Fig. 5d). A diverse polychaete fauna was found inhabiting the
rhodolith surfaces, with Polynoidae being the most conspicuous family. The framework is
host to a large variety of sessile growth forms such as sponges and colonies of bryozoans and
hydrozoans mainly inhabiting the dead parts. In addition, the surfaces are rich in epiphytic
foraminiferans and diatoms but not further studies were done. The meiofauna of the sediments
within and beneath the rhodoliths have not yet been identified.
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Figure 2. Rhodolith habitats. A. Shallowmost area of the rhodolith bed (6-7 m). The sediment is covered with a
thin brown layer of organically rich material. Small rhodoliths are present, while a thin laminate algal crust is
present on some of the pebbles. A piece of glass carries a more protuberant algal crust (arrow). B. A hollow in the
sea bed within the area of dense rhodolith cover, about 2 m wide. A little patch of rhodoliths have tumbled down
the side (arrow). The other arrow indicate a rhodolith with its dead area (white) facing upwards. C. Dense
rhodolith cover at 11 m depth, with many partly broken rhodoliths.
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Figu a adjacent to the dense rhodolith aggregations at 10 m depth. It is barren of
rhodoliths, and heavily populated by the sea urchins (S. droebachiensis). B. Rhodolith bed at 8 m depth, with
rhodoliths partly submerged in the sediment, and a large sea anemone (Mertridium senile). C. A thodolith bed near
Qagortoq (Julianehab). Photo by Agnes Mols Mortensen.
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An Atlantic or Greenland cod, Gadus morhua L., 1758 or G. ogac Richardson, 1836, and an
Atlantic Halibut, Hippoglossus hippoglossus L., 1758, were swimming in the area and a
Butterfish, Pholis cf. gunnelus L., 1758, was caught within a rhodolith.

4. DISCUSSION

The rhodolith beds in Greenland are greatly understudied, and almost nothing is known about
their fauna and distribution. Their presence seems to be unnoticed in the scientific community
working with such habitats, and is exemplified by the absence of any Greenlandic records on
the map updated by Foster [2001] or any recent mentions in the literature. A reason is that the
studies on these rhodolith beds have not drawn attention to themselves, as the rhodoliths are
not stated in the abstracts or summaries, making it difficult to find them when searching the
literature. Hiceens and Kristensen [1988] only mention it shortly in the body text of their
monograph on kinorhynchs, while the other studies have been published in ISBN-numbered
university reports in Danish. Several rhodophyte taxonomists are aware of the rhodoliths in
Disko Fjord and are often consulted regarding taxonomic questions on nongeniculate coralline
algae by other rhodolith scientists, but apparently only very few are aware of the Greenlandic
presence still. The accidental discovery of the first rhodolith bed in Alaska in 2004 [see
SHIRAYAMA et al., 2004; EUREKALERT.ORG, 2004] received much media attention, and in that
way made itself visible to the community. The press release mentions that rhodoliths can be
found “near Greenland” but without giving any reference. The subsequent publication
[KONAR et al., 2006] omits any rhodoliths “near Greenland” altogether.

4.1. Rhodolith morphology at different latitudes

The term rhodolith encompass a wide range of shapes and species of free-living non-
geniculate coralline algae, whose formation and habitat may differ a lot. The rhodoliths of this
study belong to the branched forms which are rarely nucleated. Massive nucleated rhodoliths
with a smooth crust will thus be disregarded in the discussion below. Although there are some
similarities with the fauna and formation of their habitats, the added weight of an internal
rock, and the lack of a large interstitial space makes it a very different habitat.

Not all literature is good at stating the physical dimensions of the rhodolith in their
studies. Taxonomic papers often omit the gross morphology and focus at the cell level, while
many geological papers concentrate on the facies, but don’t mention the sizes of their
constituents.

4.1.1. Tropical and subtropical branched rhodoliths

Tropical and subtropical branched rhodoliths are difficult to generalise as there are a great
number of species and may be found from the intertidal [SCOFFIN et al., 1985] and at great
depths of more than a hundred meters [Kewmpr, 1970; LitTLer et al., 1991]. Rhodoliths in the
Gulf of California have been extensively studied and are dense and spheroid, and most
commonly in the size range of 2-7 cm with an average below 5 cm [STELLER & FOSTER,
1995; FOSTER, 2001], similar to the intertidal ones from Rarotonga [SCOFFIN et al., 1985]. But
all shapes can be found in the tropics as shown on the plates by Foslie [1929]. The Red Sea
even have rhodoliths that are somewhat similar in both shape and size to those of this study —
being up to 15 cm at the longest dimension [PILLER & RASSER, 1996].

4.1.2. The Mediterranean
The Mediterranean is a kind of intermediate between the tropics and North-East Atlantic. Its
lack of coral reefs makes the rhodoliths more important as carbonate fixators, while the depth
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range is similar to the tropics — from less than six meters depth and down to 80 meters or
more in the west, or 180 meters in the east [BAsso, 1996]. It has the maerl-type rhodoliths,
i.e. open irregularly branched crusts that are generally shorter than 5 centimetres, and also
small spheroid and nodular rhodoliths as well as large irregular and multispecific lumps with
sedimentary fillings [BAsso, 1998].

4.1.3. The North-East Atlantic and other temperate waters

The North-East Atlantic and other temperate waters are in some areas dominated by the
maerl-type rhodoliths which form beds along the western coasts of Spain [BARBARA et al.,
2004], France [GRALL & HALL-SPENCER, 2003], Ireland [DE GRAVE & WHITAKER, 1999],
Scotland and England, and Norway [ADEY & ADEY, 1973; FREIWALD et al., 1991]. Larger,
and more spheroid rhodoliths are more common in the northern parts, most notably along the
west coast of Norway [FREIWALD et al., 1991], and a few places along the coast of Ireland
[DE GRAVE & WHITAKER, 1999], Scotland and England. Both growth forms (maerl-type and
spheroid-type) are most likely present several other places, as indicated by the distribution of
the rhodolith forming species [ADEY & MACINTYRE, 1973; ADEY & ADEY, 1973; ADEY et al.,
2005], although the actual growth form (laminate vs. rhodolithic) is rarely indicated in these
records.

The depth of such beds are usually less than 30 meters, although confirmed reports exist
from down to 50 meters [DE GRAVE & WHITAKER, 1999; ADEY et al., 2005]. There are
several reports of beds down to 100 meters in Ireland, but these are still unconfirmed
[BRIAND, 1991]. The size of temperate maerl-type and spheroid rhodoliths is less than 10 cm
at the longest dimensions, usually in the range of 3-5 cm [ADEY & MACINTYRE, 1973;
BOSENCE, 1983b; ADEY et al., 2005].

4.1.4. Subarctic and Arctic rhodolith beds

Subarctic and Arctic rhodolith beds are not rare, but reports are somewhat clustered from
scattered localities in the North Atlantic Ocean and the Arctic Ocean. There is an apparent
lack of records from the Kara Sea, East Siberian Sea, Chukchi Sea, Beaufort Sea and Bering
Sea, while they are common in the Norwegian Sea, Barents Sea and eastern part of the
Norwegian Sea [see KJELLMAN, 1883; FOSTER, 2001]. Most well studied are those along the
west coast of northern Norway, especially in the Troms Area [KJELLMAN, 1883; FOSLIE,
1890; 1891; 1895; ADEY, 1971; ADEY & MACINTYRE, 1973; FREIWALD et al., 1991;
FREIWALD & HENRICH, 1994].

The morphological diversity is great, from the maerl-type to regular and irregular shapes
of more spheroid rhodoliths of all sizes, as shown best on the plates by FosLIE [1929]. The
recent discovery of an Alaskan bed at 60°N is the northernmost Pacific record, and had a 50%
cover of very openly branched ping-pong ball sized rhodoliths, and similar sized mearl-type
rhodoliths (Phymatolithon calcereum and an unknown Sporolithacean) at depths of 8 to at
least 18 meters [KONAR et al., 2006, RIOSMENA-RODRIGUEZ, pers. comm.]. Kjellman [1883]
reports of extensive beds of L. glaciale on the west and north coast of Spitzbergen up to
79°56'N, on the coast of Russian Lapland, and on the west coast of Novaya Zemlya. They
were usually 15-20 cm large spheroids, sometimes nucleated, and most abundant at depths of
15-35 meters. He also describes L. soriferum (today L. tophiforme) to be smaller (up to 8 cm),
never nucleated, and with early ramification, which resembles other specimens from this
study (Fig.4b). It is found in 15-30 meters of water, and according to him, not yet at latitudes
above 71°N.
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Figure 4. Rhodolith morphology. A. Hollow rhodolith from the dense bed at 11 m depth. B. Smaller and more
openly branched rhodolith from 18 m depth. C. Lower side of a 17 cm wide flat plate of Lithothamnion sp. from
11 m depth. A growth form common on large rocks. Clear distinction between the dead white thalli and the live
red thalli of its upper layers. D. Close-up of a fragment broken off C, showing the thickness of the plate (= 2 cm)
and its dense branching pattern. E. Partly broken 13 ¢m wide rhodolith from 11 m depth, seen from ‘above’.
Notice the dead white thalli of the inner lumen, and the live thalli, also on the inner side, where the side is broken
(arrow). F. Charcoal (= 5 cm) with a slightly protuberant crust.
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Figure 5. Makrofauna from rhodoliths. A. Cryptic colouration of the chiton Tonicella rubra. B. Siphon of the
bivalve Hiatella arctica. Notice its close resemblance to the knobby ends of the coralline algae. C. Sipunculid
(Golfingia sp.) living within the rhodolith branch matrix with its introvert towards the outer perimeter. Total
length = 5 cm. D. Nemertean common inside the rhodoliths. Total length = 12 cm.
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Foslie reports a similar depth range for L. glaciale in northern Norway and adds that it have
occasionally been found at 5-9 meters depth. He also mentions an Icelandic presence,
referring to “Stromfelt”. The sizes mentioned for rhodoliths are astonishing, and rarely
referred to in the present day literature: a diameter of at least 50 cm for L. glaciale in the
Arctic sea [FosLIE, 1890; 1895] and of more than 40 cm for L. fornicatum [FosLIE, 1891]
from Troms. Specimens larger than 20 cm at the longest dimension have not been reported
since.

There are numerous records of rhodoliths in Norway — from more southern records of
dense spheroid specimens in Kristiansund 63°N [FosLIE, 1895; SNELI, 1968] to the
extensively studied areas in Troms, and the northernmost Finnmark [KJELLMAN, 1883;
FosLIE, 1895]. Most characteristic of the Norwegian rhodoliths is that they are rarely of the
maerl-type but more often spheroids of sizes around 5 cm, occasionally 10 cm, or fragments
of these.

4.1.5. Reports of rhodoliths in Greenland

Reports of rhodoliths in Greenland are sparse except of the few recent mentions. KieLLMANN
[1883] refers to specimens collected in West Greenland by Th. M. Fries, while Rosenvinge
[1883; 1898] mentions rhodoliths of L. fruticulosum and L. tophiforme from Sukkertoppen
and Qagortog (Julianehaab), L. botryoides (now L. glaciale) from Ikamiut and Aasiaat
(Egedesminde) in the Disko Bay, and L. glaciale collected by N. Hartz from Danmarks-@ in
Scoresbysund 70°27'N, East Greenland (but whether they formed rhodoliths is not
mentioned). Other localities of L. glaciale in Greenland are to be found in Rosenvinge [1883]
but so far it has not been possible to obtain this reference. But some of the the specimens
mentioned in Rosenvinge [1883] are included in the Herbarium of Foslie [WOELKERLING et
al., 2005] and the plates of FosLie [1929] which states them to be from Ikamiut.

The neotype of L. tophiforme is on of those collected by Ryberg in Qagortoq (Julianehab)
and is a 5 cm long specimen of the maerl-type [ADEY et al., 2005]. A recent observation of
rhodoliths south of Qagortoq (Julianehab) in the Southwest of Greenland, reported here for
the first time, is on a rockier substrate (A. M. MorTensen, pers. comm.). No studies have been
done on these, but their presence is well-known to the locals who find the area to be a nice
diving spot due to its lack of macro algae. The underwater photos obtained from the area
shows some small areas with more than a fifty percent cover of live spheroid rhodoliths,
resting among similar sized rocks interspersed with sediment (Fig. 3c). Large bedrock
surfaces are also present in the area and carry a few large plates of protuberant coralline crust,
several centimetres thick. These protuberant plates appear to only have a few places of
attachment and thus likely to be detached by physical disturbance.

4.1.6. The rhodoliths of Disko Fjord

The rhodolith of Disko Fjord are generally irregularly rounded, with some constructional
voids which appears to be from branches breaking of towards their base. Most common size
was just below 10 cm at the longest dimension. None of the collected specimens contained a
nucleus, and there were no evident signs of them being formed on one.

Trorsen et al., [1989] investigated the rhodolith bed of Disko Fjord, which was also the
focus of the present study. They regarded the openly branched rhodolith as L. tophiforme, and
the spheroid ones with a dense surface and internal cavity as L. glaciale. These last ones were
reported to have a size of up to 20 cm, although the largest specimen in their measurement of
interstitial space is 10 cm.

The rhodolith forming species encountered in this study was Lithothamnion cf. glaciale
and or L. cf. tophiforme but the taxonomic resolution of the species have been obscured by
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intermediary forms and unclarity between the species of Lithothamnion tophiforme and L.
glaciale, partly because the type material of L. glaciale have not been reinvestigated recently
[DUWEL & WEGEBERG, 1992; 1994; WEGEBERG, pers. comm.]. A recent study [ADEY et al.,
2005] may have solved the confusion by the use of SEM but this has not yet been applied to
the rhodoliths of Disko Fjord.

Apey et al., [2005] states L. tophiforme as being golf- to tennis ball sized, and often with
early ramification and no nucleus as seen in (Fig.4b) but the chosen neotype have a
morphology that were not observed in this study. KieLLmann [1883] described L. glaciale as
being larger, and often with an internal void from a former nucleus, a morphology similar to
the larger specimens of this study. A mixture of both species is common in many sub arctic
rhodolith beds [ADEY et al., 2005] and may also be the case in this arctic aggregation.
Rhodoliths with a size of 20 cm as found by THorsen et al., [1989] are by far the largest
recently found rhodoliths and would underline the rareness of this site. But branched
rhodoliths of 13 cm as found in this study are also very uncommon and are among the largest
reported from anywhere in the world, save for the old records by KieLLman [1883] and FosLie
[1929].

4.2.  Morphological aspects of the Disko Fjord rhodoliths

A few morphological characteristics of the rhodoliths from this study are worth discussing.
Although most rhodoliths were more or less spheroid, any unattached growth of non-
geniculate coralline algae is per definition a rhodolith, including perfectly flat growths.
Secondly, many of the larger rhodoliths exhibited unpigmented areas, in most cases on the
side that faced the substrate. The most interesting feature of the rhodoliths is the internal void
present in the large specimens from 9-14 meters depth, and the centimetre sized holes they
often have into it. The origin of such internal void may have different explanations, some very
hypothetical, others more plausible. They will all be discussed as it facilitates the reasoning,
and may differ between species and habitats.

4.2.1. A flat rhodolith?

The large flat plate of a two centimetres thick crust of densely clustered branches (Fig. 4c)
obviously originate from growth on a large rock or similar flat substrate (in this area, trash is
an actual possibility). But apart from its flat shape, the morphology of the crust itself was
similar to that of the rounded rhodoliths. Branching or protuberant crust was not observed on
the rocks in the area, but cannot be excluded — only the laminate crust of Phymatolithon sp.
was seen.

4.2.2. Dead or unpigmented areas on live rhodoliths

The rhodoliths which had a side buried one or two centimetres into the sediment were clearly
affected by this, with that area being bleached or dead. But dead sides were not restricted to
buried rhodoliths. Most larger ones had one or two dead areas, which most likely stem from
having that side facing the substrate for too long [WiLsON et al., 2004]. Smaller rhodoliths did
not seem to suffer from this, except perhaps at a few branch tips. They are more openly
branched which gives better water exchange and light conditions, while their lower density
makes them more susceptible to tumbling, thus preventing long-term burial.

Most rhodoliths in areas with dense cover were not buried and were on a sediment of
coarse particles. This indicates ample currents along the bottom to prevent or remove fine
sediments, but rhodoliths lying slightly shallower, at 7 meters depth, were partly buried (Fig.
3b). Explanations could be increased sedimentation or reduced current energy from an
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extremely local variation in the bottom currents. Perhaps due to interaction with the
pycnocline. But no distinctive wave- or current ripples were observed, and a further
investigation of the area is necessary.

4.2.3. Formation of internal cavities

One hypothesis is whether a hollow rhodolith can be formed from a thick plate of protuberant
or branched crust that become detached from a rock due to at storm event and/or bioerosion of
its lower layers. Its only way to become spheroid would be through increased and directed
marginal growth. If the live side of the flat rhodolith faced the substrate, growth would be
directed towards the margins and upwards, due to their phototactic growth response. This
could theoretically give a somewhat rounded structure if their margins were able to merge
together. If the live side instead faced the surface, no void would be formed, and it would
most likely grow towards a dense hemispheroid. And tumbling to the “right” side for growth
would be less likely for a flattened structure. All in all a very speculative hypothesis, but it is
important step in reasoning that the large rhodoliths are unlikely to stem from a well
developed flat crust on rocks, such as the one seen in Fig. 4c.

Another is given by KieLLman [1883, p.94] who writes about large L. glaciale rhodoliths
that “On their lower side, which is turned towards the bottom, such individuals are often
furnished with a large opening, through which the originally included object has fallen out.
According to him, the internal lumen is mainly the leftover space of the rock or shell that the
algae originally settled on. Why it falls out is not made clear, but an effect of worms and
boring mussels in producing surface pores and cavities is mentioned. Worth noting in the
citation is the word “often” which either implies that some: a) still have the object inside, b)
are not formed on a foreign object and instead have their own coralline branches inside or c)
have a cavity without having a large opening to the exterior.

How an internal nodule can get out also depends on its substance. If it is a small rock, it
would have to leave before it becomes fully overgrown or alternatively break its way through
from the inside during storms. Another possibility exists if the nucleus is a shell. Over time a
dead shell may degrade, largely due to the boring of sponges and worm, and the crust it
carried may grow to form larger rhodoliths [ADEY et al., 2005]. Although this didn’t directly
explain the formation of a cavity or opening into it, it gives a clue that bioerosion may be
important in rhodolith beds.

Several of the rhodoliths of this study had an internal cavity without having an opening
into it, and with no signs of a nucleus. This is also commonly observed in Norwegian
rhodoliths near Kristiansund (N. Aukan, pers. comm.). If these rhodoliths initially had a rock
nucleus, the exit hole would have to be closed secondarily by thallus growth. If it used to have
a shell as nucleus, subsequent bioerosion could theoretically leave a cavity. Finding
intermediate stages of these processes would render them the best support. No nucleated
rhodoliths were found in this study, and the closest resemblance to one was small and living
Hiatella arctica with a maximum distance from the surface within “a siphons reach”.
Although this does not exclude a nucleus from having a role, it clearly shows that it is not the
predominant cause in this rhodolith bed.

As all smaller rhodolith had a core of their own branches, it is reasonable to expect this
situation to be the stage prior to the hollow form. The core will stay alive as long as it receives
sufficient light and water exchange, but may change when growth increase the radius of the
spheroid rhodolith. An open branching can counteract this, but run a higher risk of breaking
its fragile branches. This is probably why the most openly branched rhodoliths are found
deeper than more dense shapes as in this study and e.g. those by Minnery [1990], PiLLar and
Rasser [1996], and Atasay [1998]. Likewise were the small rhodoliths of this study more
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densely branched at shallow depths, where light conditions are better and wave impact higher.
It is likely that the light levels cause an inherent response in the branching density, while
water motion may control directly by physically breaking long and thin branches [FREIWALD
& HENRICH, 1994; FosTer, 2001]. And that the rhodolith subsequently responds to this by
increased intercalary growth [FREIWALD & HENRICH, 1994] which increases density.

At some stage the rhodolith will attain a size or density at which it is impossible or
uneconomical to keep the core alive. While corraline thalli is efficient at preventing fouling
by epiphytes and infestation by endolithic organisms when alive, partly by attracting species
that feed on them [FREIWALD, 1993], their dead parts are severely affected. A continuous
bioerosion by algae, fungi, sponges and larger boring species will over time destruct the dead
thalli core [FREIWALD & HENRICH, 1994]. As the rhodolith continues its radial growth more of
the inner thalli will die, followed by erosion, thus forming an internal cavity without large
openings.

This “radial bioerosion” is observed in most of the rhodoliths where the internal dead thalli
curves along with outer live thalli (Fig. 4e). If bioerosion was not important you should easily
find dead rhodoliths of similar shape and size underneath the live ones, potentially forming
banks of fragmented and dead thalli over time. No such banks were found in this study, but
are common in other rhodolith beds [FOSTER, 2001; BOSENCE & WILSON, 2003; ADEY et al.,
2005].

4.2.4. Small and large holes in spheroid rhodoliths
Among the rhodoliths collected there were also several which did have openings larger than
two centimetres, sometimes as much as 7 centimetres. Openings in the size of one or two
centimetres are most likely from Hiatella arctica, which was also observed frequently by
FreiwaLp [1991] in rhodoliths larger than 5 centimetres. Similar sized indentations in the
surface may occur where a branch with several outer ramifications have broken of near its
basis. | suspect the large holes to be a result of physical destruction combined with localised
bioerosion. When the rhodoliths grow larger they grow in weight and diameter, but crusts
thickness usually stay the same. It is normally between a half and two centrimetres in L.
glaciale, and varies within the rhodolith [KJELLMAN, 1883]. When tumbling during e.g.
storms, the chance is thus higher that the crust will break. The slightly discoidal rhodolith in
Fig. 4e is larger than ten centimetres, and have a large hole in both its flattened upper and
lower side. It clearly had an upper and lower side at the time of collection, as indicated by less
pigmentation in the lower half which was still alive. The marginal areas around the opening
contain dead thalli, and the openings were unfortunately enlarged slightly by the physical
handling during collection. | expect the initial openings to be a result of that side facing or
being buried in the substrate for too long. The effects of reduced light and water exchange
will be most pronounced towards the middle of that area, which may die and be eroded by
bioerosion. During a storm event it may have tumbled, and would be most likely to break in
this weakened area. Two holes should be explained by two such events. Another interesting
feature of this rhodolith is the area of live thalli where the side is broken (Fig. 4c, arrow). This
inner area would normally be dead but the breaking of one side has improved the living
conditions. A similar thing was observed in another rhodolith which only had a large opening
in the upper side. Underneath this hole, an upward growth was observed from the lower crust
of this hollow structure, i.e. into the lumen. As this growth was taller than a centimetre, it
could indicate that the rhodolith had been in a stable position for a long time.

Holes of intermediate size (2-3 cm) were also observed, and their edges were often live
and with a thick crust that continued a little around the inner edge. The cause of the hole could
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be boring or tumbling, and their current structure simply appears to be a result of subsequent
growth.

4.2.5. Rhodoliths at intermediate depths are dense and large

The strong difference in rhodolith size and branch density at various depths may have one or
more explanations. One explanation for the increased density of large specimens, and which
may be valid for all rhodolith forming species, is that their increased weight makes the
branches break more easily. But other aspect, such as light and water movement can also be
important in explaining how small specimens of the same size can have strikingly different
branch densities. The possibility of having two species present, L. glaciale and L. tophiforme,
could theoretically account for the differences if their growth form and optimal growth
conditions are dissimilar.

4.2.6. Morphological aspects —a summary

The modes of formation and causes of internal voids and external openings can be manifold.
Some clearly have or have had a nucleus, others have not. Bioerosion and physical damage
and burial all are important processes, while light, current and sedimentation have different
effect on the many different species. Both formation from spores and by fragmenting occur
within the bed, and internal voids may be from a previous nucleus (primary formation) or
from bioerosion (secondary formation). The best evidence for or against the various theories
is the lack or presence of intermediate stages, but while present in some areas, they may be
absent in others. They different species have a set of environmental requirements and
responses but no strict bauplan for their growth and this may account for the variation within
species and between habitats.

4.3. Bioturbation

Bioturbation have often been suggested to be important for the formation or survival of
rhodoliths, by rotating them, thereby reducing the effect of sedimentation and risk of burial
[FOSTER, 2001]. Rosenvince [1898, p.225] shortly assume that rhodoliths are commonly
moved by the fauna. FreiwaLp and HenricH [1994] speculate that the rhodoliths may be moved
or temporarily picked up when carnivorous fishes, such as the Cod (Gadus morhua) or the
wolf fish (Anarhicas lupus) feed on the brittlestar arms that extends from their hide on or
within the rhodoliths. In a rhodolith bed in Kristiansund, Norway, the gaping file-shell
(Limaria hians) have been observed to actively force itself under the rhodoliths where they
are normally found, thereby rotating them quite often (N. Aukan pers. comm.). The study by
Marrack [1999] showed several fish species picking up rhodoliths in order to forage for
invertebrates below, while other fish made burrows, displacing the rhodolith. Sea urchins
were also observed digging into the sediment, and crabs disturbed by walking below and
among them. The rhodolith bed in Disko Fjord contained several large carnivorous fish, and
plenty of brittlestars for them to feed on, while the sheer abundance of sea urchins may cause
minor disturbance along with the occasional but large crabs that are present in the area.

4.4.  Distribution of rhodoliths at regional and local scales

The habitats in which we encounter specimens included in the collective term ‘rhodoliths’ are
surprisingly similar in many hydrodynamic and marine topographical aspects, despite
consisting of many different species all over the world. Although the habitats initially may
sound very different, e.g. “Open shores and sheltered places” [FosLIE, 1895] or “...at
headlands or between two islands” [BOSENCE & WILSON, 2003], they are characterized by
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moderate currents, and little wave actions. On exposed coast, larger depths will reduce the
wave disturbance.

Due to their unattached state, the distribution of the rhodoliths on the sea bed is governed by
the topography and hydrodynamic regime which can make them aggregate in depressions, in
finger-like patches or bars, and sometimes ridges and ripples are formed by waves and
currents.

4.4.1. Physiogeography of Kangerluk (Disko Fjord)

The study area resides in the outer end of the fjord Kangerluarsuk next to the settlement of
Kangerluk (Fig. 1) Most other studies have overlooked this inlet, and instead focused on all
the other areas: The main fjord Kangerluk and its two innermost parts, Kuannersuit Sulluat,
and Kangikerlak [SCHMID & PIEPENBURG, 1993; Gilbert et al., 1998; M@LLER et al., 2001;
GILBERT et al., 2002; DEsLOGES et al., 2002]. Both of these have an input of glacial meltwater
with suspended sediments, but a great amount of this is trapped by a sill near Qivittut, around
the confluence of these two inner branches. Kangerluarsuk receives no direct glacial runoff
and is about ten kilometres from the sill at Qivittut, and sediment input is thus expected to be
minor in this area. Wind-induced wave disturbance of the rhodolith bed can be evaluated
based on the wind fetch at different wind directions. The bed is situated on the leeward side of
a point and is relatively protected from upfjord winds, but may be quite exposed under certain
rare wind conditions. The wind fetch for upfjord winds have been calculated for Disko Fjord
[GILBERT et al., 1998] and show a fetch of up to a hundred kilometres at maximum near the
rhodolith bed. But the general pattern is a fairly protected area with less than ten kilometres
fetch, but with the rare possibility of large waves that may affect the rhodoliths.

4.4.2. Distribution of rhodoliths in Kangerluk (Disko Fjord)

The rhodolith distribution on the seabed exhibited a graduated change in density and
morphology with depth, and elongated patches of rhodoliths were present, but not
dominating. The seabed appeared to consist of mud and gravel rather than a bank of dead
rhodolith thalli. Uncalcified macrophytes were virtually absent.

The site of initial formation of the Disko Fjord rhodoliths has not been observed with
certainty. | believe that recruitment from within the bed by fragmentation or settling of spores
is the origin of the majority of the rhodoliths in the bed, but there are other possibilities. As no
nucleated rhodoliths were observed, the formation would have to be in a different place if
they are indeed initially formed with a nucleus. They could also have been formed elsewhere,
at similar or shallower depths closer to the headland or further into the fjord, and subsequently
transported to the surveyed area, e.g. a storm-triggered redeposition onshore. The formation at
such remote places could either be from a fixed algal crust on rocky outcrops, or a fixed algal
build-up. No such sites were observed near to the rhodolith bed in Disko Fjord, but no
directed attempt was done to locate any.

The little depression in the seabed observed in this study (Fig. 2b), with its ridge and
elongated patch without rhodoliths, seemed to be caused by a physical alteration, and not like
the polygon depressions observed in Troms [FREIWALD et al., 1991]. Although only a few
small icebergs normally enter Disko Fjord [ANDERSEN, 1981; GILBERT et al., 1998], the area
right south of Kangerluarsuk has a high frequency of iceberg scours [DESLOGES et al., 2002]
and could potentially be a cause. Another possibility is anchoring by a large vessel, but this
happens rarely, and would be more likely to cause a barren patch than a deep depression.
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4.5.  Comparison with other rhodolith beds

The physical conditions of the Disko Fjord rhodolith bed are similar to those of the
Norwegian beds in the Troms area. They are both in fjord areas at about 70° latitude. They are
physically sheltered from strong waves except during storms from certain wind directions.
They have a relatively low input of terrigenous material due to a certain distance from the
source, sills in between, and currents running across their platforms may prevent sediment
from settling. Surface temperature in summer is around 10°C-14°C in the inner part of Disko
Fjord [ANDERSEN, 1981; DESLOGES et al., 2002; pers. obs.] and may reach 15-16°C in Troms
[SooT-RYEN 1934, cited in FREIWALD & HENRICH, 1994]. DesLoces et al., [2002] describes
that a strong pycnocline is evident in the upper 5 m of the inner area of Disko Fjord, which
then weakens and thins to less than 2 m at intermediate sites, corresponding well with the
observations of the present study.

The tide in inner Kangerluk has a maximum of 2.3 m [DESLOGES et al., 2002] while the
mean tidal range measured close to Tromsgy is 1.78 m and the maximum range is 2.93 m
[S£TRE 1972 cited in: FREIWALD et al., 1991]. The rhodoliths have their highest coverage in
the depth range of 9-20 meters at both sites [FREIWALD et al., 1991], with a graduation
between of bars and belts of rhodolith pavements. Some of the Troms sites have megaripples
with wave lengths of 2 to 3 m and heights of approximately 0.5 meters, created by strong tidal
currents that are commonly found in the sound channels [FREIWALD et al., 1991]. No such
ripples were observed in Disko Fjord. Both sites are also dominated by rounded rhodoliths
instead of the maerl-type, but the Greenlandic rhodoliths were generally larger. Almost all
rhodoliths in Troms exceeding a size of 5 cm reveal one or more borings by Hiatella arctica
[FREIWALD et al., 1991], which is partly true for the Greenlandic ones (have not been
investigated thoroughly).

The rhodolith beds of Spitsbergen, Novya Zemlaya, and other sites in northern Norway
are likely to resemble the one in Disko Fjord, with large rhodoliths of L. glaciale and L.
tophiforme, but virtually no investigations have been done since their original discovery. Only
very few sites are known in the arctic part of North America, but there are no evident reasons
why they should be absent. The Alaskan rhodolith bed [KONAR et al., 2006] is in the Pacific
and does not resemble the more arctic ones, as it was primarily the maerl-type rhodolith
Phymatolithon calcereum, although the depth range was very similar (8-18 meters or deeper).
Considering the size of Greenland, its latitudinal extension, and that it have fjord-systems
facing all cardinal directions, the lack of rhodolith beds is stunning and maybe not entirely
true. | expect that a directed attempt at locating rhodolith beds will reveal them within a wide
latitudinal range in the fjords of Greenland, especially along the west coast. Although by no
means a dominant habitat, they may be important as host and rearing ground for a diverse
fauna.

4.6. Fauna

Where the rhodolith aggregations are dense they form a unique habitat with some similarity to
coral reef structures in having large interstitial space, giving an ideal habitat for many
organisms. The species richness within the rhodolith bed is often greater than in the adjacent
areas with rocks or sediment, most likely due to the more heterogenous substrate it provides.
The rhodolith bed of Disko Fjord was host to a large numbers of young and juvenile
macrofauna such as the sea stars, sun stars, chitons and brittlestars. This is in accordance with
reports from other Atlantic beds [KAMENOS et al., 2004] which are reported to be important
rearing grounds for a range of echinoderms, as well as economically important molluscan
species. Besides being excellent food grounds, it is likely that the habitat offers them
increased physical protection against large predators. Protection may also be an important
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factor for many of the other organisms that are often very cryptic, i.e. camouflaged or hiding
within the network of branches. The red colour of the brittlestars and chitons conceals them
very well among the rhodoliths (Fig. 5a) and for some species it is a likely result of grazing
the coralline red algae, or indirectly from feeding on other organisms that contain these
pigments, although some pigments may be self-synthesized [BANDARANAYAKE, 2006]. The
interstitial space of the rhodoliths in the area is on average sixty percent of their total volume
[THORSEN et al., 1989] and thus leaves much space to be inhabited by fauna and other flora.
The sipunculans and the boring bivalve Hiatella arctica both peak out from within the
rhodolith with their introvert and siphon, respectively. The siphon of H. arctica has an
astounding similarity to the knobby endings of rhodolith branches (Fig. 5b) and is thus well
camouflaged. The chitons are usually on the live surface of the rhodolith, but still with
branches extending above them, while the brittle stars are underneath or between the
rhodoliths. From here they extend their extremities for suspension feeding (front-page), and
still protect their vital bodypart — the central disk (calyx). Other species live or feed inside the
rhodoliths without a need for the outer environment.

The faunal community of this rhodolith bed is similar to those reported from other
Atlantic and Arctic beds [SNELI, 1968; FREIWALD & HENRICH, 1994] and even similar to
tropical beds where the same faunal groups dominate, although the actual species differ
[STELLER et al., 2003; HINOJOSA-ARANGO & RIOSMENA-RODRIGUEZ, 2004]. The species
richness is often high within the many faunal groups present, strongly facilitated by the
heterogeneity of these habitats. The resulting high biodiversity is generally is fairly similar
among rhodolith bed in very different parts of the world and also gives a robust functional
diversity of the communities in the beds [BARBERA et al., 2003].

Meiofauna collected in this study have not yet been analysed, and only a few other studies
have looked at it previously. The coarse carbonate sediment within the beds is very suitable
for interstitial organisms, and is so far the type locality for two species of kinorhynchs
[HIGGINS & KRISTENSEN, 1988]. They also have an unusually rich fauna of interstitial
ostracods, perhaps one of the richest known in Greenland, of which many may be new species
[PENNEY, 1992], although there have been no publications since.

FreiwaLp and HenricH [1994] analysed the internal sediments of the rhodolith framework
cavities, and the adjacent sediment deposits. The component analyses showed coralline algae
to constitute half of it, and with bivalve, gastropod, foraminiferan and echinoderm fragments
to constitute equal amounts of the rest. The coralline fragments come from physical damage
such as storms and bioturbation, and from the faecal pellets of grazing macrofauna. Ophiorid
ossicles and bryozoans also contribute a little. Ostracods are lighter particles and are primarily
found within the framework, as the open flats have more current which results in well sorted
sands of heavier particles. Almost nothing is known about the meiofauna of rhodolith beds
anywhere in the world, but they appear to be a promising habitat to conduct such studies in.

4.7.  Growth rate

The growth rate of most rhodoliths is very low, rarely exceeding 1 mm branch extension in a
year [FOSTER, 2001; BOSENCE & WILSON, 2003]. In addition to this, rhodoliths have high risk
of breaking their branches at times of strong hydrodynamic action. A spheroid rhodolith with
a longest dimension of 10 cm would theoretically be at least 50 years old (radial growth of 1
mm y from the centre). This is without doubt a minimum age and the rhodolith of 50 cm
would therefore be at least 250 years old, most likely much more as its outer branches are
likely to have broken off at least a few times in this period. Such a slow rate of growth is also
very important in terms of conservation and how they cope with different anthropogenic
impacts.
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4.8. Summary

The rhodolith beds here presented are the only recent records from Greenland since those
mentioned by Rosenvince [1898]. This study includes the first visual observation of the
rhodolith bed in Disko Fjord, as well as photos from rhodoliths near Qaqortog. The
investigation were preliminary and in no way extensive, but nevertheless revealed interesting
aspects of a rather unknown habitat of Greenland. It reemphasises the century old findings of
Kjellman, Foslie and others, which have been somewhat overlooked in recent distribution
maps, and the 50 cm large rhodoliths would be interesting to relocate in future studies. The
size of the rhodoliths of this study is among the largest in the world, although considerably
smaller than those at even higher latitudes. They are home to a species rich and scientifically
interesting community.

Due to the morphology with a large interstitial space and cavities, it provides a habitat for
a high biomass and species richness. The meiofauna among rhodoliths is greatly understudied
all over the world, despite its potential for hosting extraordinary specimens in the rhodolith-
derived carbonate gravel. The bioturbation of rhodolith beds by the gaping file-shell (Limaria
hians) is reported here for the first time, but is most likely common wherever these two
species live together.

With a growth rate reported to be less than 1 mm a year for Lithothamnion glaciale and
related species with rhodoliths, this would mean that some are at minimum 65 years old. The
Rhodolith bed in Disko Fjord is yet a fairly pristine rhodolith habitat, and thus interesting to
compare with more affected beds. Although there at the present are no directs treats to them in
the form of dredging, collection or increased local pollution, protection of this unique habitat
should be a consideration for the future. Further studies, general awareness and contact with
local people may undoubtedly reveal new sites, but so far this habitat is still very rare in
Greenland.
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Abstract. During Arctic Field Course 2006, macroalgae were sampled at 11 different locations at Disko Island,
West Greenland. Five samplings were done with a triangle dredge in the sublittoral zone and 6 were collected
by hand in the littoral zone. Seventy-six species were identified in total. This result was compared to previous
investigations from 1990 and 2002. Overall 106 species have been identified and 20 stations visited during these
3 surveys. Three unknown species were found at LORAN, Ippik and Satut. Morphological investigations were
done with microscopy of sliced material, from LORAN and Ippik, using the paraffin technique. Morphology was
also studied in frozen and fresh material. Cultures from the reproductive organs were inoculated for further
investigations. The species from LORAN and Ippik proved morphologically identical. Phylogenetic analyses of
sequences of the chloroplast-encoded rbcL gene were performed. The DNA-sequence from the Ippik and
LORAN specimen was unreadable. Work with the species from Satut proved successful and showed 2 %
sequence divergence from the sister taxa. This, together with the morphological investigations, supports that the
specimens from LORAN and Satut are two new species, and that the LORAN specimen is also a new genus.

Keywords. Brown algae, Phaeophyceae, Ectocarpales, Chordariaceae, Phylogeny, rbcL-gene

1. INTRODUCTION

The following report is based on macroalgae survey during Arctic Field Course, Arctic
Station, University of Copenhagen, August 11" to September 1%, 2006. The aim of the study
was primarily to gain personal knowledge about the arctic marine macro flora around
Greenland. Secondly we hoped that our survey could add information and details to the
existing knowledge about diversity and distribution of macroalgae on Disko Island.

1.1. Introduction to Disko Island

Disko is a large island, located about 200 km north of the Arctic Circle and 100 km from the
west coast of Greenland (Fig. 1). It has an area of approximately 8,600 km® which makes it
one of the 100 largest islands in the world. The island is part of the Tertiary volcanic province
of West Greenland and is mainly made up by lavas. The climate on Disko is arctic, hence
from December until May the sea around Godhavn is ice-covered, while the surrounding
fjords are navigable from June to November (Fig. 4) (The folder: Research Station of Natural
History in Greenland).

1.2. Macroalgae and the arctic marine environment

There are approximately 200 different species of macroalgae in Greenland, in comparison to
the 400 species found in Danish waters. Greenlandic macroalgae are not well adapted to cold
growth temperature. They often show a temperature optimum for growth around 15°C. This is
a lot more than the natural growth conditions in Greenlandic waters [PEperseN, 2006]. Another
important and limiting factor is the short growth period, which prevents a great number of
species from migrating further north since they do not have enough time to produce the
reproductive organs. Furthermore, an effect of the short growth period is that a marked
seasonal variability in species composition is not detectable in the arctic summer [PEDERSEN,
2006a]. In other words, the Greenlandic macro flora is still consisting of pioneers in an
ongoing migration and adaptation.
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Overall, going north in Greenland means: Shorter and shorter growth period, reduction in
biomass, and reduction in species diversity, especially in the littoral zone. The species that
cope with the hard conditions in the northernmost areas are opportunistic species with short
generation time and great and effective reproductive potential, such as Blidingia minima
(Nédgeli ex Kiitzing) Kylin, Pylaiella littoralis (Linnaeus) Kjellman, Rhodochorton
purpureum (Lightfoot) Rosenvinge [PEpERSEN, 2006a].

2. MATERIALS AND METHODS

2.1.  Sampling

Algae were collected from 11 different locations around Disko Island, West Greenland, in
August 2006 (Fig. 1, Fig. 2, and Fig. 3). Sampling from the sublittoral zone (5-10 meters) was
done with a triangle dredge either dragged after the research vessel “Porsild” or a speedboat.
The rest of the sampling was handpicked from the littoral zone and the top of the sublittoral
zone. The gathered material was kept in seawater. The material was sorted out in the lab on
Arctic Station and when possible determined to species level, using different literature
[Rueness, 1977; Pepersen, 1976; Rosenvinge, 1893; Lunp, 1959], stereoscopes (SZX12) and
light microscopes (Olympus BH2). Pictures were taken with Nikon DSFil using the program
NIS-Elements mounted on a light microscope (Olympus BH2). Species of interest were
cultured by inoculation of fertile fragments and/or frozen for further investigation. The
cultures were kept in the Phycology department standard medium MV30 [CHrisTeENsEN, 1982],
at 4°C. The light:dark period was 16:8 hours at a light intensity of 1 1pE*m™*s™.

2.2.  Locations in the littoral zone

1)  Exposed side near Udkiggen:
The algae were collected at low tide in the littoral zone by hand. In an exposed place as this,
the algae are not only subjected to the regular dehydration/drying-out, but also wave exposure
and ice scouring. The perennial algae were only found in the small cracks between the rocks,
where they were protected from ice.

2) A small laguna between Udkiggen and Qeqgertarsuaq:
This place was protected from severe wave exposure and ice scouring, which resulted in a
domination of perennial macroalgae in the littoral zone. Fucales dominated the vegetation in
the tidal zone, due to their drying tolerance. Because of the protected locality, a lot of organic
material/mineral sediment had settled on the bottom of the laguna. The depth at low tide was
approximately one and a half meters.

3) Qegertarsuaq — the Peninsula:
A number of tidal rock pools were found on Qegertarsuaq. Here the species are not exposed to
waves and ice scouring. The species that live here have other factors affecting their growth.
The temperature usually gets higher than in the sea because of the limited water volume and
restriction in water flow. The salinity can rise, when water evaporates or fall because of
precipitation.

4)  Lyngmarksbugten:
Lyngmarksbugten is a protected, small bay. The substrate was rocks on a sandy sea bed.
The depth was less than 5 meters.
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5) Harepgen:
This location was very exposed, to both waves and ice, and there were only algal growth
between the large boulders, which lay just near the shore.

6) LORAN:
Near LORAN station, Nipisat the substrate was large boulders, with small muddy areas in
between. The location was exposed to waves and ice scouring.

2.3. Locations in sublittoral zone

7) Nordfjord:
Samples were collected close to a stone beach. The substrate was medium sized rocks with

sandy areas in between. The current was strong.

8) Satut:
The substrate was mostly rocks and sand, but the first two pulls with the dredge were non-
successful because of sea urchins. There was a strong current around Satut, probably due to
stone reefs.

9) Kangerlussuak (Fortunebay):
This location was a protected bay. The substrate was large rocks and sand. The current was
medium and there was sign of ice scouring in the littoral zone.

10) Ippik:
The substrate on this location was a mixture of mud and gravel. The current was medium.

11) Hare®:
On this location there was an entire forest of large Saccharina longicruris (Bachelot de la
Pylaie) Kuntze and Laminaria nigripes J. Agardh. The substrate was large rocks with sandy
areas in between. The current was medium and great numbers of pelagic organisms were
observed. The combination of kelp forest and a rich pelagic fauna indicates that this area is a
highly productive ecosystem.

2.4.  Nomenclature of the species list

The nomenclature on the species list (Appendix 1) is based on http.//www.algaebase.org.
There are discrepancies between the classification found on http.//www.algaebase.org, and
classifications found elsewhere in the literature.

Ectocarpales is one of the orders in doubt. According to CurisTensen [1982], the formation
of longitudinal walls is restricted to plurilocular sporangia. Http.//www.algaebase.org and
Fritsch [1935 & 1945] use a much broader circumscription of the Ectocarpales including both
uniseriate (haplostichous) and parenchymatous (polystichous) thalli, e.g. Gononema
aecidioides (Rosenvinge) Pedersen and Trachynema mortenseni (Lund) Pedersen).

Furthermore, Christensen argues that four species belonging to Ectocarpales S.I. should
have an order of their own. This is Petalonia fascia (Miiller) Kuntze, Petalonia zosterifolia
(Reinke) Kuntze, Scytosiphon complanatus (Rosenvinge) Doty, and Scytosiphon lomentaria
(Lyngbye) Link. They should belong to the order of Scytosiphonales, because of
parenchymatic thalli, a different life history, a single parietal chloroplast and one large
pyrenoid [CHRISTENSEN, 1982].

Eudesme virescens (Carmichael ex Berkeley) Agardh and Elachista fucicola (Velley)
Areschoug are also placed in the Ectocarpales, even though Pedersen (pers. ref.) has placed
them in Chordariales because of a syntagmatic basal system in Elachista and Eudesme has a
multiaxial syntagmatic macrothallus.

In this survey a broad perception of the Ectocarpales is chosen, which means that
Chordariaceae is placed in the order Ectocarpales.
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Colouring Coloured cell components Colour
Safranin Nucleus, incl. nucleolus Red
Lignin in cell walls Red
Protein bodies Reddish
Fast-Green Cytoplasm Green/Blue
Primary cell walls (cellulose pectin) Green/Blue

Table 1. A table of the cell components coloured by safranin and Fast-Green and the resulting colour of
the cell component.

Step Temperature Time (min)
1 94 C° 3
2 94 C° 1
3 50 C° 1
4 72 C° 3
5 72 C° 6

Table 2. The PCR-amplification temperature and time. Steps 2-4 are repeated for 35 cycles.

2.5.  Microscopy and paraffin technique

This work was performed at Botanical Laboratory, University of Copenhagen, Denmark.
Small pieces from the main axis and first order branches were taken from undefinable
Chordariaceae from LORAN and Ippik. These were cut into pieces of approximately 5 mm.
The pieces were then fixated in formalin-aceto-alcohol (FAA) composed of 2%
formaldehyde, 5% acetic acid and 58% ethanol. Dehydration, with ethanol, was done by
increasing concentration (30%, 50%, 70%, 96%, abs. ethanol) and the material was placed in
estisol before mounted in paraffin.

A Leitz rotation-microtom was used to slice the material. Slices were cut to a thickness of
10 um and placed on a slide with eggwhite-glycerol and distilled water. For the hydration,
histoclear was applied to remove paraffin. Ethanol was added in decreasing concentration
(abs. ethanol, 96%, 70%) and finally distilled water to complete hydration. Safranin-Fastgreen
2-step colouring was used to stain all material, which was mounted with DePeX. Colouring of
the different cell components can be seen in Table 1 [JoRGENSEN & FREDERIKSEN, 2006].

Pictures were taken with Nikon DSFil using the program NIS-Elements. Microscopy of
the frozen material was performed on light microscope (Olympus BH2) and pictures were
taken with Nikon DSFil using the program NIS-Elements.

2.6. DNA

The phylogenetic analysis was based on the rbcL-gene according to studies by Siemer &
Pepersen [1998]. DNA was extracted using the Sepagene RV-R kit (Sepagene RV-R, Sanko
Junyaku Co., Ltd., Tokyo, Japan). The PCR was performed on the PCR Machine Peltire-
Effect Cycling PTC-100™, with the primers BLSrbcL3F and BLSrbcS3R or nested PCR
with one primer combination of BLSrbcL3F and NDrbcL8R, and a combination of
BLSrbcL773F with BLSrbcS3R (Table 2). The PCR-fragments were checked for length,
quality and quantity on a 1.5% agarose gel.

PCR-purification was made using the kit NucleoFast®96 PCR-Clean Up, according to the
manufacturer’s instructions. Following this step PCR samples were prepared for cycle
sequencing with the PCR amplifications primers and additional 3 internal primers. The
primers used were 1) BLSrbcL3F, 2) BLSrbcL773F, 3) BLSrbcS3R, 4) rbcllR, and 5)
NDrbcL8 (Table 3). Hence, rbcL sequences were obtained in both directions and the cycle
sequencing reactions were run on an automated sequencer (model 3130XL Genetic Analyzer
from Applied Biosystems).
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Primer Sequence (5°-3”) Position
BLSrbcL3F GGCRCCGGAGAATCTATATG IGS/rcbL 17 — 3
BLSrbcL773F  GAGCAAAYGYAYGAACGTGC  rbcL 754 — 773
BLSrbcS3R AAACATCCTTGTGTAACTCTC rbcS 23 — 3
rbcl1R AACGTTC*7'/c"/gCCAACGC rbcL 665 — 648
NDrbcL8 CCAATAGTACCACCACCAAAT  rbcL 1232 — 1212

Table 3. The primer sequences and their position on the rbcL gene. Primer sequences by courtesy
of Daugbjerg and from Siemer [1998].

2.7.  Phylogeny

The phylogenetic analysis was based on the rbcL-gene. This gene was chosen on the basis of
earlier phylogenetic analyses performed by Siemer et al., [1998], and since it is a protein-
coding gene, it is easier to align.

Sequence fragments were assembled by eye using the program Chromaspro ver. 1.34
(Technelysium Pty. Ltd.) and added to an alignment comprising 128 rbcL sequences available
in GenBank (App. 2). Alignments were conducted using MEGA version 3.1 [Kumar, Tamura,
& NEi, 2004] and ClustalW. Parsimony and bootstrapping analyses were also made in Mega
version 3.1. Heuristic searches were performed with CNI (level=1) with initial tree by random
addition (10 reps). Close-Neighbor-Interchange (CNI) is a branch swapping method that
begins with a given initial tree. The trees were then gathered in a strict consensus tree with
consensus value of 50. Statistical support for the individual branches was measured by
bootstrapping (500 replicates with CNI (level=1) with initial tree by Random addition (10
replicates).

On the basis of earlier studies made by DauGBiErG & ANDERSEN [1997], members of the
Vaucheriaceae (Vaucheria bursata (Miiller) Agardh), Tribonemataceae (Tribonema
intermixtum Pascher), and Phaeothamniaceae (Phaeothamnion confervicola Lagerheim) were
selected as an out-group in order to polarize the in-group.

3. RESULTS

3.1.  Species list

76 species were identified. 50 species were found in the littoral zone and 63 species were
found in the sublittoral zone. In appendix 1, all the observed species are compiled into a
species list together with the respective localities, at which they were found. In addition,
pictures of selected species are presented in plate 4. In table 4, numbers of different species
within the present classes are presented for the different localities.

As seen in App. 1 and table 1, Ippik, Nordfjord and Satut showed the highest species
diversity. Phacophyceae was by far the dominant class and observed for all localities.
Pylaiella littoralis (Linnaeus) Kjellman (Phaeophyceae), Dictyosiphon foeniculaceus
(Hudson)  Greville (Phaeophyceae), Chordaria flagelliformis  (Miiller) Agardh
(Phaeophyceae), Polysiphonia stricta (Dillwyn) Greville (Rhodophyceae), and Acrosiphonia
centralis (Lyngbye) Kjellman (Chlorophyceae) are the species found at most localities.

3.2.  Species of special interest

Some of the specimens found, needed closer examination. Unknown specimens of brown
algac were found at LORAN, Ippik and Satut. An attached specimen of Ascophyllum
nodosum (Linnaeus) Le Jolis was found in Disko fjord, which is the northernmost position,
where this species has been found. The plant was found on a wave exposed rocky shore near
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Locality Phaeo- Rhodo- Chloro- Total
phyceae phyceae phyceae
1) Exposed side near Udkiggen 10 4 7 21
2) Small creek near Udkiggen 12 3 6 21
3) Qegertarsuaq 16 2 5 23
4) Lyngmarksbugten 10 3 5 18
5) Hared (littoral) 6 1 6 13
6) LORAN 8 6 7 21
7) Nordfjord 16 6 8 30
8) Satut 14 8 5 27
9) Kangerlussuak 9 0 7 16
10) Ippik 18 8 5 31
11) Hare@ (sublittoral) 13 9 2 24

Table 4. Number of species found on the different locations.

the LORAN station (69°27,054 N/54°13,133W). It was attached to a stable rock and protected
from severe wave action. The plant was approximately 5 cm tall and grew solitarily. Beside
the single attached specimen, plenty of drifting A. nodosum were found in the area.

A sample of the rare Chordaria chordaeformis (Kjelmann) Kawai & Kim was found in
the rock pools at Qegertarsuaq. Fragments of the plant were inoculated in crude cultures and
have now developed into macro thallus. The cultures are kept at the Phycology department,
Biological Institute, University of Copenhagen.

3.3 Morphology of the LORAN and Ippik specimens

During field trips to Nipisat in Disko Fjord and Ippik, unknown plants were found. In Nipisat
the specimen was found free floating. It was collected by hand near the LORAN station
(69°27,064 N/54°13,133W).

The Ippik specimen was found in a dredge sample at approximately 10 meters depth
(69°17,102N/53°13,646W). The plants resembled swollen ecotypes of Chordaria
flagelliformis and Sphaerotrichia divaricata (Agardh) Kylin. A close examination showed
that these plants had a multiaxial syntagmatic medulla, densely covered with a cortex
composed of uniseriate assimilators, ending in a swollen apical cell several times bigger than
the mother cell below. Both plants had unilocular sporangia embedded among the assimilators
on the main axis, the Ippik specimen on the branches as well. The LORAN specimen had no
unilocular sporangia on the laterals. Instead we found plurilocular sporangia.

3.3.1. Description (App. 5)

Macrothallus is up to 17 cm long, but the length is a bit uncertain as only two specimens were
found. The main axis is cylindrical and approximately 1 mm wide and irregular laterally
branched. First order side branches are cylindrical 2 mm thick and 5 cm long and appear
swollen (Plate 4, A, B). No phaeophycean hairs have been detected on the studied material,
but structures, which resemble hair bases, are recognized.

The plant is composed of a multiaxial syntagma with three sets of tissues: The 1% layer,
the medulla, in both main axis and branches is composed of slender elongated hyaline cells,
longitudinally arranged. The medullar cells are stretched by growth and leave the central part
of the filament partially hollow (Plate 1, A & D). The 2" layer, the intermediate layer is
composed of larger more rounded cells which are longer than wide, connecting the medullar
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Plate 1 (Paraffin technique)

A: Main axis. Multiaxial syntagma with 3 layers; medulla, intermediate and cortical layer (arrows) (specimen from the LORAN
locality).

B: Main axis. Cortical layer of assimilating filaments (right arrow) growing out from an intermediate layer of rounded cells (left
arrow) (specimen from the LORAN locality).

C: Cortiacal layer of assimilating filaments (arrow) (specimen from the LORAN locality).

D: Dissection of main axis and side branch. Cortical layer on side branch (left arrow) differs from cortical layer on main axis
(right arrow). Partially hollow medulla (arrow) (specimen from the Tppik locality).

E: Cortical layer on side branch (left arrow) differs from cortical layer on main axis (right arrow) (specimen from the Ippik local
ity).

F: Assimilating filaments of main axis (specimen from the Ippik locality).

G: Assimilating filaments of side branch axis (specimen from the LORAN locality).

H: Assimilating filaments of side branch, with large, rounded apical cells (arrow), growing out from intermediate cell layer
(specimen from the LORAN locality).

I: Multiaxial syntagmatic composition of the thallus (specimen from the Ippik locality).
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Plate 2 (A-E: paraffin technique, F-H: frozen material, I: living material)

A: Unilocular sporangium embedded between assimilating filaments on main axis (specimen from the Ippik locality).

B: Unilocular sporangium embedded between assimilating filaments on main axis (specimen from the LORAN locality).

C: Unilocular sporangium embedded between assimilating filaments on side branch (specimen from the Ippik locality)

D: Uniseriate plurilocular sporangia between assimilating filaments (arrow) (specimen from the LORAN locality).

E: Uniseriate branched plurilocular sporangium embedded in cortical layer of assimiltaing filaments (arrow) (specimen from the
LORAN locality).

F: Numerous uniseriate plurilocular sporangia embedded in the cortial layer of assimilating filaments (specimen from the
LORAN locality).

G: Cells in plurilocular sporangium with oblique cell walls (arrow) (specimen from the LORAN locality).

H: Cells in plurilocular sporangium with oblique cell walls (arrow) (specimen from the LORAN locality).

I: Micro thallus. Creeping system of uniseriate, branched filaments.
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layer with the cortical layer (Plate 1, B & C). The 31 layer, the cortical layer is diverging
between main axis and branches (Plate 1, D & E). The cortical layer of the main axis is
composed of densely packed unbranched anticlinal uniseriate assimilating filaments,
branching of from one of the cells from the intermediate layer (Plate 1, B, F, & G). The
assimilating filaments are varying in length from 2 to 8 cells increasing in size towards the
apical cell (Plate 1, B, & F). On the side branches, the cortical 31 layer branches of from the
intermediate 2™ layer. The assimilating filaments of side branches are varying in length from
2-4 cells. The apical cells on the filaments are enlarged and rounded and several times bigger
than the mother cell below (length/width: mean value = 24,64/11,95 um, s.d. = 4,12/2,88 um,
n=28) (Plate 1, C, H, & I). Cells of the assimilating filaments are longer than wide (Plate 1,
C, H, & I). The assimilating filaments on side branches are less densely packed than the
assimilating filaments on the main axis. It has not been possible to detect a meristematic zone
in our material but, according to the definition of Chordariacae proposed by SeTcHELL &
GARrDNER [1925], subapical growth is characteristic for species belonging to the Chordariacae.

Unilocular sporangia, found on both main axis and side branches, are embedded in the
cortical layer between the assimilating filaments and grow out from the intermediate cell layer
as well. Unilocular sporangia, on main axis, are large and ovoid (length/width: mean value =
51,57/18,87um, s.d. = 4,85/3,07, n = 13) (Plate 1, B & plate 2, A & B). Unilocular sporangia,
on branches are shorter and more rounded (length/width: mean value = 37,22/23,55um, s.d. =
4,26/3,36, n = 8)(Plate 1, I & Plate 2, C) Unilocular sporangia are only found on the main axis
on the LORAN specimen while appearing on both main axis and branches on the Ippik
specimen.

Uniseriate, sometimes branched, plurilocular sporangia are also present, embedded in the
cortical layer as well. The uniseriate plurilocular sporangia are composed of up to 12 cells
(length/width: mean value = 4,10/5,80um, s.d. = 0,70/0,75, n = 10) and do not end up in a
swollen apical cell (Plate 2, D-H). Cells in the plurilocular sporangia are irregularly divided,
with oblique walls, rounded and irregular in shape (Plate 2, G & H). Plurilocular sporangia
are only found on side branches from the LORAN specimen.

A number of the crude cultures made on Greenland, have resulted in the growth of
identical micro thalli. The micro thalli are composed of inconspicuous creeping systems of
filaments, which are uniseriate and branched and grow by the division of apical cells (Plate 2,
I). We still need to confirm the actual identity of the micro thalli. Ongoing DNA and
autecological studies will hopefully reveal the origin of the micro thalli.

3.4. Morphology of the Satut specimen

A close examination of the material collected at Satut, revealed the presence of an interesting
specimen. The specimen was found by Poul Mgoller Pedersen, and grew epilithic in the
sublittoral zone.

The plant showed some similarities with Delamarea attenuata (Kjellmann) Hariot. The
surface of mature thalli was covered with swollen, elongated cells, often mentioned as
paraphyses, with numerous discoid chloroplasts. Among these, unilocular sporangia and
phaeophycean hairs are found. The phaeophycean hairs are endogenous and thus provided
with a basal sheath. The initial macrothallus is a uniseriate filament. By longitudinal division
the cortex is divided into segments (like the pericentral cells on Polysiphonia) and the thallus
becomes twisted by this process.

3.4.1. Description (App. 5)

Macrothallus is up to 1 cm long. The filaments are up to 200 um wide and unbranched. The
filaments get thicker toward the end and have the shape of a club (Plate 3, A). Young
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filaments are uniseriate (Plate 3, C). The cells undergo series of longitudinal divisions and
ultimately develop into a parenchyma of two entities: A medullar layer with somewhat
elongated cells and a cortex formed by repeated anticlinal and periclinal cell divisions in the
initial parenchymatous thallus (Plate 3, G). The cortical cells form a spirally wound, one cell
layer thick, cortex (Plate 3, A, B, & G). It is obvious that the growth is diffuse, since there is
no sign of a meristem, which is in accordance with Frirscu [1945]. On the young filaments
the cortical cells lie close to the medullar cells and to one another, but later on they become
bigger (Length/width: Mean value = 64,03/35,13 pum, s.d. = 7,65/2,85 um, n = 8) and
pyriform and are loosely arranged (Plate 3 A, B). All the rounded cells seem to be able to
develop into unilocular sporangia (Plate 3, B). The release of zoospores was observed in the
light microscopy (Plate 3, D). No plurilocular sporangia were observed.

Each filament ends with a phaeophycean hair (Plate 3, F). Hairs are also present growing
out from the cortical cells, in a regular distance from one another along the side of the
filaments (Plate 3, E). The bases of the phaeophycean hairs are embedded in hair sheaths
(Plate 3, F).

3.5.  Phylogeny

rbcL sequence was successfully obtained for the Satut specimen. No stop codons appeared
within the rbcL sequences (available upon request). 128 species were used for the
phylogenetic analyses and 94 equal parsimony trees were found and gathered in a strict
consensus tree (App. 3). It was not possible to obtain readable sequences for the LORAN and
Ippik specimens, so further investigations are needed in order to determine if the molecular
data match the LORAN specimen.

The Satut specimen branched out with Delamarea attenuata (Delamareaceae) with a
bootstrap value on 97%. Punctaria plantaginea (Roth) Greville (Punctariaceae) branched out
as a sister group to this clade with a bootstrap value of 97% (App. 4).

4. DISCUSSION

4.1. Survey

In earlier studies from 1990 and 2002, 73 and 69 species were found respectively [Hansen &
ScHLUTTER, 1990; Christensen et al., 2002]. Thirty of these species were not found in this
survey. 20 localities in total for the three surveys were investigated and a total of 106 species
found. 137 different species has been reported from Disko Bay [WiLcg, 1964]. It is a relatively
small difference, which could be caused by differences in the sampling method, difficulties in
determination of the different species, and the applied nomenclature.

4.2.  Morphology of the LORAN and Ippik specimens.

The multiaxial syntagmatic composition of the medulla, a cortex composed of assimilators
ending in swollen apical cell and unilocular sporangia on macro thallus, are all in agreement
with the syntagmatic species in the order Ectocarpales family Chordariaceae. The presence of
a 2™ intermediate layer, of smaller branched cells, between the medulla and cortex, is also a
characteristic feature, seen in e.g. Saundersella simplex (Saunders) Kylin, Chordaria
flagelliformis and Sphaerotrichia divaricata [Kvrin, 1947]. The medullar cells are rectangular
and elongate like in S. simplex, C. flagelliformis and S. divaricata [KyrLiN, 1947; vaN DEN
Hoek, 1995]. The differentiation between cortex on branches and main axis, as seen in these
plants has not, as far as we know, been reported from known species.
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Plate 3 (Living material)

A: The minute parenchyma broadens towards the apex and has the shape of a club. Surface cells develop into paraphyses with nu
merous discoid chloroplasts (arrow).

B: Two unilocular sporangia (arrow) between paraphyses.

C: Young filament, initially uniseriate, later on with longitudinal cell divisions, which eventually form a terete parenchyma.

D: Filaments with segmentated and spirally wound cortex.

E: Lateral phaeophycean hair.

F: Phaeophycean hair growing out from the apex of a filament with a basal sheath (arrows).

G: Parenchyma with paraphyses.
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Plate 4 (Living material)

A: New species, specimen from LORAN locality. Main axis with numerous branches that appear swollen.
B: New species, specimen from Ippik locality.
C: Ceramium rubrum.
D: Ptilota serrata.
E: Ptilota servata.
F: Stictvosiphon tortilis.
G: Haplospora globosa.
H: Urospora peniciliformis.
L. Pylaiella varia.
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The compact composition of the cortex on the main axis has similarities with cortex from
Chordaria magellanica Kylin [Kyrin, 1947]. The cortex has similarities with the cortex in S.
divaricata, C. flagelliformis, and S. simplex, but assimilating filaments in S. divaricata and C.
flagelliformis have different number of cells, composition and arrangement [Kyrin, 1947; VaN
peN Hoek, 1995]. Assimilating filaments from S. simplex are quite similar to our plants, but
since the macrothallus of S. simplex is indistinguishably unbranched this species is out of the
question. In many species belonging to Ectocarpales S.l., rich numbers of unilocular ovoid
sporangia are found embedded between assimilators in cortex. This is in accordance with our
material. Uniseriate plurilocular sporangia, as found on the LORAN specimen, are, to our
knowledge, never described in any of the mentioned species. Therefore we consider this as a
new genus belonging to the order Ectocarpales and the family Chordariaceae.

4.3. Morphology of the Satut specimen.

The morphology of the Satut specimen indicates that this might be a new species within the
genus Delamarea. Delamarea is an unbranched genus in agreement with the Satut specimen.
Several thalli develop from the same prostrate microthallus. They are parenchymatic, with
distinct medullar and cortical layer. Furthermore, they both have phaeophycean hairs with
basal sheaths and characteristic club-shaped paraphyses [Rosenvinge, 1893]. The Satut
specimen differs from D. attenuata, in respect to the cortical layer of cells, which are spirally
wound and clearly divided into distinct segments created by longitudinal cell divisions.

On the Satut specimen, development of paraphyses and unilocular sporangia starts from
the apex of the thallus. This results in the creation of a thallus getting thicker towards the end,
thus having the shape of a club (Plate 3, A). The apical appearance of paraphyses and
unilocular sporangia and the club-shaped morphology of the mature thallus are not in
agreement with D. attenuata. Based on these morphological similarities and differences we
argue that this is a new species within the genus Delamarea.

4.4. Phylogeny

In order to use the phylogenetic data to confirm if the two investigated species are new
species, it 1is necessary to study the sequence divergences intraspecifically and
interspecifically in the family Chordariaceae. The molecular phylogenetic analyses showed a
sequence divergence of 2% between the Satut specimen and D. attenuata. This divergence is
higher than what is normally seen within a genus in the Chordariaceae. This could indicate
that the specimen is in fact a new species especially in comparison with the morphological
observations. There are problems though: Different strains of the same species branches out in
different clades, which could be due to interspecific variation or perhaps identification of the
species is not completely correct.

4.5.  Ascophyllum nodosum (Linnaeus) Le Jolis

The distribution of A. nodosum in Greenland, have been reported to spread toward north
[Orsen, 2001]. Until 2006 the northernmost population was reported from Udkiggen,
Godhavn (69°15'N, 53°34°W). This population was found in 1998 under a survey during
Arctic Field Course 1998. On this year’s field course, a careful examination of several
localities resulted in the finding of a specimen of A. nodosum in Disko Fjord. The plant was
found on a wave exposed rocky shore near the LORAN station. It was attached to a stable
rock and protected from severe wave action. The plant was approximately 5 cm tall and grew
solitarily.

Beside the single attached specimen, plenty of drifting A. nodosum were found in the area.
Direct experiments of dispersal distances of fucoid algae have shown that gamete dispersal is
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limited to 1-5 m from the mother plant. Long-distance dispersal is therefore mediated by
detached, floating and fertile thalli [Orsen, 2001].

The fact that only a single specimen was found makes the existence of a population in

Disko Fjord very uncertain. But since the presence of a specimen is in accordance with the
increasing distribution of A. nodosum, combined with the finding of floating plants, we find it
reasonable to expect the existence of a population in the vicinity of our finding.
The development in abundance of A. nodosum has been explained in connection with
increasing annual temperature in West Greenland. Changes in sea temperature in West
Greenland water are a complex matter. Beside the atmospheric influence, the North Atlantic
Ossiliation (NOA) has a great influence on the East Greenlandic and the Irminger current and
thereby on the marine climate (salinity and temperature) and also on the atmospheric
conditions in western Greenland [http://www.dmi.dk/dmi/fortsat varmt over
vestgroenlandske fiskebanker].

In spite of the general global warming, temperatures in western Greenland have been
decreasing since 1968 [StTern & HEmE-JorGeNsEn, 2003] and sea temperatures have only
showed a relatively limited increase since the mid 1990’s [http://www.dmi.dk/dmi/fortsat
varmt_over_ vestgroenlandske fiskebanker]. Based on these data we find it reasonable to
argue that the ongoing migration of A. nodosum is not only caused by changes in temperature.
The measured migration is probably also a natural continuation of the migration that has been
going on since the last glacial maximum, which occurred between 18-10,000 years ago
[Orsen, 2001]. How the expected changes in temperature will effect the diversity, distribution
and migration patterns of macroalgae, is hard to say, but A. nodosum can be a valuable and
informative key species in the future studies of climate effects on the Greenlandic algal flora.

4.6. Chordaria chordaeformis (Kjelmann) Kawai & Kim

In the tidal rock pools at Qeqertaussauq a specimen of C. chordaeformis was found during
Arctic Field Course 2006. Rosenvinge first registered C. chordaeformis in Greenland in 1893.
C. chordaeformis is characterised by a simple, unbranched (or very few branches) thallus,
which looks like a combination of C. flagelliformis and Chorda filum (Linnaeus) Stackhouse.
Its geographical distribution is limited to cold-water areas and it has been recorded in
Greenland [RosenvinGe, 1893], The Arctic Sea [KieLiman, 1877] and from the North Pacific
[Tokipa, 1934]. Initially, C. chordaeformis was described as C. flagelliformis f. chordaeformis
by Kietiman [1877]. This was done due to the overlapping and plastic morphology of the
species.

The following studies of the life history of C. flagelliformis and C. flagelliformis f.
chordaeformis proved it hard to elucidate the taxonomic relationship. No complete life history
was obtained and no sexual reproduction observed [Sauvace, 1929; Caram, 1955; KoRNMANN,
1962; Kawai & Kuroati, 1982].

In a molecular phylogenetic analysis from 2002, Kim and Kawai sequenced nearly the
complete rbcL gene and its spacer region between rbcL and rbcS, in order to compare C.
flagelliformis and C. flagelliformis f. chordaeformis. The analysis proved the existence of
three genetic groups of C. flagelliformis. Group 1 was defined as f. chordaeformis from North
Pacific, group 2 as f. chordaeformis from other areas and group 3 as f. flagelliformis. Based
on this study, Chordaria chordaeformis (Kjelmann) Kawai & Kim is now recognized as an
independent species.



128 M. J. BIRKELAND, C. K. NIELSEN & H. N. WILKEN-JENSEN

5. CONCLUSION

The macroalgal survey 2006 resulted in the determination of 76 species. Together with
surveys from 1990 and 2002, samples have been taken at 20 different localities and a total of
106 species identified. This provides information of the macroalgal diversity and distribution
around Disko, for future studies.

Samplings at the LORAN and Ippik localities resulted in the finding of a, presumably,
new genus. Sampling at Satut resulted in the finding of a, presumably, new species. The
existence of the new Delamarea species is supported by morphological and molecular
investigations. Morphological investigations support that the plants from LORAN and Ippik
localities is a new genus. Molecular investigations are still ongoing. At sampling in Disko
fjord an attached specimen of A. nodosum was found. This is the northernmost finding of A.
nodosum, which underlines the importance of A. nodosum as a species for monitoring the
effect of possible climate changes. The findings prove that even though macroalgal studies
have been going on for more than a century, it is still possible to uncover new ground.
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"Ukendt brunalge"
"Ukendt kelleformet brunalge"
Laminariales
Agarum clathratum
Alaria esculenta
Chorda filum
Saccharina lafissimasLaminaria saccharina
Saccharina longleruris/Laminaria longieruris
Lamaria nigripes
Fucales
Ascophpllum nodoswum
Flucus evanescens
fucus vesiculosus
Desmarestiales
Desmarestia aculeata
LDesmarestia viridis
Ectocarpales
Chordariaflagelljformis
Chordaria chordagformis
Dietposiphon foeniculaceus
Fetocarpus faseiculatus
Fetacarpus siliculosus
Hlachista fucicola
Budesme virescens
Gononema aecidicides
Tsthmoplea sphasrophora
Laminariocolas tomentoscides
Cmphalophpifum wivaceum
Fetalonia fascia
FPetalonia zosterifolia
FPhacostroma longisatum
FPogotrichum filiforme
Pylatella littoralis
Pylaielia sp.
Fylarelia varia
Seytosiphon complanafus
Seytasiphon lomentaria
Stictyosiphon tortilis
Trachynema mortensens
Tilopieridales
Halosiphon fomentosts
Figplospora globosa
Saccorhiza dermafodea
Sphacelariales
Sphacelaria arctica
hacelaria plumosa

Acrochaetiales
Acrochastium microscapicum

Ceramiales

Anfithammion sp

Ceramium fenuicorne

Cgramivm virgatum/Ceramivum rubrum

Ceramium sp.

Ceramivm sirichum eller mdske Ceramium fenuicorne
NMambrancptera denticulata

Folysiphonia arctica

Folysiphonia stricta

Ftilota serrata

Fhodomela [pcopodioides

Bangiales

Bangia fuscopurpurea

Forphpra miniata

Porphyra purpurea

Gigartinales

Callophyllis cristata

Fimbrifolium dichotamum

Palmariales

Eevaleraea mameaze _:!
FPalmaria palmata

Corallinales
Lithothamnion compacfum
Lithothammion tophifarme
Lithothamnion glaciale

Codiolales
Acrosiphonia cenfralis
Aerosiphonia sonderi

Ulvaria fuscasMonostroma fuscum
Monostroma greviliel
Spongomorpha acruginesa
Urospora pemiciliyformis
Chaelophorales

Bolbocolaon piliferum :H | |
Srcoryne reinkel

Cladophorales

Cladephora sp.

Chaetomerpha livnum

Chaetomorpha melagonium

Rhizoclonium riparivm

R torfuosm/Cl capillaris
Chlorococcales

Chlorochytrivm cokwil

Chicrochytrium dermatocolax F
Chiorochytrivm inelusum

Ulvales

Uvea 5/ rpha i 5
Ulva prolifera/Enteromorpha prolifera

Enteromorpha sp.
Uiva lactuca

Ulvaria fisca =

Ulotrichales
Ulothrix speciosa H
Wothrix pseudoflacca
Appendix 1.
The nomenclature on the species list is according to Algaebase org. Names on the left side of a slash are the current name and on the right side is the synonym
The numbers over the columns corresponds to the different locations: 1) Exposed side near Udkiggen, 2) A small creek between Qeqertaussaq ,(the “fake™ island)
and Udkiggen, 3) Qegertaussaq — the “fake” island, 4) Lyngmarksbugten, 5) Hare®, 6) LORAN, 7) Nordfjord, 8) Satut, 9) Kangerlussuak (Fortunebay), 10) Ippik,
11) Hare®.
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Taxon and authority Algal class Reference Genbank accesion
no.

Tribonema intermixtum Tribonemataceae Zuccarello,G.C. and Lokhorst, G.M | AY682444.
Pelagophycus porra Laminariaceae Yoon et al. (2001) AF319000
Macrocystis pyrifera Laminariaceae Yoon et al. (2001) AF318998.
Macrocystis integrifolia Laminariaceae Yoon et al. (2001) AF318997.
Lessoniopsis littoralis Alariaceae Yoon et al. (2001) AF318996.
Postelsia palmaeformis Laminariaceae Yoon et al. (2001) AF318995
Nereocystis luetkeana Laminariaceae Yoon et al. (2001) AF318994
Lessonia vadosa Lessoniaceae Yoon et al. (2001) AF318993.
Thalassiophyllum clathrus Costariaceae Yoon et al. (2001) AF318989.
Agarum turneri Costariaceae Yoon et al. (2001) AF318987
Agarum clathratum Costariaceae Yoon et al. (2001) AF318986.
Laminaria sinclairii Laminariaceae Yoon et al. (2001) AF318974
Laminaria hyperborea Laminariaceae Yoon et al. (2001) AF318972
Laminaria digitata Laminariaceae Yoon et al. (2001) AF318971
Eckloniopsis radicosa Lessoniaceae Yoon et al. (2001) AF318969
Nereocystis luetkeana Laminariaceae Cho et al. (2006) DQ372565.
Macrocystis pyrifera Laminariaceae Cho et al. (2006) DQ372564
Hedophyllum sessile Laminariaceae Cho et al. (2006) DQ372562
Halosiphon tomentosus Halosiphonaceae Kawai and Sasaki (2000) AB037137
Chorda rigida Chordaceae Kawai et al. (2001) AB035788
Chorda filum Chordaceae Kawai et al. (2001) AB035783
Agarum clathratum Costariaceae Sasaki et al. (unpubl.) AB087236
Saccorhiza dermatodea Phyllariaceae Sasaki et al. (2001) AB045252
Phyllariopsis brevipes Phyllariaceae Sasaki et al. (2001) AB045245
Thalassiophyllum clathrus Costariaceae Kawai et al. (2001) AB035793
Haplospora globosa Tilopteridaceae Kawai and Sasaki (2000) AB037138
Halosiphon tomentosus Halosiphonaceae Kawai and Sasaki (2000) AB037136
Turbinaria conoides Sargassaceae Rohfritsch et al. (2007) DQ448836
Cystoseira osmundacea Sargassaceae Harvey and Goff (2006) AY 545475
Halidrys dioica Sargassaceae Harvey and Goff (2006) AY545469
Fucus vesiculosus Fucaceae Pearson et al. (unpubl.) DQ307680
Sargassum muticum Sargassaceae Draisma et al. (2001) AJ287854
Ascophyllum nodosum Fucaceae Draisma et al. (2001) AJ287853
Fucus spiralis Fucaceae Phillips et al. (2005) AY246553
Sargassum polyphyllum Sargassaceae Phillips et al. (2005) AYS518391
Hizikia fusiformis Sargassaceae Phillips et al. (2005) AY449537
Carpoglossum confluens Sargassaceae Phillips et al. (2005) AY 183896
Silvetia babingtonii Fucaceae Lee et al. (unpubl.) AF132473
Pelvetiopsis limitata Fucaceae Lee et al. (unpubl.) AF106514
Papenfussiella kuromo Chordariaceae Kawai et al. (unpubl.) AB079010
Sphaerotrichia divaricata Chordariaceae Kim et al. (unpubl.) AB077167
Papenfussiella laxa Chordariaceae Kawai et al. (unpubl.) AB079016
Myriogloea simplex Chordariaceae Kawai et al. (unpubl.) AB079015
Tinocladia crassa Chordariaceae Kawai et al. (unpubl.) AB079014
Punctaria tenuissima Chordariaceae Siemer and Pedersen (unpubl.) AF207816
Petalonia fascia Scytosiphonaceae Siemer and Pedersen (unpubl.) AF207815
Elachista stellaris Chordariaceae Siemer and Pedersen (unpubl.) AF207812
Scytosiphon lomentaria Scytosiphonaceae Siemer and Pedersen (unpubl.) AF207811
Phaeostroma pustulosum Unclassified Ectocarpales Siemer and Pedersen (unpubl.) AF207808
Kuckuckia spinosa Ectocarpaceae Siemer and Pedersen (unpubl.) AF207804
Hecatonema sp. Chordariaceae Siemer and Pedersen (unpubl.) AF207802
Feldmannia irregularis Acinetosporaceae Siemer and Pedersen (unpubl.) AF207800
Chordaria flagelliformis Chordariaceae Siemer and Pedersen(unpubl.) AF207798
Asperococcus fistulosus Chordariaceae Siemer and Pedersen (unpubl.) AF207796
Acinetospora crinita Acinetosporaceae Siemer and Pedersen 8unpubl.) AF207795
Chordaria chordaeformis Chordariaceae Kim and Kawai (unpubl.) AB066072
Acrothrix pacifica Acrotrichaceae Kim and Kawai (unpubl.) AB066060
Striaria attenuata Chordariaceae Siemer et al. (unpubl.) AF055415
Stictyosiphon soriferus Chordariaceae Siemer et al. (unpubl.) AF055413
Sorocarpus micromorus Chordariaceae Siemer et al. (unpubl.) AF055411
Punctaria plantaginea Chordariaceae Siemer et al. (unpubl.) AF055410
Litosiphon pusillus Chordariaceae Siemer et al. (unpubl.) AF055406
Leptonematella fasciculata Chordariaceae Siemer et al. (unpubl.) AF055405
Laminariocolax tomentosoides Chordariaceae Siemer et al. (unpubl.) AF055404
Isthmoplea sphaerophora Chordariaceae Siemer et al. (unpubl.) AF055403
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Hummia onusta Chordariaceae Siemer et al. (unpubl.) AF055402
Haplospora globosa Tilopteridaceae Siemer et al. (unpubl.) AF055400
Giraudia sphacelarioides Chordariaceae Siemer et al. (unpubl.) AF055399
Elachista fucicola Chordariaceae Siemer et al. (unpubl.) AF055398
Dictyosiphon foeniculaceus Chordariaceae Siemer et al. (unpubl.) AF055397
Delamarea attenuata Chordariaceae Siemer et al. (unpubl.) AF055396
Acrothrix pacifica Acrotrichaceae Kim and Kawai (unpubl.) AB066060
Halothrix lumbricalis Chordariaceae Lee et al. (2002) AY079430
Polytretus reinboldii Chordariaceae Siemer and Pedersen unpubl.) AF207809
Striaria attenuata Chordariaceae Siemer et al. (unpubl.) AF055415
Coelocladia arctica Unclassified Ectocarpales Siemer et al. (unpubl.) AF055395
Desmarestia tabacoides Desmarestiaceae Kawai and Sasaki (2000) ABO037140
Desmarestia latifrons Desmarestiaceae Kawai and Sasaki (2000) AB037139
Himantothallus grandifolius Desmarestiaceae Draisma et al. (2001) AJ287850
Desmarestia viridis Desmarestiaceae Draisma et al. (2001) AJ287849
Desmarestia ligulata Desmarestiaceae Draisma et al. (2001) AJ287848
Scytosiphon lomentaria Scytosiphonaceae Cho et al. (unpubl.) AB265738
Spermatochnus paradoxus Chordariaceae Cho and Boo (unpubl.) AY996366
Leathesia difformis Chordariaceae Cho and Boo (unpubl.) AY996365
Petrospongium rugosum Chordariaceae Cho and Boo (unpubl.) AY996364
Scytosiphon dotyi Scytosiphonaceae Cho et al. (unpubl.) DQ239771
Hydroclathrus tenuis Scytosiphonaceae Cho et al. (unpubl.) DQ239770
Chnoospora minima Scytosiphonaceae Cho et al. (unpubl.) DQ239768
Ectocarpus siliculosus Ectocarpaceae McCauley and Wehr unpubl.) AY307410
Pleurocladia lacustris Chordariaceae McCauley and Wehr unpubl.) AY307409
Bodanella lauterborni Unclassified Ectocarpales | McCauley and Wehr unpubl.) AY307408
Heribaudiella fluviatilis unclassified Ectocarpales McCauley and Wehr unpubl.) AY307406
Sauvageaugloia ikomae Chordariaceae Ajisaka et al. (unpubl.) AB199642
Heterosaundersella hattoriana Chordariaceae Ajisaka et al. (unpubl.) AB199641
Eudesme virescens Chordariaceae Ajisaka et al. (unpubl.) AB199640
Cladosiphon umezakii Chordariaceae Ajisaka et al. (unpubl.) AB199638
Cladosiphon okamuranus Chordariaceae Ajisaka et al. (unpubl.) AB199632
Soranthera ulvoidea Chordariaceae Cho et al. (unpubl.) AY986515
Colpomenia sinuosa Scytosiphonaceae Cho et al. (unpubl.) AY398469
Colpomenia phaeodactyla Scytosiphonaceae Cho et al. (unpubl.) AY398467
Colpomenia durvillei Scytosiphonaceae Cho et al. (unpubl.) AY398466
Pylaiella littoralis Acinetosporaceae Assali et al. (1990) X55372
Ectocarpus siliculosus Ectocarpaceae Valentin and Zetsche (1990) X52503
Laminarionema elsbetiae Chordariaceae Peters (2003) AJ439858
Microspongium tenuissimum Chordariaceae Peters (2003) AJ439847
Elachista antarctica Chordariaceae Peters (2003) AJ439841
Austrofilum incommodum Chordariaceae Peters (2003) AJ439838
Stschapovia flagellaris Chordariaceae Kawai and Sasaki (2004) AB117920
Tilopteris mertensii Tilopteridaceae Sasaki et al. (2001) AB045260
Phaeosiphoniella cryophila Tilopteridaceae Sasaki et al. (2001) AB045259
Carpomitra costata Sporochnaceae Sasaki et al. (2001) AB045257
Saccorhiza polyschides Phyllariaceae Sasaki et al. (2001) AB045256
Phyllariopsis purpurascens Phyllariaceae Sasaki et al. (2001) AB045250
Hecatonema sp. Chordariaceae Siemer et al. (unpubl.) AF055401
Pogotrichum filiforme Acinetosporaceae Siemer et al. (unpubl.) AF055409
Stypocaulon scoparium Stypocaulaceae Draisma et al. (unpubl.) AJ287898
Sphacelaria californica Sphacelariaceae Draisma et al. (unpubl.) AJ287893
Sphacelaria tribuloides Sphacelariaceae Draisma et al. (unpubl.) AJ287891
Sphacelaria yamadae Sphacelariaceae Draisma et al. (unpubl.) AJ287890
Sphacelaria divaricata Sphacelariaceae Draisma et al. (unpubl.) AJ287889
Sphacelaria arctica Sphacelariaceae Draisma et al. (unpubl.) AJ287881
Sphacelaria nana Sphacelariaceae Draisma et al. (unpubl.) AJ287875
Halopteris filicina Stypocaulaceae Draisma et al. (unpubl.) AJ287895
Cladostephus spongiosus Cladostephaceae Draisma et al. (2001) AJ287863
Choristocarpus tenellus Choristocarpaceae Draisma et al. (2001) AJ287861
Phaeothamnion confervicola Phaeothamniaceae Bailey (1998) AF064746
Vaucheria bursata Vaucheriaceae Andersen and Bailey (2002) AF476940
Heterosigma akashiwo Raphidophyceae Ki and Han (In press, 2006) DQ470668
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App. 3

Chordaria var. from LORAN

Holotype: LORAN specimen.

Macrothallus ad 17 cm altus et axis principalis ad 1mm latus cum ramis primariis ad 2mm
crassus et 5 cm longus. Thallus multiaxialis syntagma est. Medulla e cellulis magnis
composita. Stratus intermedius minorum cellularum rotundatiarum medullam a cortice
separat . Cortex axis principalis fillis arcte contiguis assumentibus e 2-8 cellulis
compositus, modice crescens magnitudine versus cellulam apicalem. Cortex ramorum laxius
constructus, filla assumentia breviora sunt, 2-4 cellulae, cum  cellulis terminalibus
compluries maioribus quam cellula matricalis (longitudo/lattitudo : aestimatio media =
24,64/11,95 um, s.d.= 4,12/2,88um,n=28). Sporangia unilocularia ovoidea sunt et e stratu
intermedio orta et modo in axe principale. Sporangia plurilocularia uniseriata usque ad 12
cellulas composita. Sporangia plurilocularia inter assimilatores et modo in ramis crescunt.

The macrothallus is up to 17 cm long and main axis up to 1 mm wide, with first order
laterals up to 2 mm thick and 5 cm long. Thallus is a multiaxial syntagma. The medulla is
composed of large cells. An intermediate layer of smaller more rounded cells separates the
medulla from the cortex. The cortex of the main axis is composed of densely packed
assimilating filaments of 2-8 cells, lightly increasing in size toward the apical cell. The cortex
of the laterals is more loosely constructed, the assimilating filaments are shorter, 2-4 cells,
with terminal cells several times bigger than the mother cell (Length/width: Mean value =
24,64/11,95 pm, s.d. = 4,12/2,88 um, n = 28). Unilocular sporangia are ovoid and originate
from the intermediate layer and only on the main axis. Plurilocular sporangia are uniseriate
composed of up to 12 cells. Plurilocular sporangia develop among assimilators and only on
branches.

Delamarea claviformis sp. nov.

Macrothallus ad 1 cm longus, usque ad 200 pm latus et sine ramis est. Attenuatus versus
basem (est) et formam spiraliter claviformis vulneratis habet. Macrothalli juvenes uniseriati et
phaeophyceanis veris pilis cum vagina basale terminati (sunt). Primae divisiones
longitudinales distinctae et regularibus intervallis formatae (sunt). Postremo parenchyma tere
crescit. Cellulae corticales saepe spiraliter formatae. Ante fertilitatem cellulae corticales
proximaliter in paraphyses amplificunt et sporangia unilocularia (longitudo/lattitudo:
aestimatio media = 64,03/35,13um, s.d.=7,65/2,85um, n=8) e base paraphysum crescentia. In
macrothallis nulla sporangia plurilocularia observata.

The macrothallus is up to 1 cm long, up to 200 pm wide and unbranched. It attenuates
toward the base and has the shape of a spirally wounded club.

Young macrothalli are uniseriate and are terminated by true phaeophycean hairs with a
basal sheath. The initial longitudinal divisions are distinct and formed at regular intervals.
Ultimately a terete parenchyma develops. The cortical cells are often spirally arranged. Before
fertility cortical cells enlarge proximally into paraphyses and unilocular sporangia
(Length/width: Mean value = 64,03/35,13 pm, s.d. = 7,65/2,85 um, n = 8) develop at the base
of the paraphyses. No plurilocular sporangia observed on macrothalli.
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Taxonomic Analysis of Greenlandic Echiniscoides
(Heterotardigrada)

Seren FAURBY

Department of Ecology & Genetics, Institute of Biological Sciences, University of Aarhus, Aarhus C, Denmark.

Abstract. As part of an analysis of the biogeography and phylogeny of the marine Echiniscoides material of the
two Greenlandic species (Heterotardigrada) was collected at Arktisk Station. Preliminary analyses show that E.
sigismundi groenlandicus is very closely related to E. s. sigismundi and that E. hoepneri is related to a number of
taxa from warmer waters. The biogeography of Greenlandic and Non-Greenlandic Echiniscoides as well as a few
morphological and cryptobiotic observations are discussed.

Keywords. Tardigrada, Echiniscoides, E.sigismundi, E. hoepneri, phylogeny, COI, 28S, H3, biogeography

1. INTRODUCTION

The genus Echiniscoides is under the present tardigrade systematics one of only 2 marine
genera within the otherwise terrestric order Echiniscoida. The number of species within this
group is unknown. Until 1980 it was believed that the genus contained only one species, E.
sigismundi, which was assumed to be cosmopolitan based on reports from several continents
in both hemispheres. In 1976 a southern hemisphere subspecies E. s. polynesiensis was
described by Renaud-Mornant and in 1980 a second species E. hoepneri and a number of
subspecies of E sigismundi was described by Kristensen & Harras [1980]. After this a
number of additional species has been described and according to the newest checklist of
tardigrades the genus contains eight species one of them E. sigismundi has eight subspecies
[GumEeTT & BerTOLANI 2005]. Most of the species appear to have small distributions and many
are known only from their type locality.

Two taxa of this genus are known from Greenland and the waters around Arktisk Station
are the type locality for both of them. Both species live in tight association with barnacles of
the species Semibalanus balanoides. E. hoepneri lives as a parasite on the barnacles in the
lower tidal zone and E. s. groenlandicus lives commensally mainly in the higher tidal zone. E.
hoepneri is only known from the island of Disko whereas E. s. groenlandicus has the largest
known distribution of any taxon in the genus and is reported from several places in Greenland
as well as the Atlantic coast of North America and arctic and subarctic Norway and Russia
[KrisTENSEN & Harras, 1980].

As part of my Ph.D., I am trying to elucidate the phylogeny and biogeography of the
genus Echiniscoides and I was therefore very happy to get the opportunity to go to Arktisk
Station during the Arctic Biology field course since it enabled me to incorporate the
Greenlandic taxa in my analysis. Neither the collection of materials nor the analyses of
already collected materials for these analyses have been completed and therefore I am only
able to report the results from the preliminary results here.

As another part of my Ph.D., I am looking at the evolution of cryptobiosis by comparing
anhydrobiotic ability between different taxa in Echinisocides. E. s. groenlandicus is known to
be able to survive anhydrobiosis whereas E. hoepneri can not [Kristensen & Harras,1980].
For this analysis I collected barnacles with E. s. groenlandicus and dried them in Greenland
so the analysis of anhydrobiotic ability could be made upon my return to Denmark, but
unfortunately the E. s. groenlandicus did not survive this treatment well and only a single
living individual was found and therefore this analysis could not be done.
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Locality COlI sequences 28S sequences H3 sequences
Lynes

Kristineberg (Sweden)
Arhus

Faroe Islands

Esbjerg

Roscoff (France)

La Coruna (Spain)
Lanzarote (Canary Islands)
Sicily

Thailand

Seychelles 1 0 0

Table 1. Locality of collected tardigrades and numbers of useable sequences from the individual localities.
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2. MATERIALS AND METHODS

Description of the habitat

The tardigrades were collected at Sorte Sand near Arktisk Station living on barnacles of the
species Semibalanus balanoides in the middle and upper tidal zone. A number of algae were
living on the barnacles; these were kindly identified by Poul M. Pedersen to cyanobacteria of
the species Pleurocapsa amethysta and a number of green algae cellagregates and Codilium
stages.

DNA extractions

The total genomic DNA was extracted using the STE-buffer method [ManiaTis et al., 1982].
Animals of both species were cleaned and removed from the substrate under a dissecting
microscope. The animals were then identified to species under a light microscope and frozen
in STE buffer.

Three loci were used in the analysis: The mitochondrial COI was amplified with the
primers HCO and LCO [Forwmer et al., 1994] and the nuclear 28S with the primers 1274F and
689R [MarkmanN, 2000]. The nuclear locus H3 was attempted amplified using the primers
H3aF and H3bR [Corcan et al., 1998] which have worked on other taxa in the genus but
failed for both E. s. groenlandicus and E. hoepneri. COI was amplified from individual
tardigrades whereas 28S and H3 was amplified from pools of five animals. PCR reactions
was made using Quigen mastermix© in volumes of 40ul. The annealing temperature was
42°C for both COI and 28S. For H3 a touch-down PCR technique was used where the
annealing temperature was gradually lowered from 59 to 53°C in consecutive cycles. The
product was checked on 1% agerose-gels and successful amplifications were cleaned and
afterwards sequenced in both directions by Macrogen®. A few of the non Greenlandic COI
sequences were only sequenced in reverse and their sequence should only be considered
preliminary.

Genetic analyses

Forward and reverse sequences were compared and edited in Bioedit [Harr, 1999]. All
sequences were compared to the database at NCBI using Blast [Avtscrsur et al., 1990]
Alignment was done using ClustalX [Taomeson et al., 1994) and checked manually.
Tardigrades from a number of other locations, besides those obtained from Greenland, were
included in the analysis (see Table 1).
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Figure | a Figure | b)

Figure 1. Pictures of entire animals and head regions of E. hoepneri (A+B) and E. sigismundi groenlandicus
(C+D). Comparisons of Figure 1A and 1C clearly shows the different gut color between the two species which is
reddish in E. hoepneri and brownish in E. sigismundi groenlandicus. Figure 1B and 1D shows one the main
diagnostic characters between E. hoepneri and E. sigismundi groenlandicus as the stylets in the buccal region are
clearly longer in E. hoepneri. Scale bars in A+B = 50 pm and in C+D =25 um.

All tardigrades used were collected from barnacles except the ones form Roscoff which were
collected from polychaetes and is thought to be a new species [KRrISTENSEN pers. comm.].

Distances between all COI sequences were analyzed with K2P using Mega v. 3.1. [Kumar
et al., 2004]. The sequences fell into 9 discrete clusters with less than 2% sequence variation
between sequences from the same cluster but between 8 and 26% variation between
sequences from different clusters. The largest of these containing the sequences of E. s.
groenlandicus were analyzed using a Haplotype network with the program TCS [CrLemenT et
al., 2000). These clusters were all assumed to be monophyletic and in the combined analysis
of all three genes only a single COI from each cluster was used. In the phylogeny based only
on COI a single sequence from all clusters was used except the largest cluster which is
represented by a sequence from Greenland, a sequence from Arhus and a sequence from the
Seychelles. A parsimony analysis of the individual loci (28S and COI) was performed using
Mega v. 3.1. [Kumar et al., 2004]. A Bayesian analysis of the individual loci (28S and COI)
and the total dataset containing COI, 28S and H3 was performed using MrBayes v. 3.1
[HeursenBeck & Ronquist, 2001]. The best models were chosen by looking at Bayes factor
[Kass & Rartery, 1995] and the preferred models were GTR+I'+I for COI, K2P+I for 28S
and SYM+I for H3. For the combined dataset the favored model was three partitions with
individual parameters one for each gene, with the one exception being same frequencies of
invariable sites for 28S and H3.
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3. RESULTS

Morphological observations

Although not the focus of the investigation two interesting observations were found. The most
important of these was the discovery of males in the species E. hoepneri. In the original
description, KristenseN & Haries [1980] stated that males do not exist which would be very
interesting since almost all marine tardigrades have separate sexes and parthenogenesis is
virtually unknown. Unfortunately the male specimens were lost during fixation which makes
a formal description impossible at this point.

The other observation was a rather consistent colour difference between E. hoepneri and
E. s groenlandicus. Heterotardigrades get rid of excrements only during ecdysis [KRISTENSEN
pers. comm.) and therefore the gut region is coloured by the food and is gradually becoming
darker as wastes are concentrated until next ecdysis. E. hoepneri gradually gets a red colour
whereas E. s. groenlandicus becomes dark brown. The colour of E. hoepneri is presumably
caused by barnacle larvae which is their main food. Cycliophorans develop a similar colour
when they eat crustacean material [P. Funck pers. comm.] which supports this idea. The
colour may thus be a character, which has a certain taxonomic value as different colours may
indicate different food sources and may therefore help separate cryptic species which appear
to be common in the genus (see results from genetic analysis). Pictures of both the head
region and the entire animal can be seen in Figure 1.

Genetic analysis

DNA extractions from the Greenlandic Echiniscoides turned out to be more difficult than
extractions from other taxa in the genus and I have so far only managed to get two COI
sequences from E. s. groenlandicus and one 28 S sequence from E. hoepneri. Further
extractions will be performed on the remaining material later but these will unfortunately not
be possible to incorporate in this analysis. The few sequences from Greenland do however
give interesting results.

The COI sequences from Greenland form part of a cluster formed by individuals from
Sweden, The Faroe Islands, Lynzs, Esbjerg, Arhus and interestingly the Seychelles (Hereafter
referred to as sigismundi cluster). Not all sequences collected in the Nordic countries belong
to this cluster however. Another cluster is composed of several sequences from Arhus and
Esbjerg (hereafter referred to as AarhusSp) and a third is composed of a single aberrant
sequence from the Faroe Islands. Generally, sequences from the other collection sites form
individual clusters with two exceptions. The proposed new species from Roscoff clusters with
tardigrades from La Coruna whereas the sequences from Thailand belong to two different
clusters which are, however, sister groups. The phylogeny based on the individual loci as well
as the combined dataset can be seen in Figure 2a-d. The network analysis of the sigismundi
cluster can be seen on Figure 3.

4. Discussion

Taxonomy

The sequences of E. s. groenlandicus clearly fall within the sequences of the sigismundi
cluster. With the exception of the individual from the Seychelles, the remainders of the
sequences in this cluster are all E. s. sigismundi and the status of subspecies for E. s.
groenlandicus seems perfectly justified since the non-monophyletic status of E. s. sigismundi
with regards to E. s. groenlandicus indicates current or recent gene flow.



Taxonomic Analysis of Greenlandic Echiniscoides 139

4 Thailand
L] 58 Hoepner

B Scicilien
—m|: LaCurona

) Schuster
Faeroearne
Pemanente
Lynaashlig
Kristinebjerg
LynaesAslak
Testudo

Groenlandicus
Sigismundi
Seychellsme
AarhusMewsSp
LaCeruna
ThailandSp2
ThailandSp1
Scicilien
Lanzarote
FarosMewsSp
Teshido

Figure 2a) Phylogeny based on 288, numbers above lines are

bootstrapsupport on a MP tree numbers below are Bavesian support

Figure 2b) Phylogeny hased on COL numbers above lines are
bootstrapsupprt on a MP tree nwmbers below are Bavesian support

Teshdo

I—I_Gig'smmdi
= AahusSp
45 I

ia Corna

Farozsp

- I ThailandSp2
Hoepnari
Sricily

I__I——Thaik?ndsm
ar

Tesudo

igismundi
1aa arhus Bp

a Coruna

arme sp
Parcarl Hg.Eanfi

Lanzarohs

Seiily

'—Tha'land apl

Farcad | ¥ -
e Thailand sp2

Forced

Figure 2¢) Phylogeny of the combined dataset. Values are Bayesian

suppart

Figure 2 dj Phylogeny of the combined dataset with three constraints;
All european samples of Echiniscoides and E. hoepneri is forced
monophyletic, Thailandic samples is forced monophyletic and Hoepneri
and Faroe sp. Is forced monophyletic. This scenario assumes that
Heopenri and Faroe sp are the same species and that the split between
Europe and Thailand is caused by vicariance. This scenario has a Bayes
factor of 3.96 making it slightly less likely but not impossible.

Kristinehjerg

2 Kristinebjery

o——T___Fare >

Eshjerg

eychelles ai by

6 Arhus

Figure 3. Networkanalysis of the sigismundi cluster and Aarhus sp. All haplotypes from the sigismundi cluster
are placed in ovals and all haplotypes from Aarhus sp are placed in rectangles. The majority of haplotypes are
singletons but a few haplotypes are shared by several specimens, these are put in larger rectangles/ovals and the
number of sequences in each haplotype is noted. A few of the haplotypes marked with a) or b) are less reliable
than the remainder. a) indicate that the specimen has only been sequenced in one direction which mean that one
or two nucleotides may be coded wrong. b) indicate that he sequence comes from a pool of animals. The small
circles indicate hypothetical haplotypes needed to link the sampled sequences.



140 S. FAURBY

The discovery of the AarhusSp cluster which appears to be a cryptic species within E. s.
sigismundi may, however, have taxonomical implications and an analysis of diagnostic
differences between the two species in Denmark and a reanalysis of the type material of E. s.
sigismundi is necessary to decide whether groenlandicus is a subspecies of sigismundi or the
new species. The new species has not yet been found near the locality of the neotype which
indicates that groenlandicus probably is a subspecies of E. sigismundi.

The analysis of the non-Greenlandic specimens also has taxonomical implications. I
believe that all clusters of COI sequences should be given species status, although there
should, be taken caution to three clusters composed of only a single individual namely
ThailandSp2., FaroeSp. and LanzaroteSp.

It is at present not possible to give species names to all the clusters but the preliminary
analyses give the following suggestions. The specimens from La Coruna are genetically very
similar to the specimens from Roscoff and I find it unlikely that they represent different
species. The individuals from La Coruna cluster appear to be E. s. galliensis based on size,
cuticular sculpture and claw number and should probably be elevated to E. galliensis. I find it
likely that E. s. hispaniensis previuosly known from La Coruna [Kristensen et al., 1980] but
not included in this analysis represents a different species. The Sicily cluster is probably the
tardigrade referred to as E. s. sigismundi in an analysis from the Mediterranean [GriMALDI &
D'ApbaBso, 2001] but it clearly represents a new species or the subspecies E. s. mediraniens
although diagnostic characters remain to be found. One of the Thailandic clusters is likely to
represent E. andamensis although it is unknown which one.

Biogeography

From a parsimony point of view it would be reasonable to assume that the COI sequence of
FaoreSP could represent E. hoepneri since it would require one less undiscovered species in
the Nordic countries but this hypothesis has to be rejected when calculating the Bayes factor
for a model forcing the monophyly of Hoepneri and FaroeSp in the combined analysis which
indicate FaroeSp represent an undescribed species. Interestingly when two more constraints,
namely the forced monopholy of all European Echiniscoides and the monophyly of
Thailandic Echiniscoides were placed on the tree (Figure 2d) the likelihood increased and the
resulting tree is only marginally significant worse than the tree without constraints. These
results are probably caused by local adaptive peaks in the search for the best tree and I do not
believe that it can be concluded if FaroeSp and E. Hoepneri are the same without COI
sequences from E. hoepneri or a 28S sequence from FaroeSp.

The network analysis of E. s. groenlandicus in an otherwise mainly Nordic cluster in my
opinion indicates a recent possibly post ice age arrival of E. s. groenlandicus from Europe for
instance possibly over the Faroe Islands and Iceland. There were no shared haplotypes which
could indicate a lack of contemporary gene flow but the number of sequences in this
preliminary analysis is too low to make strong conclusions. The sequence from the Seychelles
in this cluster is very odd. As mentioned in the introduction, taxa of the genus generally have
a very limited distribution and it therefore seems unlikely that the natural distribution of E.
sigismundi includes the Nordic countries, Greenland and the Seychelles. I find it more likely
that this is a case of human induced transport, a similar case has probably been found in the
harbor of Sydney although in that case DNA sequences were not obtained so cryptic species
cannot be excluded [KRISTENSEN pers. comm.].

E. hoepneri is related to a number of subtropical and tropical taxa from Thailand,
Lanzarote and the Mediterranean and its occurrence in Greenland is rather odd (Figure 2d)
and the separation of the two clusters is not easily understood from biogeographic theory. It is
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possible that it can be resolved with the inclusion of Atlantic North American tardigrades,
which I am currently collecting.

Cryptobiosis

It is difficult to interpret the fact that the survival rate of E. s. groenlandicus was so low that I
could not make the analyses of anhydrobiotic survival, since it is nearly impossible to keep
conditions identical under transport. Still, I believe that the results are a real phenomenon and
not caused by such artefacts. Tardigrades from Sicily, Thailand, and Esbjerg have all survived
similar treatments, albeit the Tardigrades from Thailand did have a moderate mortality rate.
The tardigrades from the Faroe Islands however failed to survive transport. Sequences from
the Faroe Islands have shown that 8 out of 9 belong to the sigismundi cluster and the 9™ may
or may not be a E. hoepneri. Based on this, it seems likely that low anhydrobiotic survival is a
general phenomenon in the cluster of the sigismundi cluster. Further supporting this is a
comparative analysis of anhydrobiotic survival in four populations, two mainly composed of
E. s. sigismundi and two mainly composed of AarhusSp [Faursy unpublished]. In this analysis
both populations of AarhusSp had a higher survival rate than the populations of E. s.
sigismundi.

It is very interesting that E. hoepneri is placed in a cluster of species with well developed
cryptobiotic ability but nevertheless is non-cryptobiotic [Kristensen et al., 1980]. One taxon
from this cluster, the species from Sicily has the greatest cryptobiotic ability of the taxa
studied so far [FaurBy unpublished]. This indicates that cryptobiotic ability within the genus
Echiniscoides is rather plastic but apparently mainly between species.
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Abstract. Halobiotus crispae was initially described from Nipisat, Disko Island, Greenland in 1982. Since then
several other localities throughout the northern hemisphere have been discovered. Uniquely, this species is
characterized by seasonal cyclic changes in morphology and physiology known as cyclomorphosis. In the
present study osmotic stress tolerance were compared in Halobiotus crispae collected at Nipisat Bay, Disko
Island Greenland and Vellerup Vig Isefjord, Denmark. Our results demonstrate that H. crispae is a euryhaline
species able to tolerate enormous changes in ambient salinity, greatly exceeding those encountered in nature. The
ability to cope with varying salinities however is related to the cyclomorphic stage. The effect of osmotic stress
on volume regulation at a whole organismal level was also investigated. Our results indicate that large volume
changes takes place during exposure to very dilute as well as concentrated saltwater solutions. Differences in
habitats between the two populations endorse the suggestion that the ability to overcome salinity fluctuations is a
factor in determining the horizontal distribution of H. crispae. Experiments with freeze-tolerance on animals in
pseudosimplex 1 showed a seemingly inverse relationship between survival and cooling rate. Desiccation was
not tolerated in any of the cyclomorphic stages. Genetic distance between the two populations in Nipisat Bay and
Vellerup Vig were investigated using the two loci COI and ITS2. Results show very little variation between the
populations suggesting that they are both H. crispae. In addition, specimens initially identified as Halobiotus
stenostomus from ZAre, Denmark in our study is a deep-water form of H. crispae. Our SEM investigation
confirms this new interpretation. Musculature and nervous system of H. crispae were reconstructed from whole
animals by immunocytochemistry and confocal laser scanning microscopy.

Keywords. Malpighian tubules, cyclomorphosis, osmotic stress, volume regulation, genetic diversity, CLSM

1. INTRODUCTION

Over the course of the past three decades numerous investigations of the tardigrade fauna has
been undertaken from the Danish Arctic Station, Qeqertarsuaq, Disko Island, West Greenland.
The tardigrade fauna is extremely rich in Arctic and Antarctic regions, thus 112 species have
currently been described from the area in and around Arctic Station; almost half of them new
to science [Heme-JorGenseN & Kristensen, 1999]. The secondary marine genus Halobiotus
contain only five members, (H. stenostomus, H. appeloefi, H. geddesi, H. arcturulius and H.
crispae) yet two of them H. crispae [Kristensen, 1982] and H. arcturulius [Crise &
Kristensen, 1983] have been described from Greenland. Consequently, future studies on
Tardigrada in the Arctic is very important and will undoubtedly prove as fruitful as it has been
in the past, hereby contributing to the ever growing knowledge on this “smaller” phylum.

1.1. Tardigrada

1.1.1. Phylogenetic position

Ever since their discovery in the 18" Century by Eichhorn the phylogenetic position of
Tardigrada has remained problematic. Resolving the classification of this “lesser-known”
group of protostomes has, however, become very important in recent years due to the
supposed significance in elucidating early metazoan phylogeny, in particular with respect to
the arthropods [ScumipT-RuAEsA et al., 1999; Granawm, 2001]. Based on morphological features
as well as fossil records [BergsTROM & Hou, 2001] previous attempts to infer the position of
the Tardigrada have resulted in conflicting conclusions because of structural similarities with
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such diverse phyla as Nematoda [Garey et al., 1996], Loricifera [Kristensen, 1991],
Arthropoda [NieLsen et al., 1997] and Onychophora [Kincrin, 1994], why some authors prefer
to treat them as an enigmatic group. More recent molecular studies based on 18S rRNA
sequences, however, succeeded in inferring tardigrades as a monophyletic sister group of the
arthropods [GmriBer et al., 1996; Garey et al., 1999] thus forming a monophyletic clade; the
common taxon of Tardigrada, Onychyphora and Euarthropoda was later on termed
Panarthropoda by Niersen [2001]. These new data of an inferred close relationship between
Tardigrada and Arthropoda was in another study supported by the evidence for a clade of all
molting animals, the Ecdysozoa [AcuiNaLpo et al., 1997], which completely altered the
traditional view of “segmented” protostomes forming a monophyletic group, i.e the Articulata
theory. Today, the Articulata hypothesis has fallen out of favour [Maxmen et al., 2005], yet,
the topology among the Ecdysozoan phyla is being debated [ScumipT-Ruaesa, 2001],
especially with respect to the position of onychophorans [Garey, 2001], as newer studies
often show an unresolved relationship within the Panarthropoda [Park et al., 2006].
Consequently, after more than 240 years of research, the final systematic position of the
Tardigrada still remains to be elucidated.

1.1.2. General morphology

Tardigrades are bilaterally symmetrical micrometazoans with a body divided into five
variably distinct body segments; a cephalic segment containing a mouth, eyespots and sensory
organs (cirri and clavae) and four trunk segments. The first three trunk segments each bear a
pair of lateroventrally directed legs, while the terminal trunk bears a pair of posteroventrally
directed legs, typically terminating in 4 to 13 claws or suction disks. A typical tardigrade
body averages from 50-1200 um in length and is ventrally flattened with a convex dorsal side.
The tardigrade is covered by a segmented chitinous cuticle, which is periodically shed during
molting over the course of its life. Body colour may be opaque, white, or such colours as
brown, green, pink, red, orange or yellow depending on cuticular pigments or dissolved
materials in the body fluids, and contents of the digestive tract. The digestive system consists
of a foregut, midgut and a hindgut with a pair of stylets, stylet supports and stylet glands
flanking the buccal tube (Fig. 1&6). They have a hemocoel-type of fluid filled body cavity,
I.e. an open circulatory system as seen in most arthropods and molluscs, which functions in
circulation and respiration. The muscle system consists of somatic, visceral, pharyngeal and
stylet muscles. The somatic muscles may be either truly cross-striated, as in arthrotardigrada
[KrisTensen, 1978], or obliquely striated; however, the stylet support muscles of the
pharyngeal bulb are always cross-striated [EBYE-Jacosen, 1996]. The nervous system
consists of a relatively large lobed dorsal brain i.e. the supraoesophageal ganglion, divided
into three lobes homologized with the protocerebrum, deutocerebrum and tritocerebrum of
euarthropods [NieLsen, 2001]. The trilobed brain is a clear arthropod character, and has been
used in linking Tardigrada to the arthropod line. Furthermore, the supraoesophageal ganglion
is joined by a pair of circumoesophageal connectives to a suboesophageal ganglion, which in
turn is linked to a ventral chain of four fused paired ganglia. These correspond to the
individual trunk segments, and are connected intrasegmentally by transverse commissures and
intersegmentally by longitudinal connectives, thereby resembling the ladder-like central
nervous system described from arthropods and annelids [Marcus, 1929; DeweL et al., 1999].
The nervous system is therefore distinctly metameric. Additionally, an autapomorphy for all
tardigrades is the commisure from the protocerebrum to the first leg ganglion.
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Figure 1. Light micrographs of H. crispae (Nomarski-technique). A. Overview of active male from Nipisat. B.
Close up on pharyngeal bulb. C. Close up on the stylets, note the large furca. D. Close up of the external claw of
a hind leg. E. Overview of the Malpighian tubules. F. Overview of exuvium with eggs. G. Close up of egg, note
the microplacoid is not separated from the third macroplacoid (arrow). Abbreviations; p.bu = pharyngeal bulb;
mt = Malpighian tubules; p.ap = pharyngeal apophysis; ma I-III = first to third macroplacoid; mi = microplacoid;
st = stylet; s.su = stylet support; fu = furca; pr.b = primary branch; se.b = secondary branch; 1.mt = lateral
Malpighian tubules; d.ma = dorsal Malpighian tubules; mg = midgut; hg = hind gut.

1.1.3. Major taxa

Traditionally described as a smaller phylum, Tardigrada comprises more than 960 described
species [GumeTti & Bertorani, 2005]; however, taxonomists expect that at least 10.000
species exists [Ramrov & Kristensen, 1985]. Based on morphological features two main
extant lineages have been established: Heterotardigrada and Eutardigrada. A third class,
Mesotardigrada, is based on only a single species Thermozodium esakii Rahm, 1937.
However, since the type material does not exist and the type locality was destroyed in an
earthquake [Ramazzorti & Maucci, 1983] this third class is now considered dubious.
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Heterotardigrada is comprised of two orders: Arthrotardigrada and Echiniscoidea - with
arthrotardigrades possessing the most plesiomorphic characters [Kincun, 1994].
Arthrotardigrada consist almost exclusively of marine species (with the exception of
Styraconyx hallasi Kristensen, 1977), while Echiniscoidea contain terrestrial, limnic as well as
marine species. Morphologically, heterotardigrades are very diverse in body shape and overall
appearance when compared to eutardigrades, and are generally smaller in size. The key
taxanomic characters separating the two orders include a separate gonopore, a closed three-
lobed anus, well-developed cephalic-, trunk- and leg appendages and the absence of
Malphigian tubules [Gumerti & Bertorani, 2005]. The shape of the feet is often used in
determination of family and genus [Hansen, 2004 M. Sc. thesis unpublished].

The class Eutardigrada includes the orders Parachela and Apochela. Parachela consists
entirely of limno-terrestrial species, with the exception of the marine genus Halobiotus,
Ramajendas renaudi from Antarctic and two species of Isohypsibius. A modest number of
terrestrial species divided into 3 genera are included in Apochela. In general, eutardigrades
are cylindrically shaped with more or less indistinct segmentation with a complex pharyngeal
bulb supported by flexible macro- and microplaciods consisting of thickened cuticular
structures (see Fig. 1A+B) [NeLson, 2002]. The key characters separating eutardigrades form
heterotardigrades are open cloaca, the presence of Malphigian tubules and the strong
reduction of cephalic sensory structures (see Fig. 1E,5C+D,7D&8E). The most utilised
characters in relation to taxonomy are the type of bucco-pharyngeal apparatus and the form of
the claws [Schuster et al., 1980; Guipert & BertoLant, 2005].

1.1.4. Ecology

Tardigrades may be found from the Arctic to the Anarctic and from the tallest mountain
(Himalaya 6000m) to the deep-sea (more than 8000 m below sea level) [Ramrov &
Kristensen, 1985]. They occupy a diversity of ecological niches. Yet, they are exclusively
aquatic animals, requiring a film of water for completion of their lifecycle; which may take
between 3-30 months [NeLson, 2002]. Tardigrades are predominantly egg-laying, with both
sexual and parthenogenetic modes of reproduction described [Bertorani, 2001]. In some
eutardigrade species eggs are left behind protected inside the exuvium during molting (Fig.
1F+G&71). Little is known about their embryology [EiBYE-JacoBsen, 1996/1997], and at
present, our understanding of the lifehistory of tardigrades is relatively limited. A few long-
term studies have nevertheless been conducted, most notably by Suzuki (2003) who provided
a detailed description of moulting, lifespan and embryology of Milnesium tardigradum
Dovere, 1840. Due to scarcity of data, the biogeography of Tardigrada is also virtually
unknown, but regardless of species or habitat, populations of tardigrades often show a very
patchy distribution pattern, but may at the same time display an amazing species richness
[Hansen, 2005] as well as large numbers of individuals [GuierTi et al., 1999].

Even though all tardigrades are aquatic, terrestrial (or limno-terrestrial) tardigrades are
capable of entering a reversible ametabolic state of latent life called cryptobiosis in response
to unfavourable environmental conditions (e.g. freezing, desiccation, salinity fluctuations and
low oxygen tension [WrigHT et al., 1992; Wricnr, 2001]). In this cryptobiotic state their total
lifespan may be greatly extended by up to 20 years [JorGensen et al., 2007] and is generally
believed to confer a high passive dispersal potential through airborne transport, which may
explain some species’ cosmopolitan distribution pattern. This amazing ability is shared with
other well established members of the cryptic fauna i.e. nematodes and rotifers, and is a
crucial capacity ensuring survival in a fast changing habitat, which is little exploited by other
organisms.
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1.2.  Halobiotus crispae (Eutardigrada: Hypsibiidae)

Marine eutardigrades have been known for over a decade, and it is alleged that they are
secondarily adapted to the marine environment [Crisp & Kristensen, 1983]. The transition
from freshwater to seawater must have required the possession of a large osmoregulatory
capacity [MoBierG & Danr, 1996]. The species Halobiotus crispae Kristensen, 1982 (halos
(gk): sea; biotus (gk): life) was initially described from Nipisat Bay, Disko Island, Greenland
but has since been discovered at several other localities throughout the northern hemisphere
[Mogiera et al., 2007]. H. crispae colonise littoral habitats (see Fig 3&4), often characterised
by large fluctuations in abiotic factors such as salinity, making osmoregulation imperative to
survival. The ability to cope with these fluctuations in salinity might be adaptively correlated
with the enormous size of the excretory organs, the Malpighian tubules found in this genus; a
specimen measuring 520 um possessed initial segments with a width and length of 52 um and
65 um respectively. The size of the excretory organs, comprising up to one-third of the body
cavity [KrisTensen, 1982; MoBiErG & Danr, 1996], has been shown to vary with the annual
cycle of cyclomorphosis [Kristensen, 1982]. This suggests that the osmotic stress tolerance of
H. crispae might similarly change with the turn of the seasons [MeBiErG & Danr, 1996]. A
seasonal cyclic change in morphology and physiology was for the first time clearly
established within Tardigrada in H. crispae [Kristensen, 1982] but has since been suggested
for other tardigrades [Hansen & Katnorm, 2002; Guipertr et al., 2006].

1.3.  Aim of the study

In this study we expose individuals in the active stage of the species Halobiotus crispae from
Nipisat Bay, Disko Island, W. Greenland, to gradual changes in the osmotic pressure gradient,
and compare these results with similar results previously obtained by HaLsera et al. [2006] on
different cyclomorphic stages from Vellerup Vig, Isefjord, Denmark. In general, marine
invertebrates do not regulate the ionic concentration of their extracellular fluid with respect to
external seawater, and they are therefore categorized as osmoconformers [Zanorto &
WeEATLY, 2006]. This may however be different for organisms in the subtidal zone, as the
large changes in the external surroundings make osmocomformaty very unfavourable. During
the study, salinities in the range of 0%o0 — 90%o were examined quantitatively, while exposure
to higher salinities was investigated qualitatively. In this context, the ability to tolerate
desiccation and freezing were investigated as exposures to these extremities are associated
with cellular dehydration and subsequent osmotic stress. Most notably was the questions
concerning i.e. do the tardigrades enter an ametabolic state of life or do they osmoregulate
during severe hypertonic exposure? Furthermore, by examining the response pattern to
desiccation and freezing in the different cyclomorphic stages, important questions concerning
the ecology of H. crispae are answered. These questions relate to how H. crispae cope with
the profound changes in abiotic parameters taking place at the different known localities. For
example at Nipisat the entire bay is frozen for up to 8 months a year.

The effect of osmotic shock on volume regulation at the organism level was investigated
by using light microscopic photos taken at different times at varying salinities. This technique
allowed us to elucidate whether H. crispae is able to counteract the osmotic water movement
following sudden changes in the external salinity, and with what time course. At the same
time, it permits us to address central questions concerning the physiology of the excretory
system in Tardigrada. In the laboratory, most aquatic invertebrates will swell or shrink
following transfer to different salinities, causing death from excessive swelling in more
stenohaline species [OGLEsBY, 1981]. Consequently, body volume regulation is generally of
great ecological importance during periods of large ambient changes in salinity, as seen in
sublittoral habitats.
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Figure 2. Distribution of Halobiotus crispae. 1: The type locality at Nipisat, Disko Island, Greenland. 2: Tkka
fjord, Greenland. 3: Igloolik, Arctic Canada. 4: Fairbanks, Alaska, USA. 5: Grindey, Tromse, Norway. 6:
Kristineberg, Sweden. 7: Vellerup Vig, Denmark. 8: £reg, Denmark. Modified from: MaBiErG et al. 2007.

Despite a rather detailed knowledge of tardigrade morphology as well as inclusion in recent
molecular phylogenetic studies, the exact relationships of tardigrades are still controversially
discussed. In order to increase the morphological database, the anatomy of the nervous system
and the musculature of H. crispae were investigated by applying fluorescence-coupled
antibodies. These were raised against the neurotransmitter FMRFamide and acetylated o-
tubulin, in addition to FITC-coupled phalloidin to label filamentous F-actin, in combination
with confocal laser scanning microscopy.

In the present study, we also expand on the currently known molecular data on Halobiotus
crispae in order to establish whether the populations of Nipisat Bay and Vellerup Vig,
Isefjord are in fact the same species. The reason behind doing so are the profound differences
observed, and recently described by Mosierc et al. (2007), between the two populations,
hereby raising the question whether they are the same species.

The aim of this study is to investigate the general response pattern of the sublittoral
species H. crispae from the Disko Island, Greenland to osmotic stress, and subsequently
compare the results with acquired data from the southernmost locality of Vellerup Vig,
Isefjord, Denmark. Furthermore, we wish to expand on the currently known molecular data.
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Figure 3. Sampling location at Nipisat. A. The Halobiotus Island. B. Overview of sampling area, note the low
water depth. C. A specific sample site, note the mussels and filamentous algae. (Photo: Kenneth A. Halberg)

Figure 4. Sampling location at Vellerup Vig, Denmark. A. Scuba diver sampling approximately 70 m from the
shore, at a water depth of 1.5-2 m. B. Close up of typical sampling site. C. Sampling at the rock-seabed interface.
(Photo: Martin Macnoughton).

2. MATERIALS AND METHODS

2.1.  Sampling and preparation

This study is partly based on material collected from Nipisat Bay (N 69° 25.934', E 54°
10.768"), Disko Island, Greenland (in the subtidal zone 3-4 cm below maximal low tide) on
the 16" of August, 2006 during a field course in arctic biology, and partly from the
southernmost locality Vellerup Vig, in the Isefjord (N 55° 44.209', E 11° 51.365'), Denmark
(at a depth of 1.5 — 3.0 meters) in the period November 11, 2005 - September 9, 2006 as part
of an ongoing investigation (see Fig. 2). At Nipisat Bay, the sediment consisted of fine sand,
with pebbles and small stones and was extremely rich in meiofauna, predominantly
polychaetes, nematodes, halacarids and harpacticoid copepods [KrisTensen, 1982]. In the
Isefjord, the substrate consisted chiefly of coarse sand and the eelgrass (Zostera marina) with
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a patchy distribution of large rocks. Rocks, algae and sediment were collected at both
localities and later sorted out at the laboratory of Arctic Station, Godhavn or at the Zoological
Museum, Copenhagen. Samples were freshwater-shocked and subsequently decanted into a
mermaid bra (mesh size 62 um) and transferred to Petri dishes. The tardigrades were
identified under stereomicroscope (*25-x40 magnification), and was primarily found on the
proximal (“rhizoid”) part of different filamentous algae (Stictyosiphon tortilis, Dictyosiphon
foeniqulaceus, Sphacelaria arctica, Pylaiella littoralis, Acrosiphonia centralis, Rodomela
lycopodieides, Enteromorpha ad proliferia, Sphacelaria cirrosa, Furcellaria lumbricalis,
Ahnfeltia plicata and Erythrothricia carinea) found in association with rocks and the blue
mussel (Mytilus edulis). From the collected material more than 2500 specimens and several
hundred exuvia were recovered, with adult specimens ranging in size from 360-650 um and
320-480 um in length from Nipisat Bay and the Isefjord respectively. The majority of these
animals will be used in the near future in order to identify and quantify different protein-
species relevant to osmotic tolerance. Live tardigrades were stored at 4°C in physiological
seawater (20%o) supplied with substrate. The salinity at Nipisat Bay was 18 %o (water temp.:
°C) at the time of sampling, however, with large fluctuations in salinity (4-32 %o) occurring
over both shorter (during tidal cycles) and longer (formation/thawing of ice) periods of time.
The salinity at Vellerup Vig in the Isefjord was in contrast relatively constant at 18-20 %o year
round (water temp.: 1-16°C annually) [Rasmussen, 1973]; pH was 8-9 at both localities.
Measurements of abiotic factors in situ were performed using a thermometer for water- and
air temperature, a refractometer (S-1 Shibuya Land) for salinity and pH-strips for pH
(Cybercell Biochem, Alberta, US). Geographical positions were measured with a Magellan
GPS 2000.

2.2.  Confocal laser scanning microscopy (CLSM)

Specimens of Halobiotus crispae were relaxed using sparkling water (carbon-enriched water)
and subsequently fixed in 4% paraformaldehyde (PFA) in 0.1M phosphate buffered saline
(PBS) for 15 minutes at room temperature and washed 4 x 15 min in 0.1M PBS with 0.1%
NaN; (PB). For filamentous actin (F-actin) staining, animals were ultrasonicated for 90
seconds and incubated in PB with 0.1% Triton X-100 (PTA) over night and stained in a 1:40
dilution of Oregon Green 488 phalloidin (Molecular Probes, Eugene OR, USA) for 18h. The
specimens were thereafter rinsed thrice in PB without 0.1% NaN3; and mounted on two
coverslips in Flouromount mounting medium (Southern Biotechnology Associates, Inc.
Birmingham, AL). For antibody (AB) staining, specimens were mechanically disrupted using
a microscopic needle before preincubation in 6% normal goat serum (NGS) and PTA
(blockPTA) over night for blocking of unspecific binding sites. The primary antibodies
(pAB), mouse anti-acetylated o-tubelin (Sigma, Heidelberg, Germany; dilution 1:500 in
blockPTA) and monoclonal rabbit anti-FMRFamide-peptide-gated sodium channel
(Chemicon, Temecula, CA; 1:400 in blockPTA) was applied for 24-48h at room temperature.
Subsequently, the specimens were washed in several changes of PB and incubated in the
flourophore fluoresceinisothiocyanate (FITC)-conjugated secondary antibodies (sAB: goat-
anti-mouse and goat-anti-rabbit; Sigma, Heidelberg, Germany) overnight. The sAB was
diluted 1:300 in blockPTA. Finally, the specimens were mounted as described above. Image
acquisition was performed on a Leica DM RXE 6 TL microscope equipped with a Leica TCS
SP2 AOBS confocal laser scanning unit, using the 488 nm line of an argon/crypton laser.

2.3.  Scanning Electron Microscopy

For electron microscopy the animals were fixed in 2% glutaraldehyde, 2% formalin or 2%
osmium tetroxid, buffered with 0.1M sodium cacodulate adjusted to pH 7.4, for 1h at room-
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Species Locality GenBank Accession
Number

60) ITS2
Halobiotus crispae Vellerup Vig, Denmark | EF620413 EF620421
Halobiotus crispae Nipisat, Greenland EF620412 | EF620420
Halobiotus crispae Aro, Denmark EF620414 EF620422
Isohybsibius granulifer Niva, Denmark - EF620424
Isohybsibius prosostomus | Niva, Denmark EF620416 EF620423
Ramazzottius oberhauseri | Niva, Denmark EF620417 EF620425
Thulinius stephaniae Sinai, Egypt/Genbank EF620418 EF620419
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Table 1. The taxon and gene sampling in the present study. After MoBIErG et al. 2007.

temperature. After fixation the specimens were washed thoroughly in distilled HO and then
dehydrated in a graded series of ethanol and acetone prior to critical point drying. Following
dehydration the animals were mounted on aluminium stubs and coated with a 10-20 nm layer
of platinum. Scanning images were acquired with a JEOL JSM-6335-f scanning electron field
microscope.

2.4.  Molecular methods

Twenty-five specimens of H. crispae were pooled and stored in DNA-buffer prior to DNA
extraction from each locality (see Table 1). Subsequently, the stored material was carefully
grinded using the STE-buffer DNA extraction method [Maniatis et al., 1982]. The primers
LCO1490 (5'-GGT CAA CAA ATC ATA AAG ATA TTG G-3") and HCO2198 (5'-TAA
ACT TCA GGG TGA CCA AAA AAT CA-3") [Former et al., 1994] for the mitochondrial
cytochrome oxidase subunit I (COI) gene and 3SN (5'-GCG TCG ATG AAG AGC GCA
GC-3") and BD2 (5’- TAT GCT TAA ATT CAG CGG GT-3") [DeJong et al., 2001] for the
nuclear internal transcribed spacer 2 (ITS2) region were used for both PCR amplification and
direct sequencing. The PCR reaction mix was prepared in a total volume of 4x20 pL with 0.1
uL Taq polymerase (Roche; 0.5 U/uL), 2 uL 10% buffer (Roche; 15 mM MgCl,), 1 uLL ANTP
(4 mM), 1 pL of each primer (3.2 pmol/uL), 1 pL of DNA template and 14 pL. double
distilled H,O. The setting for the PCR-reaction was 95 °C for 5 min., 37 cycles at 94 °C for 10
s, 42 °C for 30 s, and 72 °C for 30 s, followed by 72 °C for 10 min. Following the PCR-
reaction samples were pooled in 2x40 pL samples in order to obtain sufficient DNA.
Chromatograms obtained from the automated sequencer (ABI PRISM™ 310 Genetic
Analyzer) were edited and consensus sequences created from the complementary strands
using the Staden Package [Stapen, 1996]. The obtained sequence was aligned prior to
phylogenetic analyses with ClustalX v.1.83 [Taompson et al., 1997] using default parameters.
Genetic distance as well as nucleotide composition between the COI and ITS2 sequences was
calculated using MEGA 2.1 [Kumar et al., 1993]. For inferring phylogeny, distance based
neighbor-joining (NJ) was performed. In this study species of Isohypsibius Thulin, 1928,
Thulinius (Bertonlani, 1981) and Ramazzotius Binda & Pilato, 1986 were used as outgroup as
MogierG et al. [2007] showed Halobiotus to have evolved within Isohypsibius, while
Ramazzotius oberhaeuseri Doyére, 1840 was shown by JorGensen and Kristensen [2004] to be
more distantly related to Halobiotus and Thulinius. It was not possible to obtain an ITS2
sequence by direct sequencing for R. oberhauseri probably due to length differences in the
alleles.
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2.5. Osmotic stress tolerance

To investigate the osmotic stress tolerance of Halobiotus crispae in the different
cyclomorphic stages, two batches of 20 animals in each respective stage were placed in
embryo dishes, and allowed to acclimate to a solution of 20%o (physiological salinity) for a
minimum of 24 hours. The definition of physiological salinity (20%o0) was arbitrarily chosen
on the basis of the relatively stabile salinity at Vellerup Vig, Isefjord (18-20%0). At the
locality of Nipisat, enormous fluctuations in salinity occur on a temporal and spatial scale (4-
34%0), however to ensure the comparability of the osmotic stress exposure between the
populations the same salinity of (20%o0) was applied. This is important to bear in mind when
analysing the results. Following the acclimation period, one group of animals was exposed to
gradual increases in salinity until a maximum was reached and no movement could be
discerned, while the other group was simultaneously exposed to gradual decreases in salinity
to a minimum of 0%.. These changes in ambient salt concentration were performed by
periodically replacing small volumes of water with prefixed solutions of higher and lower
salinity respectively. The salinity was measured continuously with a refractometer (S-1
Shibuya Land) to certify that the observations were made at the same salinities. After the
salinity had been changed, the animals were allowed to acclimate for a short period of time
(20-40 min.) before further changes were made. After this period of acclimation the number
of passive animals was counted. An animal was considered passive when no movement could
be registered at x80 magnification. Throughout the experiment the animals were continuously
observed in order to document their behaviour, and after all the animals were passive, the
process was reversed. From Vellerup Vig, all three cyclomorphic stages were investigated,
but it was only possible to obtain data from the active stage from the population in Nipisat
Bay. Data on the active and pseudosimplex 2 (P2) stage from Vellerup Vig were obtained in a
previous study, and are included in this investigation in order to allow us a comparison of the
results. In all the experiments, the saltwater solutions used were made with natural seawater
from the respective habitats in preference to artificial seawater. This was done in order to
insure the normal permeability characteristics of membranes and intercellular components,
hereby minimizing potential perturbations. Animals were kept at approx. 4°C during the
experiments as thermal stress might influence the level of stress tolerance [pers. observation].

2.6.  Cryptobiosis

The ability of Halobiotus crispae to tolerate desiccation (anhydrobiosis) and freezing
(cryobiosis) was investigated for each cyclomorphic stage from the population at Vellerup
Vig, Isefjord, as well as for the active stage from from Nipisat Bay.

2.6.1. Anhydrobiosis

Desiccation was investigated by transferring ten specimens in each cyclomorphic stage to an
embryo dish containing 0.5 ml of seawater (20%o), which was allowed to dry to completion
over a period of 6 days at 4°C. During this time, water continuously evaporates from the
embryo dishes causing a concomitantly increase in salinity (up to app. 350%o; saturated sea
water). This allowed us to monitor severe hypertonic exposure qualitatively. Following total
desiccation the animals were rehydrated in seawater of very salt concentration (90%o) and
gradually lowered to physiological salinity (20%0). Subsequently, the animals were monitored
daily over a period of 6 days, while the number of individuals resuming activity was
registered. During this period the temperature was kept at 4°C.
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2.6.2. Cryobiosis

Freezing was studied by transferring ten specimens in each cyclomorphic stage to 0.5, 1 and
1.5 ml of water (20%o) respectively in Eppendorf vials. Following the transfer the sample was
subjected to freezing to -18°C and furthermore kept frozen throughout a total period of 24 h.
In organisms able to tolerate internal ice formation, the rate of cooling is generally very
important because of the osmotically induced cellular dehydration caused by exclusion of
salts from the growing ice front i.e. the freeze-concentration effect. Consequently volumes of
water were employed corresponding to different rates of freezing in an attempt to investigate
a correlation between cooling-rate and survival. Preceding estimations of survival, the sample
was gradually thawed at 4°C and monitored over a period of 4 days.

2.7.  Volume regulation

Individual adult specimens of Halobiotus crispae in P1 from Vellerup Vig, Denmark and
active stage from Nipisat, Greenland were acclimated to 20%o (defined relatively as 100% of
physiological sea water (S.W.)) at 4°C for at least 1 h, and subsequently photographed and
exposed for set time periods of 30 min, 1, 2, 4, 24 and 48 h to the various saltwater
concentrations of 10% S.W., 50% S.W. and 200% S.W. (2%o, 10%0 and 40%o respectively) at
4°C. The reason for defining the salinities as percentages of physiological salinity is to
facilitate comparisons with other organisms living at different physiological salinities. At the
end of each time interval, individuals were transferred, in a drop of the appropriate solution,
to glass microscope slides and photographed under cover slips using a light microscope
(Olympus BX 51, x200 magnification) for subsequent estimations of body volume (see
below). During photography, great care was taken to minimize the time spent by the animals
under the cover slips, in order to evade potential evaporation of water, which would alter the
osmotic pressure of the medium. Following photography, the individuals were retransferred to
the respective salinities, until the end of the next set time period where a new photograph was
taken. At each of the time intervals, minimums of 3 individuals were photographed at each of
the seawater concentrations. Furthermore, a separate mortality experiment was performed in
order to quantify potential mortality associated with the experimental procedure.

Body volume was estimated from photos, taken at the set time periods at the respective
salinities, using the DP-software programme. The body volume was calculated assuming that
the body and hind legs of H. crispae are cylindrical i.e. see equation (1), and while the error
introduced by this assumption is considerable, it still allowed us to derive a general response
pattern of H. crispae to osmotic stress and body volume changes. Median length (hgody & hicg)
and average diameter (dgody & dieg) Of the body and largest hind leg were measured using DP-
soft, and body volume was calculated using equation (1). In this context, calculating the
largest hind leg and subsequently multiplying this value with two, as opposed to a summation
of the volumes of the respective legs, achieved the best estimation as telescopic withdrawal of
body extremities easily made one leg longer than the other. To determine whether significant
deviation occurred in the mean values over the experimental period, the obtained body
volume estimations were compared to the value recorded in 100% SW using a two-sample t-
test (level of significance < 0.05). The obtained relative volume changes were subsequently
plotted against the incubation time.

(1) VTotal =11 (rzBodyhBody + 2r2LeghLeg)

V1otal is the total body volume, r is the radius derived from the average diameter while h is the
median length of body and hindlegs.
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A limitation of this technique involves the necessity of a standardized position of the
individuals during photography, in order to enhance the comparability of the individual
measurements. Considerable difficulty was experienced in achieving this because of high
animal motility and was further complicated by the tardigrades’ ability to telescopically
withdraw their limbs into the body cavity. Anaesthetizing or other chemical modifications of
the specimens to reduce motility were not employed because it might introduce additional
stress and potential unpredictable side effects. The problem was alleviated by manipulating
the animal into the same position each time, but it will inherently create deviant body volume
estimations not attributive to osmotic stress. Consequently, in order to validate our
experimental protocol, five controls were performed as well, where pictures were taken at
time 0 h and 24 h of animals exposed to a constant salinity of 20%.. Significant difference
between time 0 h and 24 h were tested using two-sample t-test (level of significance < 0.05).
Due to the difficulty of the experimental procedure, and a limited time frame, it was only
possible to obtain measurements at hypertonic salinities up 24 h from the population from
Nipisat Bay, Greenland. Measurements on specimens in the active stage from Vellerup Vig,
Denmark were obtained in a previous study, however, are included and described in order
provide a complete picture of volume regulation in H. crispae.

2.7.1. Survival

In order to quantify survival, a separate experiment was undertaken to assess the mortality of
Halobiotus crispae exposed to the experimental treatments. The primary criterion of survival
was motility; a specimen that moved when disturbed was alive. However, under conditions of
osmotic stress, activity is greatly reduced. Consequently, lack of motility could not be
considered a good criterion for mortality. Inactive specimens were gradually transferred from
the treatment into physiological seawater and only if no recovery ensued were they considered
dead. A total of 20 individuals were immersed in seawater solutions of 10%, 50%, and 200%
of physiological salinity. At each time interval the percent passive and dead was calculated.

3. RESULTS
3.1.  Confocal laser scanning microscopy (CLSM)

3.1.1 Nervous system

When describing our neuronal staining with anti FMRFamide and anti o-tubulin we
discriminate between the central (CNS), and the peripheral (PNS) nervous system. In this
context the CNS consists of the cerebral ganglion and the two ventral nerve cords while all
other neural components are considered as parts of the PNS.

FMRFamide antibody staining showed the strongest immunoreactivity in the two ventral
nerve cords extending almost through the entire length of the animal in anterior-posterior
direction, from the suboesophageal ganglion situated in the head to the hind legs (Fig. 5A).
These main nerves run approximately 14-18 pm apart from and parallel to each other,
connected with commissures of which three can be discerned. In the region of the Malpighian
tubules as well as the body extremities, major parts of the FMRFamidergic system were
revealed. In contrast to the FMRFamide staining, immunocytochemistry involving acetylated
a-tubulin produced the strongest immunoreactivity in the cerebral ganglion, which seems to
form a saddle-like structure above the buccal tube (Fig 5C). Two weakly defined lobes form
the lateral parts of the “saddle”, and at the posterior third of each lobe, nerves at the level of
the eye is directed towards the epidermis to a posterolateral sensory field. Similar nerves
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Figure 5. Confocal laser scanning micrographs of the nervous system of H. crispae with inserted
lightmicrographs. A. Lateral overview of FMRFamide staining. B. Staining of a-tubulin in the head region,
ventral view. C. Lateral overview of o-tubulin staining. D. Ventral overview of a-tubulin staining.
Abbreviations; mt = Malpighian tubules; vg = ventral ganglion; v.nc = ventral nerve cord; og = suboesophageal
ganglion; pa.c = papilla cephalica; cg = cerebral ganglion; ol = outer lobe; ey = eyes; dv.n = dorsoventral
nervecord; ng = nebenganglien; ¢ = commissure; In = lateral nerve. Figur 6. Confocal laser scanning
micrographs of muscle system of H. crispae. A. Lateral overview of F-actin staining. B. Close up of F-actin
staining in the pharyngeal bulb and stylet muscles. The muscles of the pharyngeal bulb and stylets are always
cross-striated, which is clearly indicated by the visible Z-lines. C-K. Close up on one of the front legs in
different optical sections of a CLSM stack with numbers 1-10 indicating different muscles. Abbreviations; lo.m
= longitudinal muscle; dv.m = dorsoventral muscle; di.m = diagonal muscle; sm;_, = stylet muscles; ss.m = stylet
support muscle; p.bu = pharyngeal bulb; m.at = muscle attachment; mf = muscle filaments; p.lu = pharyngeal
lumen.

extend to the epidermis at the level of the papillae cephalica. Two dorso-ventral nerve cords
were revealed in the lateral view. The ventral nerve cords and their commissures can be
discerned in the ventral view, along with nerves extending laterally into each leg (Fig. 5B, C
& D).

3.1.2. Muscle system

Concerning the musculature, the locomotory muscle system in the body and the bucco-
pharyngeal muscle system in the head will be described separately. The muscles of the body
can be considered as belonging to three categories: Longitudinal muscles, diagonal muscles
and dorsoventral muscles. In the head the predominant muscles are those of the stylets and of
the pharyngeal bulb. The longitudinal muscles are relatively thick and situated in the
dorsolateral plane, extending from the head to the hind legs. From the dorsal muscles, three or
four dorsoventral muscles seem to extend into each leg of the first three pairs of legs,
indicating that they are the primary locomotory muscles (Fig. 6A). A closer look at a front leg
reveals at least 10 different muscles (Fig. 6C-K). The diagonal muscles have dorsoventral
orientation and span approximately half of the body length. These muscles are attached to the
cuticle (see 7A, F+H & Fig 8A+G)

The muscles of the bucco-pharyngeal apparatus are shown in figure 6B. The pharynx is a
muscular ovoid or pear shaped bulb, with arrays of radial muscles extending from the
periphery of the bulb to the surface of the pharyngeal lumen. The stylet muscles are arranged
around the buccal tube in a cone shaped structure consisting of two outer and some inner
muscles, which seem to be connected to the buccal tube and at the dorsal and ventral anterior
apophysis (sm; of Fig. 6B). The stylets seem to be connected to the pharyngeal bulb via
several muscles extending from the area of the furca (sm; of Fig. 6B). Additionally, the stylet
support muscles can be discerned at the basal part of the stylets (Fig. 6B). The musculatures
of the pharyngeal bulb as well as the stylet-apparatus are truly cross-striated, clearly indicated
by the presence of Z-lines.

3.2.  Scanning electron microscopy (SEM)

SEM investigations of specimens in the active stage from Nipisat, Disko Island, Greenland
and Vellerup Vig, Denmark reveal an identical outer morphology of the two populations. Fig.
7A shows a lateral overview of H. crispae from Vellerup Vig. Notice the long claws and the
protuberant exterior part of the buccal apparatus similar to the specimen from Nipisat shown
in Fig. 7G. A close-up of the head region (Fig.7B) reveals lumps on the forehead known as
the papillae cephalica, considered to be chemosensory areas. In addition a light ring lines the
mouth opening and two rows of teeth can be discerned just inside the mouth opening. The
first row is the small mucrones and behind them are some flat blade-like structures (Fig.7E).
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Figure 7. SEM of the active stage of H. crispae. A. Lateral overview of H. crispae from Vellerup Vig. B. Close
up of forehead and mouth. C. Close up of claw on front leg. D. Cloaca. E. The peribuccal region. F. Ventral
cuticular muscle attachments. G. Anterior overview of H. crispae from Nipisat. H. Cloaca and Ventral cuticular
muscle attachments of the Nipisat specimen. |. Egg. Abbreviations; pa.c = papilla cephalica; mo = mouth; as.p =
accessory point; pr.b = primary branch; se.b = secondary branch; mu = mucrones; m.at = muscle attachment.

A closer look at the claws (Fig. 7C), show a heteronych claw system with an internal and
external double claw on each leg. The primary branches on both the external and internal
double claws have small accessory points. The cloaca (Fig.7D) is positioned ventrally
between the hind legs and is closed by two lobes. On the ventral side anterior to the cloaca
several muscle attachment sites are seen as more or less circular depressions in the wrinkled
cuticle. Fig. 7F+H show muscle attachment sites on a specimen from Vellerup and Nipisat
respectively. The eggs of H. crispae are plain and smooth (Fig. 7I) and do not have elaborate
patterns. The wrinkled depressions in the egg are an artefact of the preparation.
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Figure 8. SEM of the pseudosimplex 1 stage of H. crispae from Zre. A. Lateral overview, note the smooth
cuticle. B. Close up of forehead and mouth. C. Close up of claw on front leg. D. Primary branch with accessory
points. E. Open cloaca. F. The peri-buccal region. The mouth opening seems to be obstructed by some
filamentous structures extending from the peribuccal sensory organ. G. Ventral cuticular muscle attachments.
Abbreviations; pa.c = papilla cephalica; mo = mouth; as.p = accessory point; pr.b = primary branch; se.b =
secondary branch; p.se = peribuccal sensory organ; m.at = muscle attachment.

Fig. 8A-G show SEM micrographs of a specimen sampled at Lro at a depth of 7-8 meters.
The lateral overview (Fig. 8A) reveals an outer morphology corresponding to that of H.
crispae in the P1 stage. The papillae cephalica can be discerned above the invaginated mouth
opening, which is blocked by cuticular bars (Fig.8B+F). Furthermore the cuticle is not smooth
but covered by a fine grid of creases. The claws are long and each leg is equipped with an
internal and external double claw. Each primary branch has accessory points (Fig. 8C+D) as
described for the specimens from Vellerup Vig and Nipisat. Ventrally between the hind legs is
the cloaca with the two lobes (Fig.8E). The number of muscle attachments and their position
is similar to that seen in specimens from Vellerup Vig and Nipisat, though they appear as
deeper depressions in the cuticle than described above (Fig.8G).

3.3.  Molecular methods

In this study we bring the first data on the genetic variation between two geographically
distinct populations of Halobiotus crispae based on the two loci COI and ITS2. In addition we
expand on the preliminary data on the phylogenetic position of Halobiotus using the
molecular locus ITS2. Our data on the ITS2 region shows that Halobiotus has evolved within
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a paraphyletic Isohypsibius (Fig. 9A+B). Data on COI and ITS2 reveal very low genetic
distance between the populations at Nipisat Bay and Vellerup Vig, Isefjord, indicating that
they both are H. crispae. A comparable low genetic variation in COI between H. crispae and
Halobiotus stenostomus Richters, 1908 collected at Are, suggests an initial incorrect species
identification of this material, as the molecular data shows it is H. crispae from deeper water
(6-8 m).

3.3.1. Cytochrome oxidase subunit I (COI)

The COI data matrix was 584 bp for H. crispae. The data matrix had five variable nucleotide
positions. The average nucleotide composition of COI was A (25.0%), C (22.9%), G (18.2%),
T (33.9%) showing a small AT bias (AT 58.9%, CG 41.1%). The sequence variation between
the two populations of H. crispae consisted entirely of 3™ codon substitutions, all of them
being transitions. The genetic distance between H. crispae, Nipisat and H. crispae, Vellerup
Vig was only (0.73%), whereas the distance between H. crispae, Nipisat and H. crispae, Aro
was (0.98%). The sequence variation between H. crispae, Vellerup and H. crispae, £ro was
also comparatively small (0.73%). Direct sequencing on individual specimens from Vellerup
Vig in the Isefjord revealed two haplotypes of COI, with a haplotype sequence variation of
(0.76%). A third haplotype seemed to be present, but was not independently confirmed by
other sequences. Surprisingly, the genetic diversity within the population at Vellerup Vig was
similar in magnitude as the sequence variation discovered between two geographically
distinct populations separated by more than 3400 km. In comparison, the genetic distance
between Halobiotus and Isohypsibius was 22.4%-22.9%, while being 21.7%22.0% between
Halobiotus and Thulinius. Finally, the sequence diversity between Halobiotus and the
outgroup Ramazzotius oberhaeuseri was 26.3%—26.8%.

The phylogenetic inference by neighbor-joining inferred three distinct lineages for the
COI data set (Fig. 9A). The three main lineages were Thulinius, Isohypsibius and a clade
consisting of Halobiotus. The bootstrap branch supports for the clades were weak except for
Halobiotus. Within the Halobiotus clade the Greenlandic haplotype was basal to the
remaining haplotypes.

3.3.2. Internal transcribed spacer 2 (ITS2)

The ITS2 data matrix consisted of 489 bp for H. crispae. The average nucleotide composition
of ITS2 was A (23.5%), C (23.0%), G (27.6%), T (25.9%), with a data matrix consisting of
three variable nucleotide positions. As a result, the genetic variation between H. crispae,
Nipisat and H. crispae, Vellerup was merely (0.56%). Sequences derived from individual
specimens were unable to confirm the presence of different haplotypes within the population.
The substitutions in H. crispae were all point mutations. In contrast, the genetic distance
between Halobiotus and I. prosostomus was (34.7%) while being 39.2%-39.8% between
Halobiotus and I. granulifer. The sequence variation between Halobiotus and Thulinius was
(33.3%).

The topological resolution of the ITS2 tree inferred two divergent lineages (Fig. 9B) with
Isohypsibius granulifer as the basal taxon. These consisted of a clade of Halobiotus as well as
a clade of Isohypsibius prosostomus and Thulinius stephaniae thus showing a paraphyletic
Isohypsibius. Numerous abberant morphological characters in Halobiotus (including the
secondary adaptation to the marine environment) however contradict the notion of a
paraphyletic Isohypsibius, why a thorough morphological and molecular approach is needed.



160 K. A. HALBERG & D. PERSSON

A
50— Halobiotus stenostomus, /Er@
100 ﬂ:—ialobforus crispae, Vellerup Vig
ol Halobiotus crispae, Nipisat Bay
Isohypsibius prosostomus
Thulinius stepheniae
Ramazzottius oberhauseri
A
0.02
B
100 [~ Halobiotus crispae, Nipisat Bay
L Halobiotus crispae, \Vellerup Vig
Isohypsibius prosostomus
100 Thulinius stephaniae
Isohypsibius cf.granulifer
' 0.05 I

Figure 9. The phylogenetic relationships of Halobiotus. Neighbour-joining based on separate analysis of the
mitochondrial COI gene (A) and the ITS 2 region (B). Modified from MgBJErG et al. 2007.

3.4. Osmotic stress tolerance

Figure 10 shows the level of activity displayed by Halobiotus crispae in different
cyclomorphic stages from Vellerup Vig and in the active stage from Nipisat, when exposed to
a continuous decrease or increase in salinity, during a four to five hour period at 4°C. The
results presented are an average of five individual experiments; and from here a general
response pattern to osmotic stress was evident. Animals exposed to increasing hypotonic
solutions experienced reduced motility caused by the increase in hydrostatic pressure of the
body cavity, while specimens immersed in increasing hypertonic solutions displayed reduced
movement as a result of the massive efflux of water, causing invaginations of intersegmental
cuticle and limps. Progressive disruption of locomotory skills were generally observed as the
osmotic gradient increased, but almost all specimens survived and resumed activity following
a gradual retransfer to physiological salinity. The average mortality rate during the
experiments were 1.5% in the population from Nipisat Bay, and 2.9% in Vellerup Vig,
although the dead animals were often specimens observed to have a deviant behavior even
during the preliminary changes in salinity

Active stage, Nipisat

During the preliminary hypotonic exposure (—10%o) no reduction in activity could be
discerned, but at 7%o a slightly reduced activity was observed as 98% on average of the
animals were still active. Even at a salinity of 5%o, as much as 87% were active, but their
activity level was markedly affected, manifested by swollen bodies and impaired movement.
As the salt concentration was decreased to 3%o approximately 60% were still active, even
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Figure 10. Graph showing the osmotic stress tolerance of H. crispae. (Black) Active stage, Nipisat. (Red) Active
stage, Vellerup Vig. (Green) Pseudosimplex 1 (P1), Vellerup Vig. (Blue) Pseudosimplex 2 (P2) stage, Vellerup
Vig.

though movement became even more lethargic, and many animals only moved after they were
provoked. When salinity was lowered to 1%o a considerable reduction in the number of active
animals was observed leaving averagely 12% active, which still moved the head and at least
two legs. At 0%o no animals sustained activity.

Increases in salt concentration did not seem to hamper activity in the range 20-45%o, as the
few individuals assessed as being passive either had begun shedding their cuticle, or they
were among those which died from the stressful treatment. A small reduction in motility was
observed at 50%o, but 96% was still active, though the stress was beginning to impede their
movements. Even at 55%0 as much as 95% were still active, but some animals began
displaying anterior-posterior contractions as well as invaginations of cuticle and limbs. When
salinity was increased further the animals became progressively more sluggish, and at 60%o
some animals had to be disturbed before movement could be discerned. Still 91% upheld
activity. A major decrease in motility was observed at 65%o, however more than half (55%)
was still active, though many more specimens had to be provoked before moving. This effect
became more pronounced as salinity was increased further; nonetheless 37% persisted being
active even at 70%o. Very few individuals remained active above this threshold, leaving 8%
and 5% active at 75%o0 and 80%o respectively. No animals could sustain activity when exposed
to hypertonic solutions above 80%o.
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Active stage, Vellerup

In the first period of increasing hypotonic stress exposure (—10%o) no passive individuals
were observed and the animals showed only negligible decreases in motile behavior. As the
salinity continued to decline the first animals were observed passive, but as much as 97% on
average of the specimens were still active at a salinity of 7%o. A mean of 77% remained active
during immersion in 5%o, but important changes in behavior were now visible, as motility was
clearly decreased. This tendency became progressively worse as only 48% of the individuals
remained active at a salinity of 3%o. Further decreases in salt concentration resulted in
dramatic reductions of activity; leaving only 12% active animals on average at a salinity of
1%o, of which most had to be provoked to move. A few individuals (a mean of 3%) were able
to sustain very small levels of motility (movement of at least two legs and the head) in
distilled water.

In the preliminary hypertonic salinity range (—25%o) there was no indication of any
visible decrease in activity. Further increases in salinity resulted in some cases in a few
individuals rendered passive, primarily smaller specimens (< 250-300 um), but in general
almost all individuals (94% on average) maintained activity in the salinity range from 20%o to
35%0. At a salinity of 40%o. we observed a mean of 81% active individuals, but the animals
were now beginning to express considerable decreases in motility, clearly influencing their
behavior. Whereas an average of 70% remained active at a salinity of 45%o, approx. half of
the animals were inactive at 50%o (averagely 48% active). During this increase in salinity,
most individuals began displaying contractions in the anterior-posterior direction as well as
invaginations of cuticle and limbs. These apparently movement-restrictive symptoms
escalated as salinity was increased to 55 %o, decreasing activity to a mean of 23%. Movement
was now very slow and sluggish for the remaining specimens, and their legs were now
telescopically withdrawn into their body cavity, indicating an inability to migrate or forage at
this salinity. Only 3% on average could uphold activity during exposure to 60%o, and at 65%o
no activity was discernible at any time, suggesting an upper salinity barrier for activity of H.
crispae in Vellerup Vig between 60%o0-65%o.

Pseudosimplex 1 (P1), Vellerup

As with the active stage no individuals in the P1 stage was observed to be passive during the
first period of exposure to hypotonic stress (—10%o), but their motility already seemed to be
somewhat weakened. The motility at 7%o was obviously diminished, even though 97% was
active. At this point the animals aggregated in small clusters and seemed passive at first
glance, but are easily provoked to move. A mean of 74% active animals were observed at 5%o,
though movement had become even more weakened. Most animals were rendered passive
when exposed to 3%o, with only 27% active individuals showing very limited and lethargic
movement. Only 5% and 1% managed to remain active in 1%o and 0%o respectively, with
motility at a minimum (head + two legs).

During hypertonic exposure a notable motility reduction was observed at 30%o, but none
were passive. At 35%o the first passive individuals were noticed (94% active), and the animals
began displaying an aggregating behavior akin to the one described above. A mean of 80%
were active at 40%o and motility was decreased as invaginations of cuticle and limbs became
apparent. Less than half (43%) were active at 45%o0 and only 27% were active when exposed
to 50%o, as contractions of the body and invaginations of cuticle and limbs became more
conspicuous, thereby hampering movement even further. At 55%o an average of 5% persisted,
displaying very weak movement. No active animals were observed when solutions reached
60%o, and all individuals were curled up and legs had been telescopically withdrawn into the
body.



Comments on the Physiology, Morphology and Phylogeny of H. crispae 163

Pseudosimplex 2 (P2), Vellerup
Our results obtained with the P2 stage only represents a single experiment and can therefore
not be ascribed any statistical value and should only be viewed as showing a possible trend.

During the preliminary hypotonic exposure (—10%o) there was no discernible decrease in
motility and all animals remained active. All animals remained active in 7%o, but movement
seemed slightly hampered. At 6%o the first passive animals were observed, leaving 90%
active. Motility declined even further as the salinity was reduced. A minor reduction in
salinity to 5%o reduced activity to 83% and at 4%o one third of the animals had become
passive (75% active). As much as 40% and 13% were observed to be active even at 2%o and
in distilled water respectively, showing an increased reduction in motility though not as
pronounced as seen in the P1 stage.

In the first period of hypertonic immersion (—30%o) no animals were rendered passive, but
as seen with the other cyclomorphic stages, a progressive reduction in their movements was
evident. At a salinity of 37%0 more than half of the animals were rendered passive by the
osmotic stress, while the remaining individuals displayed very limited and lethargic
movements; some animals even needed provocation to move. Only 20% were active at 42%o
and most of the tardigrades had to be provoked before moving. No animals retained activity at
49%o showing a reduced hypertonic tolerance in relation to the other cyclomorphic stages.

3.5.  Cryptobiosis

3.5.1. Anhydrobiosis

When exposing Halobiotus crispae in each of the cyclomorphic stages to desiccation none
survived (survival 0%, N=10 in each experiment). During the experimental period, water
continually evaporated from the embryo-dishes hereby concentrating the remaining particles
and decreasing the water potential. This created a concomitant reduction in viability in the
exposed individuals. Already after 48h, only a small film of water remained (app. 120%o)
while the animals exhibited considerable reductions in the anterior-posterior axis resembling a
“tun” state. At this point, none of the specimens moved but could still be revived following
gradual retransfer to physiological salinity. By day six, the animals were almost completely
desiccated and no longer showing contractions in the longitudinal axis. Salt crystals were
present. At this stage the animals were no longer alive, thus showing that the behavioral
reduction in the anterior-posterior axis was upheld by active muscle-contraction. Following
rehydration, none survived even after 6 days of post-experimental monitoring; hereby
showing that desiccation is not tolerated by H. crispae in any of the cyclomorphic stages.

3.5.2. Cryobiosis or freeze tolerance

Exposure to freezing temperatures (-18°C) was not tolerated by specimens in either P2 from
Vellerup Vig or the active stage from both localities (survival 0%, N=10 in each experiment).
However, animals in P1 from Vellerup Vig displayed an inverse relationship between survival
and freezing rate (volume of seawater) when exposed to subzero temperatures (Fig. 11). This
was interesting as the P1 stage is found during the Danish summer. Following freezing, the
animals that survived gradually revived over a period of days at 4°C, however no additional
specimens revived after the fourth day (observed a maximum of 10 days after freezing).
Surprisingly, stomach contents could frequently be seen in the surviving animals. There is no
evidence for cryobiosis, however animals in the P1 stage are clearly freeze tolerant in
Vellerup, and perhaps also Nipisat.
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Figure 11. Survival of the Pseudosimplex 1 (P1) stage during exposure to negative temperatures showing an
inverse relationship with volume of seawater (— cooling rate).

3.6.  Volumeregulation

For controls, five specimens were measured at time 0 h and 24 h. Body volume measurements
of specimens immersed in 100% S.W are given in Table 2. There were no significant
difference between the values recorded after O h and 24 h (two-sample t-test, < 0.05).

Figure 12 shows the relative volume changes in Halobiotus crispae following direct
exposure to 10%, 50% and 200% S.W corresponding to a salinity of 2%o, 10%0 and 40%o
respectively, for up to 48 h. These results provide an overall response pattern of H. crispae
invoked during the imposition of osmotic shock. In the hypotonic solutions (10% and 50%
S.W.), an initial increase in body volume was followed by stabilisation and a period of some
recovery over the remaining period of time. Specimens immersed in hypertonic solutions
(200% S.W.) showed an almost inverse response pattern, with an initial reduction in body
volume followed by a small period of recovery, however, with a significant change in body
volume over the full period of 48h (seen in both the Nipisat and Vellerup population).
Overall, there seems to be a noticeable inverse relationship between the body volume of H.
crispae and the external salinity. With the initial transfer of individuals in the active stage
from the population at Vellerup Vig, Denmark to the hypotonic solutions, body water values
rose abruptly, as the osmotic shock resulted in a massive water uptake along the water
concentration gradient. This response was most pronounced for specimens immersed in 10%
S.W., as total body volume increased to a mean of 209% during the first 30-minutes, and
continued to rise to a value of 275% on average after 2 h exposure. During this period most
specimens became passive. Animals immersed in 50% S.W. experienced initial increases in
total body volume also (219% after 4 h), although significant changes in body volume were
not detected before after 1 h exposure. The comparatively greater relative increase in body
volume observed during 10% S.W. exposure must be explained by the fact that the rate of
passive water movement is proportional to the osmotic gradient set up by the transfer, hereby
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Total body volume (%)

Oh 24 h P value
H. crispae 100 100 +3 % 1,000

Table 2. Mean body volume (%) and standard deviations of the control measurements (N=5) in
100% S.W. after 24 h.

also explaining the observed mortality (see Table 3). In addition, specimens displayed
progressive reductions in mobility as the increasing hydrostatic pressure in the body cavity
seemed to make movement difficult, and was generally very limited after 1-2 h in 10% S.W.
Individuals immersed in 50% S.W. seemed to do better as some specimens retained a
relatively high level of activity even after 4h. Following the rapid osmotic increase in body
volume was a period of stabilization, as very little average variation occurred in 10% S.W.
during the next 22 h, resulting in a mean total body volume of 279% after 24 h. In this period
however, animal motility was completely lost, most likely resulting from impairment of
locomotory skills due to increased internal hydrostatic pressure. Specimens immersed in 50%
S.W. experienced a period of stabilization and recovery as total mean body volume dropped
to 170% after 24 h, and most remained active in spite of swollen bodies caused by the osmotic
influx of water. Up until now, all the body volume measurements performed on specimen
immersed in 10% S.W. solutions, were significantly different from the values before the
osmotic shock exposure. However, throughout the rest of the exposure period a recovery was
observed for individuals in 10% S.W, resulting in a body volume that was not significantly
different after 48 h compared to 100% S.W. The majority of the animals survived the 48 h
exposure (see Table 3). Average body volume values of specimens immersed in 50% S.W.
seemed to stabilize at a total of 176% with only small changes occurring in mean body
volume between 24 h and 48 h immersion. Worthy of note is the fact that individuals
immersed in 10% and 50% S.W. after 48 h exposure, both seemed to stabilize at a mean
relative body volume of approx. 180%, which was not significantly different to the initial
body volume at time 0 h, while furthermore regaining limited movements.

Exposure of active specimens of H. crispae from Vellerup Vig to 200% S.W. induced an
initial significant reduction after 30-minutes in average body volume of over 37% due to the
osmotic efflux of water. Concomitant reductions in motility following transfer were observed,
but far from the degree observed for specimens immersed in hypotonic solutions. Preceding
an almost total recovery of mean body volume after 4 h exposure, where body volume was
not significantly different from 0 h in 100% S.W, observed values were somewhat erratic,
fluctuating between a mean of 76% and 50% total body volume after 1 h and 2 h respectively.
Small anterior-posterior contractions as well as progressive reductions in motility during the
first 4 h exposure were observed, but with no apparent functional limitations. Throughout the
rest of the exposure period total body water values continued to drop, culminating in a relative
volume reduction of 42% after 48 h. No mortality was registered and animal mobility was in
all cases retained throughout the full exposure period, even though body volume was
significantly different after 48 h immersion compared to 100% S.W. When specimens in the
active stage from Nipisat Bay, Greenland were immersed in 200% S.W., a similar general
response pattern between the two populations was observed. Initially, significant reductions in
body volume occurred (37% reduction after 30-minuttes) however, after just 2 h exposure,
body volume was restored again (90%) and was not significantly different from 100% S.W.
This was as previously mentioned not demonstrated to be the case in animals from the
population at Vellerup Vig, which in parallel experienced significant reductions in mean body
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S.W. solution
10% 50% 200%
A\ N P1 Vv N P1 AY/ N P1
30 10/0 0/0 15/0 0/0 0/0 0/0 0/0 0/0 15/0
min
1h 55/0 50/0 65/0 0/0 0/0 0/0 0/0 0/0 10/0
2h 80 /20 60/0 90/0 0/0 0/0 0/0 0/0 0/0 5/0
4 h 90 /34 70/0 90/0 0/0 0/0 0/0 0/0 0/0 0/0
24h | 100/34 | 70/0 55/0 0/0 0/0 0/0 0/0 0/0 5/0

48h | 65/40 | 50/0 50/0 0/0 0/0 0/0 0/0 0/0 5/0

Table 3. Passivity (%) / Mortality (%) of H. crispae in the different seawater solutions at the various time
intervals. V, Vellerup (active stage); N, Nipisat (active stage); P1, Vellerup (pseudosimplex 1 stage).

volume of 50%. This signifies a comparatively faster and more efficient response by
specimens from the population at Nipisat Bay. Over the course of the next 2 h body volume
stabilized, but dropped again after 24 h immersion (72%) to similar levels exhibited by the
Vellerup population (62%). At no time did the hypertonic exposure seem to affect animal
motility or mortality (see Table 3). In résumé, a distinct parallel response pattern between the
two populations was seen when exposed to hypertonic salinities, albeit with a more effective
response in animals from the Nipisat population. However, there was considerable variation
between the responses of the P1 stage and active stage of H. crispae from Vellerup Vig to the
10% saltwater concentration. Animals in the Pl stage were much less affected by the
hypotonic exposure, experiencing significantly smaller relative changes in body volume. This
difference is exemplified after 1 h immersion, as maximal average body volume reached
161% opposed to a mean total body volume of 231% observed in specimens in the active
stage at the same time interval. Furthermore, following 4 h exposure a recovery was observed
in specimens in the P1 stage, as average body volume was not significantly different from
100% S.W. In contrast, individuals in the active stage experienced a period of stabilization,
culminating in a total mean body volume of 250%. Even after 24 h, body volume of
individuals in the P1 stage was not significantly different from specimens in 100% S.W. even
though further exposure to this salinity induced a significant increase in body volume (129%)
compared to 100% S.W. after 48 h immersion. Even so, animal activity was greatly affected
by the 10% S.W. exposure (see Table 3).

4. DISCUSSION
4.1. Confocal laser scanning microscopy (CLSM)

4.1.1. Nervous system

According to Marcus [1929] a ventral nerve cord with four fused paired ganglia is present in
the eutardigrade Macrobiotus hufelandi Schultze, 1834. From our results with FMRFamide
we can distinguish only three ventral ganglia, while the fourth as well as the suboesophageal
ganglion could not be discerned. Our immunocytochemical stainings of the cerebral ganglion
using a-tubulin does not reveal all the structures presented by WiepernorT and Greven [1996]
in the eutardigrade Milnesium tardigradum Dovere, 1840. However, a-tubulin staining shows
a collection of nerves forming what vaguely resembles a saddle-like structure, corresponding
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Figure 12. Graph showing the total body volume of H. crispae in three S.W. concentrations over a period of 48
hours. The error bars indicate + standard deviation. Dashed lines indicate the volume of H. crispae in 100% S.W.
If nothing else indicated N=3 at each of the set time periods at each respective salinity. (Black) Active stage,
Nipisat in 200% S.W. (Red) Active stage, Vellerup Vig. (Green) Pseudosimplex 1 stage, Vellerup Vig in 10%
S.W.

to the supraoesophageal ganglion and the lateral lobes seem analogous to the outer lobes in
Milnesium tardigradum. In connection to these lobes we seem to be able to recognize the
neuronal structures described, in connection to the eyes and papillae cephalica. The
suboesophageal ganglion does not show any immunoreactivity.

The deviations we find in the brain of H. crispae, compared to Macrobiotus hufelandi and
Milnesium tardigradum, must be due to artefacts of preparation and analysis, because some of
the same structures have been recognized in H. crispae by Kristensen [1982]. This is mainly
the supra- and suboesophageal ganglia and the eye, which he found to be an internal structure
situated in the cerebral ganglion, in the part known as protocerebrum. In addition, the papillae
cephalica were shown to extend from the part of the brain known as deutocerebrum.

According to the results discussed above, FMRFamide and o-tubulin are present in
different parts of the CNS, but in the PNS they seem to generate immunoreactivity in the
same components. This is interesting because one would expect anti a-tubulin to stain all
nerves [A. Wanninger pers. comm.].
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4.1.2. Musculature

Our results concerning the muscle system are generally in agreement with work done by
Marcus [1929]. He shows that Macrobiotus, has four longitudinal dorsal muscles and one
lateral on each side. Our phalloidin stainings show the four longitudinal dorsal muscles as
well as several muscles extending into the head region, but the longitudinal lateral muscles are
not visualized. In addition he shows 10 muscles from the dorsal and lateral muscles, and 2
from the ventral muscle, extending into each of the first pair of legs. In the second pair 14
muscles were identified, 10 from the dorsal plane and 4 from the ventral, and in the third pair
he discerned 16 individual muscles (12 dorsal and 4 ventral). In contrast the movement of the
hind legs are controlled by 7 muscles, 3 dorsal and 4 ventral.

From our immunocytochemical preparations it is very difficult to distinguish the number
of individual muscle fibers in the legs. Though, in a thorough investigation of individual stack
images of a front leg it was possible to discern at least 10 different muscles. In the lateral
overview the ventral muscles and those in the legs are positioned more or less in the same
plane, why it is close to impossible to separate each muscle. This problem could possibly be
solved by using the IMARIS™ program, which reconstructs the muscles in 3-D based on the
image stack obtained with the CLSM.

According to our CLSM results most of the muscles seem to attach to the dorsolateral
muscles and this is confirmed in Marcus (1929). In addition, SEM on H. crispae shows some
cuticular muscle attachments between the legs in the ventral plane as well as in the lateral
plane of the body (Fig. 6). The somatic muscles are attached to these characteristic zones in
the cuticle by cuticular fibres, which extend from a dense layer just below the epidermis into
the epicuticle [KrisTensen, 1978; Greven, 1980; KincHin, 1994].

In the bucco-pharyngeal apparatus one can discriminate between stylet muscles, stylet
support muscles and those of the pharyngeal bulb. These muscles are true cross-straited.
Stylet muscles has been described in Macrobiotus hufelandi, also by Marcus [1929], where
he show 15 individual muscles involved with the stylets and supporting structures. From our
results we can only distinguish 4 to 6 muscles around the stylets and 4 connected to the
pharyngeal bulb. The musculature of the pharyngeal bulb of H. crispae in the active form has
been investigated with TEM by EiBve-Jacosen [1996]. She found that the pharynx is an
ectodermal myoepithelium consisting of arrays of radial muscles. It is mentioned that the
radial muscles are attached to the basement membrane of the bulb, starting as single muscle
filaments fusing along their length to form muscle cells attached to the cuticle of the
pharyngeal lumen. The action of these muscles contributes to the animal’s suction capability,
by contraction and relaxation of the radial muscles, and propels ingested nutrients along the
alimentary canal, when a food item has been pierced by the stylets [KinchiN, 1994]. Our result
seems to confirm these findings, though it is impossible to define the pharynx as a
myoepithelium based on the CLSM image alone.

4.2.  Scanning electron microscopy (SEM)

The SEM investigation indicate that the material collected from Vellerup, Nipisat and Aro all
belong to the same species i.e. Halobiotus crispae. Nevertheless, the Are material has
previously been described as Halobiotus stenostomus by JorGensen & KRrisTensen [2004].
However, based on the aberrant wrinkled cuticle, the closed invaginated mouth opening and
the claw system, characters originally described from H. crispae from Nipisat [KRISTENSEN,
1982], the specimen clearly belong to H. crispae in the pseudosimplex 1 stage. Additionally,
the investigation on the specimens from Vellerup and Nipisat display striking morphological
similarities in the structure of cuticle, the mouth opening and the heteronych claw system.
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These data support the assumption that the specimens found at the two localities indeed
belong to the same species.

4.3. Molecular methods

Our molecular data show low sequence diversity between the populations at Nipisat and
Vellerup in both COI (0.73%) and ITS2 (0.56%), as well as low haplotype diversity in COI
(0.76%). Because COI is a fast evolving protein coding mitochondrial gene, one would not
expect such low sequence diversity in an organism as wide spread as H. crispae. There is
approximately 3400 km between the two populations [MosierG et al., 2007]. Milnesium
tardigradum have shown higher sequence diversity within Denmark (0.63-5.81%) [JORGENSEN
et al., 2007], but M. taridgradum might be a species complex of cryptic species [A.
JORGENSEN pers. comm.]. In contrast a sequence diversity of 0.16-1.28% was shown for
Echiniscus testudo Dovere, 1840 which has a wide spread distribution. This can in part be
explained by the fact that E. testudo is a parthenogenically reproducing species, whereas M.
tardigradum is sexually reproducing; though some populations of M. tardigradum only
contain females [JorGensen et al., 2007]. If one compares our results with these findings, it
shows that H. crispae contains relatively low sequence diversity for a sexually reproducing
species sampled over a vast geographical area. This indicates that H. crispae might have an
effective dispersal potential i.e. by “stepping stones” and be a young species as a result of a
relatively recent speciation event. Indeed, the genetic diversity between the populations in
Nipisat Bay and Vellerup Vig is less than what is currently used in DNA barcoding [HERBERT
et al. 2003]. Barcoding studies on lepidopterans as well as on arachnids have shown that
genetic divergence between species often (98% of cases) is greater than 2-3% [HerBERT &
BarreTT, 2005]. Given that this applies to Tardigrada, our molecular data confirm what
morphology has indicated, that the two populations are the same species. Furthermore this
also implicates that H. stenostomus from ZAre, Denmark [Jorcensen & KrisTensen, 2004] is in
fact a deep water form (6-8m) of H. crispae which suggests that H. crispae is not exclusively
limited to shallow-water habitats as previously believed.

4.4. Osmotic stress tolerance

It is well established that salinity is an important independent factor in shaping the horizontal
and vertical community structure of marine free-living meiofauna. The gradation of
communities described in estuaries bears direct evidence of this [Forster, 1997; GoNzALEz-
OrTEGON, 2006]. Consequently, osmotic conditions are of fundamental importance for an
organism to occur permanently in a habitat. However these conditions are by no means static.
In subtidal habitats, large temporal and spatial fluctuations in salinity occur regularly; apart
from salinity changes accompanying tidal cycles, precipitation and terrestrial surface water
run-off, variations are induced by evaporative water-loss and surface ice formation. As a
result, subtidal habitats can be defined as being one of the most stressful marine biotopes
demanding extraordinary adaptations of the organisms that live here.

The degree of osmotic stress exerted on a population of tardigrades is dependent strongly
upon the location at which it occurs; the higher in the subtidal zone the greater the exposure to
factors that alter salinity. Presuming that ambient salinity is of significance to tardigrade
assemblages, it should be expected that populations inhabiting localities experiencing greater
fluctuations in salinity, would respond more effectively to the consequences of osmotic stress.
This study provides good evidence for this. At the study site of Nipisat Bay, Disko Island, W.
Greenland, Halobiotus crispae is a member of the upper shoreline community. This close to
land, huge oscillations in salinity are taking place; indeed salinities between 4-32%o have been
measured [R.M. KrisTensen pers. comm.]. Although showing a similar tolerance during
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hypotonic exposure, specimens from Nipisat Bay displayed a significantly higher tolerance of
increasing sea water concentrations when compared to animals from the southernmost
locality. Some specimens even tolerated as much as 80%o. This observation seems well in
accordance with their greatly exposed habitat; and of particular importance to life in the
transitional zone between land and sea. In fact, during maximum low-tide sub-populations
may become temporarily trapped in small bodies extremely sensitive to the factors that alter
salinity e.g. surface evaporation. In contrast, at the southernmost locality of Vellerup Vig,
Isefjord, Denmark H. crispae colonise a narrow band in the littoral zone at a depth of 1.5-3.0
meters. Therefor, this community is not subject to the same extreme influences as the
population at Nipisat Bay, Greenland. In fact, water samples taken at the respective depths
over the course of an entire year varied no more than 18%0-20%0 [MoBiEra et al., 2007], while
Rasmussen [1973] recorded salinities varying in the range of 17.5%0-21.5%o. Accordingly, we
observed that all activity ceased at a comparatively low ambient salinity (65%o) in specimens
from this locality, indicating that animals from Vellerup Vig are more sensitive to hypertonic
exposure. As a result, the obvious differences in habitat preference, as well as the factors
affecting salinity, are reflected by the overall tolerance of osmotic stress exposure exhibited
by the two populations; and most likely caused by divergent selection pressures exerted at the
two localities.

As previously mentioned, tolerance of hypotonic exposure were more or less similar
between the two populations. Indeed, (11.8%) and (12.2%) of the specimens from Vellerup
Vig and Nipisat Bay respectively, were active when exposed to 1%o seawater. On a parallel
note, this is in some contrast to the preliminary physiological investigations performed by
KrisTensen [1982] which showed that the active stage was intolerant of melt water. However,
the frequencies as well as the severity of the changes occurring at the two localities are not the
same. At Nipisat Bay, the active stage is found during the Greenlandic summer [KRISTENSEN,
1982]; a season defined by elevated temperatures and increased precipitation [MoBiErG et al.,
2007]. Consequently, it is easily envisioned how sudden drops in salinity may occur when
considering their highly exposed habitat. In fact, 6-8%o was measured in small bodies of water
during sampling when raining. In this context it is not difficult to comprehend why tolerance
of hypotonic exposure seems relevant. Conversely, at Vellerup Vig Isefjord the active stage
immerges during the Danish winter/fall [MegiErG et al., 2007]. However, at a depth of 1.5-3.0
meters of water H. crispae is buffered from sudden, extreme changes in ambient salinity.
Actually, little change seems to occur [Rasmussen, 1973]. So why are the exhibited hypotonic
tolerances more or less similar? Especially considering that differences in habitat have
resulted in changes of their hypertonic tolerances. Abilities not conferring an adaptational
advantage are susceptible to accumulation of deleterious mutations over time. This could
imply that different compensatory mechanisms are responsible during very high or very low
salt concentrations respectively, which has been reported in several other published cases
performed on related phyla like nematodes and annelids [OcGLesBy, 1981]. In this regard,
tolerance of hypertonic exposure could be affected without impinging on the hypotonic
tolerances. However, this may be difficult to conclude on the sole basis of our preliminary
results. Even so, since our molecular data suggest a recent invasion from north to south, the
ability to tolerate extremely low osmotic pressures might not yet have been affected by
selection.

When looking at the different cyclomorphic stages at Vellerup Vig, Denmark it becomes
apparent that the osmotic stress tolerance of Halobiotus crispae changes with the synchronical
annual cycle of cyclomorphosis. This has previously also been suggested by MoBierG & DanL
[1996]. These variations probably relate to dissimilar requirements in the different
cyclomorphic stages. At Vellerup Vig the conversion into the P1 stage is associated with the
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beginning of summer (May-June) [MosierG et al., 2007]. The P1 stage is characterized by
possesing two cuticles; the outer being sclerotizised and dark in colouring [KrisTensen, 1982].
Although retaining their locomotory skills in this stage, mechanical resistance might be
imposed by the second outer cuticle. This would be of particular significance during periods
of osmotic stress with ensuing changes in body volume. Consequently, given that the ability
to move is impeded by a more rigid outer structure, the level of activity would be affected at
any given salinity. Indeed, only (3.6%) are active at a salinity of 1%.. This might explain the
reduced activity (tolerance) observed during osmotic stress exposure when compared to active
specimens.

The P2 stage is very short, but indeed very interesting. Of the different cyclomorphic
stages, the P2 stage is least tolerant of high salt concentrations; however, it is also the stage
which appears to handle low osmotic pressures most successfully. In fact (13.3%) remain
active in distilled water. At Nipisat Bay the P2 stage appear in springtime (April-May)
[MoBJErG et al., 2007] when the ice thaws and incredible amounts of ice meltage empties into
the bay. In this context, the increased hypotonic tolerance must be seen as direct adaptation to
these extreme circumstances. This is also supported on the ultrastructural level, as the size of
the Malpighian tubules and therefore the ability to osmoregulate has been found to be largest
in the P2 stage [MoBiErG & Danr, 1996]. However, this does not seem to corroborate with the
limited tolerance of hypertonic solutions, unless different mechanisms are responsible during
high or very low salt concentrations respectively, as previously claimed.

This study demonstrates that irrespective of the cyclomorphic stage Halobiotus crispae is
capable of tolerating a very wide range of salinities; it is a euryhaline species. Indeed they are
able to tolerate salinities greatly exceeding what would ever occur in nature. The salinity
tolerance exhibited by H. crispae is unparalleled within Tardigrada, except for the tidal
heterotardigrade Echiniscoides sigismundi Schultze, 1865 which is the only species in which
osmobiosis has been demonstrated [Kristensen & Harras, 1980]. This is an excellent
adaptation to their habitat in the subtidal zone; indeed so successful that H. crispae have
completely replaced arthrotardigrades from the subtidal zone in the Arctic [Crisp &
Kristensen, 1983]. However it is not claimed on the basis of these results that H. crispae is an
osmoregulator. Yet since the animals are able to tolerate the observed broad spectrum of
salinities, and a change in internal inorganic ion concentration of app. 200 mOsm (~7%o)
usually have lethal consequences in most organisms [GiLLes, 1979], it seems exceedingly
probable.

45.  Cryptobiosis

4.5.1. Anhydrobiosis

Anhydrobiosis is a widespread strategy common to most cryptic fauna in response to
desiccation [WriGHT et al., 1992; Carroti et al., 2004]. The ability to enter an anhydrobiotic
stage is well known in tardigrades, especially limno-terrestrial species [Ramrov & WESTH,
2001; ScuiL et al., 2004]. Anhydrobiosis involves the loss of “bulk” water as well as that
bound to macromolecules and internal structures. This process leads to the formation of a tun
state. Experiments have shown that anhydrobiosis is dependant upon the accumulation of
polyhydroxyl compounds, such as trehalose [WestH & Ramrov, 1991], which has led to what
is called the water replacement theory [Crowe et al., 1998]. It is believed that water molecules
are replaced by trehalose, thereby conferring protection against any damaging effects during
desiccation [WriGHT, 2001]. More recently anhydrobiosis has also been shown to depend on
the synthesis of molecular chaperones i.e. heat-shock-proteins (HSP) [Ramrov & WESTH,
2001; Schie et al., 2004] in relation to molecular crowding and protein-protein interactions.
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As previously mentioned H. crispae is secondarily adapted to the marine environment.
Depending on how recent readaptation has occurred, one could hypothesize that a remnant
ability to enter an anhydrobiotic stage could still be present. According to our results this is
not the case in any of the cyclomorphic stages, as all specimens die when exposed to e.g. the
atmosphere or extreme salinity (app. 300%o saturated seawater). Indeed, when considering the
different H. crispae localities anhydrobiosis hardly seems a likely employed survival strategy.
Consequently, this implies that H. crispae is actively tolerating/osmoregulating during periods
of severe changes in the ambient osmotic pressure gradient.

4.5.2 Cryobiosis or freezetolerance

Winter temperatures at Nipisat Bay are always well below zero, and often below the
crystallization temperature of the body fluids of most organisms. This indicates that winter
survival of Halobiotus crispae is dependent upon the tolerance of very low temperatures. At
this time of year H. crispae is in the pseudosimplex 1 (P1) stage, which in fact has been
described as a movable cyst specifically adapted to the harsh arctic winter conditions
[KrisTEnsEN, 1982]. Indeed, preliminary experiments on negative temperatures showed that
animals in the P1 and P2 stage tolerated gradual freezing down to -20°C [KRisTENSEN, 1982].
Recently this has been reevaluated to only include the P1 stage [Mosierg et al., 2007]. Our
results show that animals in the P1 stage are able to tolerate temperatures as low as -18°C,
while freezing is lethal in the other cyclomorphic stages. Freeze-tolerance has been
demonstrated in other tardigrades before i.e. Richtersius coronifer (Ricuters, 1903) [Ramrov
& WestH, 1992] and Amphibolus nebulosus and has been shown to depend on the presence of
ice nucleating agents (INA) [Westh & Kristensen, 1992]. INA act by inducing ice-formation
at relatively high temperatures thereby controlling the rate of ice growth. In the last mentioned
study, the occurrence of low weight cryoprotectives such as polyols was not detected,
indicating that a significant depression of the crystallization temperature was not involved in
winter survival of these species. This is in contrast to what generally is reported from freeze-
tolerant insects [ZacHaRrIASSEN, 2004]. Whether a similar situation is the case in H. crispae can
not be answered on the basis of these results alone. However, the fact that survival is
inversely correlated with the rate of freezing indicates that biochemical adaptations are
needed to be immobilized in preparing for freeze-tolerance. Yet, the freezeing point in H.
crispae have been shown to be surprisingly low (-15°C) [Unpublished data], thus excluding
the presence of INAs. However a similar relationship between freezing rate and survival was
recently described in R. coronifer [Katnorm, 2006 M. Sc. thesis unpublished]. In this study it
was speculated that the synthesis of heat-shock-proteins (HSP) conferred protection against
cellular dehydration induced by ice formation, and indeed this may be the case. Both freezing
and dehydration have long been thought to rely on the same biochemical mechanisms.
However, whether this is true has heatedly been debated [Crowe et al., 1990] as experiments
on trehalose levels, as well as the lack of a tun state during freezing, have suggested that this
is not entirely true [WrigHT, 2001]. In light of our results the two exposures can not rely on
the same molecular basis for tolerance of these extremes, as the P1 stage has been shown not
to tolerate desiccation [KRrISTENSEN, 1982].

It seems peculiar that the P1 stage from Vellerup Vig is able to tolerate negative
temperatures, as this stage appears during the Danish summer. Here negative temperatures
never occur. Thus, while the P1 stage is an adaptation to the long arctic winter in Greenland,
it might possibly enable H. crispae to tolerate high temperatures and oxygen depletion in
Denmark [MosierG et al., 2007]. Nonetheless, the P1 stage has retained the ability to tolerate
ice formation.
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4.6. Volumeregulation

Volume regulation as a phenomenon at the whole-organism level may be thought of in two
contexts. One is the steady-state response of the organism to steady-state environmental
conditions, and usually involves the presence of at least slight osmolality differences between
the environmental medium and the body fluids of the organism. However, the second type of
volume regulation involves physiological responses, which are invoked as a response to
osmotic stress, such as a transfer of an organism from one salinity to another. In this context,
volume regulation is thought of in terms of the ability of the animal to restore the steady state.
In the present study, it was the second type of volume regulation which was investigated,
although there is no clear evidence of that these to types of whole animal volume regulation
involve separate mechanisms [OGLEsBY, 1981].

What this study demonstrates is that both of the investigated cyclomorphic stages of
Halobiotus crispae have the ability, albeit with some differences, to regulate body volume,
while small but significant differences persists between the two investigated populations in
the active stage. During hypotonic exposure, a tardigrade is exposed to an initial, rapid influx
of water. In species able to osmoregulate, this increase is followed by a period of gradual
reduction in body volume to levels approaching those observed in normal ambient water
salinities. This was best demonstrated by specimens in the P1 stage. Conversely, when
exposed to hypertonic solutions a fast reduction in body volume is followed by a continuous
return to normal levels. A response best exhibited by specimens in the active stage from the
population at Nipisat Bay. A similar response pattern was reported from several species of
intertidal nematodes [Forster, 1997], however specific differences relating to the degree of
water loss/gain and rates of recovery seems to entail interesting ecological consequences.
Animals in the P1 stage appeared much less affected by a reduced salinity, compared to
specimens in the active stage, displaying only comparatively small variations in total body
volume. Although clearly regulating body volume, this is also attributed to the presence of
two cuticles in this stage, which mechanically prevents large changes in body volume. As
previously mentioned the second cuticle also affect animal mobility, manifested by the fact
that specimens in the P1 stage become passive more quickly during the initial periods of
severe hypotonic exposure. Under the same conditions, specimens in the active stage
underwent much larger variations in body volume. Most specimens experienced increases in
hydrostatic pressure rendering them passive, while others experienced rupture of the cuticle of
which there is no recovery. Consequently, the tolerance of very large body volume changes,
especially during severe hypotonic exposure, clearly involves the properties of the cuticle.
Functionally this may involve either (1) resisting i.e. hydrostatic expulsion or (2)
accommodating the large body volume changes occurring. Therefore it might be speculated if
the ability of H. crispae to survive incidents of reduced salinity depends on whether it can
regulate its body volume efficiently enough to prevent the internal pressure of reaching a
critical value, upon which bursting occurs. However, when applying an integrative approach it
seems enigmatic that P1 from Vellerup Vig should regulate body volume more efficiently
than the active stage. At Nipisat Bay, the active stage experience greater oscillations in
salinity than what would ever occur at Vellerup Vig. This is also reflected by the overall
salinity tolerance but not so well in regulation of body volume, hence implying that
specimens in the active stage have the ability to tolerate sustained periods of significant
changes in body volume.

The responses to elevated salinity were more uniform with specimens from both
populations displaying some ability to recover from the initial reduction in body volume, even
if the rate at which this was achieved differed. Animals from the population at Vellerup Vig
regained steady-state values within 4 h, while specimens from Nipisat Bay recovered after
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just 2 h exposure. Nevertheless, beyond this time individuals from both populations
experienced reductions in body volume indicating an inability to regulate body volume over
longer periods of time. No mortality (or even passivity) was registered during hypertonic
immersion; indeed the animals did not even exhibit major differences in behaviour compared
to 100% S.W. However, the fact that specimens from Nipisat recover faster from hypertonic
shock compared to animals from Vellerup is in agreement with the relatively more exposed
habitat. Animals from this locality also tolerate significantly higher salinities, logically
implying a connection between salinity tolerance and volume regulation.

5. CONCLUSIONS

This study concerns several aspects of the secondary marine species Halobiotus crispae from
Nipisat, Disko Island, Greenland as well as Vellerup Vig, Isefjord, Denmark. Extensive
protocol-development demonstrates that immunocytochemistry (ICC) in concert with
confocal scanning laser microscopy (CLSM) can be a powerful tool in reconstructing the
internal anatomy of Tardigrada. Using the antibodies anti-acetylated a-tubulin and anti-
FMRF-amide it is shown that different neurotransmitters are present in different parts of the
CNS, while being co-localized in the same components in the PNS. The muscle system can
successfully be reconstructed using FITC conjugated phalloidin. Our molecular data on ITS2
show that H. crispae evolved within a paraphyletic Isohypsibius, and is a relatively young
species. Low sequence diversity in COI and ITS2 between the populations at Nipisat and
Vellerup Vig show that they are the same species. Exposure to osmotic stress demonstrated
that H. crispae is a euryhaline species capable of tolerating fluctuations in salinity greatly
exceeding those encountered in nature. This salinity tolerance is related to the cyclomorphic
stage. Experiments on desiccation and cooling revealed that desiccation was not tolerated, and
only animals in P1 are freeze tolerant. Exposure to osmotic shock indicates that H. crispae
experience significant changes in body volume initially. Immersion in hypotonic solutions
reveals that these changes are less pronounced in animals in P1; however, regulation of body
volume was demonstrated in both stages over a period of 48 h. Exposure to hypertonic
salinity revealed a faster recovery of specimens from Nipisat, but animals from both
populations displayed an inability to regulate body volume during long-term exposure.
Nevertheless, mobility was retained throughout the exposure suggesting a tolerance of long
periods of reduced body volume. Difference in habitat, salinity tolerance and volume
regulation between the two populations endorses the suggestion that the ability to overcome
salinity fluctuations is a factor in determining the horizontal distribution of H. crispae. Future
studies will be directed against elucidating the molecular basis for osmoregulation in
Tardigrada.
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Abstract: Marine polychaete and polyplacophoran larvae were gathered in the Disko Bay area of Greenland in
August 2006. The larvae were transported to the University of Copenhagen in Denmark. There, confocal laser
scaning microscopy was used in order to achieve high-resolution images of the muscular systems of the two
taxa. The aim of the project was to compare the muscular systems of the taxa, with focus on the development of
serially repeated organ systems in these two lophotrochozoan taxa. The analysis of the resulting images
concluded that within polychaetes the development of segments takes place in the posterior end and pushes the
older segments upward. The most developed segments are therefore found in the anterior part of the animal and
the youngest segments, in which muscles are not entirely developed yet, are found in the posterior end.
Polyplacophorans on the other hand, do not show true segmentation, as development of their musculature does
not proceed in a strict anterior-posterior pattern.

Keywords. Lophotrochozoa, segmentation, muscular system, confocal laser scanning microscopy.

1. INTRODUCTION

Muscle tissues are major mesoderm-derived components of bilateral body plans, as diverse as
flatworms or vertebrates [WanniNGer, 2004]. Data on muscular anatomy have shown to
provide useful characters for systematic analyses on species as well as phylum level and thus
allow significant insight regarding metazoan body plan evolution. This paper focuses on the
analysis of polychaete (Annelida) and polyplacophoran (Mollusca) larval muscular systems
and the comparison of these two taxa of metazoans.

The ciliated larvae of polychaete annelids are extraordinarily variable in form and
function [Young, 2002]. This diversity presents unique opportunities and challenges to those
interested in the functional morphology, ecology and evolution of larvae [Young, 2002].
Polyplacophora are a taxon within the phylum Mollusca. Numerous studies have been
performed on both taxa, but so far, no one has compared the muscular development of
polychaete and polyplacophoran larvae. In this study, the comparison is especially focused on
the development of what seems to be segmentation within the two taxa. In the Annelida the
segments develop from a pre-anal growth zone. The development of segments takes place in
the posterior end and pushes the older segments upward. Therefore, the most developed
segments are found in the anterior part of the animal and the youngest segments, which might
not even have developed their muscles entirely yet, are found in the posterior end.
Polyplacophorans on the other hand do not show true segmentation as they develop their
musculature synchronously.

There are two competing theories of the evolution of segmentation. The traditional theory
states that segmentation evolved in the early ancestor of Spiralia and ecdysozoans and that
some taxa secondarily lost the segmentation. This statement supports the hypothesis that it is
far easier to loose a specific character, than it is to develop the same character twice. A more
recent hypothesis of the evolution of segmentation states that segmentation in Annelida and
ecdysozoans evolved analogously.
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Figure 1. Map showing Disko Island off the west coast of Greenland. Sampling sites marked by black dots.

2. MATERIALS AND METHODS

The samples were collected around Disko Island in Greenland (see Fig.1) at depths varying
from 5 — 250 m., using 50 um, 100 um and 200 um plankton-nets. The collections took place
at several different locations, ranging from shallow waters to the open sea.

2.1.  Storing and staining specimens

The specimens were isolated from the samples shortly after return to the lab (< 6 h). Hereafter
they were relaxed in 3.5 % magnesium chloride (MgCly), fixed in 4.0 % paraformaldehyde
(PFA), stored in 0.1 M phosphate buffer (PBS) with 0.1% sodium azide (NaN3) and kept
below 5°C until further treatment in Copenhagen, Denmark.

The staining of the muscular system of the larvae was carried out at the Institute of
Biology, University of Copenhagen, Denmark. The larvae were washed in 0.1 M PBS.
Permeabilisation was achieved by using PBT (0.1 M PBS + 0.2 % Triton X-100) for 1h.
Bodipy FL phallacidin (Invitrogen/Molec.Probes, USA) diluted in PBT (1:40) was used for
the staining. After incubating for 1 h the larvae were washed in 0.1 M PBS for three times 15
min. each. Subsequently, the larvae were embedded in Vectashield mounting medium on
glass slides and stored in darkness below 5°C.

2.2.1. Confocal laser scanning microscopy

CLSM (Leica TCS SP2 AOBS) was used to scan the specimens. By having a confocal
pinhole, the microscope is efficient at rejecting out of focus fluorescent light. The practical
effect of this is that your image comes from a thin section of your sample (you have a small
depth of field). By scanning many thin sections through your sample, you can build up a very
clean three-dimensional image of the sample [SEmwoGERER & WEEKs, in press]. The 3D
imaging is particularly useful for species below the millimetre-range, since muscle structures.
Digital recordings of the fluorescence signal as well as light micrographs were produced.
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Overlay pictures of the light and fluorescence micrographs were generated by using Adobe
Photoshop CS.

3. RESULTS

3.1. Polychaetes

Sabellariidae.

See Figure 1-6. Two pairs of longitudinal muscles run dorso-laterally and ventro-laterally
from the anterior muscle mass to the posterior end of the larva (Figures 1 & 5). In the lower
anterior end of the larvae the longitudinal muscles run through an area of intense muscle
mass, where long cilia fasten to the larva body. These cilia are visible in figure 4. Above the
area where the cilia fasten, a very well developed apical musculature is noticeable (Figure 1).
Between the muscle pairs transverse muscles form, each formation indicates the appearance
of a segment (Figures 2 and 5). Within each segment, a thin muscle runs longitudinally
forming small arches, thereby interconnecting the segments (Figure 3). Through the centre of
the larvae, two muscles run ventrally from the anterior end to the posterior end (Figure 1).
Distal ring musculature is visible on the ventral side of the larva in Figure 5.

Oweniidae.

See Figures 7 and 8. Two pairs of thick lontitudinal muscles run from the region of the apical
organ to the area in which the long cilia fasten, this area is visible by containing an intense
muscle mass. This will be referred to as the “muscle bundle”. Between the apical organ and
the buccal area the intestine is visible which is surrounded by up to 15 thin circular muscles.
There is no structure of muscles in the area of the prototroch. In the anteriormost region there
are several thin longitudinal muscles between the two pairs of thick longitudinal muscles.

Pectinariidae.

See Figures 9 and 10. From the buccal area there are two muscles running towards the
posterior pole in the anterior part and slimming near the posterior part of the larvae. At the
posterior end the muscle fibres are connected to each other. Around the intestine there are 12
slim muscle strings running longitudinally from anterior to posterior. On the dorsal side, there
are two large muscles on each side running from anterior to posterior. Along these, there are
four muscles on each side running from anterior to posterior, from the prototroch to the
telotroch. On the ventral side of the posterior pole, there are two muscle arches. In the buccal
area, several layers of muscle arches are present.

Unidentified polychaete larva.

See Figure 11. The larval muscular structure includes a muscle bundle in the anterior region
that consists of several loops of fibres that create a complex structure. Underneath this
structure, the prototoch is situated. A bundle of circular muscles underlies the prototroch. One
pair of outer longitudinal muscle bundles and two pairs of median longitudinal muscle
bundles run from anterior to posterior. The outer longitudinal muscles and one of the pairs of
the median muscles each split into two in the anterior end underneath the prototroch. The
second median pair also splits into two separate muscle strands in the posterior end. From
each of the outer longitudinal muscle bundles the dorso-ventral musculature has started to
form.
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Figure 2. 1. Polychaete larva. Dorso-lateral view of a Sabellariidae larva visualized by phalloidin staining. dlm:
one pair of dorso-lateral longitudinal muscles. ao: apical organ. vim: one pair of ventro-lateral longitudinal
muscles. cmb: muscle bundles with cilia fasten to. 2. Polychaete larva. Dorso-lateral view of a Sabellariidae
larva visualized by phalloidin staining. vlm: one pair of ventro-lateral longitudinal muscles. tm: transverse
muscles. cmb: muscle bundles with cilia fasten to. 3. Polychaete larva. Dorso-lateral view of a Sabellariidae
larva visualized by phalloidin staining. Enlargement of the distal segments in image 1. mcs: muscles connecting
segments. 4. Polychaete larva. Dorso-lateral view of a Sabellariidae larva visualized by light microscopy. ao:
apical organ. c: point at which long cilia fasten. 5. Polychaete larva. Lateral view of a Sabellariidae larva
visualized by phalloidin staining. vim: one pair of ventro-lateral longitudinal muscles. dlm: one pair of dorso-
lateral longitudinal muscles. cmb: muscle bundles with cilia fasten to. tm: transverse muscles. 6. Polychaete
larva. Lateral view of a Sabellariidae larva visualized by light microscopy. ¢: point at which long cilia fasten. 7.
Polychaete larva. Lateral view of an Oweniidae larva, visualized by phalloidin staining. ao: apical organ, ba:
buccal area, cmb: cilia muscle bundles, i: intestine, Im: paired longitudinal muscles, p: prototroch. 8. Polychaete
larva. Lateral view of an Oweniidae larva visualized by phalloidin staining. ao: apical organ, ba: buccal area, c:
long cilia, p: prototroch. 9. Polychaete larva. Dorsolateral view from the right of a Pectinariidae larva visualized
by light microscopy. ao: apical organ, ba: buccal area, i: intestine, Im: paired longitudinal muscles, p: prototroch,
t: telotroch. 10. Polychaete larva, dorsolateral view from the right of a Pectinariidae larva visualized by
phalloidin staining. ba: buccal area, p: prototroch, t: telotroch. 11. Polyplacophoran larva. Ventral view
visualized by phalloidin staining. ao: apical organ, p: prototroch, md: muscles dividing, dvm: dorso-ventral
longitudinal muscles. 12. Polyplacophoran larva, dorsal view visualized by phalloidin staining. em: enrolling
muscles, p: prototroch, tm: transversal muscles, dlm: dorso-lateral longitudinal muscles. 13. Polyplacophoran
larva (x), transversal view with the ventral side to the left and the dorsal side to the right, visualized by
phalloidin staining. ao: apical organ, ag:apical grid, em: enrolling muscles, tm: transversal myofibrils. 14.
Polyplacophoran larva (x), transversal view with the ventral side to the left and the dorsal side to the right.
Visualized by light microscopy. 15. Polyplacophoran larva (y), dorsal view visualized by phalloidin staining. ao:
apical organ, em: enrolling muscles, rm: rectus musculature. 16. Polyplacophoran larva (y), dorsal view
visualized by light microscopy.

3.2.  Polyplacophora

Unidentified polyplacophoran larvae.

See Figures 12-16. In the anterior part of the larva in Figure 13, there is a complex three-
dimensional structure, the apical grid. Underneath the apical grid, the prototroch ring is
situated. The ventral side shows the ventrolateral longitudinal muscle that runs all the way
from the anterior pole to the posterior pole. The dorsal side also shows a longitudinal muscle
structure which is the dorsal rectus muscle. Transversal myofibrils can be seen in the dorsal
region of the putative shell plates.

There is no clear sign of the prototroch ring muscle in Figure 15 and 16. In the anterior
part, the apical grid is seen as a complex muscle structure. A pair of longitudinal muscles,
called the enrolling muscles, run from anterior to posterior. In the centre of the larvae the
rectus muscle has developed. Transversal myofibrils are visible. In Figure 12 enrolling
musculature is visible on the left side. Beneath the prototroch ring, transversal muscles are
situated. There are several longitudinal muscles running from anterior to posterior.

4. DISCUSSION

4.1.  Comparison of the larval myoanatomy of polychaetes.

The polychaete taxa included in this study all show two pairs of longitudinal muscles running
from anterior to posterior. These two muscle pairs are able to contract, thereby enabling the
larvae to contract the entire length of the body. Apart from the two pairs of thick longitudinal
muscles, the general muscular anatomy of the different polychaete families is not very similar.
The shape of the larval body varies significantly, thus the muscle anatomy is different among
the families as well.

Sabellariidae had a distinct body wall ring musculature. Figure 1 and 5 both show muscle
stainings of Sabellariidae. However, ring musculature is only visible ventrally in Figure 5.
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Since the larva in Figure 5 is larger than the one in Figure 1, it is likely that it is the oldest,
and furthest developed, which could explain the difference in ring musculature development.
A study of the annelid Capitella sp. showed that circular muscles appear as complete bands
ventrally before they are seen dorsally [Hiir, 2001]. Hence, this could explain why ring
musculature is only visible on the ventral side in Figure 5. An inner layer of longitudinal
muscles and an outer layer of ring musculature has been proposed as ground pattern for
Annelida. Nonetheless, TzerLiv et al. [2002] found that absence of circular muscle fibers in
polychaetes occur more frequently than generally thought, which would be in accordance with
our results. Circular muscles are important for endobenthic burrowing forms but not necessary
for epibenthic animals, which move with their parapodia or cilia. Thus, the lack of circular
muscles could be due to either convergence or a plesiomorphic character depending on
weather the ancestral polychaete was epi- or endobenthic. To describe and compare different
stages of the larval development in further detail it would be necessary to rear the larvae from
hatching until metamorphic competence.

4.2.  Comparison of the larval myoanatomy of Polyplacophora

It has not been possible to distinguish the Polyplacophora into specific taxa. Nevertheless,
there is good reason to believe that t