Llnda K Medlin




Published by the British Antarctic Survey,

Natural Environment Research Council,

High Cross, Madingley Road, Cambridge CB3 0ET, UK
© British Antarctic Survey 1990

First published 1990

ISBN () 85665 140 0

COVER PHOTOGRAPH: DETAIL OF THE VALVE OF THALASSIOSIRA (SEM BY G, GIBBS AND R. W. JORDON)

A

e

A S P A S A R i

INTRODUCTION

Diatoms form conspicuous elements of the microbial
communities of many polar marine environments. They
may achieve very high biomass in the plankton, where
they commonly dominate the net phytoplankton and are
the foundation of the pelagic food web. Microbial com-
munities dominated by diatoms develop both under-
neath and within sea-ice, often reaching biontass which
is high enough to give obvious brown colour to the
undersides of floes, and the visual impression is more
striking than the dense diatom blooms of the summer
plankton. The siliceous frustules of diatoms in both
communities ensurgs the preservation of these com-
munities in the sediment record.

These algae have a long history of study in polar
regions, Early investigations concentrated on the identi-
fication of species in samples brought back to Europe by

the various polar expeditions. More recent research has.

expanded the scope of diatom studies to investigate their
ecology and their role within the ecosystem. Polar en-
vironments are markedly seasonal and this impinges on
plants as the most fundamental level of the food web,
The imput of light energy for photosynthesis is concen-
trated into the short polar summer, where daily inso-
lation may be higher than that at the equator, whilst the
winter is a time where plant growth in the euphotic zone
may be insufficient to counteract losses. The unusual
environments within and under the sea-ice create unique
conditions where diatoms are growing in very low
illumination and in unusual chemical conditions.

This book examines diatoms in polar marine environ-
ments, and is subdivided into three parts. The environ-
ments and their communities are covered in the first
section. The physical and chemical environment of the
sea-ice is described followed by summary of the ecosys-
tems associated with it and a detailed survey of ice-
associated diatom communities. The problems of sam-
pling in this very complex system are covered. Plankton
environments are considered from the physical and
ecosystem perspectives, with a more detailed descrip-
tion of the diatom communities being provided for the
Arctic. Finally, there is a chapter on the palaeontologi-
cal significance of diatoms in the sedimentary record of

~ the polar oceans.

The second section of the book is a taxonomic guide to
most of the important genera and species found in the
polar marine phytoplankton and in sea-ice communities.
Such information should not be regarded as the sole
preserve of specialists. All biologists need to know their
study organisms as well as what they are doing or where
they are found. However, taxonomic information is

often difficult to find and may even then be impossible to
use. A glossary of terms is included to guide the non-
specialist through the maze of current diatom termin-
ology and to provide visual descriptions for terms used in
the keys. Emphasis has been placed on a practical
taxonomy based on light microscopy. Not all species are
covered, and there are a few genera that could not be
included. This taxonomic section should complement
the earlier book “Handbook of the Common Plankton
Diatoms of the Southern Ocean’ by Priddle and Fryxell
and we have only included those genera in this manual
not treated there or if there has been a certain amount of
revised nomenclature in a particular genus.

Finally, the bibliography contains not only refercnces
cited in the preceding chapters but also additional ma-
lerial, which the authors have identified as being of
importance in the study of polar diatoms and their
environments,

The idea for this manual arose from a meeting of polar
diatomists held in Bristol in 1986, prior to the 9th
International Symposium on Diatoms. The previous
symposium had included a workshop on polar diatoms,
which identified a need for closer collaboration in the
ficlds of taxonomy and ecology. The production of this
manual was suggested as a part of this collaboration and
as a way of bringing the information to a wider audience,
As well as including contributions from the participants
in the Bristol meeting and assubsequent workshop in
Bremerhaven in 1988, we have solicited contributions
from specialists outside diatom resecarch.

We would like to thank the organising committee and
the participants of both colloguia for their help and
encouragement in the publication of this manual. We
are extremely grateful to all the authors for their contri-
butions to the manual and for their patience in awaiting
its publication. We thank Tim Colborn for drawing and
redrawing the figures of Rhizosolenia, Corethiron, and
Nitzschia spp.. Susan Escott, Gillian Lockett, Diane
Spencer, Mary Taylor, Julie Thomson and Christine
Thulbourn for their help with the preparation of the
chapters, and David Thomas for access to his bibli-
ography of polar diatom. Special thanks is extended to
Bo Sundstrém, the late Horace Barber, E. Haworth,
and D.G. Mann for allowing us to reproduce figures
from their books and theses to Richard W. Jordan and
Gill Gibbs for their scanning electron micrographs
and to Grethe Hasle for permission to reproduce the
plates from her papers on the Sections Fragiluriopsis,
Nitzschiella, and Psendonitzschia of the genus Nitzschia,
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CHAPTER 1

SEA ICE:
ITS FORMATION, DISTRIBUTION AND PROPERTIES

Vernon A. Squire

In the Northern Hemisphere sea ice occupies some 15
million km? in March, the month of maximum extent,
and some 8.4 million km? in August, the month of
minimum extent. In the Southern Hemisphere there is
greater seasonal variability. At its maximum extent
{September) Antarctic sea ice covers approximately 20
million km?, but in February at the end of the austral
summer the ice recedes to its minimum of oniy 4 million
km?. Implicit in these statistics is & particularly import-
ant point, namely that Antarcticsea ice is predominantly
less than a year old. Whereas some multi-year ice is
found in Antarctica, for example in the Western Wed-
delt Sea, the Bellingshausen Sea, the Amundsen Sea and
to the cast of Ross Iee Shelt, it is in the minority. In the
Arctic and sub-Arctic seas the proportion of multi-year
to younger ice forms varies markedly with location. In
the central Arctic Basin, for instance, mainly multi-year
seaiceis found. In the Bering Sea it is all first year. In the
Greenland Sea a mix of first- and multi-year ice is found,
with most of the older ice originating in the Arctic
Ocean.

LIMITS AND DISTRIBUTION

Satelite remote sensing has revolutionised our ability to
monitor sea ice limits and distribution in the polar
regions. Hitherto, such data could only be based on the
few expeditions which ventured into polar waters, and
on observations from ships of opportunity or aircraft.
Although we are still refining satellite instrumentation,
especially in the sense of improving resolution, past and
present sensors have enabled us systematically to map
sea ice morphology and limits on seasonal and annual
timescales for the first time. Satellite sensors operating
at visual frequencies, although suffering from the severe
drawback of not being able to ‘see’ in darkness or
through cloud, have provided data on sea ice limits and
distribution for many years. Sea ice limits for the Arctic
and Antarctic are given in Fig. 1.1.

Of particular importance in the polar regions are the
microwave sensors which see through darkness and
cloud. These are categorised as passive (e.g. SMMR -
scanning multichannel microwave radiometer} which
measure naturally emitted incoming radiation, or active
(e.g. SAR - synthetic aperture radar) which transmit
energy and then receive the reflected signal from the
surface. Future satellites such as the European Space
Agency's ERS-l or the Capadian ‘Radarsat” will be
equipped with instruments of this kind.

A fine example of the use of satellite data to provide
sea ice limits and distribution is the recent NASA publi-
cation on passive microwave observations of Antarctic

sea ice distribution (Zwally and others, 1983). This book
contains a collection of false colour images and other
figures derived from the data produced by the elec-
trically scanning nticrowave radiometer (ESMR) aboard
the Nimbus 3 satellite. Seasonal and annual limits for
Southern Occan sea ice extent are presented, together
with maps of brightness temperature and hence concen-
tration. The algorithm used to derive ice concentration
from brightness temperature is effective, despite ESMR
being a single frequency instrument, because Antarctic
sea ice is predominantly first year ice. Thus the ESMR
receives microwive radiation from a surface made up of
a mixture of only two materials {first year ice: emissivity
e = (.92, and sca water: e = (1.44), so that an appropriate
algorithm to derive concentration unambiguously from
brightness temperature is possible. However, this al-
gorithm fails and errors are introduced when significant
quantities of multi-ycar ice are present in the
radiometric footprint,

In the Arctic, where the ice cover is often made up of
several ice types, the single.frequency ESMR device
cannot give cnough.information to allow brightness
temperature to be converted into ice type percentages.
It can still give sca ice limits however (see Parkinson and
others, 1987). Multi-channel devices such as SMMR are
then used, afthough the precise algorithm to calculate
the amount of multi-year, first year, young ice, and
water in the footprint from brightness temperature at
various frequencies and polarizations is a subject of
current debate. The situation is confused further if
meltwater is present on the ice surface.

FORMATION AND GROWTH

The addition of salt to water lowers its freezing point. 8,.
Neumann and Pierson (1966) provide an approximate
equation which gives 8;in °C as a function of salinity S in
parts per thousand:

8y = —0.003 — 0.05275 - 0.00004 §2 (1)

Salinity also affects an important temperature-
dependent density change which has a pronounced influ-
ence on the way in which ice forms. Fresh water has a
maximum density at about 4°C, and thus water cooler
than this will float on slightly warmer water. This leads to
rapid ice formation as the coldest water is at the surface.
With higher salinities, the temperature at which maxi-
mum density occurs is depressed until, at § = 22.7, no
density maximum occurs at temperatures above the
freezing point (Fig. 1.2). Thus, for seawater of normal
salinity, cooling always leads to an increase in density
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and hence to convective overturning in the upper water
column. For seawater, therefore, it is necessary for a
mixed layer of several metres thickness to reach freezing
point before ice growth can proceed.

The first crystals to form in seawater are minute
spheres of pure ice. These quickly develop into thin
circular discs, and fater into hexagonal dendritic stars
which arise when the radius of curvature of the discoidal
shape is too great to dissipate heat and solute into the
surrounding liquid. In extremely calm conditions discs
and stars would float with their c-axes vertical and, since
ice growth is most rapid perpendicular to the c-axis, they
would spread laterally across the horizontal surface of
the water to form a continuous skim on meeting their
adjacent partners. More usually, however, some crystals
are trapped with their c-axes at an intermediate angle to
the vertical. Furthermore, turbulence introduced into
the upper ocean by wind and waves can often stir up the
ice crystals to depths of up to several metres, favouring
discoidal rather than stellar growth. ‘Frazil’ ice, the
name given to a collection of these first ice crystals,
develops into more consolidated ice under the control of
the prevailing oceanographic conditions. With no wind
or waves, a 1-10 cm layer of frazil ice will soon develop
into an ice sheet with columnar fabric due to a gcometric
selection process which favours those crystals with verti-
cal growth axis (c-axis horizontal). However, when wind
and/or waves act, the frazil may form ‘pancake’ ice, or
may be herded into a thick agglomeration known as
‘grease’ ice, which can consolidate into solid ice if the
frazil is of sufficient concentration. Pancake ice is made
up of small, roughly circular cakes of accumulated frazil
separated by fairly ice-free water. The bumping and
buffeting action of sea waves gives pancakes their
characteristic raised edges. It is also possible for pan-
cakes to form with grease ice between. Such situations
consolidate into what is called a ‘composite ice sheet’,

Once a continuous ice skim has formed, subsequent
congelation growth is determined by the temperature
gradient through the sheet, and by the fact that crystals
can no longer grow laterally. The geometric selection
process noted above will act, causing crystals growing in
unfavoured directions to be eliminated over & transition
zone of some 5 to 10 cm. Beneath this will occur a
columnar zone where there will be pronounced crystal
orientation parallel to the direction of heat flow, and a
gradual increase in grain diameter with distance from
the ice surface. With time the transition zone may
diminish in thickness due to sublimation or recrystallisa-
tioninto the overlying snow, leaving an ice sheet which is
principally columnar. The columnar zone is the result of
a dendritic interface where growing ice meets water.
This interface, known as the skeletal layer, comprises a
delicate layer, 1-3 ecm thick, of thin ice platelets extend-
ing down into the melt. Between the many paralle]
platelets making up a single ice grain or crystal are
grooves filled with highly concentrated brine. At the
root of the groove, occlusion oceurs to form brine cells
or pockets (Fig. 1.3). Congelation growth beneath an ice
sheet formed under more turbulent sea conditions, e.g.
aconsolidated pancake ice sheet or composite ice sheet,
proceeds in a similar manner to that described pre-
viously after the turbulence has been damped by the
presence of the ice cover.

It is in the skeletal layer, and just above, that one
often finds (particularly in early spring) the character-
istic yellow-brown colouration that is associated with
growth of diatoms. Diatom colouration is also common
in platelet ice. This type of ice, which is often seen in
Antarctic waters, appears as a fragile array of thin plates
arranged at random angles beneath the ice sheet. It is
believed to be formed as a result of the relief of super-
cooling at the underside of the ice or in the water
column,.
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Fig. 1.2 Freezing point and temperature at which density is maximum for water of various salinitics. The lines cross at a sulinity of
24.7, the point which determines the two different modes of ice formation as described in the text.

Of great importance to the physical and biological
properties of sea ice is the brine trapped inside its
structure. As indicated above and in Fig. 1.3, within
each crystat there is a cellular substructure of evenly-
spaced, pure ice platelets with brine inclusions along
their boundaries. As the platelets grow they reject
brine at the skeletal layer. Most of this brine feeds
thermohaline convection beneath the ice, but some is
trapped within the crystal substructure as a network of
long and narrow brine inclusions (width of the order of
0.053 mm}. The platelet spacing, and hence the brine
inclusion separation, generally increases with depth into
the ice (viz. with decreased growth rate). The presence
of brine cells within the ice grains, and the geometry and
form of the skeletal layer, is an indication that sea ice
grows under conditions of constitutional supercooling
{see Weeks and Ackley, 1986, for a complete expla-
nation). In contrast, freshwater ice has a planar interface
and rejects all impurities back into the melt as it grows.
The brine entrapped in sea ice is not passive. As the sea
ice grows and the brine pockets become colder, solid
salts precipitate out of solution and pocket walls move,
The measured salinity of a brine inclusion at any time is
therefore only weakly related to the salinity of the
original water in which the ice is growing. These facts
may have important consequences to living organisms
within brine pockets, where salinities can reach 150;
presumably a most inhospitable habitat.

Continued growth leads to various mechanisms of
desalination, the most important of which is known as
gravity drainage. Gravity drainage includes all mechan-
isms by which brine drains out of the sea ice under the
action of gravity. The brine flows out along vertical,
tubular brine drainage channels which are attended by a

smaller tributary system of drainage tubes (Lake and
Lewis, 1970). A horizontal; section through a brine
drainage network lobks like a starburst pattern, with the
arms of the star following grain boundaries. In 1.3 m
thick sea ice, main brine channels were measured to be
about 0.4 cm in diameter and one occurred every 180
cm?. In thick ice the number of brine drainage channels
appears to be related to average growth rate but not to
grain size. Flow in drainage channels is oscillatory with
(in general) the outflow being much longer than the
upward flow. Eide and Martin (1975) measured an
osciliation period of about an hour in young laboratory-
grown sea ice, with 8-15 minutes inflow and 45 minutes
outflew. This is an important result as it implies that
brine drainage channels, which originally contained
highly saline brine, are continually fAushed with lower
salinity sea water from beneath.

Production of frazil is greatest in ice edge regions and
in large polynyas as might be expected. Away from such
areas it has been found that some 95% of Arcticseaiceis
columnar in structure. Where there is significant wind or
wave action, however, up to a metre or so of stirred frazil
ice can form before columnar congelation growth be-
gins. In the Weddell Sea significant proportions of frazil
ice have also been found, often forming several distinct
layers within an ice core with each layer separated by a
columnar zone. The origin of the high proportion of
frazil crystals in Antarctic cores is unknown, although
several possible mechanisms can be proposed: wind and
wave induced turbulence; release of water with a
pressure-depressed freezing point from beneath ice
shelves; double-diffusive effects whereby two water
masses at freezing point but with different salinities are
brought into contact, and thermohaline convection be-
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Fig. 1.3 Schematic of the skeletal layer of sea ice. Each grain {crystal) is made up of many parallel platelets separated by grooves
filed with high salinity brine. Crystals are shaded to distinguish their boundaries, The platelets are typically between (1,5 and 1 mm
apart, and extend some 1-3 cm into the melt. As the ice grows, brine between the platelets is occluded 1o form brine pockets.

neath growing tce. It is likely that different mechanisms
dominate in different areas.

Two recent observations from the Winter Weddell
Sea Project are pertinent to the present discussion, The
first is that the alternate frazil/columnar structure seen in
Weddell Sea cores may be due in part to over-rafting of
floes. Many floes were drilled which had abrupt inter-
faces within their structure, often with large pockets
(=20 em) of free brine between. Several over-rafts were
possible for a single drill hole, and often the floes
trapped underneath moved relative to the upmost floe; a
most annoying feature when mid-sections of a hole just
drilled would shift out of alignment as extension auger
flights were fitted. Associated with the water between
over-rafts was a greater abundance of krill, Euphausia
superba, than would normaliy be seen during drilling,
indicating that these flushed sea water pockets might be
important to their grazing. Yellow-brown diatom-laden
ice was also in evidence.

A second observation relates to ice conditions met as
we steamed south. At the ice edge we encountered an
extensive feld of pancake ice composed of 10-20 cm
cakes. The mean size of pancakes increased as we
progressed south, with the cakes growing laterally from
the frazil ice slurry in which they floated. At a certain
point the slurry began to glue adjacent pancakes to-
gether to form floes of 20 m or so across which soon also
bonded to form 100 m floes. Further south still the floes
cemented together to form a continuous ice sheet. These
observations are significant because they indicate that
the high ocean waves of the South Atlantic can penetrate
and travel though pancake ice for hundreds of kilo-
metres and still have enough energy to provide an
environment for frazil production and stirring between
adjacent pancakes.

PHYSICAL PROPERTIES AND
CHARACTERISTICS

A predominant factor influencing the physical proper-
ties of sea ice is its age. Young sea ice has an approxi-
mately linear vertical temperature gradient, is relatively
suline, and its growth can be described by a simple
function of cumulative freezing-degree days. As the ice
thickens to, say, greater than a metre, thermal mass
begins to play a significant role in determining its re-
Sponse to temperature variation at the upper surface,
and the assumption of a linear temperature profile be-
comes inappropriate. Multi-year ice, defined as sea ice
which has survived at least one summer's melt season,
also has a very different temperature variation through
its thickness, butin addition has a salinity profile which is
the result of gravity drainage, meltwater Aushing and
other desalination mechanisms. Indeed the salinity of
multi-year ice above the waterline is very near zero, and
the salinity in its lower portions only increases to about 3
or 4. [dealised salinity profiles for first and multi-year ice
are shown in Fig. 1.4, reproduced from Maykut (1985).

Deformation determines the topographical appear-
ance of the upper and lower surfaces of sea ice. Such
deformation may take the form of over-thrusting of one
floc over an adjacent floe to create a rafted body of
thickness equal to the sum of the component fioes.
Rafting is common in thin ice (especially finger rafting),
but can also occur at greater thicknesses if the processes
causing it are sufficiently intense. A second and equally
important form of deformation results from changes in
winds or currents which, due to differential stresses, can
force a crack to open in the ice cover. The crack then
widens into a lead, only to freeze over rapidly. With a
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subsequent wind change the lead closes and piles up
{and pushes down) the newly grown ice to create a
pressure ridge. Ridges may also be formed by shearing
of two floes with thin ice between. In both cases they
may weave sinuously across the ice cover for several
kilometres. Ridges posscss a part above the surface
(‘sail'} and a deeper part beneath (‘keel’). Subsequent
snowfall will influence the development of the ridge by
filling in voids. The degree and character of deformation
in a particular area thus depends on local oceanography
and meteorology, but also on the nearness of a coastline
(which offers a immovable barrier) and ice conditions.
The surface appearance of sea ice also depends on its
age, with angular features such as ridges being smoothed
out into rofling hummaocks by differential meiting over
the summer,

Many of the mechanical, electrical, thermal and opti-
cal properties of sea ice have been found to be related in
some way to the fractional volume of brine trapped
within the material. This quantity is known as the brine
volume and is usually denoted by V,. Empirical
cquations relating brine volume to temperature and
salinity may be written down (Frankenstein and Garner,
1967}, as follows:

for & between )

V, = 5(52.560 — 2.280
b ( ) —0.5 and —2.06°C

1

for 8 between (3)

Vi, = 5 (45.917 — 0.930 ) 2 06 and —8.2°C
—2,06 and —8.2

y

for 8 between (4)

V. =S (43,785 + 1.189
h =S ) ~8.2 and —22.9°C

——

where V), is in parts per thousand. Equations (2), (3} and
(4) enable brine volume profiles to be plotted from
salinity and temperature data collected by coring seaice.

The thermal properties of sea ice, viz. conductivity,
diffusivity, specific heat and latent heat are all depen-

dent on the temperature and composition of the ice. In
addition, conductivity (and hence diffusivity) depends
on the spatial distribution of pure ice, brine, airand solid
phases within the sea ice structure. In pure ice thermal
conductivity (k in W m-! K-} is given approximately by

k= 9828 exp (-0.00570} (5)

where 6 is now in °K. In this case & is only slightly
dependent on direction, In sea ice thermal conductivity
shows preat anisotropy, although we shall not discuss
this here since we are really only concerned with heat
transfer vertically. Various models have been suggested
to enable &k for sea ice to be found, some based on
realistic patterns of brine cell and air pocket layout, and
some intended to provide a reasonably close value from
salinity and temperature data alone. The model of Un-
tersteiner (1961) falls into the latter category. In his
model Untersteiner proposes that the thermal conduc-
tivity of sca ice is the same as that for pure ice plus a
correction term which is proportional to S/0. The con-
stant of proportionality is, for salinity in parts per thou-
sand and temperature in °C, 0.13 W m-. The specific
heat, ¢ of sea ice has also been found by Ono (1967) to
follow a fairly simple expression involving 6, S and the
specific heat of pure ice (c; 2113 ] kg'! °C-1) viz.

¢ = ¢ + 7.538 + 18039.32 5792 {6)

Ono (1967) also derived an expression for the latent heat
of fusion of sea ice in terms of 8, S and the latent heat of
fusion of pure ice. Thermal diffusivity is found from
conductivity, density and specific heat in the usual way.
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Fig. 1.5 Spectral albedos for bare Arctic sea ice and first year
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melting multi-year white ice; (c) melting first year white ice;
{d) melting first year blue ice; {(e) first year Antarctic sea ice
from McMurdo Sound. (After Perovich and others, 1986).



Two aspects of the optical properties of sea ice are
important in the present context: albedo, defined as the
ratio of reflected to incident short wave radiation: and
extinction coefficient, which is a measure of how deep
incident short wave radiation can penetrate into the sca
ice, Each is a function of wavelength. Spectral albedo
has been measured over various ice types in the Arctic,
and modelling results compare favourably with these
data. Two recent papers (Perovich and others, 1986,
Grenfell and Perovich, 1986) present new data on spec-
tral albedo and derive a theory which assumes the ice to
be a three-phase mixture of pure ice, brine and vapour,
and includes refractive effects at the air-ice and ice-
water boundaries. These authors also calculate the ex-
tinction coefficient as & function of wavelength. In each
case the calculations are done for various ice types. A
plot of spectral albedo for various ice types is given in
Fig. 1.5.

Although we have directed our discussion towards the
physical properties of the sea ice itself, it is important to
realise that the polar winter plays a crucial role in the
development of biclogical matter; {or some three
months there is no direct sunlight and for five months
chlorophyll is barely detectable in phytoplankton in the
waters beneath the ice.

CONCLUSIONS AND BIOLOGICAL
IMPLICATIONS

We briefly mention here aspects of the growth and
physical properties of sea ice which are of biological
refevance:

I. Growing sea ice rejects cold brine of greater salinity
than the water from which it forms. This leads to ther-
mohaline convection in the waters beneath and, particu-
larly near a coastline, can cause a band of highly saline
water to form under the ice,

2. Brine inclusions between the pure ice platelets mak-
ing up sea ice crystals are highly saline.

3. Seaice desalinates gradually with age. starting in the
upper part of the ice layer.

4. Flow from vertical brine drainage channels is oscilla-
tory, with the outflow significantly fonger than the in-
flow. The salinc brine drainage tubes are therefore
gradually Aushed with lower salinity sea water.

5. The spectral albedo and extinction coefficients for
sea ice are important since they alter the visual light
spectrum within and beneath the ice.

6. The polar winter is important. Diztoms begin grow-
ing with the onset of spring, primarily in the lowest 30 cm
of ice as a yellow/brown layer. Their growth is small but
important because it occurs when food supplies for
plankton grazing animals are short,

ACKNOWLEDGEMENTS

Much of the material in section 3 is extracted from the
exceflent review on sca ice properties by Weeks and
Ackley (1986). The author is grateful to the University
of Cambridge and to the Natural Environment Research
Council for support.

CHAPTER 2

ICE-ASSOCIATED ECOSYSTEMS

Rita Horner

Sca ice is present for all or varying portions of the year at
high latitudes in both hemispheres. Physically, sea ice
reduces sofar input and wind mixing in the upper layers
of the water column, These along with periodic freezing
and thawing of the ice, affect the temperature and
salinity structure of the underlying seawater. Biologi-
cally, sea ice provides a unique environment that is used
by a wide varicty of organisms, including bacteria to
marine mammals. The best known of the ice-associated
assemblages is that of the ice algae, although infor-
mation on assemblages of ice fauna and bacteria is
gradually accumulating.

FORM

The assemblages of microalgae associated with the sea
ice in polar regions take a variety of forms {Horner and
others, 1988) (Table 2.1). The best known is the inter-
stitial assemblage that occurs in the bottom of the ice. In
the Arctic, this assemblage is found in the bottom few
centimeters (usually < 10} of congelation ice from about
late March to carly June, although timing varies depend-
ing on location and local weather conditions, This as-
semblage occurs in annual ice that may be up to 2 m
thick. The dominant organisms are usually pennate
diatoms, including species of Nitzschia, Navicula, and
Pinnularia, but centric diatoms may be abundant in
some places, such as the Gulf of St. Lawrence (Dunbar
and Acreman, 1980), and microflagellates with a variety
of taxonomic affinities may be dominant at some
focations and times (Demers and others, 1984).

In the Antarctic, there may be a layer of unconsoli-
dated ice crystals (platelet ice) up to 4 m thick (Dayton
and others, 1969) at the bottom of the congelation ice.
Cells are trapped between ice crystals or attached to
them. This platelet ice assemblage may be present in
McMurdo Sound (Bunt, 1963; Palmisano and Sullivan,
1983, 1985; Palmisano and others, 1985: Garrison and
others, 1986; Palmisano and others, 1987a,b; Grossi and
others, 1987). Bunt and Wood (1963) found attached
diatoms including species of Pleurosigma, Nitzschia,
and Amphiprora, plus non-attached species of Bid-
dulphia, Coscinodiscus and Asteromphalus. Platelet ice
has also been found at Mirny Station (Gruzov, 1977).
Unconsolidated ice crystals have been reported from a
number of places in the western Arctic (Larsen, 1980;
Reimnitz and Kempema, 1987), but they have not been
studied for ice algae. In Hudson Bay, ice algae were
found in a layer of slushy frazil ice that may or may not
have been attached to the harder ice above it (Runge
and Ingram, 1986).

lce algae are also found in the harder congelation ice
in the Antarctic, Amphiprora kufferathii Manguin,

Nitzschia stellare Manguin, and the epiphytic specics
Fragilaria islandica var adeliae Manguin were the domi-
nant species at McMurdo Sound (Grossi and others,
1984; Grossi and Sullivan 1983). At Casey Station,
Entomonels spp. and Nitzsclia frigide Grunow were
found in brine channels in the bottom ca. 5 cm of the ice
(McConville and Wetherbee, 1983; McConville and
others, 1985), with N. frigida forming a network of cells
that spanned the brine channels, but still allowed brine
and seawater to flow along them (McConville and Weth-
erbee, 1983). Centric diatoms have been reported from
the bottom of sea ice collected at Langhovde (69°13'S.
39°37°E), trom near Ross [sland (Watanabe, 1982), and
from a variety of ice types collected in the vicinity of
Palmer Station, Arthur Harbor (Krebs and others, 1987,
Stretch and other, 1988).

In some areas of both the Arctic and Antarctic, there
may be a sub-ice assemblage, consisting of algae floating
directly beneath the ice or attached to the underside of
the ice and forming strands that trail into the water
column. In the Arctic, this assemblage has been re-
ported from Pond Inlet (Cross, 1982), from the Barents
Sea (E. Syvertsen, pers. comm., 1986}, and from the
central Arctic Ocean (Melnikov and Bondarchuk,
1987). At Pond Inlet, it consisted of a perforated sheet of
algae floating against or partially adhering to the under-
side of the ice and may have been the interstitial assem-
blage separating from the harder congelation ice in late
spring. At the ice edge in the Barents Sea, the sub-ice
assemblage consisted mostly of centric diatoms either
floating under the ice or attached to it by mucilage.
In old annual ice, about 60 to 79 cm thick. Nitzschia
frigida and Gyrosigma sp. are common (E. Syvertsen,
pers. comm., 1986). Under multi-yvear ice, the sub-ice
assemplage consists of a Melosira arctica community
characterized by M. arctica (Ehrb.) Dickie and its as-
sociated epiphytes Chaetoceros seprentrionalis Dstrup,
Synedra hyperborea Grunow, and Pseudogomphonema
arcticum (Grun.) Medlin (Hasle and Syvertsen, 1983,
E Syvertsen. pers. comm., [986). In the central Arctic
Ocean, the sub-ice assemblage consisted primarily of
M. arctica, plus C. septentrionalis, Gomphonema ex-
iguum Kiitz. [= Gomphonemopsis exigua (Kiitz.)
Medlin|, Gomphonema  septentrionale  Qst. (=
Pseudogomphonema septenirionale (9st.y Medlin], and
small amounts of Pinnularia guadratarea (Schmidt) Cl.,
Navicula pinnata Pant., N. kariana (Grun.) Cl., N.
vitrea (CL) CL., Nitzschia polaris Grun., and N, subiilis
(Kiitz.) Grun. (Mel'nikov and Bondarchuk, 1987).

in the Antarctic, a mat-strand community was found
at Casey Station (McConville and Wetherbee, 1983).
This community consisted of tube-dwelling pennate
diatoms [Berkefeya rutilans (Trent.) Grunow], plus
ribbon-shaped colonics [Entomoneis paludosa vax. Jry-
perborea (Grun.) Poulin and Cardinal, Nitzschia
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Table 2.1. Types of algal assemblage found in sca ice. their occurrence, production and biomass. Production and biomass figures

are maximum escept where noted.

Assemblage Creearrence Location Season Production Biomasy Reference
Surface ) ) )
infiltration at snow-ice interface infiltrated Antarctic winter, spring, 019 Cm-2 - T mgchlam? Burkholder &
with seawater sEmmer Mandelli, 1963
pool pools on ice surfuce Arctie Inte spring I3 pg CLt b 2.8 Hiecelis 1 MeConville &
Antaretic carly sutnmer Wetherbee, 1983
Interior ] )
band bottom ice algal layers frozen into Antarctic® fall, winter SpugClip-t 2.6 x HP cells 14 MeCanvilie &
the ice Wetherbee, 1983
TTmgehlam~? Gurrison & others,
1486
brine channels  in brine channels and cracks Aretie spring
Antarctic spring 3% 10 cells mi-? MeConville &
Wetherbee, 1983
Bottom )
interstitial between ice crystals and platelets Arctic jale winier, HI9mgCm-rh-t 305mpchlem-? Clashy & others, 1976
(includes platelet jcr) Antarctic spring Blpg Clih! 32 % HF cells 11 McConville &
Wetherbee, 1983
636 mg chl g m3v Palmisano & Sullivan,
F983
5320 mg chlawm-? Hoshial, 1981
sub-ice mats andfor steands loosely Arctic spring,
attached to the undersurface of the  Antarctic summer (7) 106 — 107 celis ml- ! McConville &
ice Wetherbee, 1983

* Only one report from the Arctic
T Averige value

curta (V.H.) Hasle, N, cylindrus (Grun.) Hasle, and N,
kerguelensis (O'Meara) Hasle| and stellate colonies
(Nitzschia spp.) along with epiphytic pennate species
{McConville and Wetherbee, 1983; McConville and
others, 1985; D. Thamas, pers. comm., 1986). Strands
of diatoms. including B. rutilans, Nitzschia stellata, and
Entomoneis kjellmanii (CL.} Poulin and Cardinal, have
been found in November and December at Syowa
Station (K. Watanabe, pers. comm., 1986, 1988). A
strand community has also been reported from
McMurdo Sound, but without a species list (Grossi and
others, 1987).

Interior ice assemblages have been reported primarily
from the Antarctic, The band assemblage is tormed
either by accretion of new icc under a previously formed
bottom (interstitial) ice algal layer (Hoshiai, 1Y77;
Ackley and others, 1979; K. Watanabe, pers. comm.,
1986), or by the incorporation of planktonic algae at the
time of first freezing of surface waters (R, Gersonde,
pers. comm., 1986). This assemblage may be a remnant
ol an autumnal ice diatom bloom (Ackley and others,
1979; McConville and Wetherbee, 1983). Nitzschia spp.
and unidentified flagellates were the most abundant
organisms in this layer at Syowa Station (Hoshiai, 1977).

A second interior ice assemblage is that found in brine
channels. It forms in spring when some melting occurs
and the brine channels become interconnected forming
a network in the ice. Brine channels in the interior of the
ice contained species common to both the water column
and the interstitial ice assemblages (McConville and
Wetherbee, 1983).

Extensive ice algal populations have also been found
throughout the interior of ice floes in the Weddell Sea
pack ice (Ackley and others, 1979; Clarke and Ackley,
1984 Garrison and Buck, 1985, 1988). Ice in these floes
is predominately frazil ice that forms rapidly during
periods of high turbulence (Clarke and Ackley, 1984).
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However. congelation ice, composed of large. columnar
crystals, and snow ice, formed when seawater floods the
snow cover on a floe and freezes, may also be present.
Cells are apparently incorporated into frazil ice either by
nucleation of anice crystal or by scavenging as a frazil ice
crystal floats up through the water column {Ackley,
1982; Garrison and others, 1983), The highest conecen-
tration of cells is usually seen near, but not at, the
bottom of the ice (Clarke and Ackley, 1984).

lce platelets have been reported from depths of 250 m
near the Filchner Ice Shelf (Dieckmann and others,
1986}. These underwater ice platelets may be important
in establisheing biological communities in and under fast
ice and sea ice near Antarctic ice shelves because the
platelets traverse large distances through the water
column and could accumulate larger numbers of organ-
isms than frazil ice erystals formed in the upper layers of
the water column.

In addition to physical concentrating mechanisms,
biological concentration must also oceur. In the Weddell
Sea, algae found in ice floes were able to survive in either
the ice or the water column, but cells were more concen-
trated in the ice {Garrison and Buck, 1983}). Gersonde
(1980a) found Nitzschia curta (V.H.) Hasle to be the
dominant species in both the ice and the water column,
but other Nitzschia species consistently occurred in
much higher concentrations in the water column. The
occurrence of fewer species in the ice may indicate
selective survival and/or growth of some species follow-
ing their entrapment in the ice. Cells incorporated in the
ice may survive there for one or more seasons (Garrison
and Buck, 1985).

Two surface ice assemblages have been described.
The infiltration assemblage occurs at the snow-ice inter-
fuce when the snow on the ice surface is flooded with
scawater. This may happen when the weight of the snow
depresses the ice and seawater containing algal cells

infiltrates the snow, as first described by Meguro (1962),
This mixed diatom-flageilate assemblage occurs in fayers
ranging from 15 to 100 cm thick and can exist either as
slush or frozen solid depending on ambient air tempera-
tures (Burkholder and Mandeili, 1965). Large numbers
of a “very small diatom’ and moderate numbers of
Fragilariopsis curta {= Nitzschia curfa) and N. seriaia
Cleve, plus traces of other diatoms, dinoflagellates,
small green flagellates, and Phaeocystis pouchetii (Har.)
Lagerheim were found in the infiltration assemblage
along the Palmer Peninsula (Burkholder and Mandelli,
1965).

The pool assemblage occurs on the ice surface in pools
formed by thawing of the ice (McConville and Weth-
erhee, 1983), flooding of the ice, or a combination of
flooding and melting. Other mechanisms that can lead to
pool formation include wave action and pressure ridge
build-up and breakdown, At Casey Station, this assem-
blage consisted of pennate diatoms. flagellates, and
Phaeocystis sp. From late December to January, all
species found in the pool assemblage were also found in
the interstitial assemblage (McConville and Wetherbee,
1983).

SEASONALITY

Algae are present in sea ice whenever it occurs. In the
Arctic, scattered cells are found throughout the ice
thickness in winter (Alexander and others, 1974; Clasby
and others, 1976; Horner., 1985) forming visible blooms
in the bottom of the ice in fate March-early April that
last into June when the ice begins to melt. In winter,
unidentified microflagellates are the most abundant or-
ganisms. but pennate diatoms are also present. The
origin of the cells is not known. but there is some
evidence to suggest that bottom and water column frazil
ice may lift nematodes and benthic diatoms, as well as
sediment, to the ice (Reimnitz and others, 1987). How-
ever, studies at Barrow and Narwhal Island, Alaska,
indicate that few of the most abundant ice diatom
species are found in the sediment either during or after
the bloom in the ice (Matheke and Horner, 1974;
Horner and Schrader, 1982).

The spring interstitial assemblage consists primarily of
pennate diatoms, but autotrophic and heterotrophic
fagellates from various phyla and autotrophic and
heterotrophic dinoflagetlates are present, as well as
bacteria, ciliates, meiofauna, and meroplanktonic far-
vac (Horper and Alexander, 1972; Carey, 1983), The
species composition of the flora may also change over
the course of the bloom (Horner and Schrader, 1982).

A fall bloom in the ice has been reported from the
Eskimo Lakes (Northwest Territories, Canada) (Hsiao.
1980) and from Narwhal Island (D.M. Schell, pers.
comm., 1980). At the Eskimo Lakes. the population of
about 3.9 x 103 cells m-2 consisted primarily of pennate
diatoms. The Narwhal Island bloom contained concen-
trations of I x 10% cells m*2 and was similar in compo-
sition {pennate diatoms) and concentration to the earlier
spring ice algal bloom in the same area (Horner and
Schrader, 1982).

A marginal ice zone (MIZ) assemblage consisting of
ice algae. both those found in the ice and those that have

been released into the water column, and planktonic
species in the water column, oceurs in spring and may be
present as long as the ice continues to recede. This may
be until late August in the Barents Sea (E. Syvertsen,
pers. comm., 1986). Relative contributions of the
various components of this assemblage to species, stand-
ing crop, chlorophyll e, and productivity are not known.

In the Antarctic, ice algal assemblages are apparently
present throughout the year depending on location
{Garrison and others. 1986: Perrin and others. 1987:
Watanabe and Satoh, 1987). At McMurdo Sound and
other nearshore areas (Syowa, Casey. and Davis
stations), sea ice starts to form in February-March.
Algae grow on the underside of newly forming ice and
on old ice that has survived the summer melt period. At
Syowa Station, an autumnal bloom of ice algae is a
relatively regular feature with chlorophyll @ concen-
trations reaching about 1000 mg m-* (Hoshiai, 1977).
Autumnal blooms may oceur elsewhere as well, but are
not well-documented (Garrison and others, 1986). If the
autumnal bloom becomes incorporated into the ice as an
interior band assemblage, its presence could affect the
development of the bottom interstitial assemblage by
reducing fight levels and may also contribute to the
growth of brine channels and the colonization of melt
pools by increased heat absorption {(McConville and
Wetherbee, 1983).

‘As in the Arctic, in nearshore areas the highest con-
centrations of ice algae occur in late spring in the bottom
20 cm of the ice, the interstitial assemblage. Chlorophyll
a in this assemblage may reach 656 mg m-3 (= 309 mg
m-2) (Palmisano and Sullivan, 1983). This bloom lasts
until late December or January when ablation removes
it from the ice. .

In oceanic areas, e.g. the Weddell Sea. the ice algae
form primarily interior and surface assemblages {Gar-
rison and others, 1986). Biomass (as chlorophyll 4) is
less than in the interstitial assemblage. [n internal band
assemblages, chlorophyll @ ranges about from 4 mg m-3
in late summer or late winter to about 77 mg m~3 in
spring (Ackley and others, 1979; Clarke and Ackley,
1984, Garrison and Buck, 1982; Garrison and others,
1986), Chlorophyll ¢ concentrations in infiltration as-
semblages range from about 30 mg m~? in late winter
and spring in the Weddell Sea (Clarke and Ackley, 1984;
Garrison and others, 1986) to about 407 mg m~* along
the western side of the Palmer Peninsula in February
(Birkholder and Mandelli, 1963) and 670 mg m~3 in
Litzow-Holm Bay in January (Meguro, 1962}, Biirk-
holder and Mandelli (1963) calculated that the infiltra-
tion assernblage could fix about 0.19 g C m~2 d-t or
about 0.5 x 10° tons of carbon per day in the approxi-
mately 2.6 x 105 km? of this kind of brown ice that
surrounds the Antarctic continent in summer.

TROPHIC STRUCTURE

In addition to the algal component, sea ice also supports
populations of bacteria (lizuka and others, 1966; Horner
and Alexander, 1972; Sullivan and Palmisano, 1981,
1984, McConville and Wetherbee, 1983; Grossi and
others, 1984; Kottmeier and others, 1987) and faunal
components ranging from colourless flagellates, for-



aminiferans and ciliates, to copepods, amphipods, krill,
and fish (Sutherfand, 1852; Nansen, 1906; Apollonio,
1961; Andriashev, 1968; Fenchel and Lee, 1972; Horner
and Alexander, 1972: Whitaker, 1977: Buck, 1981;
Bradstreet and Cross, 1982; Cross, 1982; Carey and
Montagna, 1982; Grainger and Hsiao, 1982; Pett and
others, 1983, Hamner and others, 1983; Kern and
Carcy, 1983; Gulliksen, 1984: Carey, 1985; Garrison
and others, 1986; Spindler and Dieckmann, 1986; Spin-
dler, 1988; Daly and Macaulay, 1988; Marschall, 1938;
Stretch and others, 1988). Seabirds and mammals are
also important in the ice ecosystem, using the ice in a
variety of ways, including as a substrate on which to rest
or bear young, for shelter, and for transportation (Fay,
1974). In addition, the luxuriant aigal production, both
in the ice and in the water column at the ice margin,
either directly or indirectly. provides an abundant
source of food for these birds and mammals.

There are relatively few studies on bacterial popu-
lations in the ice, especiaily in the Arctic. Horner and
Alexander (1972) reported finding bacteria during their
studies on heterotrophy and concluded that most of the
uptake of organic substrates was by bacteria or colour-
fess flagellates, but provided no quantitative data. Bac-
terial populations in surface ice samples collected from
the Beaufort Sea in April had << 104 cells mi~ 1, or about
the same number as in the underlying seawater (Kaneko
and others, 1977), but counts of viable cells were much
lower in the ice (Kaneko and others, 1978).

In the Antarctic, the first report of bacteriain seaice is
that of Tizuka and others (1966). They isolated species of
Brevibacterium and Achromobacter from surface melt-
water near Syowa Station. In the Weddell Sea pack ice,
Marra and others {1982) reported about 10% bacterial
cells I-! at the depth of the chlorophyll maximum in the
ice, or about 700 mg C m~3. In the water column, there
were about 10% cells 171 or about 0.7 mg C m—3,

McConville and Wetherbee (1983) found large,
Gram-negative rod-shaped epibacteria and cocci that
were primarily attached to the surface of some of the
dominant diatoms, especially the sheaths of Berkeleya
and the valves of Entomoneis. Bacterial cell densities of
4 5 105 to 2 x W7 ml~!t were found. The highest
bacterial numbers and the shortest turnover times of 7H-
labelled amino acids coincided with assemblages having
the highest primary production and heterotrophic activity
was mostly associated with fractions > 2 pm in size.

The most extensive study of bacteria associated with
sca ice is that of Sullivan and his co-workers (Sullivan
and Palmisano, 1981, 1984; Grossi and others, 1984;
Kottmeier and others, 1984, 1987; Sullivan, 1983) in
MecMurdo Sound. Bacterial cells were present in con-
centrations of 1.02 x 1012 cells m~? with 47% of the
numbers and 93% of the biomass found in the bottom 20
cm of ice (Sullivan and Palmisano, 1984). Mean bac-
terial cell concentration was 1.4 x ! cells m=3 or 9.8
mg € m~2, but this was only 0.1% of the ice algal
standing crop at the same time. Bacterial cell numbers
were positively correlated with chiorophyll ¢ concen-
trations and dividing cells were common. Coccoid, rod,
fusiform, filamentous, and prosthecate cells were pres-
ent with about 70% of them being free-living and 30%
being attached to either algal cells or detritus.

Kottmeier and others (1987) showed that bacteria
grow and accumulate in both the bottom layer of hard

congelation ice and in the Joosely consolidated ice plate-
let layer, but bacterial biomass was less than 1% of the
algal biomass and bacterial production was only about
9% of algal production in the sea ice. Correlations
between bacterial production and growth rates and algal
biomass, production, and growth support the contention
that bacterial growth is coupled to algal metabolism as
suggested earlier by Grossi and others (1984).

Pigmented, heterotropic bacteria that form gas vacu-
oles were recently found in sea ice for the first time
(Staley and others. 1989). Highest concentrations of
these bacteria were found in conjunction with the high-
est chlorophyll @ concentrations, again suggesting that
bacterial growth is linked to algal metabolism,

Although animals, primarily protozoans, have been
known from sca ice since the 1850s (Sutherland, 1852),
studies on the fauna associated with sea ice have lagged
behind those of the algae, and a number of investigators
believed that little or no grazing occurred in the ice
(Meguro and others, 1967; Bunt and Lee, 1970;
Whitaker, 1977). The first comprehensive description of
fauna associated with sea ice is that of Andriashev
(1968). He divided the [auna into two major ecological
groups: 1) the ice fauna that live, at least temporarily, in
the lower part of the ice. and 2) the sub-ice fauna that do
not live in the ice, but are trophically linked to it.

Carey (1985} reviewed the literature on Arctic ice
fauna. He proposed the term sympagic, meaning with
tce, because the ice meio- and macro-fauna included
organisms from both the benthos and plankton and this
term could be used to refer to fauna from a variety of
habitats and ice types.

The sympagic microfauna is composed of organisms
< 62 wm in size, primarily protozoans. including he-
liozoans, ciliates, and colorless flageilates. This group is
not well-known, in part because many of the organisms
are delicate and may be lost during collection and pres-
ervation of samples (Garrison and Buck, 1980). The
meiofauna, ranging in size from 62-300 pm, includes
nematodes, harpacticoid, eyclopoid, and calanoid co-
pepods, rotifers, and larvae of benthic invertcbrates
such as polychaetes. pelecypods, gastropods, tunicates,
turbellarians, and cirripedes. The macrofauna, animals
> 300 pm, consists primarily of gammarid amphipods
{Carey, 1985).

The sub-ice fauna includes a number of fish, such as
Pagotheniu  borchgrevinki in the Antarctic and
Boreogadus seida, Arctogadus  glaciofis. and Am-
modytes hexapterus in the Arctic {Andriashey, 1968;
Carey, 1985). Krill must also be included in the sub-ice
fauna because they are known to accumulate under the
ice and to feed on ice diatoms {Andriashev, 1968;
Hamner and others, 1983; Daly and Macaulay, 1988,
Marschall 1988; Stretch and others 1988), probably
switching from filter fecding on phytoplankton to graz-
ing on ice algae (Marschall, 1988).

The presence of & complex food web within, and
associated with, sea ice is well-known {(Andriashev,
1968; Horner, 1976; Carey, 1985; Garrison and others,
1986) (Fig. 2.1), although all the links have not been
established among the various components. There are
virtually no quantitative data available on the ice-based
food web, and spatial and temporal coverage is sparse
(Carey, 1983).

lce algae are a regular and significant source of food
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for females of the calanoid copepads, Calanes glacialis,
Metridia longa, and probably Pyeudocalanus sp. in
Hudson Bay throughout the time of the ice algal bloom.
Feeding takes places in or near a slush ice layer loosely
associated with the hard congelation ice {Runge and
Ingram, 1988). Amphipods and juvenile krill are known
to feed on ice algae and lysianassid amphipods in the
Arctie feed on meiofauna and other crustaceans early in
the spring betfore the peak of the ice algal bloom (Carey
and Boudrias, 1987), but the food sources of many of the
other faunal species seen and collected from beneath the
ice are not known. The fish may feed on ice algae or on
faunal components of the ice biota, but they may also be
grazing on the amphipods and other sub-ice fauna,

Some of the animals found near the undersurface of
the ice may be there for reasons other than for feeding.
Some species may be attracted by the higher light inten-
sities at the undersurface of the ice, while zooplankton
may be concentrated by the ice barrier (Carey, 1983).
Some species, including benthic and pelagic amphipods,
may use the ice as nursery grounds and larvae of benthic
species close to metamorphosis may aggregate on the
relatively solid ice substrate (Carey and Montagna,
1982; Carey and Boudrias, 1987). The young of some
species, such as Boreogadus saida and Ammodyies hex-
apterus, may use the holes and crevices in the ice as
refuges from predators.

The downward transport of organic material, includ-
ing ice diatoms and fecal pellets, may provide a source of
food for pelagic and benthic organisms. In the Arctic,
particles from the ice reach the sea floor throughout the
winter and spring in shallow water areas, not just during
the melt period (Pett and others, 1983; Carey, 1985,
1987) but the flux is low. Carey (1987) estimated that

only about 1-10% of the carbon production from the ice
algae reaches the bottom in shallow water so significant
amounts of organic carbon and nitrogen do not reach the
benthos, Much of the ice algal production that is lost
may be due to advection or in situ grazing, particularily
by amphipods (Carey, 1987).

In the Antarctic, the same dominant species occur in
fecal material and in the ice and water column at Syowa
Station, suggesting that carbon fixed at the surface could
be transported downward by sinking fecal pellets
(Fukuchi and Sasaki, 1981). Other data from the same
site, ,including low phaeopigment:chlorophyll « and
carbon:chlorophyll ¢ ratios, and decreased fecal pellet
fuxes during the ice algal bloom, however, suggest that
ice algal cells and aggregates sink without strong grazing
pressure (Sasaki and Hoshiai, 1986). The presence of
ice diatoms in the sediments also suggests that these
organisms can sink directly {(Gersonde and Wefer,
1987).

Seasonal variation in downward flux of organic ma-
terial occurs under Antarctic fast ice (Matsuda and
others, 1987). For example, the POC:chlorophyil a ratio
changes such that fresh algae are dominant from
November through February, while detrital material is
more abundant in winter. In addition, the chlorophyll a
flux, varying from 4500 pg m~2in summer to 3 pgm—2in
winter, suggests that both ice algae and phytoplankton
sink directly to the sea floor. Thus, the depth of the
water, temporal patterns, local weather and ice con-
ditions, the rate of particle sinking, and the nature of the
pelagic organisms, e.g. whether they are large or small
{Niebauer and others, 1981; Sasaki and Foshai, 1986),
all influence the availability of organic material from the
ice to either the pelagic or benthic faunas,
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DISCUSSION

Unicellular algae are found in sea ice whenever ice is
present. The origin of these cells and the mechanics of
their incorporation inte the ice are not always known.
About 300 species from nine algal classes, including
Bacitlariophyceae, Chlorophyceae, Chrysophyceae,
Cryptophyceae, Dictyochophyceae, Dinophyceae, Eu-
glenophyceae, Haptophyceae and Prasinophyceae,
have been reported from sea ice. Diatoms are usually
doniinant, but other organisms may be more abundant
at some times and places. Production, in terms of carbon
uptake, or biomass, in terms of chlorophvll a concen-
trations and cell numbers, may be extremely high. Bac-
teria are also common in sea ice and their production is
apparently coupled with ice algal growth and production.

Sympagic faunal assemblages are also present, ranging
in size from microfauna < 62 pm in size to macrofauna
= 500 wm. A sub-ice fauna trophically Hnked to the ice

biota includes fish and krill, while an cxtended food web
includes seabirds and mammals. Pelagic and benthic
animals may also derive nourishment either directly or
indirectly from the ice biota. All linkages in the ice-
associated food web are not known, but the presence of
ice algae in spring when little or no primary production
occurs in the water column provides an early source of
carbon for a variety of animals. Thus, the ice assem-
blages extend the short growing season for several
months and reduce the extreme scasonal Nuctuations of
primary production found at high latitudes.
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CHAPTER 3

ICE DIATOMS: THE ARCTIC

Michel Poulin

Microscopic algae have the physiologicai ability to
colonise numerous habitats, from hot springs to sea
ice. In the latter environment, Bacillariophyceae (dia-
toms) usually predominate but many other algal classes
are represented:  Chlorophyceae, Chrysophyceae,
Craspedophyceae, Cryptophyceae, Cyanophyceae,
Dictyochophyceae, Dinophyceae, Euglenophyceae,
Prasinophyceae, and Prymnesiophyceae. Basically we
can observe three categories of floristic assemblages
according to the position of the maximum biomass in the
ice column: surface assemblages (Fukushima, 1961;
Meguro, 1962}, interior assemblages (Hoshiai, 1969,
Ackley and others, 1979), and bottom assemblages
{Bunt, 1963; Meguro and others, 1967a). The bottom ice
assemblages are differently constituted in the Arctic or
Antarctic regions. In the Arctic, microalgae are incor-
porated into the ice as it forms in the fall. They occupy
brine pockets and channels in the lower sections of the
ice as well as the ice-water interface, and they are mainly
dominated by benthic/pennate diatoms (Meguro and
others, 1967a; Alexander and others, 1974; Hsiao, 1980;
Grainger and Hsiao, 1982; Hsiao, 1983; Poulin and
others, 1983; Horner, 1985).

TAXONOMIC STUDIES

The current taxonomic knowledge of sea ice microflora
15 the result of a research effort undertaken for a century
and a half. Ehrenberg (1841, 1853) first reported the
occurrence of microscopic algae from the north Atlantic
and the Canadian Arctic Archipelago, accompanied by
succinct species lists. A few decades later, Cleve (1873)
identified about 140 diatom taxa from the North Atlantic
Ocean and the Davis Strait. In 1874, O’Meara drew up
a list of diatoms observed until then in Svalbard
{=Spitsbergen), Norway. Cleve and Grunow (1880)
produced an excellent study on the Arctic diatoms,
especially from the Kara Sea, U.8.8.R. They identified
110 previously known taxa and described 24 new ones.
During the cxpedition of the “Vega”, Cleve (1883)
identified 102 diatoms collected from sea ice near Cape
Vankarem, U.S.8.R. He produced a list with species
descriptions, totalling 446 taxa recorded for the Arctic
latitudes. Grunow (1884) surveyed the microscopic flora
of Zemlya Frantsa losifa (=Franz Josef Land),
U.S.5.R., and he described 47 sea ice diatoms. In 1895,
Dstrup identified diatoms sampled from sea ice off East
Greenland and described 59 new taxa. These last four
reports constitute the basic, fundamental references
which concentrate most of the relevant information on
diatoms inhabiting or in close association with sea ice.
The literature is very old and some taxonomic treat-
ments in these works may disagree with our current

understanding of certain taxa.

Cleve (1896) further identificd many pelagic diatoms
collected between Baffin Bay and Davis Strait and later
in 1898 identified diatoms from freshwater and sea ice
near Zemibya Frantsa losifa, U.S.S.R. He drew up
a comprehensive list of 427 diatom taxa likely to be
cncountered in the Arctic region. He also produced
species lists for taxa encountered between Greenland
and Svalbard (Cleve, 1899), and those observed north of
Jan Mayen Istand, Norway (Cleve, 1900). Gran (1897)
studied diatoms collected in Karajak fjord (West Green-
land), and in 1904k he reported on pelagic diatoms of the
Arctic Qcean as well as those on ice fAoes. In 1949,
Usachev collated the Russian studies and recorded a
total of 142 diatom taxa from Kara and Laptev Seas
{U.S.8.R.). of which 24 were considered as typically
cryophilic (Table 3.1).

Table 3.1. Bottom sea ice diatoms considered as typical
cryophilic taxa by Usachev (1949).

Melosira arctica (Ehrenbs) Dickie ™

Thatassiosira bioculata (Grupn.y 9st,

Chaetoceros seprentrionalis ©st.

Fragilaria istandica Grun.,

Fragilarig cylindrus Grun.

Synedra hyperborea var. rostelfata Gran.

Diploneis litoralis var. clathrata-arciica Cleve

Navicula derasa Grun,

Navicuda deterse {Grun,) Gran

Navicula directa (W. Sm.) Raifs

Nevictla gelida Grun,

Novicula superba (Cleve) Gran

Navicula iransitans Cleve

Navicula trigonocephala Cleve

Naviclila valida Cleve & Grun,

Pinnudaria quadratarea var, constricta @str and var, stixbergii Cleve
Pinrdaria semiéinflata Ostr,

Pleurosigma stuxbergti Cleve & Grun.

Ampliiprora gigantea var. septentrionalis Cleve
Ampliprora kjelimanii Cleve

Gomphonema exiguum var. aretica Cleve (+ var, pachyclada Cleve?)
Geriphonema kanuschaticum var. groenlandicum Gstr,
Nitzschia laevissina Grun.

Nitzschia polaris Grun,

All these previous works are used as a taxonomic base
for recent studies on sea ice assemblages. Today, little
effort is made to complement past taxonomy, with
research interest oriented toward more ecological and
eco-physialogical aspects. Atnorthern latitudes, bottom
ice assemblages are largely represented by pennate di-
atoms as recorded in Table 3.2 (Meguro and others,
1966; Horner and Alexander, 1972: Alexander and
others, 1974; Dunbar and Acreman, 1980; Hsino, 1980:
Grainger and Hsiao, 1982; Hsiao, 1983; Poulin and
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others, 1983; Horner, 1985). The taxonomy and nomen-
clature in these recent studies is essentially the same as
those in the studies from the turn of the century.

The basis for diatom identification has improved over
the years with the advent of new techniques, such as
scanning or transmission electron microscopy. These
new tools have clarified valvar features and improved
definitions of taxa, This has often resalted in taxonomic
or nomenclatural changes, hopefully leading to a con-
temporary taxonomy. In spite of these developments,

the research effort of the past 20 years in sea jce assem-
blages has generally not e¢ncompassed new develop-
ments in  taxonomy. Exceptions to this include
taxonomic studies by Poulin and Cardinal (19824,
1982b, 1983) from Hudson Bay, Canada, by Heimdal
(1976) and Syvertsen (1984) on the morphology of
Navicula species, by Medlin and Round (1986) on the
taxonomic status of some arctic species of Gomphonema
and by Poulin (1990, In press) on Stenoneis and g
Gyrosigma species, respectively.

Table 3.2, Percentage of pennate diatoms forming sea ice assemblages at different northern geographical locations,

Locaiions Latitude Percentage References
Arctic regions 85 Horner, 1985
Barrow, Alasks 71N 84 Horner, 1976
Narwhal Island, Ataska TGN a1 Hosner and Schrader, 1982
Arctic Canada 84 Hsiao, [980

86 Hsiao, [983
Dravis Strait G064 N 64 Booth, 1984
Frohisher Bay {1471-78) 64 N a0 Hsiao, 1979¢
Frobisher Bay (1979-81) 63 N 88 Grainger and Hsino, 1982
Eskimo Lakes 69 N 90 Hsiao, 1979b
Eclipse Sound 7IN a2 Hsiao, 1979
Robeson Channel 81N 98 Dunbar and Acreman, [980
Barrow Strait 7475 N 96 Dunbar and Acreran, 1980
Huslson Bay 38N 99 Dunbar and Acreman, 1980

353N Pl Poulin and others, 983
55N 83 Hsiao and others, 1954

St. Lawrenee
Chult 4649 N 37 Dunbar and Acreman, (980
Estuary {1979} 49N 50 Demers and others, 1984
Estuary (1980) 40 N { Demers and others, 1984

DISTRIBUTIONS

[n the Arctic, bottem sea ice assemblages start to form at
the beginning of the fall. The source of the algae is still
questioned and many hypotheses have been suggested
for their occurrence in the ice: 1) members of the fall
phytoplanktonic community, 2) sceding from drifting
pack ice, and 3) resuspension of sediments during full
storms. Cells are incorporated inte the ice as it forms
(late September/October); they are few in number and
scattered through the entire thickaess of the ice so that
no visible layer of organisms is present. Microflagetlates
are usually the most abundant organisms in new ice, but
pennate diatoms are also present. Algal cells remain
scattered throughout the ice in winter, with biomass
{(indicated by chlorophyll content or cell numbers) being
low and variable throughout the ice from January to
mid-March. By this time, the algac become concen-
trated in the bottom few centimetres as a result of
increasing air temperatures causing brine drainage and
an active migration of cells through the brine channels in
the ice. Growth begins in response to increasing light
levels and continues throughout the spring, although
adverse weather conditions may interrupt or slow
growth during this time. By early April, at the bottom of
the ice, a brown or golden brown layer about 3-3 ¢m
thick is visible with the highest productions occurring in
mid to late May. At the same time, the ice containing the
algae becomes softer and begins to deteriorate. The
algae probably contribute to its disintepgration by selec-
tive absorption of solar energy. Weak water movements
gradually wash the algal layer away, and by early June,
the brown layer is no longer visible.
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lee algae are encountered in annual sea ice in all
regions where sea ice is a common phenomenon of the
environment. In higher latitudes of the northern hemi-
sphere, the algal ice assemblages, consisting primarily of
pennate diatoms (= 83%), are widely distributed
throughout the arctic zone, while in lower latitudes,
centric diatoms form the major part of the ice assem-
blage (Table 3.2). Dunbar and Acreman (1980) found a
significant difference in biomass indicators between the
Gulf of St. Lawrence and their three arctic locations
with striking differences in the proportion of centric
and pennate forms (Table 3.3). The arctic stations
were mainly dominated by the three following pennate
diatoms, Diploneis litoralis, Navicula kjellmanii, and
N. peregring while in the Gulf, the main centrics were
Chaetoceros debilis, Porasira glacialis and Thalassiosira
nordenskioeldii. In the St. Lawrence Estuary, Demers
and others (1984) observed a sea ice flora dominated by
microflageliates and the centric distom Cyclorella

striata. This change in species composition is explained

by different light regimes associated with variations in
the ice thickness. The thin ice of the Estuary/Gulf of St.
Lawrence allows better light penetration favouring the
growth of a light-adapted assemblage. By contrast,
thicker ice found in northern latitudes favours the de-
velopment of a shade-adapted assemblage (Dunbar and
Acreman, 1980; Demers and others, 1984), The vari-
ations in the light intensity aiso explain the results of
Hsizo (1980) and Grainger and Hsiao (1982) who re-
ported primarily planktonic organisms in the upper part
of the ice and benthic diatoms in lower sections. During
the fall when the ice is relatively thin, the light pen-
ctrates easily and allows the development of the light-
adapted planktonic algae. On the other hand, at the end

¥
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Table 3.3. Dominance of ice diatom species at dilferent times and different northern geographical locations,

. Locations Specivs

Referenves

- Aluska
- Barrow 1972

Nitzschia frigida

Naviculua murinag
Nitzschia eviindris
Nitzschia frigida
Nirzschia evlindrus
Nitzschia frigida
Narwhal Island Nirzschia evlindrus
Arctic Canada Nitzschia ovlindrus

Barrow 1973
Beaufort Sea

Stefansson Spund

Nitzschiu frigica

Nitzschia granowii
Nitzsclia polarts
Navictda quadripedis
Davis Strait
Nitzschia frigida

Fobisher Bay Achnanthes taeniata

Cylindrotheca closierinun

Navicula directa
Nitzschio frigida
Nitzschia grunowii
Nitzschia longissima
Nitzschia sergesting
Navicula pelagica
Nitzschia eylindris
Nitzschia frigida
Chaetoceras delrilis
Porosira glacialis

Hudson Bay

St. Lawrence Gulf

Navicula transituns var. derasa

Horner and Ajexander, 1972
Horner, 1981
Haorner, 1981
Florer, 1981

Haorner and Schrader, 1982

Horner and Schrader, [982
Dunbar and Acreman, 1980
Fisigo, 1980
Dunbar and Acreman, 1980
Hsiao, 1980
Dunbar and Acreman, 1980
Haiao, 1980
Hsiao, 1980
Booth. 1984

Grainger and Hsiao, 1982

Poulin and others, 1983
Gaosselin and others, 1985

Bunbar and Acreman, 1980

Thalussiosira nordenskioeldii

St Lawrence Estuary Microflagellates

Cyelotella striata

Demers and others, 1984

of the spring, the light is fairly attenuated by the thicker
ice and this favours the growth of benthic diatoms
associated with the ice.

Tosome extent, the community structure in the differ-
ent ice layers reflects the growth conditions prevailing at
the time the algae were incorporated into the ice. In
lower latitudes and in estuarine conditions, ice forma-
tion is affected by tidal movements and thus, the floristic
compasition in the ice may be completely different from
the high arctic sea ice assemblage. This estuarine ice
assemblage may show a higher proportion of freshwater
and pelagic forms (Dunbar and Acreman, 1980; Demers
and others, 1984) and because of our ignorance about
the area where the ice formed, it becomes difficult to
determine the reasons for its peculiar assemblage. The
ice fields, which are drifted at the mercy of the tides, are
colonized by algal ceils of unknown origins, i.e. the algae
may have been incorporated into the ice at different
localities in the estuary resulting in a composite bottom
sea ice assemblage,

In the Arctic, the vertical distribution of the bottom

sea ice ussemblage is ascribed to the photo-oxidation of

the photosynthetic pigments in the upper sections of the
ice (Apolionio, 1961), to the occurrence of an upward
increasing gradient of the osmotic pressure in the brine
isolating the algae in the lower sections (Meguro and
others, 1967a), or to the increasing number of brine
pockets in the lower strata of the ice (Lake and Lewis,
1970; Grant and Horner, 1976) ensuring a larger surface
area for colonisation,

On a global view of the North Hemisphere, the same
taxonomic composition is found in sea ice sampled in
Alaska (Horner and Schrader, 1982), Canada (Hsiao,
1980; Poulin and Cardinal, 1982a, 1982b, 1983), and

U.S.S8.R. {Usachev, 1949, Thus, the bottom sea ice
flora has a circumpolar distribution, but the dominant
species will vary from one region to another (Table 3.3).

Although some endemism has been reported in the
literature (Hsiao, 1980, listed 11, 24, and 44 species
apparently endemic to Eskime Lakes. Eclipse Sound
and Frobisher Bay, respectively). it seems likely that
many, if not most endemic taxa, will be found to be more
widely distributed when the seca ice diatom flora be-
comes better known and taxonomic work on the more
difficult groups is done. For the Canadian Arctic. Hsiao
(1980) identified the eighteen most frequently encoun-
tered ice diatom taxa {Table 3.4), some of them being
considered as typical cryophilic taxa according to
Usachev (1949).

Table 3.4. Most frequent ice diatom taxa encountered in the
Canadian Arctic (after Hsiao, 1980),

Ampliprovy kjellmanis var. kariana (Grun.) Cleve
Amphiprora kjellmanii var. striolaie (Grun.) Cleve
Amphora faevis var, laevissima (Greg.) Cleve
Cylindrotheca closterivun (Ehrenb. ) Reimans & Lewin
Gomphonema exiguum var. pachyeludun (Bréb.) Cleve
Navigula directa (W, Sm.) Ralfs

Nuavicula quadripedis Cleve-Eul.

Nitzschia cvlindrus (Gran, ) Hasle

Nitzschia frigida Grun,

Nitzschia gruendleri Grun.

Nitzseltia hybrida Grun.

Nizschiy faevissima Grua.

Nitzschia polaris Gran,

Nitzschia rergestinag (Kitz.) Ralfs

Pinnularia quadratarea var, stuxbergii {Cleve) Cleve
Pleurosigma clevei Grun,

Pleurgsigma stuxbergti Cleve & Grun.

Thalussiosira nordenskioeldii Cleve




CHAPTER 4

TECHNIQUES FOR SAMPLING SEA-ICE ALGAE

Rita Horner

Sampling is one of the most difficult problems in the
study of ice algae. Part of the problem is the structure of
the ice. In the Arctic, most of the ice is composed of
congelation ice, i.e., ice crystals whose c-axes are paral-
lel to the ice-water interface (also called columnar ice)
{Maykut, 1985; Squire, this volume). In the Antarctic,
however, layers of frazil {platelet) ice crystals may occur
between layers of congelation ice (Weddell Sea-
Maykut, 1983) or may form {ayers up to 4 m deep on the
underside of the ice {McMurdo Sound - Dayton and
others, 1969, Mirny - Morecki, 1965}, A similar situation
may occur in the Arctic where slush ice up to 2.5 m thick
can oceur beneath congelation ice in coastal areas
(Larsen, 198(; Reimnitz and Kempema, 1987). These
variations in the ice structure then, may add to the
difficulties in choosing an adequate sampling technique
for the ice algae. Asaresult, many techniques have been
used, but not all of them have been equally successful or
adequately described in the literature. This is an attempt
to describe the sampling methods that have been used
and to point out some of their strengths and weaknesses,

The most commonly used ice sampler has been
a surface-operated coring device usually known as a
SIPRE (for Snow, Ice, Permafrost Rescarch Establish-
ment) corer {Apollonio, 1963; Horner and Alexander,
1972; Alexander and others, 1974; Hoshiai, 1977;
Ackley and others, 1979; Dunbar and Acreman, 1980;
Hoshiai and Fukuchi, 1981; Takahashi, [981; Pett and
others, 1983; Palmisano and Sullivan, 1983; Clarke and
Ackley. 1984; Grossi and others, 1984; Grossi and Sul-
Hvan, 1985; Palmisano and Sullivan, 1985a; Sullivan and
others, 1985; Gossclin and others, 1985, 1986; Tak-
ahashi and others, 1986). This coring auger cuts a core
7.6 cm in diameter and 0.75 to (1.9 m long. It consists of
heavy-walled stainless steel tubing with specially formed

and shaped double helical stainless steel flighting welded
to it (Fig. 4.1). A stainless steel cutting shoe with
tungsten carbide bits enables the corer to cut through
snow, ice, and permafrost. A T-shaped handie attached
to the driving head is used for hand coring, but a small
1-5 horsepower gasoline engine may be used for more
rapid coring. When 1 m long aluminum extension rods
are added, a core through the entire ice thickness can be
retrieved.

Unfortunately, the bottom of the ice where most of
the ice algae are found, at lcast in the Arctic, is often
relatively soft and is easily broken when the corer breaks
through the bottom of the ice. As a result, an unknown
part of the sample may be lost. Booth (1984) sampled ice
floes in Davis Strait and used a fibrescope to watch the
underside of the ice as the corer cut through. She did not
observe any loss of the bottom ice, but this may have
been because of the hardness of the ice.

If ice cores obtained with surface coring technigues
are 1o be used for physiotogical experiments such as +C
uptake, then care must be taken to minimise exposure of
the cells to the high light intensities and subfreezing air
temperatures at the surface. Itis not known what, if any,
physiological damage might be done to the cells adapted
to the relatively low light intensity and higher water
temperature found beneath the ice. Care must also be
taken to ensure that incubators used for laboratory
studies mimic conditions normally experienced by the
ice algae (Palmisano and Sullivan, 1982). Further. if the
ice cores are allowed to melt, then the cells are not living
under their normal environmental conditions,

Ice samples collected with SIPRE corers have been
used to determine primary productivity both in labora-
tory incubators (Alexander and others, 1974; Palmisano
and Sullivan, 1982) and #n sit (Booth, 1984), and to

Core barrel with flighting

Q ) L

Fig. 4.1 Diagram ol a SIPRE corer.
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Geographical variations can be observed on a small
and large scale with patchy distributions of the bottom
sea ice assemblages correlated with light attenuation
caused by increased snow cover. Situations prevailing in
offshore coastal environments tend to follow this same
patchy distribution but the floristic compeosition may not
be necessarily different. At the mouth of freshwater
cffluents, the physical conditions of the water bodies
establish peculiar aceanographic situations. In south-
cast Hudson Bay, Poulin and others (1983) reported that
the salinity of the underlying surface waters establishes a
salinity gradient in the ice which emerges as a major
environmental factor controlling the spatial distribution
and the abundance of the species responsible for the
particular horizontal distribution of the ice diatom flora.
The prescnce of a high number of ice diatom taxa
corresponds to maximum salinities of the surface waters
as well as in the ice. A decrease in salinity 15 followed
by a progressive loss of ice diatom taxa. Thus, the
taxonomic impoverishment gradient represents the
tolerance of the diatoms to a decreasing salinity
gradient,

Seasonal and annual variations in species dominance
and floristic composition are also observed in the bottom
seaice diatom flora; the main genera present, in terms of
number of species, are Navicula, Nitzschia, and Pin-
rudaria (Table 3.5). Some species succession was noted
during the season in Alaska: Nitzschia cylindrus was the
dominant taxon in April and early May; by mid-May the

community shifted to a multi- species dominance includ-
ing Gomphonema exiguton var. arctica, Naevicula di-
recta, N. transitans, Nitzschia frigida, and Pinnularia
quadratarea (Morner, 1985). This shift in the species
composition may be due to different environmental
conditions favouring species tolerant of reduced salinity,
high level of nitrates, or higher light intensity.

The variability in species composition between years
is also considerable. At the time of ice formation, algal
cells trapped during the freezing process will give a sea
ice assemblage that reflects the physical conditions of the
water at the time the ice formed. The floristic compo-
sition then depends on the oceanographic characters of
the underlying waters, which vary from year to year. At
Barrow, Alaska, the bottom ice flora was dominated by
the pennate diatom Nirzschia frigida in 1972, whereas
the next year, Naviculy marina was the major compo-
nent of the ice diatom assemblage (Table 3.3).

[t is important to understand that the species compo-
sition of bottom ice assemblages varies considerably
depending upon the time of the year (seasonal distri-
bution}, the station locations {spatial distribution}, and
the sections of the ice core sampled (vertical distri-
bution). Variability is also expressed year to year. In a
sense, the northern distribution can be considered as
circumpolar with probably few endemic taxa. More
taxonomic works need to be done in order to better
identify the floristic elements of this bottom sea ice
assemblages in the Arctic.

Table 3.5. Relative dominance of ice diatom genera (Pennales) according to their number of taxa recorded from the

literature.

References It decreasing order of Imporiance

! 2 3
Meguro and others, 1966-1967b Navicula Pinnvdaria Pleurosigma
Horner, 1976 Navicula Nitzschia Amphiprora
Dunbar and Acreman, 1980 AmphiprorafDiploneis Naviculy Nitzschia
Hsizo, 1980 Naviculy Nitzschia Pinnutaria
Grainger and Hsiao, 1982 Navicula Nitzschia Plearosigmua
Hsizo, 1983 Navicula Nitzschia Pinnudaria
Poudin and Cardinal, 1983 Navicula Nitzschia Pinnetlaria
Booth, 1984 Navicula Nitzschia Pleurosigmia
Horner, 1983 Navicula Nitzschia Pinnularia
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Fig. 4.2 /n-sine incubation system using blocks of ice (reprinted from Andersen, 1977)

determinc chlorophyll a, species composition, cell num-
bers, and salinity and nutrient concentrations. When ice
cores have been used to determine salinity and nutrient
concentrations, the samples are usually ailowed to melt
before analyses are done. This dilutes the interstitial
water where the cells are living with freshwater from the
ice crystals so that accurate measurements of the salinity
and nutrient concentrations are not obtained. One pOss-
ible solution for this is to allow the core samples to drain
s0 that interstitial water is collected, but the jce does not
melt completely. However, it is not known how much
dilution might still occur. Another solution is to collect
interstitial water directly by removing a short core from
the ice and collecting the water that drains into the core
hole. This method was used by Garrison and Buck
(1986) to show that serious losses of Organisms occur
when the cells are subjected to rapid and extreme
changes in salinity as ice cores are melted. Nutrient
concentrations could also be measured in this interstitial
water {called pore water by Garrison and Buck, 1986).

Other surface sampling techniques have included cut-
ting blocks of ice and attaching plastic incubation boxes
to the underside of the ice (Andersen, 1977). After the
incubation box was attached and 4C injected, the whole
block of ice was returned to its original position in the ice
(Fig. 4.2). Dark experiments had the jce plus incubation
chamber enclosed in black plastic bags. This technique
would work best where the ice is not very thick. Poulin
and Cardinal (1982a,b, 1983) cut 2-3 cm sections from
blocks of ice for samples used to describe the floristic
composition of the ice algae in Manitounuk Sound,
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Hudson Bay. Blocks of ice have also been used to
determine biomass {chlorophyll a) and species compa-
sition in relation to light and rate of freezing of the ice in
the St. Lawrence estuary (Demers and others, 1984},
Booth (1984) used a SIPRE corer to collect her samples,
but placed them in plexiglass chambers that were then
suspended under the ice (Fig. 4.3). She avoided expos-
ing the samples to high light intensity by keeping them in
dark plastic bags during manipulations before putting
them back under the ice,

In order to avoid the problems encountered using
surface coring techniques, Clasby and others (1973)
devised a simple combination sampler-incubation cham-
ber (Fig. 4.4) that could be placed directly into the
undersurface of the ice by SCUBA divers. Primary
productivity measurements could then be made in sitm.
Following incubation, the ice core was cut from the ice
with a heavy metal spatula and the sampler capped with
acore cap and returned to the surface, These chambers,
also used to collect sumples for estimation of pigment
concentration, cell numbers, species composition, and
nutrient and salinity determinations, worked well in the
relatively soft bottom ice at Barrow, Alaska. They did
not work well near Prudhoe Bay, Alaska (R. Horner,
pers. abs.), perhaps because of the shallowness of the
soft unconsolidated ice layer where the algac were |iv-
ing. As aresult, the chamber was redesigned (Schrader
and others, 1982) (Fig. 4.5) to permit more secure
attachment to the ice and to reduce sampling loss that
may occur during core extraction and capping. A similar
chamber was used at Australian Antarctic stations
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(McConville and Wetherbee, 1983; McConville and
others, 1983).

These chambers offer improvements over surface
sampling techniques, but there are still problems. It is
difficult to ensure that there is adequate mixing of the
isotope in the chamber because of the matrix of ice
crystals, It is also possible that an unknown amount of
the isotope may diffuse upward into the ice above the
chamber during incubation and not be retrieved, This
latter problem was solved by McConville and Weth-
erbee (1983) who cut the ice core sample off before 14C
inoculation and added a plexiglass cap to the chamber,
thus ensuring that all the added isotope would be re-
covered at the end of the incubation period. McConville
and Wetherbee (1983) also enlarged the chamber and
lengthened the steel pins that hold the chamber in the
ice, thus making the chamber usable in areas where the
bottom layer of the ice is relatively thick. The enlarged
chamber was also used to collect ice crystals scraped off
the underside of the ice to be used for in site productivity
incubations. These in sime combination sampler-
incubation chambers did not work at McMurdo Sound
where there is often a thick layer of frazil ice (C.W,
Suilivan, pers. comm.).

Sampling at McMurdo Sound has been more difficult
because of the layer of frazil ice that is often found
underneath the congelation ice. Bunt (1963) found that
it was not feasible to design appropriate sumpling gear,
so divers manually dislodged large quantities of ice
crystals that were retrieved when they floated to the
surface in the dive hole. Divers have also forced a van
Dorn water sampling bottle through the ice, closing it
manually (Bunt and Lee, 1969).

A modified syringe device was used by Grossi and
others (1984) and Palmisano and others (1985). This
sampler consisted of a polypropylene funnel 9 cm in
diameter to which three 50 ml syringes were attached by
a common port. The funnel was pushed into the ice by a
diver and the ice-seawater sample was pulled into the
syringes. The sample was mostly water with only a few

[
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ice crystals. Cells actuaily attached to ice crystals could
have been dislodged and thus increased the number of
cells in the sample (interstitial) water, or could possibly
have been lost. Either way, the samples could have been
biased. Jars of various kinds and sizes have also been used
in both the Arctic and Antarctic to collect ice crystals that
have been distodged from the underside of the ice (Sul-
livan and Palmisano, 1984; Sasaki and Watanabe, 1984;
Palmisano and Sullivan, 1985b:; R. Horner, pers. obs.).

In the Arctic, a specially designed 2 litre epontic
sampler was used to collect interstitial water from the ice
and microalgae from the ice-water interface {Rochet
and others, 1985; Gosselin and others. 1986: Legendre
and others, 1986; Maestrini and others, 1986). The
samples were free of ice. This sampler is composed of a
disk (piston) that slides back and forth in a 20 cm
diameter hollow cylinder (Fig. 4.6). A rod ca. 6 em long
is welded to the outside of the piston. When the piston is
at the upper part of the cylinder, the cylinder is closed
and contains no water. When the rod hits a hard surface
{¢.g., the underside of the ice), the piston moves down-
ward and the cylinder fills with water. Suspending wires
are attached to the upper edges of the cylinder (M.
Gosselin, pers. comm., 1986). This sampler is deployed
by cutting a hole in the ice and sawing two paralief tracks
25 cm apart. The sampler is lowered through the hole
and positioned under the ice by puiling the suspending
wires along the parallel tracks. The sampler is attached
to a winch and pulley system mounted on a tripod and is
thus firmly attached to the underside of the ice. The
block of icc above the sampler is freed by cutting
through the ice perpendicular to the parallel tracks. The
ice block and sampler are then lifted free using the winch
and pulley system (Maestrini and others, 1986).

Algae in the interstitial water flowing from the ice and
in the upper 2 cm of the water column are collected in the
cylinder. The sample is trapped in sifie and is protected
from surface light. The sample can be transferred to
other containers and transported 1o a shore laboratory
for experimental procedures (Maestrini and others,
1986). The advantages of this technique are that the
samples can be collected from the upper surface of the
ice and they can be used for analysis or experimentation
without melting the ice. A 2 dm? sample can be collected
in T-2h by two people (M. Gosselin, pers. comm., 1986).
However, this sampler may not collect cells actually
attached to ice crystals unless the cells are dislodged by
the movement of the interstitial water flowing out of the
ice, or in some other manner.

Another sampling device used by M. Gosselin {pers.
comm., 1986) is a suction or slurp gun that is used by a
diver. This device consists of a plexiglass cylinder with a
nozzle on one end and containing a piston made of
neoprene that can be withdrawn to collect a sample.
Similar suction guns are available from SCUBA gear
shops. An advantage of the suction gun is that samples
can be collected from a number of sites close together in
arelatively short time. Horner, Alexander, and their co-
workers tried using a suction gun, but had trouble with
sample loss, perhaps because the piston was also made
of plexiglass and water leaked from the cylinder (R.
Horner, pers. obs.). They used the device primarily to
collect amphipods from the underside of the ice.

Sediment traps have been used under ice in shallow,
nearshore arcas (Pett and others, 1983; Carey and
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Fig. 4.5 Redesigned in-situ combination sampler-incubation chamber (reprinted from Schrader and others, 1982).

others, 1984; Carey, 1987) and in deep water (R. Ger-
sonde, pers. comm., 1986) to determine particle flux to
the sediments. Deployment times for the shallow water
traps ranged from 13 to 535 days (Pett and others, 1983)
and from 5 to 7 days (Carey and others, 1984; A.G,
Carey, Ir., pers comm., 1986; Carey, 1987). The ef-
ficiency of sediment traps depends on trap design, place-
ment, fength of deployment, and dynamics of water flow
around the trap (Pett and others, 1983; Gardner, 1980;},
b). In addition, resuspension of bottom sediments, hori-
zontal advection, and in site grazing may affect the
efficiency of the trap. Ice algal samples found in sedi-
ment traps can be useful indicators of the fate of ice algae
through sinking or utilization by zooplankton, as seen by
their occurence in faecal pellets, and perhaps even of the
origin of ice algae, at least in shallow water, if cells can
be resuspended from bottom sediments and caught in
the traps. _

A variety of sampling devices have been used in
studies on ice algae. Some of them work well, others not
s0 well; some work better in some types of ice than in
others. Adequate descriptions and figures of newly de-
vised sampling gear are not always given in the litera-
ture. In addition, the kind of ice, e.g. congelation,
platelet, grease, etc., and the age of the ice are not
always described completely. This makes it difficult for
other investigators to determine what kinds of samples
were used, or how they were obtained. Therefore, it is
imperative that sampling gear, the kind of ice being
sampled, and the experimental methods used be de-
scribed adequately,
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CHAPTER 5

THE ANTARCTIC PLANKTONIC ECOSYSTEM

Julian Priddle

The Southern Ocean covers an area of appproximately
36 million km?, bounded at the poleward edge by the
Antarctic continent and its ice-shelves but delimited at
lower latitudes by an oceanographic feature - the sub-
Antarctic Front (Antarctic Converegence). This con-
figuration of 4 more-or-less continuous belt is unique in
the World Ocean, and covers the area between 55° and
73%8. As with the Arctic Ocean, the Southern Ocean is
persistently cold whilst other components of the physical
environment exhibit marked seasonal changes. Annual
variation of incoming solar radiation increases in ampli-
tude with increasing latitude (Holm-Hansen and others,
1977; Sakshaug. this volume) and sea-ice cover under-
goes similar season-to-season changes. Half of the
Southern Ocean experiences annual ice cover (Squire,
this volume) whilst only the most northerly 409% is
perennially ice-frec.
: The apparent high abundance of marine life in an
- environment which is so inhospitable for humans is often
surprising to the layman. However, it was a desire to
exploit the richness of the marine ccosystem that moti-
- vated much of the Antarctic exploration in the eigh-
- teenth and nineteenth centuries (Walton and Bonner,
- 1985). Utilization of marine living resources continued
into the twentieth century with first the whaling industry
- and more recent interest in the exploitation of fish, squid
- and the Antarctic krill.
... The trophic structure of the Southern Ocean pelagic
_environment has often been represented as being com-
* paratively simple, with the food-chain ‘diatom-krili-
. baleen whale’ representing the dominant path for
- energy transfer, On the one hand, this obviously neg-
- leets the complex interactions between other compo-
- nents, including the large number of other animal
- species which compete with or depend on the Antarctic
+ krill (Euphausia superba). On the other hand, the very
~simple food-chain does symbolise some important
- properties of the trophic structure of the Southern
= Ocean pelagic ecosystem. In particular, it shows that
- energy flow may follow a relatively short path in which
- transfers occur between organisms dramatically differ-
_entinsize (Billen, Lancelot and Mathot, 1988). The key
- .role of Antarctic krill in the pelagic ecosystem has been
. demonstrated by the effects of the decline of baleen
. .whales as a result of the whaling industry. This an-
. thropogenic perturbation of the ecosystem is thought to
have left a significant krill surplus no longer consumed
- by the whales. This surplus has been taken up by in-
- creases in the biomass of several other species of krill
predators (Laws, 1983).

THE PHYSICAL ENVIRONMENT
Large-scale features

As noted above, the Southern Ocean is a unique area of
the World Ocean. The northern boundary is an oceano-
graphic feature rather than a coastline, so that the
Southern Ocean has a major role in interconnection
between the Southern Hemisphere oceans. The move-
ment of surface waters around the Antarctic continent is
dominated by the zonal circulation of the Antarctic
Circumpolar Current (West Wind Drift), and the more
complex circulation close to the continent. The latter
comprises the Antarctic Coastal Current {East Wind
Drift) and two major gyre systems in the Weddell and
Ross Seas, Pickard and Emery (1982), Foster (1984) and
Gordon (1988) provide a thorough summary at this
*basin-scale’. . i

Several features of this circulation and its forcing
mechanisms are of great biological significance. The
Antarctic Circumpolar Current (ACC) is driven by
strong westerly winds (Cotton and Chase, 1983) and
water motion reaches to the sea-bed (Nowlin and
Klinck, 1986). The high rate of transport of this current —
of the order of 125 Sv (Sverdrup = 106 m3 s1) (see
summary by Gordon, 1988) — is attributed to its large
cross-sectional area rather than its velocity (Foster,
1984). Velocity is not uniform across the current (Baker
and others, 1977; Georgi, 1978; Nowlin and Klinck.
1986) and two major streams with geostrophic current
velocities of 25-45 cm s°F account for more than half of
the transport but about one quarter of the cross-
sectional area. Since flow extends throughout the water-
column, the ACC interacts with the sea-bed. This is of
particular importance in relatively shallow parts of the
ocean such as the Macquaric Ridge and Kerguelen
Plateau. However, the critical region for topographic
effects on the ACC is the Drake Passage and Scotia
Ridge, which together with the outflow from the Wed-
dell Sea Gyre (Carmack and Foster, 1975) deflect flow
first to the north and then returning to the east as the
ACC leaves the Scotia Sea. This area is one of high
mesoscale variability, with the positions of fronts alter-
ing over distances of up to 100 km within 10 days
(Legeckis, 1977) and significant eddy generation
(Bryden, 1983). It now appears that eddy generation
and other mesoscale variability are likely to have signifi-
cant influence on biological distributions in parts of the
Southern Ocean (e.g. Priddle and others, 1988).
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Closer to the Antarctic continent, the western zonal
flow of the Antarctic Coastal Current (East Wind Drift)
is tnterrupted by both coastline and bathymetry. The
largest single feature in this system is the Weddell Sea
Gyre, which Aows clockwise (cyclonic) to the east of the
Antarctic Peninsula. This is a significant area in a global
context, for much of the World Ocean’s Bottom Water
is formed in the Weddell Sea. The continental shelf
around the coast of Antarctica and its off-lying islands is
unusually deep (200 m or more) because of the de-
pression of the land mass by the overburden of the
inland ice-sheet which may reach several kilometres in
thickness.
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The interaction between sea-ice and the water column

Sea-ice dominates the environment of surface waters in
the Southern Ocean, covering over half of the area south
of the Subantarctic Front in winter (Squire, this vol-
ume). Much of this is relatively thin, seasonal ice which
melts in summer, leaving only about 10% of the ocean
area permanently covered. This seasonal variation in
ice-cover results in significant modification of the physi-
cal conditions of the surface wuters. Seasonal variation
in incoming solar radiation is greatly accentuated
through increased attenuation and albedo caused by ice
in winter {Gosselin and others, 1986; Buckley and
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Trodahl, 1987, Sakshaug, this volume). The transfer of
momentum from the air to the sea is greatly reduced by
ice-cover {Squire. this volume). Melting ice removes
heat from surface water and introduces buoyant, fresh
meltwater. This produces a distinct physical structure
associated with the zone adjacent to the melting of the
sea-ice (Sullivan and others. 1988).

Over the Southern Ocean as a whole, sea-ice plays an
important role in determining the physical properties of
the water column which play a key role in biological
processes. The predominance of seasonal ice in the
Southern Ocean heightens the importance of ice as a
biological environmental variable (Horner, this volume;
Squire, this volume). In addition to the provision of
a4 habitat for organisms both within and attached to
the undersurface of the ice, the water column density
structure at the retreating ice-edge results in increased
stability which apparently enhances phytoplankton pro-
duction (Smith and others, 1988, Sullivan and others,
t988). The interaction between the ice-associated- and
pelagic ecosystems is exemplified by the overwintering
survival of krill in the Weddell Sea, where these pelagic
animals appear (o survive by ‘grazing’ on under-ice algae
{Marschall, 1988).

The physical and chemical environment of the upper
water column

The combination of the low amount of solar heating at
high latitudes and the great impact of ice melting on the
annual thermal budget of the Southern Ocean means
that temperatures in the Antarctic Surface Water are
low and vary little. With salinities no higher than 34.5,
the freezing point of seawater is about —1.9°C. Water
temperatures remain close to this value in southerly
waters close to the Antarctic Continent, whilst increas-
ing heat flux in more northerly waters results in surface
temperatures as high as 5°C in summer.

There is generally very little thermal, and hence den-
sity, stratification even during summer, Where a ther-
mocline is present, this is commonly at depths between
30 and 60 m. High wind stress associated with regular
storms often destroys this density structure. This situ-
ation is exacerbated in winter when the water column is
more homogeneous and weather worse. In the ice-free
Southern Ocean during winter, mixing depth may ex-
ceed 300 m (Heywood and others, 1985). In contrast,
there are some specific sites where stability is enhanced,
The presence of a marked density front associated with
the ice-edge has already been noted. This arises from
salinity gradients caused by melt-water floating over
more saline seawater. This ‘linear’ ecosystem tracks
across half of the Southern Ocean each year and de-
velopment of a phytoplankton bloom associated with
this feature may account for half of the total annual
photosynthetic production at a particular locality (Smith
and others, 1988}.

Sheltered neritic sites may also provide areas where
vertical mixing is reduced or inhibited. Large scale
patterns of phytoplankton distribution can be mapped
by satellite images from the Coastai Zone Colour Scan-
ner (CZCS), now no longer functioning. Although good
images are scarce for Antarctic waters, those which are
available often clearly indicate the initiation or per-
sistence of phytoplankton blooms in bays and chananels.

A well-documented site is the Gerlache Strait at the
southern end of Bransfield Strait. Here, the topography
of the land surrounding this narrow channel shelters it
from wind whilst volcanic sills which come to within 40 m
of the surface act as baffles which isolate the lower
cuphotic zone from wind stress. The density structure of
the upper water column can survive most storms and
very high phytoplankton biomass develops in this stable
area. Water advected in the main area of Bransficld
Strait may then act as an inoculum for other phyto-
plankton blooms (Heywood and Priddle, 1987).

One of the most distinctive aspects of the Southern
Ocean as an environment for phytoplankton is the gen-
eral superfluity of the common inorganic nutrients (Jac-
ques, 1983). Representative values are summarised in
Priddle and others (1986 ~ Table 1) and given in more
detail in some of the research papers cited here. Concen-
trations of inorganic nitrogen may be as high as 55 mmol
m-*, with the great majority being nitrate, whilst silicon
concentrations in the Weddell Sea are often as high as 90
mmol m-*. Where phytoplankton growth at asite is high,
these nutrients are greatly depleted ~ indicating that
the high nutrient concentrations in other areas of the
Southern Ocean can be attributed to underutilization
by phytoplankton. Reasons for this are discussed
below.

MICROPLANKTON

There is a considerable hody of taxonomic information
on the larger microplankion, especially on plankton
diatoms. but less’for some other groups such as
picophytoplankton, bacteria and protists. Similarly,
literature on the ccology and physiology of Antarctic
marine microplankton has also been biased towards
large-celled species. Although this deficiency is being
remedied, we are still some way from a comprehensive
understanding of the microplanktonic system and how it
interacts with its environment and consumers,

Phytoplankton
Specjes composition

Asnoted above, the majority of the data available on the
phytoplankton refer to larger-celled species — the net
phytoplankton — and of these diatoms are usually the
dominant group. Net phytoplankton may represent in
turn a highly variable proportion of photoautotroph
biomass in the Southern Ocean (Brockel, 1981, 1985).
Samples from areas of high biomass often contain large
numbers of diatoms, including colonial species, and this
can result in =90% of the particulate chlorophyll bio-
mass being retained by a 20 wm pore-size filter (Mullins
and Priddle, unpublished data). The chlorophyll content
of the smallest size fraction appears to be more constant
over time and space, so that this fraction becomes
proportionately more important at low overall biomass
(Brockel, 1981, 1985; Mullins and Priddle unpublished).
Gieskes and Elbrichter (1986) reported that the pig-
ment composition of these small particles indicated that
many were isolated chloroplasts resulting from the
breakage of larger cells by turbulence shear in surface
waters. This sugpgests that the ecological significance of
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the chlorophyll biomass in the smallest size fraction is
uncertain. The supposedly ubiquitous picocyanobac-
terium Sywnechococcus may be absent from much of the
Southern Ocean. Marchant, Davidson and Wright
(1987) and Stirling (unpublished data) found that this
organism was effectively absent from samples of surface
water taken at sea-temperatures << 4°C, Whether this
feature applies comprehensively to the Southern Ocean
is uncertain, but if it is so, then the microplankton in this
area differs dramatically from most other arcas of the
World Ocean.

Where biomass is high, it is usually diatoms which
dominate the net plankton and hence make the major
contribution to overall biomass (El-Sayed, 1971;
Heywood and Priddle, 1987). There are severai charac-
teristic taxa, some of which are endemic to Antarctic
waters. Large-scale studies of the biogeography of di-
atom taxa in the Southern Ocean were first associated
with expeditions, but seme large-scale systematic sur-
veys have been undertaken. Two major publications
arose from the Discovery lnvestigations ~ Hendey
(1937) provided an up-to-date compilation of taxonomy
and distribution of the diatoms in the wide-ranging
voyages of Discovery and Williain Scoresby, whilst Hart
(1934, 1942} looked in more detail at biogeography and
seasonal changes in the areas of the Bransfield Strait and
Scotia Sea. Later voyages yielded information for other
parts of the Southern Qcean, for instance the Brategg
expedition in the Pacific Sector (Hasle, 1969) and the
voyages of the 0Ob (Kozlova, 1964). Much of the
information available up until the late 1960’s has been
summarised for selected species in the American Geo-
graphical Society’s Antarctic Map Folio Series (Balech
and others, 1968). Such a summary remains appro-
priate, as few modern expeditions provide the wide-
ranging coverage of the earlier voyages but rather tend
to concentrate on restricted areas. Several diatoms are
shown to have circumpolar distributions — either in the

more northerly waters of the Antarctic Circumpotar
Current {e.g. Rhlizosolenia curvata — see also Hart,
1937), or in the waters of the Antarctic Coastal Current
and its gyres (e.g. Actinocyclus actinochilus). Many
species have a more widespread distribution, such as the
distinctive pennate diatom Nitzsclia kerguelensis.
Diatom blooms commonly contain several species.
Around South Georgia, for instance, these population
maxima have comprised dense growth of Thalassiosira
scotfa and Chaetoceros socialis (Theriot and Fryxell,
[983), or Eucampia amarctica  with  Odontella
weissflogii, Rhizosolenia and Proboscia spp., Corethiron
and Thalassiothrix (Priddle and Mullins, unpublished).
A very dense bloom of diztoms near King George Island
(South  Shetland  Islands) contained  Odonrtella
weissflogii, Proboscia ‘alate’, Chactoceros curvisetum
and Thalassiosira tumida (Heywood and Priddle, 1987).
Although not all diatom blooms in the Southern Qcean
are dominated by centric genera as these were, the
examples cited are quite typical and this predominance
of colonial and chain-forming taxa appears to be typical.
The only non-diatom alga which commonly forms
comparable biomass in the Southern Ocean is the
colonial haptophyte Phaeocystis poucheti {Hariot)
Lagerheim. This may occur at high local abundance in
some couastal waters (Burkholder and Sieburth, 1961}
Phaeocystis was the dominant phytoplankton species in
a study in the eastern Weddell Sea in January (Néthig,
1988) and the species occurs in association with the ice-
edge in the Ross Sea (Palmisano and others, 1986).
During a recent cruise in the open seas around South
Georgia, this species was found in phytoplankton net-
hauls made when the diatom bloom appeared to be
declining and dissolved silica concentrations were un-
usually low (Priddle, unpublished data). The overali
importance of Phaeocystis is uncertain, but its local
impact may sometimes be great. Coccolithophorids,
which form dense blooms in lemperate oceans and are

common in the Arctic, are thought to be rare or absent
from Antarctic samples, but recent data Suggest that

they are more widespread and may dominate the
‘. nanoplanktonic community (Buma and others, 1989).
~ Several other algal groups which may be abundant in net

phytoplankton in other ocean areas are poorly represen-
ted. Dinoflagellates are well known {rom the Southern
Ocean and cxhibit a moderate degreec of endemism
within some genera (Balech, 1975). However no taxa,
including photoautotrophs, reach abundances ap-
proaching those of the diatoms (Dodge and Priddle,
1987).

Production and gcology of the phytoplankion

The marked annual variation in solar radiation and ice-
cover imposes a similarly strong seasonality on phy-
toptankton  production (Whitaker, 1982; Clarke,
Holmes and White , 1988). 1t is now understood that the
average productivity over the entire Southern QOcean is
similar to that of olisotrophic areas of the World Ocean
{El-Sayed, 1984; Priddle and others, 1986). However,
local maxima may be very high and utilise the full
potential suggested by the typically high concentrations
of inprganic nutrients in the Southern Ocean. The ap-
parent paradox of high nutrients andlow overali produc-
tion has attracted attention from biologists (see reviews
by Jacques, 1983; El-Sayed., 1984; Holm-Hansen, 1985;
Priddle and others, 1986; Billen, Lancelot and Mathot,
1988). The oceurrence of such high local production,
and various shipboard experiments that indicate that
under certain conditions phytoplankton can grow as fast
as temperate communities and dramatically deplete the
morganic nutrient pool, make it most unlikely that
growth is limited by availability of the common nutrients
(Lmquf,s 1983; Priddic and others, 1986). Likewise,
investigation of the effects of trace elements has usually
indi{:alud that these are not limiting (e.g. Hayes,
Whitaker and Fogg, 1984). Work undertaken by Martin
and co-workers (Martin and Fitzwater, 1988; Martin and
Gordon, 1988) has implicated iron-deficiency as a limit-
ing factor in Pacific Subarctic phytoplankton. Very re-
cently, Martin, Gordon and Fitzwater {1990} have
extended their observations to Antarctic waters, They
equate high neritic phytoplankton growth in Gerlache
Strait and low growth in Drake Passage to their respec-
tive high (7 pmol kg=!') and low (0.16 pmol kg~1)
concentrations of Fe. Whether this will prove to be the
overriding factor proposed by the authors remains to be
tested,

Thus we can progress from the original paradox of
Antarctic marine phytoplankton ‘starving in the midst of
plenty’” to a more simple question — ‘what prevents
phytoplankton from utilizing dissolved nutrients in the
Southern Ocean euphotic zone™. Three environmental
{actors may play a part in this sub-optimal performance.
First, the energetic vertical mixing in the Southern
Ocean water column may carry algal cells beneath criti-
cal depth and will expose cells to a highly variable
irradiance environment (Mortan-Bertrand, 1988, 1989).
Many (if not most) of the areas where phytoplankton
biomass (and implicitly production?) maxima occur
have physical properties which reduce vertical mixing
and may thus enhance photoautotrophic growth. Con-
spicuous examples include coastal embayments (e.g.

Whitaker, 1982), strongly stratified water columns
(Priddle and Heywood unpublished) and the special
density structure associated with the ice-edge zone (El-
Sayed and Taguchi, 1981; Smith and others, L988; Sul-
livan and others, 1988). The influence of vertical mixing
on phytoplankton production has been thoroughty dis-
cussed since the ideas of Sverdrup (1953) on critical
depth defined the problems in terms of the balance
between light energy input and metabolic losses. A
simple shipboard experiment involves keeping a water
sample in a constant irradiance regime (e.g. Holm-
Hansen, 1985; Fenton, unpublished) and the rapid
growth of phytoplankton and corresponding exhaustion
of inorganic nutrients lends credence to the idea that
vertical mixing may well be a critical influence on growth
rate in sit. However there is no firm evidence that this is
the only mechanism operating in Antarctic waters.

Uniformly low water temperature is at first sight an
obvious factor which might be restricting phytoplankton
growth. Neori and Holm-Hansen (1982) measured car-
bon uptake by Scotia Sea and Bransfield Strait phyto-
plankton under controlled conditions and found that
peak rates of photosynthesis occurred at temperatures
around 7°C and that these were approximately double
the rate at ambient temperatures. Tilzer and others
(1986) made a comprehensive investigation of the
relationship between photosynthetic parameters and
combinations of irradiance and temperature. They
suggested that Hght-Hmited photosynthetic rate would
be temperature dependent. However, the transtation of
these laboratory experiments to the water column is
difficult. 1t seems impossible to ignore the high biomass
and growth rates achieved at some sites although
thelr water temperatures dre as low as surrounding
‘oligotrophic’ areas.

Finally, loss processes may be important in determin-
ing the net production of phytoplankton. These losses
are processes that remove algae from the euphotic zone
and can be broadly divided into ‘passive’ sinking or
factive’ grazing. As noted above, the dominant, bloom-
forming diatorns are commonly colonial and would be
expected to have high potential sinking rates (Jaworski,
Wiseman and Reynolds, 1988). Documented sinking
rates for Antarctic marine diatoms are typically 1-10 m
day} for ‘s%nglc cells (Whitaker, 1982; Jacques and
Hocpifner, 1984; Dunbar, 1955; Johnson and Smith,
1985) whilst those for larger aggregates may be assumed
to be at the lower end of the range for flocs and faecal
petlets, that is 20-100 m day! (Lorenzen and
Welsclumeyer, 1983; Dunbar, 1983). Diatom colonies
may aggregate to form Hoc particles several miliimetres
in diameter {Kranck and Milligan, 1985). However,
biotic processes may be at least as important as abioticin
the removal of phytoplankton from the cuphotic zone.
There is a variety of grazers in the system, from pha-
gotrophic protists to large zooplankton such as salps and
Antarctic krill. Deployments of serial sampling sedi-
ment traps in Bransfield Strait have revealed relatively
short-lived sedimentation events where most material
leaving the euphotic zone was in the form of krill faeces
{(Weler and others, 1988). This clearly indicates the
significance of catastrophic grazing cvents on a local
scale. On a farger scale, the removal of phytoplankton
by krill was estimated to be approximately 3% of daily
production by Miller and others (1985). Whether this,



and the flux to other zooplankters. affects total primary
production over large areas of the Southern Ocean is
uncertain, even where its local impact is obvious.

The heteretrophic microplankton

Data on the heterotrophic microplankton are sparse.
Investigations of planktonic bacteria in the Southern
Occan suggest that biomass is comparable to other areas
of the World Ocean (Fuhrman and Azam, [980; Hanson
and others, 1983; Painting, Lucas and Stenton-Dozey,
1985, Mullins and Priddie, 1987). Activity and growth
rates measured for these communities arc often low,
with turnover times for organic substrates of the order of
weceks or months. Typical generation times for Antarctic
surface water bacterioplankton are around ten days,
based on the H-thymidine uptake method of Furhman
and Azam (1980). Billen, Lancelot and Mathot {1958)
suggest that the apparent low turnover rates measured in
the Southern Qcean reflect a long lag in the response of
these bacteria to substrate availability, showing that
there is a two-three month delay in the response of
bacterial numbers to phytoplankton biomass increase.
However, there is apparently contradictory evidence for
mineralization of nitrogen at rates comparable to other,
temperate oceans (Ronner, Sorensson and Holm-
Hansen, 1983}, and for bacterial breakdown of amino
acids (Mullins unpublished), suggesting that baterial
activity can proceed at rapid rates and may respond to
local variation in phytoplankton production. Much of
the paradox derives from the types of response which
bacteria may make, and whether this is achieved prin-
cipally by metabolic changes or alteration in growth rite
{Mullins and Priddle, 1987).

There are few studies of the larger phagotrophic
protists. Taxonomic studies have indicated a wide range
of loricate and naked ciliates, radiotaria, foraminifera,
flagellates, choanoflagelates (e.g. Hada, 1970; Balech,
1975; Tumantseva, 1982; Buck and Garrison, 1983;
Guarrison and Buck, 1989). A number of studies of
protist community composition indicate heterotrophic
ciliate abundances from 10% to 10" organisms per hitre,
and flagellates at 107 to 163 {itre-! (South Atlantic waters
- Hentschel, 1932; Drake Passage ~ Brockel, 1981;
Weddell Sea — Buck and Garrison, 1983; Hewes and
others, 1985; Garrison and Buck, 1989; Atlantic and
Indian Ocean sectors — Hewes and others, 1985; Sushin
and others, 1986; Prydz Bay — Marchant, 1985; Pacific
sector - Tumanseva, 1982; Hewes and others, 1983,
Mamaeva, 19860; Bransfield Strait — Tien and others,
1987). As with the bacteria, the abundances docu-
mented by thesc studies are typical of other oceanic
areas. The study by Hewes and coworkers (1985) used
fractionation to investigate the trophic role of phugo-
trophs in the Antarctic pelagic marine ecosystem. They
found that micrograzers in  the size range
10-200 pm were important algal grazers,

Interactions within the microbial plankton

The trophic role of heterotrophs in the pelagic eco-
system has been the subject of recent debate, with the
increasing emphasis in marine microbiology on the
‘microbial loop™ as a significant route for carbon flux
(Smetacek and Pollehne, 1986). In a specifically polar

context, there has been some speculation that hetero-
trophic microbes might support overwintering zoo-
plankten during the winter when phyteplankton
production might be insufficient to sustain grazers.

The diatom-dominated phytoplankton bloom de-
scribed briefly above appears closer to the ‘classical’
food chain than to the microbial loop. Large cells and
colonies dominate the phytoplankton and these account
for the great majority of the carbon in the microbial
plankton. The apparent lack of coupling between bac-
terial populations and these large-celled phytoplankton
is an incidental indication of the isolation of these di-
atoms from the microbial loop (Mullins and Priddle,
1987; Priddle and Mullins unpubtlished). Fluxes in the
microplankton would appear to be dominated by the
loss of large cclls to zooplankton grazers and possibly by
passive sedimentation from the cuphotic zone. Inter-
actions within the heterotrophic microplankton possibly
derive their initial carbon input from the relatively small
but constant background poputation of smaller photo-
autotrophs and this system may only be poorly coupled
to the zooplankton and their predators. Recent evidence
has indicated that the decline of the diatom bloom
is accompanied by a resurgence of the heterotrophic
community, indicating an increased importance of
microplankton fluxes. A detailed study of the pelagic
ccosystemn in Bransfield Strait has been a core activity of
the RACER programme. This has revealed the develop-
ment of a community of small-celled microplankton,
including ciliates, during the austral autumn (Ticn and
others, 1987). Billen, Lancelot and Mathot { 1988) inves-
tigated the seasonal development of bacterioplankton
populations in Prydz Bay. Although their data derive
from various studies in various years, there is an appar-
ent tendency for the peak bacterioplankton biomass to
be delayed until well after the phytoplankton maximum
— again suggesting the transition from ‘classical’ food
chain to microbial interactions. Whether this behaviour
indicates the predominuance of heterotrophic processes
throughout the polar winter is uncertain.

ZOOPLANKTON AND NEKTON

There is a varicty of zooplankton and nekton taxa in the
surface waters of the Southern Ocean. The most con-
spicuous species is often a cuphausiid crustacean, the
Antarctic Krill Euplausia superba Dana. However, it
scems likely that other groups, especially copepads,
dominate the zooplunkton biomass overall in the South-
ern Ocean (Voronina, 1966; Hopkins, 1971). Much of
the early work on zooplankton provided information on
geographic and vertical distribution, and life-history,
Large-scale studies such as the Discovery Investigations
have documented the biogeographic pattern of zoo-
plankton species. Some species, such as some copepods,
may be endemic to particular zones of the Scuthern
Ocean. Other species, such as some of the euphausiids,
are widespread within the sub-Antarctic Front. A few
zooplankton taxa have worldwide distributions, such as
the common hyperiid amphipod Themiste gandichandii,

With the advent of modern sampling methods, more
has been learnt about the role of these zooplankters in
the pelagic ecosystem. Serial sampling nets and high-
frequency acoustics have revealed the extreme patchi-
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Fig. 5.3 Simplified food web for the Southern Ocean pelagic ecosystem.

ness of the distribution of some species. The most
notable example is the Antarctic Krill, where swarms
are formed which may contain hundreds of tonnes of
animals at packing densities of 1000 individuals per cubic
metre. This swarming gives risc to extreme spatial vari-
ation on scales from tens of metres to kilometres (Mur-
phy and others, 1988). Similar heterogencity is seen in
the distribution of other cuphausiids, such a E. frigida,
and Themisto. Such patchiness must have important
consequences for the way in which these zooplankton
interact with each other and their environment.

There are, of course, both herbivores and carnivores
in the zooplankton. with a wide range of sizes in both
categories, Herbivores range from smail copepods, such
as Calanus, Calanoides, Rhincalanus and Metridia, to
krill. Predatory copepods such as Eucltaeta antarctica lie
at the lower end of the predator size range, whilst large
icllyfish lie at the other and a variety of arrow worms,
amphipods and other invertebrates occupy the middle
range.

Zooplankton grazers provide the route by which
microplankton production enters the food web which
sustains a wide range of sccondary consumers. These
grazing zooplankton are sampling mostly larger-celled
organisms. Krill may retain particles as small as 2-3 pm
although it seems likely that optimal feeding efficiency is
atained for particles about 26-40 pm in size (Kils, 1982;
Meyer and El-Sayed, 1983). Herbivorous copepods also
feed within this size range. Salps are probably less
selective feeders and may retain very small particles
{Reinke, 1987; see also Deibel and Powell, 1987). Al-
though selective feeding by some zooplankters may
intuitively have the potential to influence particle size
composition in the upper water column, this supposition
ts not borne out by field observations of species compo-
sition (see discussion in Priddie, Heywood and Theriot,
1986). Likewise it is hard to assess the impact of grazing
by zooplankton on total microbial biomass. As noted
above, the flux of material to zooplankton is probably of
the order of 5% of total primary production (e. g. Miller
and others, 1985). However, such broad estimates based
on energy consumption conceal the local picture. Taking

krill as an example, field studies and laboratory esti-
mates of clearance rates (e.g. review by Morris, 1984)
and measurements of faccal production (Clarke, Quetin
and Ross, 1988} indicate a high food consumption rate
which would casily exhaust phytoplankton at normal
concentrations. The presence of dense swarms of krill,
perhaps more than one million animals in 1000 m? of
water, implies that the local impact of grazing will be
catastrophic. How such patchy grazing impinges on the
animals’ food supply is uncerfain. Recent studies of the
variability in krill swarms showed that there was great
variation both in gut fullness within each swarm and
variation in mean gut fullness between swarms (Watkins
and others, 1986; Priddle and others, 1990). Clearly, the
variation within swarms reflects different feeding ac-
tivity in individuals, whilst interswarm variation can be
ascribed to differences in food availability to swarms.
Thus a patchy grazer is interacting in a complex fashion
with a patchy food supply (see also Murphy and others,
1988):

Life-histories differ amongst the herbivorous zoo-
plankton. Most copepods pass through their life-cycle in
one year, or two for some species, which involves a
seasonal vertical migration (Atkinson and Peck, [988;
Marin, 1988; Atkinson, 1989). Following spawning in
spring. the new gencration grows within the euphotic
zone as phytoplankton production reaches its summer
peak. Older copepodids migrate to deeper water in the
autumn. Atkinson (1989) notes some niche separation
between two of the most abundant copepods around
South Georgia, with consistent differences in time of
spawning between Calanoides acutus and Rhincalanus
gigas. During the summer, development for all species
appears ta be rapid.

Antarctic Krill are potentially very much maore long-
lived, with a suggested maximum life-span of the order
of 6-7 years (Rosenberg, Beddington and Basson, 1986).
This contrasts with earlier studies, based on simple
interpretations  of  length-frequency  data,  which
suggested thut maximum age was 2-3 vyears. It now
appears that size increase is very slow in older animals ~
Rosenberg and his co-workers fitted a modified von
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Bertalanify growth curve to length frequency data which
allowed for winter stasis and hence the extended
longevity estimates. Ross and Quetin (1986) provide
a review of the energetics of breeding in Euphausia
superba. They suggest that multiple spawning takes
place through the period mid-December to end of Feb-
ruary. This implies a very great diversion of energy to
egg production, and these authors suggest that krill
reproduction can only take place in arcas of high phyto-
plankton biomass, perhaps to the extent that food avail-
ability is limiting reproductive success. The develop-
mental sequence of krill takes about four months, with
the eggs initiafly sinking and hatching at depths exceed-
ing 500 m. As development proceeds, so the larvae
migrate to shallower depths. The overwintering be-
haviour of adult krill may include feeding on under-ice
algae (Marschall, 1988}, although Morris and Priddle
(1984) found that krill could feed at low concentrations
of phytoplankton found in the open ocean around South
Georgia during winter.

Krill and other zooplankton support a variety of
secondary consumers. Again, these impinge on their
prey populations at a variety of physical scales, and
patchiness is a key property of both predator and prey.
Krill provide the most extreme example of this, where
they may be taken as individuals by small predators such
as fish, whereas their largest predators. such as baleen
whales, sample swarms.

PREDATORS

As already noted, the trophic structure of the Southern
Ocean pelagic ecosystem is considerably more complex
than the commonly represented food chain ‘diatom to
krill to baleen-whale'. There is 4 wide variety of animals
consuming zooplankton and feeding at higher trophic
levels. These predators include three groups of verte-
brates - fish. birds and mammals ~ and an important
invertebrate group — cephalopod moluscs. Some are
permanent residents of the Southern Ocean whilst
others migrate into the area during parts of their life
cycle. Birds and seals breed on land or on the ice, so that
their feeding ranges are necessarily proscribed at these
times by the need to return to offspring at the breeding
site. Although complete treatment of these predators is
outside the scope of this book, their abundance and
diversity provides a dramatic visualisation of the rich-
ness of the Southern Gceean pelagic ecosystem.

Cephalopods

Pelagic cephalopods. principally squid, are the least well
known group of predators although they are obviously
an important component of the Southern Ocean pelagic
ecosystem.  Because standard  scientific  sampling
methods are very incfficient for catching these active
animals, basic data on distribution and ecology are
sketehy at best. However, several species are niow the
target of commercial fishery in waters adjacent to the
Southern Ocean, for instance around the Falkland
[slands. This and studies of material from squid pred-
ators has proved to be the most usefu] source of infor-
mation on these animals,
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Cephalopods differ from the other major groups of
predators already mentioned in that they are short-lived
and fast growing. Many species grow to maturity and
then breed and die within a period of one year (Saville,
1987). This very rapid turnover is important both in their
role within the Southern Ocean pelagic ecosystem, and
in the assessment of potential fisheries vield. Clarke
(1987} uses the Antarctic as a key ‘case study’ in a
discussion of the estimation of cephalopod biomass
based on consumption by predators. His estimate of a
total annual consumption of cephalopods by mammals
and birds of 35 Mtonne yr! might represent one third of
the total cephalopod biomass in the Southern Ocean
(Clarke. 1985).

Many of the cephalopod species in the Antarctic, as
with the rest of the world’s ocean areas, live at depth
ranges in excess of the cuphotic zone. However, it is
clear that some arc important predators in the surface
waters and that their active habits, rapid growth rates
and the schooling behaviour of some of these species will
give rise to major predation pressure on zooplankton.
Clarke (1987) points out that it is very possible that some
squid species may migrate southwards across the Polar
Frontal Zone in summer, thus representing a significant
allochthonous input of biomass to the Southern Ocean.

Fish

The ichthyofauna of the Southern Ocean is dominated
by asingle order of perciform fishes, the Notothenijoidii,
This order, probably closely allied to the blennies, is
endemic to the Antarctic and has radiated to fill most
available niches within the Southern Ocean ecosystem.
These fish are primarily demersal in habit, but a number
of species have adapted to adult life in midwater but
typically breed on the continental shelf. Various more
typical mesopelagic groups, notably myctophids, mi-
grate vertically into the surface layer.

The notothenioid fish show a number of unusual
physiological characteristics. Most notable is the ex-
treme reduction in the amount of hacmoglobin in the
blood. This reaches an extreme in the ice-fish (Chan-
nichthyidae) where haemoglobin is entirely lacking and
fully-formed erythrocytes are absent. Low environmen-
tal temperature implies that oxygen carried in solution is
sufficient for normal metabolism, although active
species show various anatomical adaptations which
maximise the transport of oxygen from the gills to the
somatic tissue. Several species are assoclated with sea-
ice and may encounter conditions where tissue freezing
would be a risk. Possible ‘antifreeze’ compounds,
mainly glycoproteins, have been identified in these
species.

Being primarily demersal, the notothenioid fish lack a
swim-bladder and are naturally more dense than sea-
water. Open-water species may achieve neutral buoy-
ancy by reduction in the relative weight of skeletal ma-
terial by reduced calcification. High tissue lipid content
may also serve to reduce overall density (Kock, 1985).

Antarctic fish are generally considered to be slow-
growing (Kock. 1985). They may however be important
predators of zooplankton, especially krill, and are them-
selves significant dietary components for some birds and
mammals. Several species have also been fished heavily.
The notothenioid fish produce demersal eggs so return

to shallow arcas to breed (Burchett, 1983). This com-
bined with their slow growth rates and time to reach
maturity renders these species highly valnerable to ex-
ploitation and already some stocks have been reduced
drastically by fishing operations.

Birds

Seabirds form a conspicuous element of the Antarctic
fauna, cspecially in summer when they migrate to
islands and ice-free coastline to breed. Two orders are of
major importance and they have distinct feeding ecol-
ogies. The Procellariiformes includes a variety of petrels
and the albatrosses. These are mainly surface feeders,
taking prey items ranging in size from copepods to large
squid and carrion (depending on species). The depth
ranges sampled may be only the upper tens of cen-
timetres for small petrels such as prions (Pachyptila
spp.). to one or two metres for albatrosses.

Penguins (Sphenisciformes) are highly specialised
seabirds which are flightless and have become amphibi-
ous. They swim using the wings and achieve high speeds
which allows them to capture fast-moving prey and
avoid mammalian predators. Because of their diving
ability, they sample a greater depth range than the
surface-feeding petrels. Most of the Southern Ocean
penguins {principally three representatives of the genus
Pygoscelis) feed on krill and fish in the top 100 m of the
water column. The larger Emperor Penguin {(Apreno-
dvtes forsteri) is particutarly noteworthy. It feeds on
squid and fish, diving to 300 m depth. It breeds at high
latitudes where the short summer season has imposed a
winter incubation peri. d so that the chicks ledge in time
for the most favourable time of the year. The related
King Penguin (A. patagonica) is a similar bird but breeds
at tower latitudes on subantarctic islands where such
extreme breeding behaviour is unnecessary.

Outside the breeding scason. most seabirds either
disperse over a wide area of the we-free lower latitude
parts of the Southern Ocean or migrate even further
north. In the breeding season however, they are imited
in their foraging ranges by the need to return to their
nests to feed young or relieve incubating partners. This
range varies from species to species — for instance pen-
guins may forage within a radius of tens of kilometres of
their breeding site whereas albatrosses can travel up to
300 km. However, it 1s clear that the impact of these
birds on their prey is highly localised but very important,
especially around some islands in the Antarctic Circum-
polar Current.

Seals

There are five species of true seals (Phocidae) and one
cared seal (Otaridae) found in the Southern Ocean.
Each has a unique ecology and all are well-adapted to
their environment. Three species are intimately associ-
ated with the pack-ice. The Crabeater Seal (Lobodon
carcinophagus) is the most abundant seal in the world
and feeds onkrill. This is accomplished with a distinctive
dentition with multi-cusped teeth which act as a sieve.
The Leopard Seal (Hydrirga leptonyx) shares the pack-
ice habitat, aithough it is also found further north. Itisa
distinctive, sleek seal which also has multi-cusped teeth.
These are more pointed than those of the crabeaters and

Leopard Seals are active predators on penguins and
other seals, although krill also forms a major component
of the diet. The third seal of the pack-ice is the little-
known Ross Seal (Onmumatophoca rossiny, which lives at
higher latitudes and feeds mainly on squid and fish.

The Weddell Seal (Leptonychotes weddelli) occupics
a different habitat. It is normally associated with fast-
ice, where it breeds in late winter and maintains diving
holes. 1t also feeds mainly on fish. These scals make
prolonged dives, being capable of covering long dis-
tances between holes and sometimes ranging to depths
of 300-400 m when feeding.

The two remaining species are found mainly on suban-
tarctic islands where they breed on beaches. The South-
ern Elephant Seal (Mirounga leoninay is the largest
phocid species. with bulls reaching lengths of over 4 m
and weighing 4 tonne. It is a harem-breeding species
with marked sexual dimorphism -~ with the largest
females weighing less than one tonne. The Elephant
Seal feeds at depth, primarily on squid.

The Antarctic Fur Seal {Arcrocephalus gazella) is a
typical eared-seal and is very much more agile than the
phocid seals. it too is sexually dimorphic and breeding
bulls maintain a harem. The fur seal feeds on krill,
although fish are taken and may be a major dietary item
for males. This scal was hunted almost to extinction for
its pelt. Since the close of this industry the Antarctic Fur
Seal has gradually and then explosively recovered its
stocks (Payne, 1977) and is now expanding its range to
the south. Such is the impact of these scals that there iy
now concern over the environmental damage done by
them where population densities are particularly high.

Whales .

The great baleen whales are often portrayed at the top of
the Southern Ocean food web, feeding on the abundant
Antarctic Krill. However, twentieth century whaling —
first land-based and then pelagic — reduced the stocks of
the baleen whales migrating into the Southern Ocean
cach summer until the industry was no longer worth
prosecuting. Population levels of these whales were
reduced to levels which some doubted allowed the sur-
vival of some species.

Five lurge specics of baleen whales were probably the
dominant consumers of Krill in the Southern Ocean
(Laws, 1985). Three belong to the genus Balaenoptera,
including the largest species, the Blue Whale B. mns-
cufus. The other species are Fin and Sei Whales (8.
physalus and B. borealis}, the Humpback Whale (Mega-
prera novaeanglive} and the Southern Right Whale (Bal-
aena australiy). The smallest baleen whale, the Minke
{Balaenoptera acutorostrata), has not been exploited so
heavily and remains more common. All of these baleen
whales feed by engulfing farge quantities of water (tens
of cubic metres in the case of large animals) and then
straining this through the baleen plates hanging from the
upper jaw. The zooplankten in the water is retained and
swallowed. The prey taken varies between species ~
Right and Se1 Whales have finer baleen which may
enable them to remove smaller animals such as co-
pepods. However, krill are an important item in the diet
of all baleen whales in the Southern Oceuan and it is clear
that the aggregation of these zooplankiers in swarms
makes them easy to capture (Murphy and others, 1988 -



see ulso Brodie, Sameoto and Sheldon, 1978).

The migration of the baleen whales into the Southern
Ocean appears to follow the summer retreat of the sea-
ice. These animals come into the high-latitude waters to
fecd — they breed further north in warmer water. Be-
cause they need to come to the surface to breathe, they
cannot go into dense ice-cover. Maps of wh‘uling cutcl_u:s
appear to suggest that these whales exploited the high
productivity of the marginal-ice zone (Mizroch and
others, 1985).

There is a wide range of toothed whales in the South-
ern Ocean. The largest species, the Sperm Whale (Phys-
eter catodon). is represented in the Antarctic only by a
few males. These animals feed in deep water on squid.
Smaller toothed whales and delphinids are found in the
Southern QOcean. The most conspicuous is the Killer
Whale (Orcinus orca) which is an active predator hunt-
ing in groups and taking fish, seals and penguins. Little is
known of the biology and distribution of the other
Antarctic toothed whales.

THE PAST, THE PRESENT AND THE FUTURE

It is a sad fact that commercial exploitation of the marine
living resources of the Antarctic has already had a
serious impact on the ecosystem over two centuries. In
the last decades of this century, attention is focussing on
lower levels of the trophic structure. The fishery for
Antarctic Krill in the late 1980's has been the largest
fishery for pelagic crustaceans in the world. At present,
this appears to a relatively smail uptake in comparison
with the normal intake by predators, but even com-
paratively minor deficiencies in our knowledge of the
biology of krill make the estimate of a future sustainable

vield almost impossible to establish. Likewise, other
species such as myctophid fish and some squid may
become the subject of new fisheries.

However, the Antarctic seas may prove to have a
greater importance to Mankind than merely as a source
of protein. Appreciation of global changes induced by
human activity has given a wider perspective to biologi-
cal oceanography. At one level, we turn towards such a
supposedly pristine environment as a barometer for
global pollution (e.g. Cripps, 1989). More significantly,
recent concern over the climate change associated with
anthropogenic carbon dioxide emmissions and increases
of other ‘greenhouse’ gases has focussed attention on the
role of the oceans in the global fluxes of these gases. In
the longer term, we may need to assess how the pelagic
gcosystem of the Southern Ocean responds to climate
change.

The history of the relationship between Mankind and
the Southern Ocean contains a record of greed and
ignorance alongside the great landmarks of exploration
and discovery. With the perception of the importance of
this region to us and to our planet, we should now hope
for an informed and sensitive approach to this region of
the planet.
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- The seas of the Arctic regions present a diverse set of
" regimes: some are broad shallow seas and some are deep
 basins; some regions are covered by ice year-round and
some are never covered. Some of the water masses are
" among the freshest in the World Ocean, and others are
 among the saltiest. Some basins have relatively short
i residence times, while others have extremely long ones.
i~ Thus, there is no one “typical” Arctic water column
“displaying the full range of oceanographic conditions
which one could expect to find. Arctic seas are linked,
however, by common threads in their geography and
climate that distinguish them from other parts of the
ocean. In particular, Arctic seas are “mediterranean’”
in their configuration in that they are almost entirely
surrounded by land. This means that exchanges with
adjacent oceans are limited, and in most cases occurs
through narrow and relatively shallow passages. The
mediterranean nature of the Arctic Ocean also means
that there are extensive boundary regions for interaction
with basin interiors. These peripheral regions are un-
usually broad and shallow, comprising about 30% of the
total surface area of the Arctic Ocean. It is over these
regions that river inflow is introduced, where most of the
seasonal fluctuation in ice cover occurs, and where
physical and chemical interactions with the sea bed take
place. A central theme that will appear time and time
again in our discussion of water masses and circulation is
the importance to the Arctic Ocean of its shelves and
lateral boundaries.

The goal of this chapter is to present a short overview
of the water masses and large-scale circulation of the
Arctic Ocean between Fram and Bering Straits. We
have taken the following approach: the physical setting
(bathymetry, hydrology, and ice cover) of the Arctic
Basin is described briefly in Section 2; strict definitions
of the water masses and their spatial distribution are
given in Section 3; and the current systems are covered
in Section 4. In preparing this summary, we have placed
an emphasis on the most recent studies of the region -
the reader wishing & more detailed and historical review
of the subject is referred to two articles by Carmack
(1986, 1990). Regions marginal to the Arctic Ocean are
not covered here; however, recent overviews are avail-
al;ale for the Bering Sea (Coachman, 1986a), the Cana-
- dian Arctic Archipelago (Barry, unpublished}, and the
Greenland Sea (Hopkins, 1988).

CHAPTER 6

SOME ASPECTS OF THE LARGE-SCALE
PHYSICAL OCEANOGRAPHY OF THE ARCTIC OCEAN
INFLUENCING BIOLOGICAL DISTRIBUTIONS

Eddy C. Carmack and James FL. Swift

GEOGRAPHICAL SETTING

Bathymetry

The Arctic mediterranean seas comprise the basins lying
north of the Greenland-Scotland Ridge (Fig. 6.1). This
system is about 17 x 10 km? in area and 17 x 100 km? in
volume {Fig. 6.2). The two principal areas are the Arctic
Ocean, and the Greenland, Ieeland, and Norwegian
Seas. They are connected by Fram Strait, the wide (600
km), deep (sill depth about 2600 m), passage between
Greenland and Svalbard. The Arctic Ocean connects to
the North Atlantic via Baffin'Bay through the Canadian
Arctic Archipelago (sill depth about 250 m) and to the
Pacific through Bering Strait (sill depth about 50 m).

The Arctic Ocean is roughly divided into the Cana-
dian and Eurasian Basins (maximum depths about
3800 m and 4200 m respectively) by the Lomonosov
Ridge (sill depth about 1400 m). The Canadian Basin is
further divided into the Canada and Makarov Basins by
the Alpha-Mendeleyev Ridge; and the Eurasian Basin
into the Nansen and Amundsen Basins by the Nansen-
Gakkel Ridge. The continental shelf from Alaska to
Gregnland is relatively narrow, but from Svalbard cast-
ward (the Barents, Kara, Laptev, East Siberian, and
Chukchi Seas) the shelf is broad, typically from 60{ to
800 km. A npumber of submarine canyons indent the
shelf, the largest being the Svataya Anna and Voronin
Canyons in the Kara Sea,

[ce cover

The average position of the ice boundary for summer
and winter in the Arctic Ocean is shown in Fig. 6.2,
together with the mean sea ice drift derived primarily
from automatic data buoy reports (Polar Science
Center, University of Washington, personal communi-
cation}. Sea ice in the Arctic typically varies from about
7 x 10° km? in the boreal summer to 14 x 10¢ km?2 in the
boreal winter {Walsh and Johnson, 1979). Ice forming in
open water is typically about 2 m thick after the first
year, and then tends towards a stable equilibrium thick-
ness of about 3 m after a series of annual melt/thaw
cyeles. The extent of sca ice in the Arctic has been
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Fig. 6.1 Bathymetry and geographical nomenclature for the Arctic Ocean. Continental shelves are shaded.

observed to vary interannually by about 5° of latitude at
all locations where the ice advance is not bounded by
land (Walsh and Johnson, 1979). At maximum winter
extent this amounts to about a 30% variability for
individual regions (see Johnson, 1980). While regional
variations may be large, the total areal coverage at the
time of minimum ice extent changes interannually by
only about 2% (Carsey, 1982). Observations on sea ice
drift, and the occurrence of arcas of systematic coastal
divergence and convergence, are described by Colony
and Thorndike (1984, 1985). The optical properties of
sed ice are discussed by Grenfell and Maykut (1977) and
more detailed information of the fine-scale environment
of sea ice is presented by Squire (this volume).

Hydrology

The upper layers of the Arctic Qcean are among the
freshest in the world oceans, owing to the combined
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influence of river inflow, ice melt, an excess of precipi-
tation over evaporation, and inflow of low salinity water
through the Bering Strait.

Treshnikov (1985) lists the total annual streamilow
from rivers entering the Arctic Ocean as about 35300 km?
y~ ! a schematic illustration of the main inputs is shown
in Fig. 6.3. An additional 1500 to 2000 km3 yr—¢ enters
as a freshwater fraction in the Bering Strait inflow (see
Coachman and others, 1975}, The fresh water residence
time (defined as stored volume divided by inflow rate) is
estimated to be roughly 10 vears for the whole Arctic
Basin, with [ocal values as low as 2 years applying to the
southern Eurasizn Basin (Aagaard and Coachman,
1975),

Significant annual and interannual variations occur in
streamflow. The large Soviet rivers Yenisei and Lena
exhibit on average about a forty-fold change between
low flows in winter and peak flows in June and July,
whilst the annual variation for the Mackenzie river is
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Fig. 6.2 Maximum (dotted lines} and minimum (dashed lines) ice extent in the Arctic Qcean; and mean sea ice drift (arrows),
derived mainly from automatic data buoy tracks (from Polar Science Cepter, University of Washington, pers. comm.).

much less, about five-fold, Interannual variability is
from 5 to 20% of the mean annual flow, depending on
the individual rivers.

WATER MASS DESCRIPTION

Water mass definitions

The deseription of water masses of the Arctic mediterra-
nean waters used below is based on the publications
of Swift and Aagaard (1981) and Aagaard and others
(1985b). While this classification system is based mainly
on water mass distributions within the Greenland-
Iceland-Norwegian Sea system, it can be applied to the
Arctic Ocean with minor modifications, and has the
advantage of maintaining a consistent description

throughout the Arctic Mediterranean.

Three main layers make up the oceanic water column:
a surface layer, including the Arctic pycnocline, which
has densities less than s, = 27.9: an intermediate layer,
derived initially from an influx of warm, salty water from
the Atlantic and which has densities above 5, = 32.785,
and the deep water, formed by convection within the
Arctic Mediterranean, which has densities below s, =
37.457 (here, 5. 3|, and s, refer to potential densitics
relative to the 0, 1000, and 2000 dbar surfaces, respec-
tively). The volumetric distribution of these layers
within the various basins of the Arctic Mediterranean is
shown in Fig. 6.4 (see Aagaard and others, 1985h).

Arctic Surface Layer. Three main classes of surface
water are recognized. The first is Atlantic Water (AW)
which is carried into the system as a branch of the
Norwegian-Atlantic Current; it has temperatures above
3°C and salinities greater than 34.9. The second — Polar
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Fig. 6.3 Map showing the freshwater inputs from major rivers into the Arctic Ocean. Mean annual discharges each river {miyr—1)
are shown in brackets. The areas of the segments are drawn proportional to the annual volume flow from each river, assun{ing i

spreading depth of 1 metre {data from Treshnikov, 1985),

Water (PW) — is water that has been diluted by admix-
tures of fresh water and is generally cold, temperatures
below (0°C, and fresh, salinities below 34.4. PW occu-
pies the upper layers of the Arctic down to about 200 m
depth, and makes up the surface outtlow within the East
Greentand Current and the Canadian Arctic Archi-
pelago. The top 30-50 m of the PW is the seasonal mixed
layer (Morison and Smith, 1981; Lemke and Manley,
1984; Lemke, 1987). In winter this layer tends to be
vertically uniform in temperature and salinity. fce melt-
ing in summer yields salt stratification; however, this
water remains near freezing except in areas that become
completely ice free. The lower part of PW is the main
halocline, the layer with low temperatures (T < —1°C)
and salinities between about 30.4 and 34.4.The third
class of surface water is Arctic Surface Water (ASW)
which is found mainly in the central gyres of the Green-
land and [celand Seas. It is warmer and more saline than
PW, but cooler ({) to 3°C) and fresher than AW (S =34 .4

to 34.9). However, ASW is notably denser than either
PW or AW, indicating that it is not a simple mixture
between the two, but that modifications due to air-sea
exchanges have occurred.

The Intermediate (Atlantic) Layer. From their examin-
ation of water mass transformations in the Greenland-
[celand-Norwegian Sea system, Swift and Aagaard
(1981} identified three varieties of Arctic intermediate
water, each with a different T/S signature. They noted
that Arctic Surface Water usually lies above a tempera-
ture minimum at 75 to 150 m depth, a temperature
maximum at 250 m, and a salinity maximum at about
400 m. To account for these features, the following dis-
tinction was made: Lower Arctic Intermediate Water
(LAIW) lies immediately above deep water, includes
the temperature and salinity maxima, and has both
temperature and salinity decreasing with depth; Upper
Arctic Intermediate Water (UAIW) lies between the
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F|g 6.4 Hypsometry of the Arctic Mediterranean, based
“primarily on GEBCO (General Bathymetric Chart of the
. Oceans); The horizontal coordinate is area of each depth, The

fotal volume for each basin is given below the individual

" curves. The horizontal bars represent the mean depths within
‘" each basin of the isopyenals separating the surface, intermedi-
“ate, and deep waters, (from Aagaard, and others, 1985b)

" temperature minimum and the temperature maximum,
- and has both temperature and salinity increasing with
- depth. Potar Intermediate Water (PIW) has somewhat
7 lower salinities than the other two intermediate waters,
& but is largely distinguished by its association with over-
% lying Polar Surface Water.

Relatively warm and saline water of Atlantic origin is
carried into the Arctic through Fram Strait by the West

. Spitsbergen Current. Upon entering the Arctic Basin
. the initially high temperature and salinity of this water

(T > 3°C. 5 =35 in the Fram Strait) rapidly decrease as it

is cooled by the atmosphere and by mixing with local

waters. When the current encounters the sea ice margin

- northwest of Svalbard, melting further cools and dilutes

this water until its T/S properties approximate those of
water found within the Atlantic layer throughout the
Arctic (Perkin and Lewis, 1984; Aagaard and others,
1987; Quadfasel and others, 1987). This water has the
same general T/S properties as the Arctic Intermediate
Water discussed by Swift and Aagaard (1981) and
Aagaard and others (1981a); its core is identifiable over
the entire basin at depths between 200 to 800 m by a
temperature maximum and relatively high salinity.

Deep Waters. The lower portion of the water column is
occupied by varieties of cold deep water (T > 0°C). Four
basic varieties, each with distinctive T/S characteristics,
are recognized at present. Greenland Sea Deep Water
(GSDW)is the coldest (about —1.2°C) and freshest (S <
34.90) variety, while Canada Basin Deep Water
{CBDW) is the warmest {about —0.5°C) and most saline
(5 > 34.95). Intermediate in character are the Norwegian
Sea Deep Water (NSDW; —0.9°C, 34.92) and Eurasian
Basin Deep Water (EBDW; ~0.7°C, 34.94). The gen-
eral distribution of bottom salinities and possible
spreading paths are discussed by Carmack (1990).

Arctic Shelf Waters. There seems to be no available
synthesis on the distribution of Arctic shelf waters.
However, a number of regional descriptions exist to give
a collective view of shelfwater distributions. Starting
with the Barents Sea and proceeding counterclockwise

around the basin, the following references give useful
descriptions of local water masses: the Barents Sea is
discussed by Pfirman (1985); the Kara Sea by Hanzlik
and Aagaard (1980}); the Laptev and East Siberian Seas
by Codispadi and Richards (1968, 1971); the Chukchi
Sea by Coachman and others {1975); the Alaskan Beau-
fort shelf by Aagaard (1982); the Mackenzic Shelf by
Macdonald and others (1987), and the Canadian Arctic
Archipelago by Meliling and others (1984). The shelf
waters exhibit greater annual variability in salinity than
surface waters in the open ocean, perhaps 2 to 4 on
shelves as opposed to 0.5 offshore (Coachman and
Aagaard, 1974). Owing to their proximity to river in-
flow, shell waters are generally more dilute than their
offshore counterparts during summer. However, due to
brine-water release, and possibly the upwelling of saline
water onto the shelf, shelf waters may then become
more saline than otfshore waters in winter { Aagaard and
others, 1981; Melling and Lewis, 1982).

Swmnmary classification

Water classes within the Arctic Mediterranean are de-
fined as follows (Fig. 6.5):

Atlantic Water (AW) has temperatures above
3°C, and salinities above 34.9;

Arctic Surface Water (ASW) has temperatures
above 2°C for salinities between 34.7 and 34.9, and

temperatures above 0°C for salinities between 34.4
and 34.7;

Polar Water (PW) has salinities below 34.4;
Upper Arctic Intermediate Water (UAIW) has

termperatures Below 2°C and salinities between
34,7 and 34.9;

Lower Arctic Intermediate Water (LAIW) has

temperatures from 3 to 0°C and salinities between
34.9 and 35.1;

Polar Intermediate Water (PIW) has temperatures
below 0°C and salinities between 34.4 and 34.7;

Deep water has temperatures below about 0°C and
salinities between 34.88 and 34.96.

Somé additional puints should be noted

The Arctic halocline, with typical salinities be-
tween 30.4 and 34.4, forms the high salinity end of
the PW class.

The Arctic thermocline, with salinities above 34.4
and temperatures below 0°C, is contained within
the PIW class.

The core of the Atlantic layer, with temperatures
above 0°C, is contained in the UATW class.

The deep waters of the Canadian Basin are more
saline than those of the Eurasian Basin.

Water mass distributions

Owing to an inadequate number of high-quality oceano-
graphic stations, it is difficult to give a detailed and
coherent description of watermass distributions in the
Arctic. However, the atlas of Gorschkov (1983) defines
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Fig. 6.5 Water Mass Definitions

twelve Arctic domains within which T/S curves are
relatively similar (see Fig. 6.6). While the details of
these different domains are beyond the scope of this
chapter, two representative stations from the Eurasian
and Canadian basins are shown in Fig. 6.7. It is import-
ant to note that the structure of PW varies across the
basin. Surface salinities generally decrease from high
values near Svalbard clockwise around the basin (see
Gorschkov, 1983). In the Eurasian Basin salinity in-
creases rapidly with depth, reaching 34.9 to 35.0 at about
200 m, while the temperature remains below —1.5°C to
150 m, and then begins to increase. In the Canadian
Busin the halocline is deeper and the salinity increases
more slowly with depth. The temperature of water in the
Atlantic layer likewise decreases from high values
(about 3°C) in the southern Eurasian Basin to a nearly
constant value (about 0.5 °C) over most of the Canadian
Basin. The deep water of the Eurasian Basin is colder
and fresher than that of the Canadian Basin.

East of the Chukchi Sea in the Canadian Basin, T/S
shows additional features: temperature minima near
31.6 and 33.1, and 2 maximum near 32.4. The tempera-
ture minimum near 31.6 is possibly a remnant of winter
cooling. The maximum near 32.4 and the minimum near
33.1 possibly reflect the inflow of water from the Pacific
through Bering Strait.

LARGE-SCALE CIRCULATION

Fig. 6.8 is 2 map of geopotential topography (0/1200
dbar} from Coachman and Aagaard (1974); added to
this are the main current systems of Fram Strait and
Bering Strait. The emphasis in this section will be to
relate the major currents of the Arctic Ocean to water-
mass distributions.

4)

scale change)

Exchange with adjacent seas

Transport through Fram Strait

Two main currents exchange water between the Arctic
and the World Ocean through Fram Strait. The West
Spitsbergen Current (WSC) is a northward moving ex-
tension of the Norwegian-Atlantic current that flows
through Fram Strait off the west coast of Spitsbergen
{Svalbard) carrying warm., relatively salty water into the
Arctic Ocean. The East Greenland Current (EGQ),
which lies west of the East Greenland Polar Front, is the
main current leaving the Arctic Ocean.

Transport calculations for the WSC range from 2 (o §
Sv, where 1 Sv = 10% m? s-! (see Hopkins, 1988, for
review}. The most recent studies by Aagaard and others
(1987), and Gascard and others (1988) support this
range. However, three aspects of the WSC combine
to make transport calculations difficult. The first is
the large temporal variability of the WSC. Aagaard
(1982) computed transports from current meter and
hydrographic data and found variations between 0 and
9 Sv. Hanzlick (1983) noted the lack of significant
lateral coherency between current meter moorings and
argued that long-term variability was related to
topographically-trapped waves. The second problem
involves the recirculation confounding of water within
Fram Strait. For example, using an inverse technique to
insure mass conservation, Rudels (1987b) argued that
while Atlantic Water is carried north by the WSC at a
rate of 2 Sv, only half of this water enters the Arctic
Ocean while the rest recirculates in the vicinity of the
strait, The third concerns the dynamical complexity of
the WSC. For example, Hanzlick (1983), Quadfasel and
others (1987), and Aagaard and others (1987) al] empha-
sise the banded structure of the WSC. Johannessen and
others (1987b) noted the abundance of mesoscale eddies
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Fig. 6.6 Domains over which water mass properties remain relatively uniform (from Gorschkov, 1983). Exumpies from domains 2

{Eurasian Basin} and 5 (Canadian Basin) are shown in Fig. 6.7.

in the flow field. Gascard and others (1988) carried out
an analysis of surface drifters and SOFAR floats, de-
ployed at 100) to 200 m depth, and concluded that the
WSC has a tendency to become unstable and generates
frequent eddies that follow topographic contours. The
continuation of the WSC into the Arctic is also complex,
as the current appears to be split into two or more
branches (Perkin and Lewis, 1984; Aagaard and others,
1987; Quadfasel and others, 1987).

The southward-flowing East Greenland Current
(EGC) extends some 2500 km along the Greenland
coast. In addition to transporting surface-, intermediate-
and deep-water, the EGC exports sea ice from the
Arctic, removing between 4000 and S000 km? of ice each
year (Wadhams, 1983; Vinje and Finnekasa, 1986).
There are two branches off the mainstream of the EGC:
a relatively minor one at about 77°N, which strikes
southeast along the Greenland Fracture Zone (see
Quadfasel and others, 1987). and a larger one, the Jan

»

Mayen Current, that branches eastward at about 73*N to
form the southern margin of the Greenland Gyre. The
water mass structure of the EGC has been described in
detail by Aagaard and Coachman (1968a.b), Paquette
and others (1985), Bourke and others (1987) and
Foldvik and others (1988).

Transport calculations for the EGC have been made
by several investigators {see Hopkins, 1988, for review):
published estimates range from about 2 to 30 Sv. Most
recently, Foldvik and others (1988} examined data from
moored current meters and drifting buoys, and
suggested a reasonable transport for the upper 700 m to
be of the order of 3 Sv. In reconciling the wide range of
these transport estimates, one must take into account
the methods used, the spatial and temporal coverage of
the data, and the specific domains and water masses
included in the tabulation. Both Foldvik and others
(1988), using moored current meter records, and Gas-
card and others (1988}, using data from drift buoys and
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the Arctic Ocean.

SOFAR floats, conclude that the EGC isstable and not a
source of mesoscale eddies.

Transport through the Canadian Arctic Archipelago

This region may be thought of as a broad continental
shelf, dominated by the presence of islands, across
which Arctic waters flow into Baffin Bay and on into the
Atlantic. The deepest connection is through Nares Strait
between Greenland and Ellesmere Island (about 250
deep), while the western and eastern parts of the system
are separated by sill depths less than 100 m. Several of
the channels are sufficiently wide to permit geo-
strophically balanced counterflows (see Leblond. 1950).
Owing to the large number of channels in this system the
circulation is very complex. Rather, than viewing the
through-flow as one continuous feature, it is better to
consider the west to cast passage of water as occurring
through a series of linked basins, each with its own
unique dynamic response and each interacting with its
adjacent channels.

A major work on the residual flow through the Archi-
pelago has been published by Fissel and others (1988).
They estimated the total transport through the Archi-
pelago to be ubout 1.7 Sv, which is in good agreement
with the mass budget estimate of 2.1 Sv used by Augaard
and Greisman (1975). Mean flows ranged from about 0.2
to20cms—!, and were usually intensified near the shore.
The strongest currents were found in the shallower
central passages leading into Lancaster Sound, while the
smallest currents were observed in the broad, decp,
channels of the Western Archipelago.

Seasonal variability in volume transport remains
fargely unknown. Prinsenberg and Bennett (1987)
suggested a five-fold increasc in the transport through
Barrow Strait during summer. Their estimates, how-
ever, were based on an empirical model calibrated from
springtime measurements only, and Fissel and others
(1988) question whether this approach is valid for sum-
mer, when strong baroclinicity develops. Fissel and
others {1988) found no evidence of interannual varia-
bility in their data, but also admitted that longer time-
series records would be required to settle this question,

Transport through Bering Strait

The generally northward flow through the shaliow and
narrow Bering Strait (about 50 m deep 85 km wide)
connects the Pacific (Bering Sea) and Arctic (Chukchi
Sea) Oceans. Flow through the strait is driven by a steric
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sei level slope of order 10-6 down toward the north due
to the lower density of the Pacific relative to the Atlantic
(Coachman and Aagaard, 1966). Wind effects on the
transport arc described by Aagaard and others (1985)
and Coachman and Aagaard (1988). Westward inten-
sification of the northward Row through Bering Strait
and the occurrence of a western boundary current was
pointed out by Kinder and others {1986). Model studies
by Spzulding and others (1987) show that much of the
transport variability comes from fluctuations in meridio-
nal wind stress, Further modelling studies by Overland
and Roach (1987) suggest that the maximum fow
through the strait is geostrophically limited, and that
westward intensification of the flow results in the great-
est transport coming from the Gulf of Anadyr.

Recent studies on the transport through Bering Strait
(Coachman and Aagaard, 1981; Aagaard and others,
19854, and Coachman and Aagaard, 1988) report the
following:

The long-term mean transport is about 0.8 Sv:

There is an annual variation in transport of ampli-
tude 0.6 Sv, with higher flows in summer than in
winter when northerly winds reduce the transport;

There is an interannual variability in transport that
is tied to the meridional wind field.

Coachman and Aagaard (1981) note that the flow ficld in
the southern Chukchi Sea immediately north of the
Bering Strait divides into two regimes: a western part
with broad, weak fows (less than 20 cm s-1), and an
castern half with narrow. much stronger fows (almost 70
cm s1). However, while flow speeds differ, the trans-
ports within the two regimes are roughly equal. The
water passing through the strait has high nutrient levels,
and salinitics between 31 and 33, This water probably
ventilates the nutrient maximum layer of the Arctic
halocline.

Arctic Ocean currents

Surfuce circulation

Two main current fields characterize surface flows in the
Arctic Ocean. The first is the Trans-Polar Drift in which
the surface waters of the Eurasian Basin move across the
basin towards the North Pole, and then on towards Fram
Strait. The second is the anti-cyclonic How around the
Beaufort Gyre in the Canadian Basin. Mean current
speeds are slow in the central ocean, about 2 cm s—, but
increase as water leaves the basin as part of the EGC.,

The Beaufort Gyre was studied by Newton (1973)
who found the total baroclinic transport of the gyre
relative to the 500 dbar surface to be about 3 Sv, and that
the gyre is intensified near the Alaskan shelf, presum-
ably due to bottom topography. He noted that since the
vertical density variation is contained above and within
the pycnocline, the major portion of gyre transport
(80%) oceurs in the upper 300 m.

Boundary currents

There is evidence from at least two areas in the Arctic of
shallow, subsurface boundary currents that flow in a
direction opposite to the mean surface drift. The first is
in the Nansen Basin along the continental slope between

Fig. 6.8 Current systems of the Arctic Ocean and adjacent seas (from Cdachman and Aagaard, 1974).

Svalbard and Franz Josef Land, and the second is along
the continental slope in the southern Beaufort Sea. The
presence of an undercurrent in the Nansen Basin is
revealed by property distributions (Treshnikov, 1977,
Aagaard and others, 1981b; Perkin and Lewis, 1984,
Aagaard and others, 1987; Quadfasel and others, 1987).
As the WSC passes through the Fram Strait and then
subsides, it appears to bifurcate. North of 79°N, whe‘rc
the 200 m and deeper isobaths diverge, the current splits
into two main cores. The western or offshore branch
foltows the western flank of the Yermak Plateau. North
of 80°N a portion of this low again splits off to contribute
to the recirculation within the EGC. The castern or
inshore branch of the WSC follows the shelf break
around Spitsbergen and into the Arctic Ocean. The first
dircct measurements of this flow were made by Aagaard
(1988) who noted eastward flow that increased with
depth to typical speeds of 20-30 cm s,

While the southern Beaufort Sea is generally thought

of as an arca of westward (clockwise) water- and ice-
motion, the average subsurface motion above the conti-
nental slope is in the opposite direction: Aagaard (1984)
called this flow the Beaufort Undercurrent, The pres-
ence of the undercurrent is indicated by a subsurface
temperature maximum caused by the castward Aow of
water originating in the Bering Sea (see Coachman and
Barnes, 1961; Hufford, 1973; Mountain, 1974; Paquette
and Bourke, 1974). Aagaard (1984) described the Beau-
fort Undercurrent as being a topographically steered
eastward flow extending seaward of the 50 m isobath out
to the base of the continental slope. Speeds are of order
of 10 em s—1 and increase with depth down to about 150
m. Transports are of order 1 Sv. The current is probably
part of the large-scale circulation of the Canada Basin,
and thus not locally driven. ‘
A possible forcing mechanism for undercurrents in
the Arctic has been discussed by Holloway (1987). He
argues that the interaction of eddies with longshore
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Fig. 6.9 Schematic of shell/estuary systems during summer and winter.

variations in topography, together with coastally-
trapped planetary wave propagation, results in a system-
atic forcing that acts on the mean flow, Applied to the
Arctic, this mechanism predicts an eastward (cyclonic)
flow following the basin margins which is of similar
magnitude to the Beaufort Undercurrent.

Thermohaline circulation

Arctic shelf-estuary systems

The term shelf-estuary is here taken to mean the broad
continental shelf regions whose circulation is influenced
by river inflow. It is also over the shelves that much
fresh-water is distilled by the annual cycle of freezing
and melting. The melt water helps maintain the low
salinity of the Arctic surface layer while the brine enrich-
ment of shelf water by sea-ice formation helps ventilate
subsurface layers. Hence, during summer shelves act as
positive estuaries with a net outflow of low density water
at the surface, while during winter they act as ‘reverse
estuaries’ with a net outflow of high density water at
depth (Fig. 6.9). Most studies relating to freshwater in
the Arctic have focussed on budgets and basinwide
effects (see Aagaard and Greisman, 1975; Ostiund,
1982; Anderson and others, 1983), which show that
rivers influence strongly physical and chemical balances.
However, budgets thus far have not taken into account
the strong spatial and temporal variability in freshwater
distribution that exists within the Arctic.

Halocline ventilation

Nansen (1906) was perhaps the first to note that because
temperatures remain low within the halocline, its waters
cannot be simple mixtures of Surface and Atlantic wa-
ters. Coachman and Barnes (1962) proposed that cold,
saline waters draining through submarine canyons ad-
jacent to the Eurasian Basin aided halocline formation.
A similar process, involving the drainage of water from
the Chukchi Sea through Barrow Canyon, was proposed
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by Garrison and Becker (1976). The hypothesis that the
off-shelf drainage of brine-water derived from ice
growth is largely responsible for halocline ventilation
has been discussed by Aagaard and others (1981a),
Melling and Lewis (1982), Killworth and Smith (1984),
and Jones and Anderson {1986). As a means of identify-
ing shelf regions that have potential for ventilation,
Aagaard and others (1981a) calculated the amount of
sea-ice formation required in winter to raise the shelf
water salinity observed in summer to match that at the
base of the halocline offshore. They suggest that the area
from Svalbard to Severnaya Zemlya supplics the Eura-
sian Basin, while the Chukchi and northern Bering Scas,
and possibly the region north of the Canadian Arctic
Archipelago feed the Canadian Basin. Melling and
Lewis (1982) also point to the Mackenzie Shelf as a
source of halocline waters. They note that ice produc-
tion in this region is increased by 60% over ther-
modynamic ice growth due to divergence of the ice
cover, and also propose that the upwelling of saline
water onto the shelf may augment the observed salinity
increase.

More than one mechanism may be responsible for the
halocline structure. Fig. 6.10 is a schematic of how the
Arctic halocline may be maintained. In this picture the
warm, salty Atlantic water enters the Arctic through
Fram Strait via the West Spitsbergen Current. As it
enters the Arctic Ocean this water is cooled by the
atmosphere and by mixing with local waters. When the
current meets the sea-ice margin northwest of Svalbard,
ice melt and cooling generate a cold, dilute surface layer
with T/5 properties approximating those found above
the Atlantic layer throughout the Arctic (see Quadfasel
and others, 1987; Untersteiner, 1988; Moore and Wal-
lace, 1988). This point of encounter is also a zone of
maximum density at the surface. Prior to reaching this
paint surface cooling has increased the density of the
surface layer; afterwards melting begins to decrease the
surface density. As the flow continues eastward around
the basin. contributions are first added from the Eura-
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Fig. 6.10 Schematic drawing of the thermohaline circulation leading to the lormation of the Arctic halocline.

sian shelves, then from the Bering Sea inflow across the
Chukchi Sea, and finally from the North American
shelves. Tne net effect is a form of ‘stacking-up’ of
layers, one upon the other, to form ultimately a thick
and stable halocline.

Atlantic laver circulation

At present our knowledge of the circulation of the
Atlantic fayer in the interior of the Arctic Ocean is
incomplete. It is fairly certain that upon entering the
Arctic Ocean. water which represents a continuation of
the WSC flows in a cyclonic direction along the conti-
nental margin of the Eurasian Basin (see Treshnikov,
1977). Within the Canadian Basin, however, it is uncer-
tain even which direction water moves within the Atlan-
tic layer. An anticyclonic flow is indicated by dynamic
topography (Newton, 1973) and numerical modelling
{Semtner, 1987), while the idea of cyclonic flow is
supported by study of core properties (Timofeyev,
1960), current measurements near the continental mar-
gin (Aagaard, 1988), and an application of an inverse
method to hydrographic data (Perkin, pers. comm.).

Deep water circulation

Killworth (1983) reviewed deep convection in the World
Ocean. He organized his discussion around two types of
convection: near-boundary sinking, and open-ocean
sinking. The first of these involves the formation of a

dense water mass on a continental shelf which sub-
sequently reaches the ocean floor by descending a conti-
nental slope. The second occurs fur from land,
predominately within an oceanic gyre system. By far the
greatest amount of attention to deep water formation in
the Arctic Mediterranean has focussed on open-ocean
convection in the Greenland Sea (Helland-Hansen and
Nansen, 1909). However, a number of authors recently
have discussed mechanisms for direct ventilation of the
abyssal Arctic Ocean and a complex interbasin circu-
latron. Aagaard (1981) called attention to the fact that
deep water within the Canadian Basin has higher sali-
nities than that within the Eurasian Basin, and ques-
tioned the classic ideas that all deep water within the
Arctic Ocean derives from the Greenland Sea. Swift and
others (1983} discussed contributions to the Arctic from
both the Greenland and Barents Seas. The idea of direct
ventilation of deep water in the Arctic by near-boundary
processes was formalized by Aagaard and others
(1985b); this hypothesis has gained some support from
geochemical studies by Smethie and others (1988).
Quadfasel and others (1988) have observed a dense
plume descending a deep canyon which leads from
Spitsbergen, crossing the Barents shelf into Fram Strait,
and eveatually entering the Arctic Ocean north of
Spitsbergen,

A rough picture of the complex interbasin flow and
recirculation of deep waters in the Arctic Mediterranean
is emerging slowly. While the deepwater of the Arctic
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Oceans comes partly from the Norwegian Sca, the deep
water of the Norwegian Sea is itse!f derived partly from
the Arctic Ocean. The deep outflows from the Arctic
leave the western Fram Strait along the East Greenland
continental slope at a depth where their density matches
that of ambient water in the Greenland Sea, at depths of
1500 to 2000 m (Aagaard and others, 1985b). Mixing
with the relatively new Greenland Sea waters, in about a
50-30 ratio, then results in water which forms the source
of deep water for the Norwegian Sea (Swift and Kolter-
mann, 1988). Eventually, the Norwegian Sea Deep
Water flows back into the Arctic through the eastern
Fram Strait, subsequently to be modified by shelf-
derived waters in the Arctic Basin. Finally, some water
from the Eurasian Basin crosses the Lomonosov Ridge
in the Canadian Basin, where it too is modified by shelf
sources, increasing its salinity to the highest values
found in polar deep waters. This complicated scenario is
supported by the distribution of non-conservative
tracers. Dissolved oxygen is highest and nutrients are
lowest in the young Greenland Sea waters. The deep
waters of the Canadian Basin are the most isolated, due
to the Lomonosov Ridge, and thus have the lowest
oxygen values and highest nutrients. The Eurasian Basin
oxygen concentrations are higher than those of the
Norwegian Sea becausc they are modified by shelf-
derived components, giving oxygen values not much
lower than those in the deep Greenland Sca.

CONCLUDING REMARKS

[n summary, there are many exciting things to learn
about the large-scale physical occanography of the Arc-
tic Ocean, especially with regard to the interdisciplinary
connections with biology and climate. Some of the more
straightforward ties include the transport of nutrients
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and organisms by current systems, the establishment of
ambient light climate by turbidity and sea-ice fields, the
influence of strong stratification on particle settling, the
seasonal cycles of circulation and mixing due to fresh-
water inflow and surface forcing, the material exchanges
at the ice-water interface, and the trunsfer mechanisms
operating at marginal ice zones and major frontal sys-
tems. The relationship between Arctic biology and cli-
mate is also important. including the influence of polar
biota on the world CO, balance, and the question of
whether possible alternate circulation patterns might
result in a large-scale shift in nutrient availability. It is
especially important to understand the mechanisms by
which freshwater from river inflow and ice melt is dis-
pogegi within the basin, for it is the distribution of
salinity, specifically the thickness and horizontal extent
of polar haloclines, which prevents deep convection and
the local flux of both nutrients (from the nutrient max-
ima layer) and heat (from the Atlantic layer) to the
surfuce.

How bright is the future? In writing up the scientific
results of his 1893-1896 expedition, Nansen (1906) la-
mented the many advances in instrument design and
theory that had occurred since his return, and wished for
the opportunity to repeat this work. Given this chance
he believed, *"The North Polar Basin could thus in some
ways become the best known region of the Qcean.”
Almost a hundred years has passed. and the singular
feature of Arctic oceanography remains the dearth of
good data and theory. The Canadian Basin, for
example, likely will be the last major occan basin for
which a high-quality occanographic transect becomes
available. This lack of adequate data for interpretative
purposes severely restrains physical modelling efforts,
as well as our understanding of biological processes. It is
di.fﬁcu'lt to sec how reliable predictions about future
climatic conditions can be extrapolated from our current
store of data on the Arctic Ocean and its ice cover.

CHAPTER 7

ARCTIC PLANKTONIC ECOSYSTEMS

Egil Sakshaug

About 13 x 106 km? of the Arctic Ocean is covered by
ice. About half of this area is seasonally ice-free (Parkin-
son and others, 1987). In addition, the Norwegian Sea
and the southernmost part of the Barents and Bering
Seas stay permanently open. The annual primary pro-
duction in Arctic seas ranges from 5t0 290 g Cm2, The
higher estimates represent pelagic production in open or
scasonally ice-filled waters; by comparison ice biota
represent less than 3% of the total primary production
(Subba Rao and Platt, 1984). Much of the seasonally ice-
covered area belongs to wide shelf seas. The Barents
Sea, for instance, is about 150-400 m (average 230 m)
deep except at a few banks; the northern and eastern
parts of the Bering Sea range from less than 50 m up to
200 m depth. In some places, particularly in the Bering
Sea, the productive zone, which is usually 30-50 m deep
in summer, may reach close to the bottom.

The Arctic Ocean represents different water masses.
Waters north of Scandinavia and European USSR (the
Barents Sea and castwards) are primarily of northeast
Atlantic origin, while the Bering Sea corresponds to
Pacific waters. The deep Polar Basin is characterized by
Atlantic waters, but the impact of the Bering Strait
influx (which may be approximately one third of the
volume of the Atlantic influx - Treshnikov and Baranov,
1977) is significant in the upper layers, particularly in the
western part of the Arctic (Codispoti, 1983).

ENVIRONMENTAL CONTROL OF PRIMARY
PRODUCTION

The variation in standing stock of primary producers is,
as elsewhere, a function of the difference between the
growth rate and the loss rates (mainly sinking and
grazing). The growth rate is determined mainiy by tem-
perature, nutrient supply and the light regime. The low
temperature in Arctic waters may set a limit for the
growth rate, typically 0.6-1 doublings day-! at prevailing
temperatures (about -1.8 to 6°C). Because the tempera-
ture range is less than 8°C, temperature-dependent vari-
ation of the growth rate is restricted. Neither can
temperature be regarded as a “stress’ factor for algae
which are adapted to a cold environment. Because the
primary production is related both to the growth rate
and the widely variable magnitude of the algal standing
stock, it follows that primary production may to a large
extent follow variations in the latter.

In the dark season, starting in autumn, ice may form,
and vertical mixing is generally enhanced. This ensures
that “‘new” nutrients are brought to the surface layers
from below the euphotic zone. At the same time con-
sumption of nutrients by algae is at a minimum because
irradiance is insufficient for growth, so that nutrient

concentrations will be at a maximum. This will, how-
ever, depend on the origin of the water. Winter waters of
Atlantic origin are relatively low in nutrients compared
to Pacific waters (Table 7.1). The molar nitrate/
phosphate ratio for winter nutrients is, however. about
the same in both waters. The molar silicate/nitrate is, in
contrast, considerably higher in Pacific winter waters
than in Atlantic winter waters (Table 7.1). The winter
silicate/nitrate ratio in the northeast Atlantic may be the
lowest observed maximum ratio in the world's oceans.
The impact of the much higher silicate concentration in
Pacific than in Atlantic waters can be traced through a
large part of the Canadian Arctic (Codispoti. 1979).
Generally diatoms from the Northeast Atlantic have a
silicate content at saturation which is lower than that of
diatoms from Antarctic waters (Sakshaug and Holm-
Hansen, 1984). Ammonia and urea are regencrated by
biological activity and concentrations are generally too
low to support the lfarge biomass of phytoplankton
blooms.

Table 7.1. Typical winter values of nitrate, phosphate and
silicate (pmel dm~3} as well ag the molar nitrate/phosphate
and silicate/nitrate ratios in Arctic waters of Atlantic and
Pacific origin. Data compiled by Sakshaup (1989),

Atlaniic Pucific
nitrate 9-14 215-30
phosphate 0.541.6 1.5-2.0
silicate 4-5 33
nitrate/phosphate 18-23 15-17
silicate/nitrate 0.35-).45 1.1-1.4

The growth season starts with a bloom which is trig-
gered by the vernal increase in incident irradiance and
daylength. In the weeks around the vernal equinox,
darkness is quickly replaced by long days or even contin-
uous daylight (Fig. 7.1a,b). The “‘baseline” atmospheric
light regime on a clear day can be predicted from latitude
and date. Beyond 60° latitude, scalar photon fluxes of
more than 1500 pmol photons m2 s1 are unlikely at
0.5 m depth (Hegseth and Sakshaug, 1983). The light
regime actually experienced by phytoplankton is, how-
ever, strongly modified by the presence or absence of
ice, and by vertical mixing in the upper waters. In
addition, cloudiness and fog {(common in the Arctic
summer) will modify the light regime. Finally, self-
shading by the algae themselves may modify the light
regime considerably when blooms become dense.

[ce under average conditions, with some snow, may
let through only 0.3-1% of the surface light. Removal of
snow may improve transmittance by more than a factor
of ten (Meguro and others, 1966; Bunt and Lee, 1970,
Sullivan and others, 1983). As a rule planktonic algae
under the ice consume too little nutrient to reduce the
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winter concentrations significantly. except possibly in
their immediate vicinity.

Vertical mixing in winter and spring may vary be-
tween 100 m and 300 m depth (Blindheim, 1989). This
forces the algae to spend a considerable time jn un-
tavourable light regimes. The formation of stable upper
layers or a shallow pycnocline is therefore necessary to
cnsurc a light regime favourable for phytoplankton
growth. According to Sverdrup’s (1953) model, a bloom
results when the integrated gross photosynthesis is
greater than the integrated respiration in the mixed layer
(the concept of critical depth). This model appears
realistic for the initial phase of the bloom, when losses
due to sinking and grazing are presumably small. In the
general case, however, all losses as well as the photo-
adaptational response of the algae should be included —
as in present-day extensions of this model (Slagstad,
1982). Blooms have not been reported in layers which
are mixed to a depth of more than 4050 m, even if
Sverdrup’s model may predict blooms in waters mixed to
a far greater depth in summer (Sakshaug, 1989). This
presumably reflects the importance of losses of aigal
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biomass other than rvespiration, such as grazing and
sinking.

In permanently ice-free oceanic areas such as the
Norwegian Sca, the formation of a shallow pycnocline is
temperature-dependent. and it may not form until May-
June (Blindheim, 1989). This implies a correspondingly
late bloom. In seasonally ice-covered areas. melting of
ice creates a marked pycnocline at 20-40 m depth (the
melt-water is almost fresh). Nutrient-rich waters then
become exposcd to surface light when the ice disap-
pears. Under such conditions a spring bloom will de-
velop rapidly. The melting may begin as carly as April-
May in the southernmost fringes of ice-covered arcas
(Loeng, 1989). Thus ice-edge blooms may potentially
begin earlier than blooms in permanently open waters.

One may imagine an ice-edge bloom which follows the
retreating ice-edge northwards while scavenging the
newly exposed winter nutrients (the “ice-edge effect™,
Fig. 7.2). Accordingly a bloom should occur later in
higher latitudes. Waters may stay ice-free for some 3-7
months in the outer fringes of the seasonally ice-covered
area and exhibit a bloom in May or June (Braarud, 1935;
Digby, 1953; Bursa, 1961: Hsixo and others, 1977; Saito
and Taniguchi, 1978; Iverson and others, 1979 Loeng,
1989), whereas areas as far north as Dumbel] Bay at
Ellesmere Island (82°N) may become ice-free as late as
August and for only 3-4 weeks, so that the “spring”
boom is still developing when refreezing sets in
{Apollonio, 1980}.

The concept of an ice-edge effect was first suggested
by Gran (1931) on the basis of Antarctic data. This has
been verified by later investigations (Alexander, 1980;
Rey and Loeng. 1985; Smith and Nelson, [985:
Nicbauer and Alexander, 1989). When the ice-edge is
well-defined, the ice-edge bloom zone may extend for
some 20-50 km seawards of the icc-edge (Rey and
Loeng. 1985). Often, however, the ice-edge is far from
well-defined. because local winds and currents cause the
ice to drift and may confuse the picture (Buckley and
others, 1979). Furthermore, blooms cannot be expected
off edges of ice which drift on waters already depleted of
nutrients; this is frequently the case late in the growth
season.

As a rule, winter nutrients are completely depleted
during the development of the spring bloom in Arctic
waters; this is usually true even in nutrient-rich Pacific
waters {Iverson and others, 1979: Walsh, 1983). Peak
levels of biomass may range between 8 and 15 pg dm-?
chlorophyll ¢ in waters of Atlantic origin (Rey and
Loeng, 1985) and up to 40 pug dm in the Bering Sea
(Iverson and others, 1979). Assuming a chl/C ratio of
about (102 for spring phytoplankton {Sakshaug, 1989),
those peak biomasses should correspond to about ().4-1
and 2 mg dm-* of carbon, respectively. The annual
primary productions of the Barents and Bering Seas are
about 60-80 and 200 ¢ C m-2, respectively, of which more
than 60% may be produced during the short period of
the spring bloom (McRoy and Goering, 1974; Rey and
Loeng, 1985).

in the early phase of the bloom the growth rate of the
phytoplankton is determined by the light regime and the
temperature. After the bloom peaks. when winter nutri-
ents become depleted, further growth depends on the
immediate nutrient supply. In Arctic waters this will be
insufficient to sustain growth by the already large stand-
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Fig. 7.2. Schematic iliustration of the ice-edge cffect (Sakshaug, 1989).

ing stock at rates determined by ambient temperature
and irradiance/daylength. This is duc to inadequate
supply of “new” nutrients from below, thro‘}Jgh‘ thE
pycnocline. Nutrient limitation sets in, and the “excess
algal biomass will sink or become grazed by zoo-
pl:mkton. Asarule, an apprcciat_:lc amount of the algae
will always sink out of the euphotic zone as the end of the
bloom approaches: 50 to 70% is likely (Walsh and
others, 1989). Thus a large fraction of the winter nutri-
ents, derived from deep water and converted to biomass
in surface waters during the bloom. will be returned to
the deeper strata. _

The efficiency of transfer of algal biomass to zoo-
plankton is variable because high efficiency requires that
maximum grazing pressure coincides with the phytq—
plankton bloom both geographically and in time. Most
zooplankton drift with the currents and are exposed to
variations in phytoplankton biomass as they happen. It
is therefore important to graze intensively while a bloom
lasts. Viewed in the extreme, zooplankton may have
only one short, albeit rich, meal per year. [tis lhcrcforg
typical for high-latitude zooplankton to have large stores
of lipids that serve as un energy reserve for the rest of the
year (Clarke, 1983). In principle. if a bloom is short and
hectic due to extreme stability and a shallow pycnocline,
less may be grazed than during a bloom which has bee.n‘
prolonged by mixing and a deeper pycaocline. This
seems to happen in the case of the copepod Calanus
firumarchicus in the Atlantic waters south o_f the oceanic,
Lpolar front in the Barents Sea. In years in which the
Atlantic waters are relatively cold, the former seems to
take place, and in warmer years the latter is more likely
(Skjoldal and others, 1987). In the. Arctic waters _north
of the oceanic polar front C. glacialis is predominant.
This species has a two-year life cycle in contrast to the
one-year cycle of C. finmarchicus. 1t is possible that the
occurrence of two simultancous generations represents
an adaptation which may maximize the grazing pressure

during the very restricted bloom period in this arey
(Tande and others, 1985; Sl-:joi‘du] and others, 1987).
Finally, year to year differences in the magnitude of the
overwintering stock of zooplankton may be importantin
causing 1argc~intcrannual variability in the utilization of
the spring bloom (Skjoldal and others, 1987). ‘
Larger organisms which can perform horizontai mi-
grations over some distance have an advantage over
other smaller zooplankton in that they can follow the
retreating ice-edge and the ice-edge bloom. Krill is a
good example, but is of considerably less importance in
the Arctic than in the Antarctic seas. [n the Barents Sea,
capelin (Mallotus villosus) is the key food source for
higher animals. Capelin track the icc-cdge bloom, but
because they are carnivores they are usuaily scpara_tcd
from the ice-cdge by some distance, due to the time
delay between primary and secondary production
(Skjoldal and others, 1987). ‘ .
After the bloom has ended, nutrient concentrations
stay close to the lower limit of detection, anq in many
areas the pyenocline formed during the melting of ice
will persist uatil freezing begins. The algal community as
a whole remains nutrient-fimited, and standing stocks
are small: in terms of chiorophyll, usually less than 0.5
ng dm-, Nutrient supply is largely regenerative within
the euphotic zone, as reflected by the preponderance of
ammonia uptake over nitrate uptake (Harrison, Platt
and Lrwin, 1982). The system is thus in principle similar
to the oligotrophic systems of the central parts of warm
oceans. Close to the pycnocline 4 maximum layer of
chlorophyll is usuvally evident and may exhibit chloro-
phyil concentrations up to 15-20 pg dm-*. The standing
stock remains large in real biomass (carbon) terms. It
presumably grows slowly and one limiting factor will be
the restricted supply of “new™ nutrients through the
pvenocline. _
Secondary large blooms have not been recorded in
Arctic areas. However, minor biomass peaks, which are

49



attered geographically and in time, are likely, as a
- consequence of local wind-driven upwelling (Mork,
1 1981). Furthermore, alternating periods of calm and
stormy weather may cause periods of deep mixing or
upwelling (supply of “new” nutrients) to alternate with
periods of stability (favourable light-regime for growth).
This would represent a growth-enhancing feature of the
post-bloom period (Riley, 1963; Legendre, Ingram and
Stmard, 1982). This effect may be likely in the low-
pressure belt which normally crosses the oceans from
45-55°N on the west side to 55-75°N on the cast side.
Additionally, shallow bank areas may exhibit an en-
hanced production because they tend to disrupt the
pycnocline and thus introduce *“‘new’™ nutrients to the
surface layers.

ALGAL RESPONSES

The optimum temperatures for growth or photo-
synthesis by Arctic planktonic algae are generally higher
than those to which the algae are normally exposed.
Some species recorded in the Arctic may even grow at
temperatures of 13-20°C (Smayda, 1969; Durbin, 1974).
There is no clear evidence that typical Arctic species
grow faster at low temperatures than would temperate
species. One cannot therefore speak of particular adap-
tations which counteract the effect of low temperature
on the growth rate. However. far too little is known
about the response of individual species.

Arctic phytoplankton species seem to tolerate vari-
ations in the light regime well, and this may include the
particularty harsh combination of strong, somctimes
continuous light and near-freezing temperatures over
long days. This contrasts with many temperate species
which tolerate such temperatures only when irradiance
is low or days are short (Sakshaug, 1989). Phyto-
plankion may grow at a wide range of light regimes
without appreciuble variation in the growth rate
(Sakshaug and Holm-Hansen 1986). Diatom species
from the Barents Sea grown at —1°C have, for example,
revealed an almost Hat response for the growth rate at
irradiances from 30 to 500 pmol photons m=2 s-1 at all
daylengths when the cultures had time to adupt to each
irradiance (Gilstad and Sakshaug, 1990). The growth
rateincreased, however, notably with daylength, but the
increment was small from 19 to 24 h of light.

‘The flexibility of Arctic phytoplankton in coping with
variation in the light regime rests on the plasticity of the
photoadaptational mechanisms of the phytoplankton.
in essence, photoadaptation serves to minimize the
impact of light regime fluctuations on the growth rate.
Among the photoadaptational parameters may be men-
tioned those that determine the function for quantum
yield {(carbon produced per unit irradiance), respiration,
the chlorophyll/carbon ratio and the coefficient for ab-
sorption of irradiance of the aigae {(Ley and Mauzerall,
1982; Kiefer and Mitchell, 1983; Dubinsky, Falkowski
and Wyman, 1986). The chlorophyll content of Arctic
and subarctic diatoms may vary inversely with daylength
and irradiance by a factor of more than six. Typically,
enhanced chlorophyll contents are observed in carly
spring and tate autumn and in the chlorophyli maximum
layer near the pycnocline (Platt and others, [982:

Sakshaug and Andresen, 1986). When the algae are
adapted to the ambient environment {steady state
growth} and the irradiance is below inhibitory strengths,
the gross growth rate of the algae (growth rate + respir-
ation in the same units) may correspond to the product
of daylength, irradiance of the algac, and quantum yield
(Sakshaug, Kiefer and Andresen, 1989}, Whercus the
chlorophyll/carbon ratio is sensitive (o light regime,
nutrient deficiency and temperature, the quantum yield
is sensitive only to irradiance. This growth model implies
that is is necessary to treat the effect of daylength and
irradiance separately, instead of modefling on total or
average irradiance per day. This is important in polar
regions where daylength variation is pronounced.

Phytoplankton have to cope with quickly fluctuating
light, as caused, for instance, by changing cloud cover
and by vertical transport in the water column. [t is likely
that phytoplankton become generally unadapted in such
cases, because photoadaptation takes time, in the casc
of the chlorophyll/carbon ratio, a few hours to some days
(Gallegos and others, 1983; Post and others, 1984}, The
chlorophyll/carbon ratio is often the same in the whole
water column above the pycnoctine, which indicates that
the rate of mixing is much greater than the rate of
adaptation (Sakshaug, 1989). The algal response in a
quickly changing light regime can be illustrated by Pvsl
curves (Fig. 7.3}, Such curves relate carbon uptake to
irradiance during short-term incubations, ideally so
short that photoadaptation is not given time to take
place. The shape of the curve therefore reflects the
photoadaptational status of the original sample. When
carbon uptake is normalized to chlorophyli (assimilation
number). the initial slope of the curve (a) for Arctic
phytoplankton seems to be lower for shade-adapted
than for sun-adapted algac. This may seem surprising,
because a high slope indicates high photosynthetic
efficiency in low light. When the higher chlorophyll/
carbon ratio of shade-adapted algac is taken into
account it appears, however, that the slope, and thus
the photosynthetic cfficiency normalized to carbon,
becomes higher in shade-adapted algae (Fig. 7.3, right
part). The curves then express the turnover rate for
carbon in the cells, which again can be related to the
growth rate. Total photosynthesis through the day, pre-
dicted by integrating the light regime in the mixed water
column, seems to correspond well to that predicted on
basis of P vs. 1 curves. unless photoinhibition s
significant (Marra, 1978; Falkowski and Wirick, 1981,
Galicgos and Platt, 1982). For translation of such data
into growth rates it becomes necessary. however, to tuke
the daylength and chlorophyll/carbon ratio into account,
according to the growth model above. The latter is
difficult to estimate in nature, because of interference in
the measurement of carbon by non-algal matter.

[t has been mentioned that ability to cope with strong
light isimportant. Fig. 7.3 indicates that this may depend
on the photoadaptational status of the phytopiankton.
Generally. shade-adapted algac are more susceptible to
strong light than sun-adapted algae. It is, however, also
likely that specific differences are important. The car-
otenoid pigments diato- and diadinoxanthin miy protect
cells against strong light. The cellular content of such
pigments differs notably from one species to another
(Sakshaug, Demers and Yentsch, 1987). These pig-
ments may respond to changes in the light regime in a
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Fig. 7.3. Short-term response of carbon-uptuke on varying irradiances (P vs [ curves) for summcrhphyrt‘?plun}llit?ln in Baffin Bayé;rCzEg
muni as s o1 layer (50% light depth) and the ether from the chlorophyll maximum ne
ommunity was sampled from the mixed upper layer (30% lig ' chle um near the
[Lwcnocliné ( :l.-i, lightpdcpth). When carbon uptake is normalized to chloropgyll (lg[t grtérgl;)”, ;hivl}l:ltml Slopc]'nf(tjh[i)?:l];r)to[r]n(dr);ul;[;
! smaller e shade-ad: ati %) than for the sun-adapted one (50% ). When normulize 2
somewhat smaller for the shade-adapted population (F%) t n-adi ' C al carban |
;rup"h) a is much larger for the shade-udapted community because of its h‘lgh'er_ chlorophyll to carbon I'd‘[l(). The sunréjfjddr‘)te,d
Eommi;nitv has a higher maximum uptake rate and is also less susceptible to inhibition of carbon uptake in strong fght. Redrawn

from Platt and others (1982).

matter of minutes and to fluctuations due to shifting
cloud cover and vertical mixing (Welschmeyer and
Hoeppfner, 1986). [t is also possible that asymmetric
photoadaptation may minimize inhibition by strong
light. It has been shown (Gallegos and others, 1983; Post
and others, 1984) that adaptation to strong light pro-
ceeds faster than adaptation to low light. For a water
column in which the phytoplankton is -trangsportccl
cyclically up and down by mixing, one may imagine that
the photoadaptational status of the algae after a time will
correspond rather to the strong light near the surfuce
than the average light regime of the column., Com-
parison of natural populations and laboratory cultures of
the same species indicates that this may be so (Hegseth
and Sakshaug, 1983; Sakshaug and Andres&;n .19.18.6).
This implies lowered susceptibility to photoinhibition
(Fig. 7.3) as well as a lowered chlorophyll/carbon ratio.
This mechanism may also imply lowered cfficiency at low
light, c.g. deep in the water column ~ at lcast in terms of
carbon turnover {(Fig. 7.3, right part). Photoinhibition
also increases with the duration of exposure to strong
light. In summary, one may thus expect that the impact
of photoinhibition is smallest in waters which *‘turn
around™ quickly, and that waters mixed slowly to a large
depth represent the most disadvantageous environment,

The fatter may be more relevant in Antarctic than in
Arctic waters. , .

The algal growth rate is a-function of the difference
between gross photosynthesis and respiration. All these
parameters depend on temperature when the light
regime is at optimum and nuirients are present in €xcesy
relative to algal needs. Investigations of natural com-
munities of Antarctic phytoplankton (Tilzer and Du-
binsky, 1987) indicate that even if gross photosynthesis
decreuses  with temperature, respiration decreases
more. In fact, respiration was anly 2% of gross photo-
synthesis at =2°C in contrast to 17% at 8°C. Low
temperature is thus no threat to survival, rather the
contrary. Besides, shade adaptation also implics
lowefed respiration rates (Kicfer and Mitchell, 1983).
As u consequence, gradual adaptation towards shade in
the autumn and low temperature may in principle result
in cells which may be characterized as physiologically
resting cells and which may survive extended periods of
darkness. Studies of both cultures as well as natural
populations of the diatom Skeletonema costatun seem to
support this idea (Falkowski and Owens, 1980
Sakshaug and Andresen, 1986). Thus survival strategies
do not necessarily have to be bused on particular resting
cells such as resting spores and cysts,
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The composition of marine phytoplankton is churacter-
istically variable. Variation occurs in space influenced by
the distance from the coast, by latitude and by ocean
circulation, and occurs in time, during the year and from
one year to the other. Together, these form a mosaic of
interwoven factors. The Arctic marine environment is
no exception in this respect; the variation may even be
especially accentuated due to the complicated topogra-
phy and current systems. Another factor to be kept in
mind when describing the species composition of the
Arctic plankton is that species having the ice as their
normal habitat may be present in the plankton as well,
These complications imposed by nature itself are further
increased by the varying methods for sampling and
analysis employed in Arctic diatom research since its start
in the middle of the 1%th century. Updating of Arctic
diatom taxonomy by the use of current methods, started
but far from completed, also adds to the confusion.

The reservations made so far, imply that the literature
can be used only for a fairly superficial overview of the
distribution of Arctic planktonic diatoms. Some areas
may be represented by a few net-hauls collected over a
shorter or longer period of time, whereas water samples
collected monthly during one or more years may have
been studied from other areas. The many new nomen-
clatural combinations made from the 1960°s and on-
wards introducing a great number of synonyms further
complicate the use of the literature. On the other hand,
the literature is extensive and no attempt will be made
here to summarize it in full as many of the investigations
provide little or no new information.

The list of diatoms recorded in marine Arctic
plankton presented here (Table 8.1) is far from com-
plete. It cun be used, however, as a guideline to those
species that are restricted to the Arctic or that form the
bulk of Arctic diatom populations. Note that examples
in the text are referred to by the names used in the
original papers. To avoid confusion the reader is re-
ferred to Table 8.1 for synonyms. Examples from un-
published observations based on material collected by
fine-meshed nets (10-30 wm) during the Norwegian
Programme for Marine Arctic Ecology (Pro Mare) in
the Barents Sea are used to illustrate the variation of the
species composition with space and time. We are grate-
ful to the collector, Dr Svein Kristiansen. who placed the
samples at our disposal.

COMPOSITION OF THE MARINE DIATOM
PEANKTON

The pioneer studies of Arctic diatoms were based, witha
few exceptions, on collections of diatom ooze. bottom

CHAPTER 8

ARCTIC PLANKTON DIATOMS:
DOMINANT SPECIES, BIOGEOGRAPHY

Grethe R. Hasle

sediments, dust on ice-floes and left-overs from zoologi-
cal gatherings (sec Grantved and Seidenfaden, 1938).
Cleve (1873, p. 3) included in his investigation samples
“taken on the surface of the sea between Europe and
Greenland as well as from Davis Strait”, Of the 144
diatom specics he listed, ten were mentioned especially
as “floating on the surface of the sea™, either in the
North Atlantic, 60°25'N, or in the Davis Strait, 61°25'~
63°30'N, and were referred to five centric and two
pennate gencra: Chaetoceros, Coscinodiscus,  Bid-
dulphia, Rhizoselenia, Thalassiosira, Fragilaria and
Thalassiothriv {Table 8.2). Except for Biddulphia and
with the addition of Endictya the same genera were
represented in a gathering of “diatoms living on the
surface™ collected in the Bering Sea during the “Vega™-
Expedition (Cleve, 1883, p. 490) with Thalassiothrix
longissima *in great abundance™.

@strup (1893) distinguished clearly between diatoms
in the plankton and digtoms collected on the ice and
offshore along the coast of East Greenland. The 13
plankton samples he examined were collected between
60°58'N and 76°07'N and thugincluded areas at latitudes
higher than those covered by Cleve (1873, 1883). @strup
commented on the heterogeneity of the plankton ma-
terial compared to the ice samples and on the dominance
of a few species. Some samples could be characterized
as Chaetoceros- and Rhizosolenia-plankton, others as
Chaetoceros-plankton or Thalassiosira nordenskioeldii-
plankton, whereas sampies characterized by the pres-
ence of aggregates up to 12-13 cm in diameter floating
along the edge of or between the ice-flakes consisted of
Melosira and aggregates floating on the surface of the
sca were dominated by Fragilaria oceanica. Still another
sampfie, also an aggregate, was similar to material from
ice holes being dominated by Nitzschia spp. Dstrup
suggested that this kind of material living on the ice but
also floating in the sca should be called “‘sccondary
plunkton™ in contrast to the Melosira appregates, which
according to @strup belonged to the plankton but found
a secondary habitat on the ice.

The first comprehensive study of the species compo-
sition of the Arctic phytoplankton was based on 50
samples collected in Baffin Bay and the northern part of
the Davis Strait from the beginning of May to the middle of
October (Cleve, 15896). Among the almost 40 taxa re-
corded, Asteromphalis atlanticus, Chaetoceros groenlan-
dicus, Encampia groenlandica, Lauderia confervacea and
Thalassiosira gravida were new to science, and Cos-
cinodiscus {lacustris var.) hyperbareus, C. bioculutus and
Fragilaria cylindrus could have come from melting ice.
Gran (1897), examining four plankton samples from Little
Karajakfiord. West Greenland, found most of the same
species as did Cleve (1896), with the addition of two new
species Lauderia fragilis and Navicuda vanhoeffenii.



Table 8.1. Diatoms present in Arctic marine plankton

Currcnt Name

Synonyims

Achnanthes wenio Gran,™*
Actinocycluy sp.
Asteromphaius robustus Castr,
Bacterosira fragilis (Gran) Gran*
Chactoceros atfantivis €,

" barealis Bail.

" debilis C|.

v decipiens Cl.

diaderna (Ehr.) Gran.

" Jurcelturus Bail.**
mifira (Bail.) CL**
septemirionalis Qs ***
socialis Laud.

Coscinodiscus centralis Ehr.

" oculus-iridis Ehr.
Dot confervacea (CL} Gran,
Encampia groenlandica C1.*
Leprocylindrus danicus Cl.

Melosira arctica Dickic?

Navicula pelagica C1*

Navicula vanhoeffenii Gran.*

Nedenticula seminae (Simons, and Kan.) Ak, and Yan.
Nitzschia cylindries (Grun.) Hasle?*

delicarissima CL
frigicla Gran, **
grinowdi Hasle?

lagvissima Grun.~
psendonanag (Hasle) Hasle
" seriata £, obtise Hasle*
Qdaortella aurita (Lyngh.) Agardh
Pleurosigma stuxbergii C1*
Parosira glacialls (Grun.) Jurg.*

Proboscia alata (Bright.} Sundstr.

Rhizosolenia ebetata £, semisping (Hensen) Gran

" sedgera Bright.

stvliformis Bright.

Skeleronenma costatum (Grev.) CL

Thalussiosira anguste-fincare (A, Schm.) Fryx, and Hasle

anfarctica var. horealis
baltica (Grun.) Ostenf.**
hioculata (Grun.) Ostenf.*

huthosa Syverts.

gravida Cl.

fyvaling (Grun.) Gran*

Inyperborea (Grun.) Hasle and Lange*
kushirensiy Takano

nordenskioeldii Cl,

proroseriate (Ramsij.) Hasle
Thalassiothrix longissima Cl, and Grun,

Fryx., Douc. and Hub.*

A atlanticus Cl,
Lauderia fragilis

C. groentandicus Cl,
C. subsecundus (Grun.) Hust,

Lauderia confervacea
E. zoddiucus Ehr, pro parte

M. nmmauloides var, liyperborea Grun.,
M. Ivperborea Grun.,

Denticuda seminae
Fragilaria cylindrus
Fragilariopsis cvlindruy (Grun.) Krieger

Fragilaria oceanica CI.
Fragilariopsis oceanica (CL)Y Hasle
Fragilariopsis psewdonana
Biddubpliv aweritg {Lyngh.) Brcb,
Podosira glaciafis (Grun.) CI,

Lauderin glacialis (Gron.) Gran
Rhizosolenia ulaia

Coscinendiscus anguste lineans
Coscinosira polychorda (Gran) Gran
Thalassiosire polychorda (Gran) Jarg,

Coscinodiscus polvacanthus var, baltica

Coscinodiscus bivculatres

Coscinodiscus hyafinus
" lacustris var. hyperhoreus

Coscinosirg poroserialu
Syuedra thalassiorix Cl,

* species known to have their main distribetion in the Arctic

ax

**soon to be translerred 10 Gonioceros

The investigations reported so far were based on
material collected by fairly coarse nets, whereas water
samples used in more recent studies of Arctic planktonic
diatoms were concentrated by centrifugation or sedi-
mentation. This change in methodology improved the
reliability of the estimation of the size of the diatom
populations and, more important in this context, gave a
more reliable picture of the relative abundances of the
various species. Small Chaetoceros species, mainly C.
soctalis and C. furceflatus, Fragilaria nana (= Nitzschia

specics known 1o have their main distribution in the Arctic and the Baltic and/or ether brackish waters.

pseudonana + small specimens of N. cylindrus, sce
Hasle, 1965b, p. 22), Nirzschia delicatissima, Lep-
tocylindrus danicus, Thalassiosira antarcticalgravida,
and T. bioculata were emphasized as the predominant
diatoms in North Norwegian fjords in the spring
(Gaarder, 1938). along the coast of Jan Mayen Island in
April (Smayda, 1958), off Bear Island (Ramsfjell,
1960). in waters northwest of Spitsbergen in September-
October (Heimdal, 1983) and in the Beaufort Sea in
July-September (Horner, 1984).

T;hlc 8.2 Diatoms “floating on the surface of the sea™ - Davis

trait and North Atlantic - Cleve {1873).

Centric spectes

Pennate specics

Table 8.3. Barents Sea (74°58'N, 27°%46°E) 16 April 1986'—
dominating species in a net-haul collected during a bloom in
the ice-edge zone - refative abundance indicated by +++,
L+

‘Biddulphia aurtia
‘haeroceros dtlanticus

o decipiens
‘Coscinodiscuy centralis

: " octifus-iridis
“Rizosolenia aluta .

: " styliformis
Thalassiosira nordenskiocldii

Fragilaria aceanica
Synedra thalasstotriy

Centric species Pennate species

Nirzschia cvlindrus +++
T grunowii +4+

Navicula vanhocffenii

pelagica

sp.

Plerosigma sp.

Bacterosiva fragilis +++
Thalussiosiva fyaling -+ ++
Porasira glacialis ++
Thalassiosirg bufbasa +

" antarciici
bioctlata

"

.

‘Table 8.4. Dominant diatom species in sumples from Barents Sea, May-June and August 1984

Arciic water
St no,

Lat. N,
Long. E.
1°C

5

Pate

Net mesh

Diatoms:

Polur front water
5t. no.

fat. N.

Long. E.

°C
S
Date

Net mesh

Diatoms:

Adantic water
St. no.

Lat. N.
Long. E.

t°C

h

Date

Net mesh

Diatoms;

670
76°48"
3308
—(0.555
34,345
(.06
20 pm

Nitzschia evlindrus +++
Navieula vanhoeffenii ++
Thalassiosira bulbosa

v hyalina
Nitzschia grunowii

628
75°15°
RO
1.4
34,790
31,05
30 um

Chaetoceros sociafis +-+ 4+

Thalassivsira anguste-lineaia

-
74°H)
22044
4.375
35.018
01.06
20 pm

Actinocyclus sp. +++

Thalassiosira anguste-lineata +

Nitzschia seriuta
cylindrus
grunowi
Thalassiosira hyaling
Thalussiothrix langissima
Coscinodiscns spp.

-

732
76°20F
440’
~1.219

10,416
) pm

Chaetoceros socialis +-++
Nitzschia cylindrus ++
grinowii+
Thalfussiosira bilhose +
" antarticg +

648
742301
2393
1.969
34,641
051,06
3 pm

Coscinodiscus spp.
Chaetoceros spp.

836
* 73%45°
32023
. 6,733
34,954
12.08
35 pm

Thalassiothrix tongissima
Chaetoceros spp.
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VARIATION WITH DISTANCE FROM THE ICE-
EDGE, WATER MASSES AND TIME

The examination of a net haul collected in the Barents
Sea in mid-April close to the ice-edge showed a pre-
dominance of the centric diatoms Thalassiosira livaling
and Bacterosiva fragilis and the pennate Nitzschia cylin-
drus, with the centric Porosira glacialis and the pennate
N. grunowii in slightly smaller abundances. Other
diatoms characteristic of this habitat were present in
stit  smaller abundances (Table 8.3). Whercas
Thalassiosira spp. and related species characterize Arc-
tic waters close to the ice-edge carly in the season,
Nitzschia cylindrus may be the predominant diatom
species somewhat fater in the season (May-June) to be
succeeded one week later in the same area by
Chaetoceros socialis (with resting spores) (Table 8.4).
One station located in Atlantic waler in early June the
same year was dominated by Actinocvelus spp. and
Thalassiosira anguste-lineata. Two stations located in
Polar Front Water seemed to occupy an intermediate
position, one being dominated by C. socialis resting
spores and T. anguste-fineata in small concentrations,
and the second one having Coscinadiscus spp. and one
or two larger Chaetoceros species as the only diatoms
sect.

Previously Cleve (1873) commented on the variation
in species composition with time and geographical area.
Thalassiosira nordenskioeldii and Chaetoceros decipiens
were found in the Davis Strait and between Europe and
Greenland in June, and Rhizosolenia styliformis in the
Atlantic. In August in the Davis Strait the net hauls
contained mainly Thalassiothrix longissima. Gran
(1897} found the plankton of the Karajakfjord, West
Greenland to be poor in diatoms in October-April and
those present in May to be mainly the same as those on
the ice in April. Pennate diatoms in ribbon-shaped
colonies (. aceanica. F. cvlindrus, Achnanthes taeniata,
N. vanhoeffenii) were predominant and Melosira iyper-
borea, T. nordenskioeldii and T. hyalina less abundant.
In July-August the plankton comsisted mainly of T,
nordenskioeldii and in September of C. furcellatus. The
plankton of Baffin Bay and the northern Davis Strait
showed much the same trend {Cleve, 1896) but with the
north Atluntic forms C. atlanticus and Thalassiothrix
longissima present in October. The latter is consistent
with our observations in Atlantic water in the Barents
Sea in August 1984 (Table 8.4).

A one-year study of the plankton in Ullsfiord, North
Norway (69-71°N) showed a shift in the diatom species
from C. furcellatus, C. socialis, F. oceanicaleylindrus, B.
fragilis and T. fiyaling in March-May to C. compressus,
C. debilis, Leptocylindrus danicus, Nitzschia “‘deli-
catissima”’,  Skeletonema  costatum and T, norden-
skioeldii in July-August (Heimdal, 1974).

BIOGEOGRAPHY

Only eight of the 40 diatom species recorded by Cleve
(1896) were mentioned as characteristic of polar sea
plankton, viz. Chaetaceros  mitra, Coscinodiscus
fiyalinus, Fragilaria cylindrus, F. oceanica, Melosira
(nummuloides var.) hyperboreu, Nitzschia frigida, N,
laevissima and Pleurosigma stuxbergii, whereas 15 were
recorded at that time from arcas outside the Arctic.
Some of the species with a wider distribution were
recorded in great abundances in the Davis Strait and
Bafhin Bay, e.g. Chaetoceros atlanticus and Thalassiosira
nordenskioeldii.

Motoda and Minoda (1974) listed the planktonic
diatom species recorded in the Bering Sea. The list
includes most of the diatoms mentioned in this chapter
and in addition many more which most likely have a
wider and more southerly distribution. The records of
Thalassiosira baltica and Denticula seminae are note-
worthy, the former being recorded under the name
Coscinodiscus polyacanthus from sediments and ice in
other Arctic areas (Dstrup, 1895) and in the plankton of
the Baltic Sea, and D. seminae being mainly restricted to
the Pacific Ocean.

The eight species emphasized as the predominant
diatoms in the investigations from 1930 to the 1980's in
Arctic fjords and scas also exhibit a heterogeneous
distribution  pattern.  Chaetoceros  socialis,  Lepto-
cylindrus danieus and Nitzschia pseudonana are most
probably cosmopolitan. Chaetoceros furcellatus and
Thalassiosira bioculata are restricted to the Arctic.
Nitzschia cylindrus is present in the plankton and the ice
in the Arctic and the Antarctic. Thalassiosira antarctica
var. borealis is distributed at least as far south as the
Oslofjord whereas the biogeography of Nitzschia deli-
catissima, as recorded in the investigations referred to
above, is questionable,

SUMMARY

Recently published and unpublished observations of
Arctic diatoms are more or less consistent with the
results of the pioneer investigations. The characteristic
diatoms of the Arctic water masses are, as recorded by
Cleve (1873, 1884, 1896) and Gran (1897): T. hvaling,
Nitzschia cylindrus, N. grunowii, N. frigida, Navicula
vanhoeffenti, N. pelagica, Bacterosira fragilis and
Pleurosigma sp. Recent investigations have shown that
other species are also characteristic of Arctic waters,
e.g. Thalassiosira antarciica var. borealis, T. bulbosa
and Nitzschia seriata £. obtusa,

CHAPTER 9

THE PALEONTOLOGICAL SIGNIFICANCE OF FOSSIL DIATOMS FROM
THE HIGH-LATITUDE OCEANS*

Rainer Gersonde

*Alfred-Wegener-Institute contribution No. [54

Depositional patterns of Cenozoic diatomaceous sedi-
ments in the high-tatitude oceans have been affected by
major changes in oceanographic circulation related to
plate tectonic movements (e.g. opening of deep water
pathways) and global climatic changes (e.g. onset of
glacial regimes). The stepwise cooling in the polar re-
gions was enhanced during the Neogene, and this re-
sulted in progressively greater thermal differentiation
between the high- and low-latitude ocean areas, leading
to the establishment of bogeographic diatom provinces
characterised by endemic floras, During the Neogene, in
particular, the areas of the Southern Ocean and the
Subarctic Pacific became major sinks for diatomaceous
silica. Consequently in these areas Neogene diatoms are
prominent microfossils useful for biostratigraphic age
assignments and reconstructions of past occanographic
and climatic conditions.

INTRODUCTION

Areas of high latitude oceans are the most important
sinks for biogenic silica accumulation. In contrast to the
equatorial regions of the Pacific Ocean where a large
portion of the accumulated biogenic silica consists of
radiolarian skeletons, the biosiliceous components in
the sediments of the northern and southern high latitude
oceans are dominated by diatom cell walls.

Southern Ocean

More than 75% of all oceanic silica accumulates in a
900-2000 km broad circum-Antarctic siliceous sediment
belt (Lisitzin, 1971), where biogenic silica can contribute
up to 70% of the total sediment (DeMaster, 1979). Asin
the past, the present-day geographic distribution of this
siliceous beltis linked strongly to the cold water oceano-
graphic conditions of the circum-Antarctic Ocean. The
northern boundary of the belt coincides with the Polar
Frontal Zone, while the southern boundary is related to
the northern extent of the average spring sea-ice distri-
bution (Burckle and others, 1982; Burckle and Cirilli,
1987},

The opening of the Drake Passage (between South
America and the Antarctic Peninsula) during the
Oligocene allowed the establishment of the deep

' Ma {meganannum) refers to units of years x 1 measured back from
the present (A.D.) 1950 by international agreement). It is a fxed
chronology analegous to the calendars tied to historical events. The
abbreviation mey. (million years) is used to express simple duration in
units of yr X 10 in any given past interval.

circum-Antarctic circulation system somewhere near
the Neogene/Paleogene boundary, approximately 24 Ma!
ago (Barker and Burrell, 1977) and lead to a stepwise
thermal isolation of Antarctica. In relation to the estab-
lishment of the circum-Antarctic circulation system,
siliceous biogenic productivity increased considerably
during the Neogene and Quaternary (Brewster, 1980}.
During this time the siliceous biogenic belt expanded
northward, which was interpreted to reflect the mi-
gration of the Polar Frontal Zone (Tucholke and others,
1976). Investigations of deep sea drilling and gravity
cores recently recovered from the Weddell Sea (Barker
and others, 1988a.b; Gersonde, unpublished) show a
stepwise increase of biosiliceous components in the
Miocene, related to the progressive cooling of Ant-
arctica. In the Weddell Sea area the biosiliceous ac-
cumulation rate was high during the early and early late
Pliocene (ca 4.5 - 3 Ma), then decreased considerably
during the time period from about 2 to 0.6 Ma and
increased again during the last 0.6 Ma (Abelmann and
others, 1990). . g

In contrast to the Neogene, Paleogene sediments rich
in biosiliceous components have been recovered infre-
quently in the southern high-latitudes ocean. The Deep
Sea Drilling Project (DSDP), the Ocean Drilling Pro-
gram (ODP) and the MSSTS-drill hole {(McMurdo
Sound) recovered a number of diatom-bearing
Oligocene to uppermost Eocene sediment sequences in
the circum-Antarctic Ocean, and a peak in diatom pre-
servation occurs near the late Eocene/early Oligocene
transition. Only a few middle and lower Eocene and
Paleagene diatomaceous deposits are known. This pat-
tern may be linked to the global cooling event at the
Eocene/Oligocene boundary (“terminal Eocenc event™:
Wolfe, 1978). Kennett and Shackleton (1976) consider
this event to represent the onset of large-scale freezing
conditions and first significant formation of seaice on the
ocean around the Antarctic continent. Miller and others
(1987}, on the basis of oxygen isotope data, conclude
that continental ice sheets existed on the Antarctic
continent since about the Eocene/Oligocene boundary
{about 36 Ma).

Although in the Southern Ocean the occurrence and
distribution of diatomaceous sediments shows a close
link to cold climate and cold surface water conditions
during the Cenozoic, well preserved diatom assem-
blages are also known from the Cretaceous, a time
interval characterized by a generally warm and equable
climate. Diatomaceous sediments were encountered
from the upper Cretaceous in the southern Pacific Ocean
{Hajos, 1974y and Seymour [sland ( Antarctic Peninsula,
Harwood, 1988}, and the upper lower Cretaccous in the



Weddell Sea (Gersonde and Harwood, 1990; Harwood
and Gersonde, 1990). The upper lower Cretaceous
(Albian/Aptian) deposit represents the best preserved
diatom assemblages of all known occurrences of this age
and provides a new insight into an early state of diatom
evolution.

High latitude North Pacific and North Atlantic

In the high latitudes of the Northern Hemisphere signifi-
cant deposition of biosiliccous sediments occurs in the
North Pacific, the Bering Sea, and the Sea of Okhotsk
(McCoy and Sancetta, 1985). In the latter two scas
biogenic opal content makes up to 55% of the total
surface sediment, as reported by Jousé and others
(1971). Continuous substantial diatom accumulation
since the middle Miocene was recovered during Leg 19
from the Bering Sea and the extreme North Pacific
(Koizumi, 1973). In contrast, the North Atlantic (North
European Sea) topmost Holocene sediments bear
diatom assemblages which in general are not well pre-
served. A time transgressive-sediment layer rich in di-
atoms occurs within a time interval ranging from 4,500
and 11,000 y BP2 and is related to the Subarctic Conver-
gence and its northward transition (Stabel, 1986). In-
deed, decp-sea drilling results (DSDP Leg 38 and ODP
Leg 104) show that in general most of the Pleistocene
sediments of the European North Sea are devoid in
biosiliceous components. Diatoms may occur within
Pliocene sequences, but are more important only within
Miocene sediments (Schrader and others, 1976, Eld-
holm and others, 1987). An expanded 1150 m thick
Neogene section drilled in Baffin Bay (OPD Leg 105,
Site 645) recovered only rare horizons bearing diatoms
dated to be Plio-Pleistocene in age (Srivastava and
others, 1987).

The differences in modern biogenic silica accumu-
Jation between the North Pacific and the North Atfantic
Ocean can be explained by differences in water mass
circulation. According to Berger (1970, 1974) the waters
of the modern Pacific Qcean are enriched in silica by a
fuctor of four in comparison to the North Atlantic. This
pattern is explained by a circulation model with 2 North
Pacific marked by an ‘“‘estuarine” circulation system
where shallow water is exchanged for deep water rich in
nutrients, enhancing biosiliceous productivity and pres-
ervation of biosiliceous components in the sediment
record. The North Atlantic Ocean on the other hand is
characterized by an “anti-estuarine™ type of circulation,
where deep water (North Atlantic Deep Water,
NADW) flows outward and is exchanged with shallow
water poor in nutrients flowing into the system, and thus
is a circulation type which becomes depleted in nutri-
ents. Consequently the presence or absence of NADW
formation could influence the sedimentation and preser-
vation pattern of biosiliceous components in the Naorth
Atlantic during the geological past. However, Eldholm
and others (1987) interpret the disappearance of bio-
genic opal during the Pleistocene in the European North
Sea simply as a drop in surface-water productivity re-
lated to a stepwise establishment of glacial environmen-
tal conditions, although they state that calcareous
microfossils are depasited.

? BP: before present. to define dates within the Late Pleistocene.
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Paleogene sediments drilled during DSDP Leg 19 in
the Subarctic Pacific (Sites 183 and 192) did not possess
biosiliceous components (Koizumi, 1973). However,
the deposition of Paleogene diatoms in this arca is
documented by findings from dredge samples recovered
in the Bering Sea Navarine Basin (Baldauf and Barron,
1987) and from land sections on the Komandorsky
Islands (Gladenkov, 1988). Oligocenc and Eocene di-
atomaceous sequences were drilled during DSDP Leg 38
in the European North Sea (Schrader and others, 1976),
while ODP leg 104 did not retrieve biosiliceous sedi-
ments from the Paleogene of the Voering Plateau region
(Eldholm and others, 1987).

Arctic Ocean

The history of biogenic silica deposition in the Arctic
Occan is documented only in a few sediment cores. One
core (Cesar 6) from the flank of the Alpha Ridge con-
tains a 163 cm thick section with weil preserved diatom
assemblages dated as late Cretaceous (late Campanian)
by Barron (1983b). Cores containing biosiliccous com-
ponents from two other sites situated on the Alpha
Ridge were described by Kitchell and Clark (1982) and
dated late Cretaceous (Campanian-Maastrichtian} and
Paleogene (probably Early Paleocene) in age. Based on
this recovery Kitchell and Clark (1982) suggested open-
ocean polar upwelling in the Late Cretaceous-Paleogene
Arctic Ocean and proposed three phases in the post-mid
Cretaceous history of silica deposition in the Arctic
Ocean. Further knowledge on Pleistocene opal depo-
sition may be provided by the investigation of piston
cores recovered during RV Polarstern cruise ARK IV/3
(Thiede, 1988) from the Barents Shelf and the Nanscn
Basin (Abelmann 1988, pers. comm.}. As with other
oceanic regions only deep-sea drilling can provide a
broader knowledge on past sedimentation processes in
the Arctic Basin, which was probably an important silica
sink during the late Cretaceous and Paleogene time
period. indeed much financial and technological input is
needed to access the Arctic Ocean because of its perma-
nent seu ice cover.

BIOSTRATIGRAPHY

Diatom biostratigraphy is based on the ranges, thus on
the presence or absence, of stratigraphic marker species
during geological time. The stratigraphic occurrence of
marker species has been used for the definition of bio-
stratigraphic zones, which in most cases are named after
a prominent diatom species which occurs within the
zone. Recently the zonal concept has been substituted or
supplemented by the use of datum levels defined as First
Appearance Datum (FAD) and Last Appearance
Datum (LLAD) for diatom species. Some authors also
use First or Last Abundant Appearance Datum
(FAAD, LAAD): datum levels which may depend
strongly on environmental change. However, the latter
datum levels may lead to confusion because most of the
authors using FAAD or LAAD do not define the term
“abundant™.

Much effort is devoted to the calibration of the bio-
stratigraphic zones and datum levels to the paleomag-

netic time scale, a worldwide synchronous stratigraphy
hased on the reversals in polarity of the earth’s magnetic
ficld. Such a correlation is especially important to tie the
zonations and datum levels to an absolute time scale,
and for the intercalibration of the different bio-
stratigraphic zonations established for the northern and
southern high-latitudes, and the low-latitude regions.

Southern Ocean

For the Southern High Latitude Ocean planktonic mar-
ine diatom zonations were first defined by Jousé and
others (1963). In Ob Core 256 retrieved from the Indian
sector of the Antarctic Ocean four diatom assemblage
zones were described spanning the Pleistocene and the
late Pliocene. Donahue (1970a) established in her Ph.D.
thesis (cited by many authors but never published) a
diatom zonation using piston cores from the western
Bellingshausen Sea (Pacific sector). The four diatom
zones of Pleistocene and late Pliocene age were also
correlated to the paleomagnetic time scale. Similiar
work was undertaken by Abbott (1974) on cores from
the Indian and Pacific sector restricted to the latest
Quaternary (last 1 Ma}, and further biostratigraphic
work on Quaternary sediment cores from the Bell-
ingshausen Sea was carried out by Akiba (1982).

Stratigraphic refinement of the latest Quaternary was
developed by Burckle and Cooke (1983) based on the
abundance pattern of the diatom species Eucampia
balaustium (= E. amtarctica). This stratigraphy was re-
lated to the ice-rafting record, and by second order
correlation, to the oxygen isotope record. However,
Burckic and Abrams (1986) record that the abundance
pattern of E. balaustium appears to be diachronous?
across the Polar Front. Burckle and Burak {1988) show
that relative abundance variations of E. baflaustium and
Hemidiscus karstenii determined in late Quaternary
deep-sea cores from the subantarctic region of the In-
dian sector of the Southern Ocean are close proxies for
the oxygen isotope record. Abundance curves of a “'gla-
cial” and a “interglacial™ species group covering the last
700,000 years are reported by Gersonde and Treppke (in
press) in a study from an area situated south of the Polar
Front. The species groups are dominated by E. hal-
austium and Nitzschia kerguelensis respectively. and the
abundance curve for the latter species group shows a
close resemblance to the pattern of the oxygen isotope
curve.

McCollum (1975) described the first detailed diatom
biostratigraphic zonation for the Oligocene to the
Pleistocene based on material gathered during Deep Sea
Drilling Project (DSDP) Leg 28 in the Ross Sca area
{Pacific sector). Thirteen zones were established, of
which eight were redefined for the Pleistocene and the
Pliocene time interval (last 5 Ma) and these were corre-
Ia.ted with the paleomagnetic time scale based on ad-
ditional piston core studies. However, the origin of the
paleomagnetic data used was not identified. Schrader
(19?6) re-examined part of McCollum’s material. He
revised the Miocene and Oligocene zonation of Mc-
Cotlum (1975} based on a comprehensive study of
DSDP Site 278 (Pacific sector) because he found signifi-
cant differences in the ranges of key species.

diachronous: species runges of vuarying age in different areas.
Contrary of synchronous.

Later, Weaver and Gombos (1981) summarized the
developments of southern high-latitude diatom bio-
stratigraphy and proposed a regionally applicable Neo-
gene (last 24 Ma) diatom zonation using species easily
recognized with a broad geographic distribution. Based
on a revised and comparative study of the DSDP Sites
278 and 266 (Indian sector) and on a number of piston
cores from the Pacific and Indian sector, Weaver and
Gombos defined sixteen zones. The five youngest zones
spanning the last 2.7 m.y. were taken from McCollum
(1975), the six zones defined by McCollum (1975) or
Schrader (1970) were redefined, and five new zones
were established. All together the zonation contains
thirty diatom datum levels. It allows a time resolution of
approximately 0.5 m. yr within the time interval of the
last 4 Ma, and of 0.5 to 4 m. y. within the time interval
from 4 Ma to 23 Ma. The youngest stratigraphic datum is
at about 195,000 y. BP (uppermost part of oxygen-
isotope stage 7), defined by the LAAD of Hemidiscus
karstenii (Burckle and others 1978). Weaver and
Gombos (1981) correlated the late late Miocene to
Pleistocene diatom zones (last 8 Ma) with the paleomag-
netic time scale, but again the original paleomagnetic
data taken from piston core studies were not shown,

Ciesielski (1983) revised the zonation of Weaver and
Gombos (1981) on the basis of DSDP cores from the
Southwest (Subantarctic) Atlantic and described five
additional Neogene zones. The late middle Miocene to
Pleistocene zones were correlated to the paleomagnetic
time scale. [ndeed reliable paleomagnetic duta exist only
for the Pliocene and Pleistocene (Salloway, 1983), while
the correlation to the Miocene zones is weak because of
the questionable paleomagnetic data interpretation of
Ledbetter (1983). !

Critical and still unresolved points of the Neogene
diztom zonation established by Weaver and Gombos
{1981) and Ciesielski (1983) are:

1} Age discrepancies of Pliocene and Pleistocene zonal
boundaries between the zonations established by the
different authors (compare Ciesielski, 1983, Fig. 3). It
cannot be determined if these discrepancies are caused
by diachronous occurrence of species, misidentifica-
tions,.sample spacing, unrecognized unconformities or
weak paleomagnetic data and interpretation.

2) Same biostratigraphic marker species show definite
north-south diachronous occurrence, whereas others
are regionally absent (Burckle and Abrams 1986).

3) The Miocene zones are not tied to the paleomagnetic
time scale.

4y Most of the diatom zones are defined by the LAD of
species, a definition which causes problems because
reworking of older species into younger sediments by
bottom water activity is common in the Southern Ocean
basins.

5) Some zoncs are defined by the LAAD of species - a
definition which is, however, not supported by quanti-
tative measurements.

6) Several species used as biostratigraphic marker
species are poorly described or documented, which
leads to misidentifications and consequently wrong age
assignments,

7) Some Miocene zones range up to 4 m.y. in duration
and should be refined.

Recent deep-sea drilling in the Atlantic and Indian
sector of the Southern Ocean (Ocean Drilling Program
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Legs 113, 114, 119 and 120) recovered a number of well-
preserved, continuous Neogene sections rich in diatoms.
The excellent sections recovered by ODP Leg 113 Sites
689 and 690 (Maud Rise, southeast Weddell Sea, Ant-
arctic Ocean) were chosen by Gersonde and Burckle
(1990) for the establishment of a revised Neogene Ant-
arctic diatom zonation. Altogether sixteen diatom zones
and a number of additional stratigraphic useful diatom
datums, which cover a time interval between the late
early Miocene and the Pleistocene, are described. Six
zones established by previous authors are in part modi-
fied or renamed, and ten new zones are proposed. The
zones are calibrated directly to the paleomagnetic time
scale, which allows an absolute zonal age determination
and thus permits comparison of Neogene Antarctic
diatom events with events described from the low- and
northern high-latitudes. The zonal boundaries of this
stratigraphy are mostly defined by the FAD of diatom
species, These studies show that the lower Miocene and
the middle to lower upper Miocene diatom zonation of
the southern high-latitude diatom biostratigraphy re-
sembles in part that of the tropical Pacific and the
middle- to high-latitude North Pacific, respectively. The
diatom stratigraphy of Gersonde and Burckle (1990) is
directly calibrated with revised radiolarian and sil-
icoflagellate zonations for the southern high-latitudes
{Gersonde and others, 199). Additional taxonomic
studies on Neogene stratigraphic marker species are
carried out by Gersonde {1990a, b), Based on the ma-
terials recovered during ODP Legs 119 and 120 in the
area of the Kerguelen Plateau and Prydz Bay {Indian
sector) Baldauf and Barron (1991), and Harwood and
Maruyama (1991), respectively, propose further im-
provements for the Southern Ocean Neogene diatom
zonation. In these two papers, 21 and 28 Neogene
diatom zones and more than 100 additional datum levels
calibrated with the paleomagnetic time scale are de-
scribed. Large efforts are also done for the description
and documentation of new stratigraphic useful. By these
recent efforts a Neogene southern high-latitude diatom
stratigraphy is now accomplished having a standard,
which prior existed only for the tropical and the middle-
to high-latitude North Pacific (compare Koizumi and
Burckle, 1984 and Barron, 1983a).

The knowledge on Paleogene diatom assemblages
{from the Southern Ocean is more restricted to the late
Eocene and Oligocene time interval (40 - 24 Ma). Hajos
(1976) decribed stratigraphic ranges of late Eocene and
early Oligocene diatoms from cores drilled south of
Tasmania. Similiar work was undertaken by Gombos
(1976) on material from the Falkland Plateau {South-
west Atlantic). A detailed diatom zonation for the Pal-
eogene sequences was established by Gombos and
Ciesielski (1983) based on DSDP Sites 511 and 313A
{Southwest Atlantic). Fenner {1984) revised this zo-
nation because she found different ranges of some
marker species than those described by Gombos and
Ciesielski (1983). Fenner (1984) defined five diatom
zones for a time interval covering the late Eocene and
Oligocene. First Appearance Datums (FAD) were used
for the definition of most zonal boundaries to avoid
problems related to reworking. Middle Eocene and late
Paleocene diatoms from DSDP Sites in the South Atlan-
tic were described by Gombos (1976, 1983, 1984).
Further progress in the refinement of Paleogene diatom
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zonations for the Southern Ocean was also possible
based on the investigation of deep sea cores drilled
during the recent ODP Legs in the Southern Ocean.
Baldauf & Barron (1991), and Harwood and Maruyama
(1991) propose zonations for the Oligocene that are
calibrated with the paleomagnetic time scale. A revised
Palcocene diatom stratigraphy is prepared by Fenner
based on ODP Leg 114 and DSDP materials. For late
Cretacecous sediments from the Southwest Pacific Ocean
a diatom zonation including nine zones and twelve
subzones was established by Hajos (1974).

High latitude North Pacific and North Atlantic

For the Northern High-Latitude Oceans different
Cenozoic diatom zonations have been established for
the Subarctic region of the Pacific and for the North
Atlantic European North Sea (Norwegian and Green-
fand Sea). Schrader and Fenner (1976) established the
first diatom zonation for the European North Sea,
including twenty-eight zones based on DSDP cores.
Twenty-one of these zones fall within the Neogene and
Quaternary (last 24 Ma), and seven occur within the
Oligocene and late Eocene. Based on the same DSDP
cores Dzinoridze and others {(1978) propose another
Cenozoic diatom zonation. The same marker species are
used for the Eocene in both papers, whereas different
biostratigraphic species were chosen for the Qligocene,
Neogene and Quaternary. A correlation of the Neogene
and Paleogene zonations established by Schrader and
Fenner (1976), and Dzinoritze and others (1978) to
zonations established for the low latitudes was compiled
by Baldauf (1984) and for the Southern Ocean by Fen-
ner (1985). Similiarly Barron (1983a) correlated the
Neogene European North Sea zonation of Schrader and
Fenner (1976) to other Neogene zonations. The Euro-
pean North Sea zonation is not yet directly tied to the
palcomagnetic time scale, but further progress in achiev-
ing this goal can be expected in the near future based on
deep-sea cores from ODP Leg 104 in this area ( Eldholm
and others 1987).

Koizumi and Burckle (1984) summarized the bio-
stratigraphic  results for the Neogene Subarctic
Pacific Ocean. Ten first-order and five second-order
datum planes were defined for the time interval ranging
the last 6.5 Ma, based on the results of Donahue
(1970b), Koizumi (1973, 1975), Burckle and Opdyke
(1977), and Ujiie and others (1977). While these datum
planes are tied to the paleomagnetic stratigraphy, no
calibrated datum planes exist for the time interval prior
to 6.5 Ma from scdiment sequences originating the
Subarctic Pacific Occan. Barron (1985a) proposed a
Neogene middie- to high-latitude North Pacific diatom
zonation based on the results of Koizumi (1973) and
Barron (1980) from sediment cores recovered during
DSDP Legs 19 and 57 in the Subarctic Pacific and off
Japan. This stratigraphy comprises seven Miocene, and
five Pliocene and Quaternary zones. Barron (1983a) also
states that the stratigraphy established by Schrader and
Fenner (1976) for Lower Miocene sequences of the
Norwegian Sea may be applicable to the North Pacific.
A refined diatom stratigraphy for the late Pleistocene
Subarctic Pacific (last 0.7 Ma) was established by San-
cetta and Silvestri (1984) using a maximum of Ac-
tinocyclus ochotensis, and abundance Auctuations of

: Rhizosolenia hebetata and Denticulopsis seminae. The
' latter species abundance fluctuations were found to be
" roughly in phase with the global isotope record during

the time period spanning the last 450000 years.

PALEOOCEANOGRAPHY

Diatom paleoecological studies for the reconstruction of
paleooceanographic and climatic conditions are based
on the abundance and the species distribution of diatoms
recorded in the sediments. Because depositional
patterns of diatomaceous sediments are related to areas
with high surface water productivity (Lisitzin, 1971}, the
occurrence and abundance patterns of fossil diatoms can
be used as a proxy for productivity in the geological past.
However it should be remembered that in general only
1-5% of the diatom frustules produced in the surface
water euphotic zone are preserved in the sedimentary
record (Calvert, 1974). The quantitative analysis of
diatomn associations on the species level is used for the
reconstruction of changes in surface water temperature,
surface salinity, productivity and sea-ice coverage. Such
reconstruction can only be successfuf when the autecol-
ogy of the investigated species is known and modern
analogues can be used for comparison. Publications
which provide information on geographical species dis-
tribution and autecology of marine planktonic diatoms
from the circum-Antarctic Ocean were published by
Hart (1942), Kozlova (1964), Hasle (1969, 1976), Fen-
ner and others (1976) and Burckle and others (1987).
Quantitative studies on diatoms related to Antarctic sea
ice were accomplished by Clarke and others (1984) and
Gersonde (1986a). A comprehensive overview of the
study of sea ice microalgae is given by Horner (1985).
Statistical methods, such as the factor analysis-
transfer function technique established by fmbrie and
Kipp (1971), have been used successfuily for the recon-
struction of, especially, Pleistocene environments. This
technique uses data from surface-sediment assemblages
and an atlas of oceanic parameters as a predictive data
base for the estimation of individual palecenvironmen-
tal parameters. The evidence of this statistical approach
for the reconstruction of environmental conditions using
diatom assemblages is supported by a broad study of
surface-sediment diatom assemblages recovered from
the Pacific Qcean. Kozlova and Muchina (1967) demon-
strate that the distribution of species in the surface
sediment ciosely reflects their distribution in the
plankton, with the exception of weakly silicified forms
which are dissolved before incorporation in the sedi-
ment. A very close spatial-geographical correspondence
is proved for the Subantarctic and the Subarctic region.

Southern Ocean

Early paleooceanographic studies on sediments from
the circum-Antarctic Ocean concentrate on the descrip-
tion and delineation of diatom assemblages preserved in
the surface sediments and on rough estimations of paleo-
environmental changes within the Quaternary time
period. Jousé and others (1962) were the first to stress
the importance of fossil diatoms for paleooceanographic
studies in the Southern Ocean areca. Based on 162

sediment surface samples recovered from the Indian
sector of the Southern Ocean Jousé and coworkers
delineated the distribution of diatom species and defined
one Subantarctic and one Antarctic diatom assemblage
geographically separated by the Polar Frontal Zone.
The diatom assemblages recorded in the surface sedi-
ment have been compared to those produced in the
cuphotic zone. The latter were studied in detail by
Kozlova (1962), and problems related to the bias in the
composition of surface sediment diatom assemblages by
dissolution are discussed. In a subsequent and more
comprehensive paper Kozlova (1964) extended the
study of Jousé and others (1962), covering an area which
includes the eastern Atlantic, the Indian and most of the
Pacific sector of the Southern Ocean, and thus compiled
a valuable base of later paleoenvironmental studies
based on diatoms. The data from the Pacific sector were
taken from an unpublished study by Koroleva and
Nagaeva. Abbott (1974) also investigated surface sedi-
ments from the Indian sector of the Southern Ocean. He
described one Subantarctic, one Subtropical and, tenta-
tively, one Antarctic diatom assemblage. He discussed
the effects of Antarctic Bottom Water on the geographi-
cal distribution of diatom assemblages in surface sedi-
ments. in a downcore study Burckle (1972} used a ratio
of holoplanktonic to meroplanktonic diatoms for the
reconstruction of Holocene paleoclimates on a sediment
core from the Scotia Sea {Atlantic sector of Southern
Qcean). The ecology and palececotogy of the diatom,
Eucampia  balaustium, was discussed by Burckle
(1984b). Based on the distribution pattern of E. bal-
austiven in surface water and in the sediment record it is
concluded that although this gpccies is widely distributed
in the Southern Octan, it is most abundant in neritic
environments. A “‘pseudoneritic” environment, pro-
vided by floating ice, may also provide a substrate for
proliferatien of this species.

Some of the earty users of the factor-analysis method
were Truesdale and Kellogg (1979). Four diatom assem-
blages were defined quantitatively from surface sedi-
ments of the Ross Sea arca and were related to
oceanographic and environmental parameters as a base
for downcore paleoenvironmentai studies. The con-
clusions of this paper were contested by Fillon (1979),
witha reply by Kellogg and Truesdale (1979). A rather
descriptive compilation of the microfossil distribution in
modern Amundsen Sea sediments, also including di-
atoms, is given by Kellogg and Kellopg (1987). Leventer
and Dunbar (1988) discuss the response of the paleo-
oceanographic conditions in McMurdo Sound (Ross
Sea) to the historical “Little Ice Age'”, based on
quantitative diatom studies. They conclude that coastal
polynya formation was more persistent during the
“Little Ice Age” and suggest that within the south-
western Ross Sea, the production of high salinity shelf
water, and hence Antarctic Bottom Water, may have
been greater at this time.

A quantitative study comparable to that of Truesdale
and Kellogg was accomplished by Defelice and Wise
(1981) on surface sediments from two North-South core
transects situated between South Africa and the Antarc-
tic Continent in the Atlantic sector of the Southern
Qcean (fslas Orcadas Cruises 11 and 12). Five assem-

< Little Tee Age™: cooling period between ca. 1600 and 1875 A.D.
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blages were defined by factor analysis, reflecting differ-
ent environmental conditions such as: a high diversity
assemblage associated with the nutrient-rich, cold wa-
ters south of the Polar Front; an assemblage found north
of the Polar Front reflecting warmer Subantarctic sur-
face water; and a low diversity environmentally stressed
assemblage, reflecting unstabie conditions along the
Polar Front, the northern boundary of winter sea-ice
and the Antarctic slope. Defelice and Wise (1981) dis-
cussed the problems related to the widespread domi-
nance of Nitzschia kerguelensis when using the factor
analysis technique and concluded that this species is
probably r-selected. Downcore studies of Defelice and
Wise (1981), which were based on the accurrence of
silicoflagellates are restricted to the last 300000 years
and were interpreted to reflect migrations of the Polar
Front and fluctuations in surface water temperature.
Pichon and others (1987) completed a factor-analysis-
based surtace sediment study on the entire Atlantic and
the western Indian sector of the Southern Ocean, using
diatom assemblages from 28 core tops. However the
data base for the arcas south of 60°S is rather weak.
Before statistical treatment the original data matrix was
modified: the relative abundance numbers were re-
placed by four ranked abundance classes defined ar-
bitrarily for cach species. This was done to avoid
problems related to the widespread dominance of
Nirzschia kerguelensis and Thalassiosira lentiginosa and
to increase the weighting of less abundant species. One
of the three resulting diatom assemblages was associated
with Subantarctic and the other two with Antarctic
waters. These arcas are delineated by distinct oceano-
graphic features: the Polar Front and the northern
boundary of the summer sea-ice distribution. Based on
the comparison between the distribution of the three
assemblages with surface water oceanographic par-
ameters a set of transfer functions was derived, that was
successfully used for the reconstruction of summer sur-
face water temperatures during the last 20,000 years in
the Southern Ocean (Labracherie and others, 1989;
Bard and others, 1990).

Burckle (1984a) made the first attempt for the recon-
struction of the oceanographic conditions during the last
glacial maximum (18,000 y. BP) in the Southern Qcean
based on a quantitative diatom assemblage analysis and
preservational data, Using the factor analysis-transfer
function technique Burckle concluded that during the
last glacial maximum the late spring/early summer sea
ice cover was shifted slightly northwards; the Southern
Ocean was ice-free during many summers; the gyre
systems were intensified, and a Weddell Sea Polynya
probably existed.

However, with regard to the establishment of paleo-
oceanographic transfer functions derived from factor
analysis of species abundances, Shemesh and others
(1989) state that the effects of differential dissolution of
diatom species on thanatocoenoses® have been widely
ignored. They conclude that for this reason, such trans-
fer functions must be interpreted with caution. Shemesh
and others (1989) found, that increasing dissolution
causes relative depletion in Nitzschia kerguelensis, en-
richment in Thalassiosira lentiginosa and slight enrich-

* thanatocoenosis: a set of Tossils brought together after death by
sedimentary processes.

ment in Eucampia antarctica (= E. balaustium), reflect-
ing relative susceptibility to dissolution of the three
species that dominate Antarctic sediments.

Antarctic diatoms have also been used for the delin-
cation of pathways of Antarctic Bottom Water
{AABW), for the mapping of disconformities in the
sedimentary record related to paleooceanographic
events, and for the reconstruction of fluctuations in
Antarctic continental ice volume. Burckle and Stanton
(1975), Booth and Burckle (1976), Burckle (1981) and
Jones and Johnson (1984) used displaced Antarctic di-
atoms recovered from sediments in the South Atlantic
and the Western Pacific as tracers for the pathways of
Antarctic Bottom Water both today and in the geologi-
cal past. Jones and Johnson (1984) reconstructed late
Pleistocene/Holocene fluctuations in AABW in the
Vema Channel (South Atlantic) and reported less abun-
dant displaced Antarctic diatoms during glacial maxima
than during interglacials.

Diatom biostratigraphic results were used by Osborne
and others (1983), and Ledbetter and Ciesielski (1986)
for the evaluation of deep-sea disconformities in the
Indian and Atlantic sector of the Southern Qcean, re-
spectively. The hiatuses were taken to define periods of
increased bottom-water activity and to indicate circu-
lation patterns of the Antarctic Bottom Water (AABW)
and the Circumpolar Deep Water (CDW) during the
late Neogene in the Southern Ocean. Increased AABW
and CDW activity was recorded within a time interval
spanning 4.3 to 3.5 Ma and related to a cooling of the
Southern Ocean and fringing ice-shelves. Decreased
AABW and increased CDW activity at about 2.5 to 3.0
Ma were interpreted to be related to the formation of
Northern Hemisphere ice shects and the increase of
AABW and CDW velocity during 2.0 and 1,5 Ma was
related to an Antarctic cooling. However, Burckle and
Abram’s (1987) re-cxamination of some cores used in
this study resulted in different age assignments than
stated by Ledbetter and Ciesielski (1986) and the
investigations of cores recovered from the studied
area (e.g. the Maud Rise. Abelmann and others, 1990)
resulted in other sediment distribution patterns than
reported by Ledbetter and Ciesielski (1986). Abun-
dance patterns of siliccous microfossils, species com-
position of the preserved assemblages and time-
geographic occurrence of hiatuses were the base for
the estimation of Plio-Pleistocene paleoproductivity,
surface water temperature and bottom water activity
in the Atlantic sector of the Southern Ocean by
Abelmann and others (1990). The lower Pliocene
environment was characterized by high biogenic pro-
ductien and warmer conditions. Widespread hiatuses
in deep and shallow water depth, followed by a distinct
change in facies and modifications of the species com-
position indicate significant changes in oceanographic
circulation patterns during the late Pliocene. Within
the time interval late Pliocene to carly Pleistocene, the
erosional activity of water masses is restricted to water
depth above 4400 m and biogenic silica production
decreases considerably. Abelmann and others (1990)
proposed, that this pattern is related to an intensified
flow of North Atlantic Deep Water into the Southern

Ocean circulation system due to stronger production
of this water mass after the onset of major glaciation
on the northern hemisphere.

Based on the recovery of late Neogene marine
planktonic diatorns from the Sirius Formation {Trans-
antarctic Mountains), Webb and others (1984) and. Har-
wood (1985) concluded that open-marine conditions
prcvuiled in the Wilkes and Pensacola Basins (East
Antarctic continent) during the time intervals 6.6 to 4.2
Ma and 3.1to 2.5 Ma. Thus it was suggested that parts of
the Antarctic continent were deglaciated during late
Neogene time periods. However, late Neogene oxygen
isotope values do not indicate substantial differences in
temperature and ice volumes when compargd to the
present-day conditions (Kennett and Hodell, 1986).

Since 1983 experiments with year-long mooring of

time-series sediments traps combined with quantitative
studies of the underlying surface sediments have pro-
vided information about alteration of biogenic particles
during settlement through the water column. Alteration
results from mechanical breakdown by feeders, from
opal dissolution, and from mechanisms of vertical and
horizontal transport in the Southern Occan. Knowledge
of these parameters is essential for the evaluation of
siliceous microfossil assemblages recorded in the sedi-
ments and used as indicators of envirenmental con-
ditions in the geological past. Sediment trap studies in
the Bransfield Strait and the Weddell Sea (Gersonde,
1986b, in press, a,b; Gersonde and Wefer, 1987, Wefer
and others, 1988, 1990; Fischer and others, 1989} illus-
trate that the particle flux in Antarctic waters occurs in
short pulses when flux values as high as 2 g m-? day"! can
be reached. In the Bransfield Strait more than 90% of
the annual flux occurs in December and January, while
maximum flux in the Weddell Sea occurred during Feb-
ruary and March (Abelmann and Gersonde, 1991).
Thus the paleoenvironmental signal incorporated into
the sediments can only represent environmental con-
ditions during this comparatively short time span of the
year. The studies also indicate the importance of fecai
pellets as carriers of biogenic opal through the water
column. Maximum pellet flux rates in the Bransfield
Strait were estimated to be 4-6 x 105 pellets m -2 day -1,
produced by krill and copepods, but the bulk of pellet
content consisted of fragmented diatom frustules which
could not be identified to species level. Thus it was
suggested that most of the intact valves recorded in the
sediments have settled through the water column by
means other than fecal pellets: incorporated or attacl}ed
to aggregates {Gersonde and Wefer, 1987). Alteration
of diatom cell walls occurs in the upper portion of the
water column by mechanical breakdown by feeders,
such as krill, which affected especially the large frustules
of Carethron criophilum. Alteration by dissolution of
silica is enhanced at the sediment-water interface and
may exert a strong bias upon composition of diatom
assemblages preserved in the sediments. In the Weddell
Sea only a minor portion of diatom species originally
produced in the euphotic zone is incorporated in the
sediments, There the fossil assemblages dominated by
the resistant species Nitzschia kerguelensis did not re-
flect environmental conditions such as sea-ice coverage
which affected the studied site more than half of the
entire year (Gersonde, in press, a). Similiar conclusions
were also deduced by Leventer and Dunbar (1987)
based on short-time sediment trap studies in McMurdo
Sound, Ross Sea.

High latitude North Pacific and North Atlantic

The first palecenvironmental work on sediment cores
from the North Pacific and Subarctic Pacifi¢ is that of
Jousé (1960, 1962, 1967 and 1971). This work is based on
the definition of cold-water and warm-water diatom
assemblages and is restricted to the Pleistocene time
period. Paleoenvironmental studies on North Pacific
Pleistocene cores were aiso done by Donahue (1970b)
and Keizumi (1973). Donahue (1970b) used a diatom
temperature value index (Fd values) for the evaluation
of paleotemperatures. The Td value was established by
Kanaya and Koizumi (1966) based on the relative pro-
portion of *‘cold” and “warm’" water species individuals
in a given sample. Using the factor analysis-transfer
function technique, Sancetta (1979) reconstructed win-
ter and summer surface water temperature, and pro-
ductivity at 18000 years BP, the last glacial maximum, in
the North Pacific. Sancetta {1979) could also monitor the
evolution of oceanographic parameters during the last
18000 years and showed that present conditions were
established 8000 years BP. In a series of subsequent
papers Sancetta (1981, 1983a) and Sancetta and Robin-
son (1983) clucidated the environmental and oceano-
graphic history of the Subarctic Pacific and Bering Sca
since the last glacial maximum (Wisconsin glaciation),
based on downcore studies. Sancetta (1983b) described
a new technigue for the identification of the shelf-slope
break based on diatom counts on material recovered in
the Bering Sea.

Compared to the Subarctic Pacific, less diatom retated
paleoenvironmental work has been done in the area of
the European North Sea because of the scarce occur-
renee of well preserved diatom assemblages in
Pleistocene sediments. Sediment cores from the south-
eastern Norwegian Sea show a prominent diatom maxi-
mum in sediments dated to be late Weichselian (last
glacial maximum) in age (Bjoerklund and others, 1979;
Jansen and others,1983). Stabel (1986) refated the time-
transgressive diatom-rich sediment layer to the Sub-
arctic Convergence and its northward transition. Only
recently Schrader and Karpuz (1990) accomplished a
quantitative study on diatom assemblages from surface
sediments from two WE-sections across the Norwegian-
Iceland Seas. Using the factor analysis-transfer function
technique these data are related to physical and chemi-
cal surface water characteristics to create a basis for
further paleoenvironmental downcore- studies. The dis-
tribution of diatoms in surface sediments of the Kane
Basin (between Ellesmere Island and Greenland) was
semi-quantitatively determined by Kravitz and others
(1987), who found a positive relation between diatom
abundanece, and absence of sea ice and sediment pond-
ing in deeper basins,
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1a Valve structure towards a point ... CENTRALES
b Valve structure towards a line .. PENNALES

CENTRALES
la Valves primarily with a marginal ring of processes
and symmetry with no polarity .o

Ib Valves without a marginal ring of processes except
for linking spines in some species; symmetry
primarily With Polarity e 2

2a Valves primarily “‘unipolar”; pervalvar axis strongly

developed s I1. Rhizosoleniineae
2b Valves primarily bipolar ... 111. Biddulphiineae
PENNALES
la Valves without a raphe ... .1V, Araphidineae

1b Valves with a raphe oo V. Raphidineae

1. Coscinodiscineae
1a Valves with strutted processes and at least one labi-
ate process; spines or occluded processes may be
present, areolae with foramina outside, cribra inside
............................................................ F. Thalassiosiraccae
Ib Valves with labiate proceses or spines only, when
areolae well developed foramina inside, cribra out-
side, pseudoloculi sometimes Present e 2
2a Valves often with strongly developed pervalvar axis,
chain formation common, resting spores occur .....3
2b Valves generally disc-shaped with less developed
pervalvar axis, chain formation and resting spores
UTTKTIOWIT ceooreeremmesissessresssens b ssarmss e sssispiaas s s cssessanssiasons 4
3a Labiate processes and sometimes marginal linking
spines present, usuatly heavily silicified .
..................................................................... F. Melosiraceae
3b Labiate processes absent, more or less prominent
SPINES PIESENT covveeemseamssssrsnseniesins F. Leptocylindraceae
4a Valves with homogeneous areolation all over the
valve, valve surface hemogeneously curved or flat,
labiate process often scattered on valve face ... 3
4b Valve areolation not homogeneous or valve surface
divided into sectors, labiate process only marginal
Sa Valves without pseudonodulus, often labiate pro-
cesses on valve face, marginal labiate processes may
be of different sizes ... F. Coscinodiscaceae

CHAPTER 10

KEY TO DIATOM FAMILIES

INCLUDING ONLY THOSE FOUND IN POLAR WATERS
(IN PART AFTER SIMONSEN, 1979)

5b Valves with pseudonodulus, labiate processes margi-
nal and ali of the same size, or if pseudonodulus is
absent, then additional single central labiate process
T30 s34 111 | SO F. Hemidiscaceae
6a Valves with enlarged arcolae, partly ray-shaped,
reaching from a central area almost to the valve
TRALRI erreenccisrnimrsssnsessstrssmssssssesins F. Asterolampraceac
6b Valves without enlarged areolae, valve surface often
divided into sectors or with prominent marginal
labiate ProCeSSEs .iiimmmmasiirins F. Heliopeltaceae

I1. Rhizosoleniineae
1 Valves with a single, usually cccentrically located
labiate Process F. Rhizosoleniaceae

111. Biddulphiineae ”
la Valves with sefae, linkéd in colonies, end valves of
colonies with a low 1ablate Process .o
............................................................... F. Chaetoceraceae
Ib Valves WithOUL SETAC . seastiisesnss 2
2a Valves usually with clevations, some with linking
spines, pscudocelli common, labiate processes in
distinet pattern s F. Biddulphiaceac
2b Valves may have elevations, pseudoocelli facking,
external tubes of labiate processes often long ...
................................................................. F. Eupoadiscaceae

IV. Araphidineae

1 Valves lacking a raphe, possessing a central raphe
sternum (axial area, labiate processes either at both
apices or only at one, or SUDCENLLAL) ceoeceeeiierrenennainnns
..................................................................... F. Diatomaceae

V. Raphidineae
la Raphe not subtended by fibulae and not closed by a
canal 0N the INSIAE s 2
1b Raphe subtended by fibulae or closed by a canal on
INISIAE vooveeeressssssrmssessssssesrnsms s ssessssas s pemssss s s seessnss 3
2a Both valves of a frustule with a raphe .
..................................................................... F. Naviculaceae
2b Only one valve of a frustule with a raphe .o
............................................................... F. Achnanthaceae
3a Frustules symmetrical on the apical axis, raphe trav-
ersing across the valve ... F. Auriculaceae
3b Frustules usually symmetrical on the apical axis,
raphe eccentric to central but running from one end
of the valve to another ... F. Bacillariaceae
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GENERA WITH SPECIES COMMONLY FOUND IN EITHER POLAR REGION

Family Thalassiosiraceae Family Diatomaceae

Bacterosira Fragilaria
Detonula Liemophora
Porosira Synedra
Skeletonema Thalassionema
Thalassiosira Thalussiothrix
Family Melosiraceae Trichotoxon
Melosira Family Achnanthaceae
Faralia Achnanthes
Family Leptocylindraceae Cocconeis
Corethron Family Naviculaceae
Leptocylindrus Amphora
Family Coscinodiscaceae Banguisia
Coscinodiscus Berkeleya
Stellarima Caloneis
Family Hemidiscaceae Diploneis
Actinocyclus Entomoneis (= Amphiprora)
Azpeitia Gyrosigma
Family Asterolampraceae Haslea
Asteromphalus Manguinea
Family Heliopeltaceae Membraneis
Actinoptychus Navicula
Family Rhizosoleniaceae Lyrella
Dactyliosolen Parlibellus
Rhizosolenia Pinnularia
Proboscia Plagiotropis (= Tropidoneis)
Family Biddulphiaceae Pleurosigma
Bucampia Stenoneis
Family Chaetoceraceae Trachyneis
Chaetoceros Pseuwdogomphonema
Family Eupodiscaceae Rhoikoneis
Odontella Stauroneis
Family Auriculaceae
Auricula
Family Bacillariaceae
Hantzschia
Nitzschia
Cylindrotheca
Bacillaria

Note: Please refer to Round and others (1990) for a
revised classification scheme

Plate 10.1 Line drawings to aid Key to Families. Drawn by E. E. Syvertsen.
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CENTRALES

Shape of cell, = ring of processes, polarity, elevations

Coscinodiscineae : Rhizosoleniineae :

pervalvar axis

ring of processes /

Biddulphiineae :

bipolar
elevations

pseudocellus / ocellus

PENNALES.

14

Apical pore field, labiate process, & raphe, shape of raphe

Ty O

Araphidineae :

—

no raphe

Raphidineae : C::::D r -
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GLOSSARY

Plate 10.2. Line drawings of selected features of the Irustule structure,

Figs [-8, 11 taken from Barber and Haworth (1981); Fig. 91

Figs 1-6 Components of the (rustule

Fi

2. 1 Epivalve

Fig. 1a Mantle of epivalve
Fig. 2 Epicingulum

Fig. 3 Hypocinguium

Fig. 4 Hypovalve

Fig. da Mantle of hypovalve
Fia, 5 Complete frustule

Fig. 6 Complete frustule shawing overlapping cingula,
E-F. see Fig. 8

Fig. 7 Theca with cingulum composed of several girdle
bands (copuiae)

(1983)
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Fig. 8 Axes of the frustule, A-B = Apical axis, C-D =
Transapical axis E~F of Fig. 6 = pervalvar axis

Figs 9-F1 Types of areolue

Fig. 9 Punctatc arcolae with vela (v)

Fig. 10 Loculate ureolae with foramen () and vela (v)
Fig. 11 Alveolate arecla with foramen (1) and vela (v)

Figs 12-14 Some types of processes which penetrate the
valve wall

Fig. 12 Labiate process (Ip) with long exiernal tube (et)

Fig. 13 Trifultate strutted process (st) with accompanying
satellite pores (sp)

Fig. 14 Operculate strutted process (op)

aken from Mann (1978); Figs 12-14 taken from Priddle and Fryxell
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Plate 10.3. Line drawings of valve shapes

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig,
Fig.
Fig.

Fig.

1 Circular

2 Elliptic

3 Narrow clliptic

4 Ovate

5 Lanceolate, wide

6 Lanceolate, narrow
7 Lanceolate, fusiform
8 Rhombic

Y Rectangular

10 Linear

i1 Clavate

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

12 Linear with gibhous centre

13 Triundulate

14 Trapezoidal

15 Trapezoidal

16 Sigmoid

17 Sigmoid lanceolate

18 Sigmotd rhombic

19 Sigmoid linear

20 Panduriform

21 Panduriform, gently constricted

22 Reniform

Figs taken from Barber and Haworth (1981); Figs 14 and 15 valves in girdle view, all others in valve view.
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Plate 10.4, Line Drawings of Varying Valve Symmetries

Heteropolar ~ Ends of the valve differing in shape or size
Isopolar - Ends of the valve similar in shape or size

Isobilateral - Valve outline similar on either side of the apical axis

Dorsiventral — Valve outline dissimilar either side of the apical axis, the veatral side being narrower

Fig. 1 Spatulate

Fig. 2 Ovate

Fig. 3 Clavate

Fig. 4 Bilobate

Fig. 5 Clavate

Fig. 6 Hastate

Fig. 7 Clavate

Fig. 8 Semilanceolate
Fig. 9 Semilanceolute
Fig. 10 Semicircular
Fig. 11 Crescentic

Fig. 12 Arcuate

Fig. 13 Arcuate

Fig. 14 Auricular

Fig. 15 Reniform

Fig. 16 Sigmoid linear
Fig. 17 Sigmoid lanceolate
Fig. 18 Sigmoid rhombic
Fig. 19 Panduriform

Figs taken from Barber and Haworth (1981)
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Fig.
Fig,
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig,
Fig.
Fig.
Fig.

Fig.
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32

33

34

35

36

37

38

Panduriform
Panduriform
Elliptic
Elliptic
Eltiptic
Elliptic
Subcircular
Lincar
Lineuar
Linear
Rectangular
Rectangular
Acicular (Spindle)
Fusiform
Lanceolate
Lanceolate
Rhombic
Rhombic

Rhombic
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Plate 10.5. Line drawings of valve structure and areolae patterns as found in centric diatoms

Fig. 1 Arcolae all of equal size Fig. 8 Areolue arranged in curved sectors with the longest

strize on the edge of the sector
Fig. 2 Areolae increasing in size from valve centre

Fig. 9 Areolac arranged in straight sectors with the longest
Fig. 3 Areolae increasing in size from valve centre then strize in the middle of the sector
decreasing to margin

Fig. 10 Areolac arranged in linear strine
Fig. 4 Arcolae decreasing in size from valve centre

Fig. 11 Arcolae arranged in eccentric striae
Fig. § Areolae arranged in radiating striae

Fig. 12 Structure of a Rhizosolenia cell seen in ventral and

Fig. 6 Areolae arranged in radial and subradial striae laterai views

Fig. 7 Areolae arranged in short irregular strise Fig. 13 Pscudonodulus (p) of the Hemidiscaceae

Figs 1-11 taken from Barber and Haworth (1981); Fig. 12 taken from Sundstrém (1985)
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Theca in ventral view

Process

Labiate structure

Contiguous area

Claspers ———=
Valvocopula

//‘
First ventral copula /

Copula —]

Theca in lateral view
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Fig.

1 Striae parallel throughout

Fig. 2 Strize radiate throughout

Fig.

3 Striae radiate throughout but more closely spaced

at the apices

Fig.

4 Striae radiate at the centre but convergent at the

apices

Fip.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

5 Striae curved around the central area

6 Striae sigmoid around the central area

7 Strige gently radiate to gently convergent

8 Strine pattern different bilaterally

9 Striae strongly radiate Lo strongly convergent
10 Striae oblique throughout

11 Strige radiate and sigmoid throughout

12 Striae strongly radiate to convergent with abrupt

changeover

Fig. 13 Striae lineate. not bounded at the edge

Fig.
Fig.

Fig.

14 Striae lineate and bounded at the edge
15 Areolae equally spaced and separated

16 Areolae closer spaced towards margin

Fig. 17 Areolae not clearly separated

Fig. 18 Arcolae rectangular in shape

Figs taken from Barber and Howarth (1951)

Plate 10.6. Line drawings of arcclac patterns as found in pennate diatoms

Fig. 1% Arcolae bacilliform in shape

Fig. 20 Areolae alternately spaced in double rows
Fig. 21 Areolac in double or multiple rows in the stria
Fig. 22 Arcolac hexagonal

Fig. 23 Arcolac arranged in longitudinal and transverse
siriae

Fig. 24 Areolae arrunged in decussate striae
Fig. 25 Areolae in curved quincunx striac

Fig. 26 Alveoli with wide internul opening (appears as wide
band across striac)

Fig. 27 Alveoli with narrow internal opening

Fig. 28 Alveoli crossed by hyaline band

Fig. 29 Striae scabrous (areas where arcolae are absent)
Fig, 30 Striae plain

Fig. 31 Alveoli with medium width internal opening

Fig. 32 Striae interrupted close to the valye margin

Fig. 33 Alveoli with internal opening close 1o valve margin
Fig. 34 Striac composed of fine areolue

Fig. 35 Striae composed of coarse areolae

Fig. 36 Striae forming undulate longitudinal rows

Fig. 37 Striae composed of fine arcolae in irregular lines

—
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Plate 10.7. Line drawings of cell apices, margins, and other valve structures

Fig.
Fip.
Fig.
Fig.
Fig,
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1 Apices broadly rounded, obtuse
2 Apices cuneate

3 Apices broadly rostraie

4 Apices spatulate

3 Apices capitate

6 Apices subcapitate

7 Apices apiculate and produced
8 Apices apiculate

% Apices sigmoidly cuneate

10 Apices capitate

11 Apices narrowly rostrate

Fig. 12 Margin striate
Fig. 13 Margin punctate
Fig. 14 Margin areofate

Fig. 15 Valve with wide lyrate or lateral hyaline areas not
exlending to the margin

Fig. 16 Vulve with narrow lyrate hyaline areas

Fig. 17 Valve with wide lyrate areus containing additional
structure

Fig. 18 Valve with lyraie arcas extending to the margin
Fig. 19 Wide longitudinal canals of Diploneis

Fig. 20 Narrow longitudinal canals of Diploneis

Fig. 21 Canal raphe of Nitzschia, raphe subtended by fibulae (f)

Figs 1-20 taken from Barber and Haworth (1981); Fig. 21 taken from Mann (1978)
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SECTION 1

A key to genera of the family Thalassiosiraceae found in
the Arctic and/or Antaretic:
1a Cells in colonies joined by thin threads from valve
FECR ceemeetrsrrsssremseesen e rnesssssscesearerssas st st sttt 2
Ib Cells in colonies joined by external parts of marginal
PIOCESSES covvvvvuummsserreressssssssssmsensessssssssmmassss s 4
2a Adjacent cells abutting: many central processes in a
cluster; pervalvar axis elongated .......... Bacterosira
2b Cells separated by a shorter or longer distance; cells
QISCOIA ..ieerrmsrs e recssst st erssss s 3
3a Threads from processes evenly distributed on the
valve; no particular central or subcentral processes
.................................................................................... Porosira
3b Threads from processes arranged in a definite pat-
11 2 1 JO O O OT ORISR Thalassiosira
4a Adjacent cells abutting; a single thread from a cen-
L] PTOCESS cooovervvvviommmmrsrsrmiimmmsecsmssenarmmiassensens Deronula
4bh Adjacent cells not abutting; no central thread
............................................................................ Skeletonema
All gencra have disc shaped chloroplasts in a varying
number.

GENUS BACTEROSIRA Gran

B. fragilis Gran, the only species of this genus, is charac-
terised by cylindrical, weakly silicified cells held close
together in colonies, separated only by a lenticular-
shaped central opening. The structures best seen in LM
on cleaned valves in permanent mounts are the central
cluster of strutted processes; the marginal ring of strut-
ted processes, including one labiate process, may be
more difficult to discern. Resting spores are distinctly
different from the vegetative cells.

How to identify:

This species will usually be easier to identify as colonies
in water mounts rather than as cleaned valves in per-
manent mounts where it may be confused with
Thalassiosira spp.

Characters to look for in girdle view:
1. Abutting adjacent cells in colonies
2. Lenticular-shaped opening between cells in colonies

Characters to lock for in valve view:

1. Central cluster of numerous processes

2. Walve structure of radial ribs rather than rows of
areolae

CHAPTER 11

FAMILY THALASSIOSIRACEAE

SECTION 1: Grethe R. Hasle and Erik E. Syvertsen
SECTION 2: Greta A. Fryxell and Jeffrey R. Johansen

GENUS DETONULA Schiitt

This genus is represented in cold waters of the northern
hemisphere by one species, Detonula confervacea
(Cleve) Gran, which, in girdie view, is slightly similar to
B.fragilis and Leptocylindrus danicus Cleve. D.confer-
vacea usually has a shorter pervalvar axis than these
diatoms. The resting spores differ from the vegetative
cells by a usually shorter pervalvar axis, the simpler
external structure of the strutted processes and a much
more heavily silicified cell wall.

How to identify:

The species is readily identified as colonies in water
mounts. Cleaned valves in permanent mounts may be
confused with Thalassiosira spp.

Characters to look for in girdle view:

1. Adjacent celis in colonies abutting entirely

2. Marginal processcs, best seen on the terminal valves
of a colony "

Characters to look for in valve view:

1. Shape of marginal processes (winged terminal partin
vegetative cells)

2. Valve arcolation (ribs more than areolae in vegetat-
ive cells, coarsely silicified areolae in resting spores)

GENUS SKELETONEMA Greville

r
This genus is poorly represented in polar waters, and
when present, by the cosmopolitan S.costatuin
(Greville) Cleve. The species is occasionally so weakly
silicified that the connecting siliceous external struc-
tures of the marginal processes are difficult to see.

How to identify:

The species is readily identified in water mounts as
colonies as well as single cells. In permanent mounts
of cleaned material the species will mostly be present
as single terminal valves or as the sibling valves of
neighbouring cells united by the external parts of their
marginal strutted processes. If seen in valve view, 5.cos-
taruem (especially the terminal valves, which have a near
central labiate process) may be confused with Deronula
confervacea or Thalassiosira spp.

Characters to look for:

1. The silicified external structures of the marginal pro-
cesses linking cells to form colonies
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Plate 11.1. Scale bars= 10pm

Figs 1, 2. Bacrerasira fragilis, Fig. 1. Colony with resting
spores, Fig. 2. Single valve,

Figs 3, 4 Detonula confervacea, Fig. 3. Colony with resting
spores, Fig. 4. Single valve.

Fips 5-7. Skeletonema costatum, Fig, 5. Colony, Fig. 6,
Teriminal valve, Fig, 7. Valve of cells inside the coleny.,

Fig. 8. Porosira spp., girdle view.
Fig. 9. P.glacialis, valve view.

Fig. 10. P. pseudodenticutata, valve view.
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Table 11.1. Morphometric and distributional data on species in the Thalassiosiraceae

Diameter Pervalvar Areolae "

. s + 1.’ ¥ ,l ESEOS . . n

inwm Qxis i [ in 10w : am;;?l;r)p;ﬁﬁtmf Distribuion
B frugilis 18--24 dinm -
D.confervacen 620 !513{') 1(?340 30 Arctic
S.c'(;.r.':{rnfn 222 2-61 i()—J()? 61-[; érc-llc y
P.glacialis _ 3664 3tl) 2596 osmopolitan
P.pseudodenticilata 6-80) — 10-12 - Bipolar

- — Antarctic

For further information on Thalassiosiraceac see Hasle (19730) and [or Skelotonema costatum sce Hasle {1973h)

GENUS POROSIRA Jprgensen

Two species, P.glacialis (Grunow) Jorgensen and
P.pseudodenticulata (Hustedt) Jousé, are represented in
polar waters. The threads that unite the cells into col-
onies are very thin and do not preserve well, hence
colonies will usuaily not be seen in preserved material.
single cells of both species may be casily confused with
Coscinodiscus spp. or with single cells of Thalassiosira
spp. 1t water mounts. The valve structure is usually
obscured in cells filled with the numerous chloroplasts.
In empty cells the unevenly distributed strutted pro-
cesses scattered all over the valve are discernible as small
spots and the single labiate process as an clongate
structure in the marginal zone. None of the strutted
processes has a definite central or subcentral position.

mantle W “:. ’ ¢" —
girdle \w

Plate 11.2 Line drawings of features of Thalussiosira
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The valve arcolation is resolved in permanent mounts of -

cleaned material as radiate, spiralling or wavy striae,

How to identify to species:

The areolation of P.glacalis is not resolvable in water -
mounts whereas that of P.pseudodenticulara is. The -

distinction between the two species is better revealed in
C.Iean'ed valves mounted in a medium with a high refrac-
tive index. The weakly silicified P.glacialis has wavy
striac of mainly rectangular arcolae and an irregular
annulus. The more coarsely silicified P.pseudoden-
m:_uiar('a has regular hexagonal areolae in radiate and
spiralling rows and no or an indistinct annulus.

Characters to look for:

1. The unevenly distributed valve processes
2. The arcolation

central strutted
process

distance
/ ¢y stria
/

strutted
process

labiate
process

GENUS THALASSIOSIRA Cieve

The character distinguishing this, the type genus of the
family Thalassiosiraceae, is colony formation by threads
of a certain length extruded from strutted processes
jocated in a definite pattern on the valve face. Resting
spore formation is known for some of the species.

How to identify to species:

Some species may be identified from water mounts
based on the shape of the cell in girdle view (the curva-
wre of the valve face and the shape and height of the
mantle}, the thickness and length of the connecting
threads, and the overall appearance of the colony. Posi-
tive identification usually has to rely on cleaned material
in permanent mounts.

See Plate 11.2 and 11.3 for illustrations of the following
features of Thalassiosira.

Characters to look for in girdle view:

1} Curvature/undulation of valve face

2) Shape and height of valve mantle

3) Connecting thread(s), length and thickness (indicat-
ing number of central processes)

4) Threads extruded from the margin of valve face
and/or mantle (indicating location and number of
marginal rings of processes)

Characters to look for in valve view:

1) Location and length {external/internal} of process
tubes

2) Number and arrangement of central strutted
processes

3) Number of marginal rings of strutted processes

4) Distance between marginal strutted processes
{(number in 10 pm)

5) Distance of marginal strutted processes from margin
(number of areolae)

Table 11.2. Morphometric and distributional data on Thalassiosira in northern polar waters

Tuxa Diameter Valve arcolue fn 10 pm Marginal Nuntber of Number of  Polur
i ot face muartile processes central fahiate distribution
in 10 pn PrOCESSes Processes
T. biocutaia (Grun.) 20-60 20 2 1 1 High Arctic
Ostend.
T. budbosa Syvertsen 2-16 3642 4.5 § o1 High Arctic
. !
T. hvalina (Grun.) Gran 16-45 ca, 13-24 54 215 1 High Arctic
T. antarctica var. borealis 1843 20-24 ] several 1 High Arctic to
Fryx., Douc, & Hubb. Subarctic
T. nordenskioeldii Cleve -5 l18 14-18 3 1 L Subarctic to
Temperate
T. constricia Gaarder 12-28 40 ol 33 312 [ Suburctic to
Temperate
T. hispida Syvertsen 525 18§ 24-26 5 1 i Subaretic to
Temperate
®
T, gravida Cleve 17--62 20 51017 many 1 Subarctic to
Temperate
T. poroserigrz (Rams{jel]) 14-38 {4-13 1-2 -5 1 Subarctic to
Hasle Temperate
T, kushirensis Tukano 835 i5-24 7-8 a few-30 1 Subaretic to
Temperate
T. conferta Hasle 3325 2527 ca.} ! 1 Subarctic to
Temperate
T. pacifica Gran 7-46 1-14 20 5 t 1 Subarctic to
Temperate
T, anguste-lineata (A, 14-78 1011 smaller 33 many 1 Subarctic to
Schmidt) Fryx. & Haslc Temperate
T. angulate (Greg.) Hasle 12-39 818 14-24 3 i 1 Subaretic to
Temperate
T. baltica (Grun.} Ostenf. 20120 1014 smaller 67 2-4 34 Arctic brackish
T. hyperbored (Grun.) 17-42 8-12 35 1-8 | Arctic brackish

Hasle & Lange
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Plate 11.3. Stylized drawings of arcolae patterns in Thalussiosira.
Fig. 1. Radial bifurcating array

Fig. 2. Fascicutated pattern. Note that areclae rows in
each fascicle are parallel to the central row.

Fig. 3. Lincar array. Six areolae surround the central

areola; pattern of parallel rows of areolae is continuous

Figs taken from Johansen and Fryxell {(1985)
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across the face of the valve,

Fig. 4. Eccentric pattern. Seven arcolae surround the
central arcola; puttern of adjacent, curved rows of areolae is
contimuous only from the margin to the central areola,

6) Strutted processes on valve face

7) Number and location of labiate processes

8) Location of labiate process(es) in the marginal ring of
strutted processes

9) Areolae array and size

THALASSIOSIRA

Key to species found in the Arctic

1a Valves flattened or curved s 2
1b Valves tangentially undulated ... T. hyperborea
2a One Central PrOCESS .o tirsisseceronssisiisisnsss 3

2b More than one central process ..
3a Processes with external tubes e
Ib Processes with long internal tubes
4a Bases of marginal strutted processes distinctively

withdrawn from valve Margin .o 6
4b Bases of marginal processes close to Margin ... 7
5a Labiate process close to valve CeRtre ..

5b Central strutted processes in distinct TOWS ..o 8
6a External tubes of labiate and strutted processes of
approximately same length i 9

6b External tube of labiate process extremely short and
located between two close-set strutted processes
which are larger than the others ..
............................................................................... T. confertu
7a Bases of strutted processes distinctly swollen, labiate
process midway between two strutted processes

............................................................................... T. bulbosa
7b Labiate process taking the place of a strutted pro-
cess, ribs on valve mMargin .o T. pacifica

8a Central strutted processes in one row, marginal
strutted processes wide apart, 8-10 pm between
10 17111 RO VOB P ORI T. poroseriata

8b Central strutted processes in'oné or two rows
nal strutted processes closertogether, 4.6
tween them ... T

9a Bases of marginal processes 2-4 areolae:

101111 71411 OO ;

9b Bases of marginal processes 7-8 areolae from margin

................................................................ T. nordenskioeldii’ -

10a Labiate process always close to one strutted pro-

cess, strutted processes wide apart, 3 in 10 pm ...

............................................................................ T. angulata

10b Labiate process usually midway between two strut-

ted processes, strutted processes closer, 3 in 10 um
.............................................................................. T. hispida

11a Central cluster of strutted processes ..o 12
11b Subcentral ring of strutted processes ... .13

12a One marginal ring of strutied processes ... 14

12b More than one marginal ring of strutted processes
.............................................................................................. 15

13a Ring of isolated strutted processes midway between
valve centre and margin, marginal processes close-

set, 7-81n 10 I i T. kushirensis

13b Ring of groups of strutted processes midway be-

tween centre and margin, marginal processes

widely space, 3-4 in 10pm ... T. anguste-lineata

14a Valves extremely weakly silicified, marginal pro-

cesses widely spaced, 3-5in 10 pm ... T. constricta

14b Valve areolac resolvable in LM, marginal processes

closer, 5-9 1N 10 Wi s T. hyalina

15a One marginal [abiate process ... 16

15b More than one labiate process ... T. baltica

16a Weakly silicified vatves, 2-3 marginal rings of strut-

ted ProCesSes .o T. antarctica var. borealis

16b Scattered strutted processes on valve face .

e T. gravida

]
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Plate 11.4. Line drawings of species found in high Arctic
waters: a = colonies in girdle view X3500; b = valves with
processes X1000. Scale bars = 10 pm,

Fig. ¥ Thalussiosira bioculata

Fig. 2 Thalassiosira bulbosa

Fig. 3 Thalassiosira hyalina

Fig. 4 Thalassiosira antarctica var. borealis
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Plate 11.5. Line drawings of species found in Subarctic-
Temperate waters: a = colonies in girdle view X500; b = valves
with processes X10(K). Scale bars = 10 um.

Fig. 1 Thalassiosira nordenskioeidii
Fip, 2 Thalassiosira constricta

Fig. 3 Thalassiosira poroseriata
Fig. 4 Thalassiosira gravida

Fig. 5 Thalassiosira kushirensis

Fig. 6 Thalassiosira confera

a3




Plate 11.6. Line drawings of species found in Subarctic-
Temperate waters: a = colonies in girdle view X500;
b = valves with processes X1000. Scale bars = 10 pm.

Fig. 1 Thalassiosira pacifica

Fig. 2 Thalassiosira anguste-lineata

Fig. 3 Thalassiosira angulara

Fig. 4 Thalassiosira hispida
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Plate 11.7. Line drawings of species found in Arctic brackish
waters: a = colonies in girdle view X500; b = valves with
processes X1000. Scale bars = 10 pm.

Fig. 1 Thalassiosira baltica

Fig. 2 Thalussiosira hyperborea
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SECTION 2
THALASSIOSIRA

Key to species and varieties found in the Antarctic
la Strutted processes scattered evenly over valve face,
positioned between areolae; labiate processes not
visible due to heavy silicification of valves; areolac
PALETN INCAT cecerirrrvivesriesrreeeresssrerssnssanseans T. tumida
Ib Not having all characters as described above ... 2
2a Fasciculated to linear areolae pattern: strutted pro-
cesses scattered over valve face; 2-10 radially ori-

ented [abiate processes . T. tumida
2b Onuly one labiate process or labiate process not
VISIDIE sttt e 3

Ja Labiate process inside and set off from the mdrglndi
ring of strutted processes
3b Labiate process marginal
da Labiate process more than halfway towards the
centre; diameter 42-65 wm: central cluster of pro-
cesses may be indistinct, as few as one central
ProOCESS Presenl . T. ritscheri
4b Diameter less than 40 um not having the labiate
process more than halfway towards the centre and
having central strutted processes either adjacent,
often in a row, or STel 1115 5
5a Areolation fine, 18-22 in 10 pm: central strutted
process quite eccentric on larger valves; labiate
process usually distinct, cceentric: few marginal
strutted processes, diameter 6=15pm e,
......................................................................... T. perpusilla
5b Areolation coarser than £6in 10 wmin valve centre,
may be as fine as 20 in 10 wm at valve margin .....6
6a Central arcolae distinctly larger than marginal
areolae; only one central strutted process present

6b Central areolae not distinctly larger than marginal
arcolae; 1-8 central strutted processes present ....9
7a Areolae 3-10in 10 pm in the centre, 9-12 in 10 wm
near the margin; labiate process 2-3 areolae distant
from central strutted process ... T. oestrupii
7o Areolae 16-20 in 10 pm near the margin; fabiate
process almost marginal, often difficult to discern
8a Central arcolae very coarse, 8-12 in 10 pm ...,
.............................................................................. T. gracilis
8b Central areolae not as coarse, 14-15 in 10 pm ........
.................................................... T. gracilis var. expecta
Y9a Areolae pattern radial, bifurcating or fasciculated
............................................................... 10

JIMEAT oo eceecrnieccnearnssrresss s enssssassssrssonsssssssssns 11
i0a Central strutted processes adjacent, usually in a
row; marginal strutted processes 1-2 in 10 pm .......
...................................................................... 1. poroseriata
10b Central strutted processes irregularly scattered in a
loose cluster on valve face; marginal strutted pro-
cesses 4-6 in 10w e T. poro-irregulata
1Ta Areolae 5-7 in 10 wm; areolae pattern sublinear to
linear; 1-4 adjacent central strutted processes; labi-
ate process 8-9 (5-12) areolae distant from central

PTOCESSES ovvrernsrisermmssssissssssesessssenitsecessreeeres T. trifulia
11b Areolae 8-18 in 10 pm; areolae pattern irregularly
linear or irregularly eccentric .mrnerennnnnn. 12

12a Operculate strutted processes with pores visible at
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bases of marginal processes; marginal striac 24-30
LEJ LUV 1 OO T. frenguelliopsis
12b Trifultate strutted processes with pores not visible
at bases of marginal processes; marginal striae
15-181n 10 WM oo, T. frenguellii
[3a Strutted processes with internal extensions of the
TUDES et T. oliverana
13b Strutted processes with external extensions of the
tubes or extensions absent .......... .14
14a Strutted processes on valve face 15
14b Strutted processes only in the centre and margins,
not on the valve face .o 8
15a Strutted processes in compact clusters on valve
face, appearing as patches of heavier silicification:
one ring of marginal strutted processes present; one
ring ol occluded processes may be present
............................................................................ T. australis
15b Strutted processes scattered over the valve face ..

16a One to many central strutted processes, external
tubes of the strutted process can be discerned at the
vilve margin; areolae about 20 in 10 wm ..o,
............................................................................. T. pravida
16b No distinct central cluster of strutted processes, no
external tubes present on strutted processes;
areolae less than 15 in 10 om v, 17
[74 No extensions on the tubes of strutted process,
which look like very small areolae; single labiate
process distinctly  visible, radmllv oriented
....................................................................... T !emtgmosa
17b Strutted processes possessing internal extensions of
the tubes; single labiate process parallel to marginal

tangent may be difficuit to discern ... T. maculata
18a Areolae about 30 in 10 wm; diameter 25 um or less
............................................................................................. 19
18b Areolac less than 24 in 10 W e, 20

[9a Single central strutted process, diameter 10-13 pm
T. ambigua
19b Siliceous radial or concentric extensions of arcolae
walls on valve face often present on the exterior of
the valve; 1-6 central strutted processes; diameter
[SSEE AT 1 | SO T. dichotomica
20a Single ring of marginal strutted processes with ex-
ternal tubes, which are clearly visible in the light
MUCTOSCOPE wvvvrereeecoreneesseeessssssrassssssisaeenes T. gerloffi
20b At least two rings of marginal strutted processes
present. though may be difficult to discern; oc-

cluded processes may be present ..., 21
21a Occluded processes may be present, marginal striae
absent; valves flat 22

21b Occluded processes consistently present; marginal
striae present, though may be reduced or absent;
valves heavily silicified, may be arched ............... 23
22a Arcolae Y-16 in 10 pm; occluded processes usually
present; central cluster of 8-25 strutted processes
................................................................................. T. scotia
22b Areolae 15-24 in 10 pm; occluded processes may be
present, but difficuit to discern; central cluster of
4-14 strutted Processes .. T. antarctica
23a Areolae 5-8 in 10 pm; very heavily silicified

.................................................. T. scotia (resting spare)
23b Areolae 7-12 in 10 wm; heavily silicified
........................................... T. antarctica (resting spore)

Modified from Johansen and Fryxell (1985)

Table 11.3. Morphometric and distributional data on Thelassiosira spp. in Antarctic Waters
: Arealoe i [0 pm Strutted processes Labiate processes “Oceluded’:
: Diameter Centre Tangentinl  Patiern Mamle Central Greater Na. Position f’r(}{g_g.mj Po!ar
TcmT f (i 16 ) {Na.} projection inl0pm: dmnbunon_'
azlov 3 -3 — Radial 410 1-2 Outside, | In marginal - Antaretic
_T. ambigaa Kozlova 6.514 W3 e il e
5 3 i 161 i ide inner (4 Antarctic;
sarcti 3 13-34 - Radial. B16in cuter  4-14 Outside, ! Insi e,
T anaretca Comber o3 " mfurcating ning opercutite ring near ice
i ing 12 - dial 36 in ouer - Outside, I In gecluded 13 Antaretic
T Mmr(s“m e i - o ming operculate progess ring near ice
i i ‘(- i y 4 Antaretic
i i - fi Radial, 45 (-9) Clusters Oulside, 1 Inmclud‘cd 34 n _
T syl Pemgelo o t . hi?u::lminp_ ( an face opeteutate process ring ) often henthic
i i 3 - i ¥ -6 Cuside, 1 frside single — Antarctic
! jlifhzi?";cr;x & e o faia opercelale ring often coastal
0. ). .
: Hasle. ' ) o
1 i Kozlova =23 - ) frregular, i-2 i-2 Jnside, 1 43 arecloe - Antaretic
P gt Kot 133 e T}rji ercr;:gnutric infultate from centre
T, frenguelliopsis {2-3 7.5-16 < IR Linear, eccentric -2 | lnside.] 1 Awa'\t'nimm — Suhamarttic
Frys ‘ i ale mirg
1. & Johan. striae apercula
Fo & 2430 &
; 17 Hiv -3 asciculate -9 24 Outsitde, 1 In marginal - Antarctie.
7. gerloffii Hivera 1677 1314 1220 Fusciculated o e . At
] ifis (K 5 3 Arser i 4 1 Inside. 1 Away from - Amurctic._
g g}gzgm e - i - Ev.f)ndlrrst_-U " operculate margin subantarctic
2 i 34 ! Inside, 1 Away from — Antaretic,
i f;fj;!ﬁ:{l )U{-’;’\C;U Hﬁ . b Hadit operculate margin subantarelic
o | I Ohatsid 1 La Subantarctic
vidfa Clev a.2 - Radial, i Small cluster  Ohatside, Arge. neuv - antarctic.
T vl le e ol fuicilc-lulatcd opecculate masgn Antarciic
igi - — SCi ks On valve face No 1 Slit near - Anlarche
T. {}snrligfﬂosa {lan). 29120 74 Fasciculated Y cion. o i
e operculale
; ; usciculate 4 On facc only  Inside. 1 Paraflel to - Antarctie
T. gr;c;ﬁgara. Fryx. & R §-12 i) Fasciculated n ; it s o
. i i i W - litan
] ) 310 2 Eccentric f-8 ! Inside, N Avway from Cosmopo
T. :;ici;:pu {Ost.) 7- 51 9- cee e e
i * fal. irre 1 On face only  Inside, i Large. near — Antarctic,
g ?gi{f’al?n) Mak oo h e fdal e y opereuiate margin subantarclic
rnusila Koo ! o : -1 1 off frside. | Awuy from - Antaretic.
Frpepesly Retors o S e : centre operculate margin subantarclic
] i 3 — -pscicul: 44 lrregular - Inside, ! Away from - Subartaretic.
! ﬁ;rs(:c”&’iﬁ}:igf:r? i - Framict ] f Ii 1nfuliate rargin Anfaretic
T ! - - i -2 Adjacent, 1.8 Inside, | Away from - Anlarclic.l
" I(?Eg:rsl:?‘)]rlfflaslu e e Frsaiied ! infultate masgin subantarclic
T. ritschert (Hust.) 42-1 12-16 - Faseiculated or 34 Many. chuster  Inside. 1 Ne:grcumrc. - Antarctic.
' Hasle ' . lincar operculate radial ice edge
T. scotiu. Frysell & 15-33 916 - Fasciculated b8 2 Dutside, 1 In occiuded -5 Subantarctic
I HOhﬁ;‘l ) hifurcate operculate process ring
i i ite d  robust, long,  Subantarclic
olig resti d 5 strise Radial 31 1-i2 Outside, 1 In occlude long
oo B ! 10-11 operculate proCess ring 35
1 5 adi 3 1 Inside. 1 Away from —_ Subantarctic,
T irifulta. Fryxell 16-34 56 f-1 Radial e ek aniar
i i - inei i 3 23 Outside, 210 Near margin, - Antaretic,
T. twmide (Jan,) Husle 24137 14 Linear, sublinear 45 it byl Anarete.

*Not illustrated
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Plate 11.8, Stylized drawings of process patterns of Antarctic
Thalassiosira species lacking external tubes,

Fig. }. T. perpusilla.

Fig. 2. T. frenguellii and T. frenguelliopsis.
Fig. 3. T. leniiginosa.

Fig. 4. T. gracilis, both varieties.

Fig. 5. T. oestrupii,

Fig. 6. T. poroseriata.

Fig. 7. T. poro-irreguiata.

Fig. 8. T. trifulta.

Fig. 8. T. maculaia.

Fig. 10. T. ritscheri.

Figs from Johansen and Fryxell (1985)
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Plate 11.9. Stylized drawings of process patterns of Antarctic
Thalassiosira species possessing external tubes.

Figs 1, 2. T. amarctica, vegetative cells.

Fig. 3. T. antarctica var. antarctica, resting spore.,
Fig. 4. T. gerloffii.

Figs 5, 6. T. australis,

Figs 7-9. T. dichotomica.

Fig. 10. T. ambigua.

Fig. 11. 7. scoiia, vegetative cell.

Fig. 12. T. scotia. resting spore,

Fig. 13. T. gravida.

Fig. 14. T. tumida,

Figs from Johansen and Fryxell (1985)
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GENUS CORETHRON Castracane

" Corethron is an unusual diatom, both in the presence of

movable spines attached to the valve mantle and for the

unidirectional heteropolarity of the division process.
* This has led some people to suggest that itis not a diatom
© at all!

The cells are heterovalvate and cylindrical with a

- cingulum of numerous elements joining upper and

lower domed valves. The upper valve carries two types
of spines, one long and barbed, the second shorter and
terminating with a heavily silicified claw or hook,
which fit into chambers along the margin of the valve.
These chambers are characteristic for each different
type of spine and are best observed in the SEM. The
lower valve (hypovalve) carries only barbed spines,
slightly different in structure, size and method of
attachment, to those of the upper vaive. Within the
confines of the cingulum prior to cell division, the
spines all point in the same direction. Once the cell
divides and the cingulum no longer contains the spines
in their vertical position, the spines swivel in their
chambers until they come to rest at about a 45° angle to
the valve. The spines of the lower valves, when re-
leased from the maternal cingulum, are constrained to
about 60° from the pervalvar axis by projections in the
chambers. The structure of the lower valves differs
primarily in the structure of these projections. C.
inerme Karsten (1905, p. 104, pl. 13/11-17) forms an
additional ‘vegetative’ valve type with short spines
which assist the cells in forming long colonies,

How to identify to species:

Hendey (1937) proposed that 11 described species of
Corethron were in fact members of a polymorphic
species. We agree with this stance except in the case of
C. inerme.

The easiest differentiation between the two species is
the presence of colony formation in C. inerme versus
solitary cells in C. criophilum Castracane (1886, p. 85,
pl. 21/14). Furthermore, a careful observer can differen-
tiate the different hook shapes and discern the more
silicified nature of the C. eriophilum frustule in water
mounts. Cells normally lie in girdie view.

Characters to look for in valve view:

1) The valve surfaces are essentially the same, appear-
ing in the light microscope as hyaline and unstructured
(i.e. lacking any tube process) except at the margin
where the marginal chambers containing the spine bases
are evident. C. inerme is generally much {ess robust and
more weakly silicified than C. criophilum.

CHAPTER 12

FAMILY LEPTOCYLINDRACEAE

David P. Thomas and P. 1. Bonham

Characters to look for in girdle view:

1} The girdle view shows C. criophilum (Plate 12, Fig. 1)
as solitary whereas C. inerme (Plate 12, Fig. 2) is more
commonly found in colonies, sometimes up to 30-40 cells
long and held together by short, interdigitated spines. in
our observations the long-spined valves are rare in C.
inerme and seem to act as separation valves in this
species.

2) The cingulum is visible in wet mounis of C.
criophilum and composed of ligulate open bands (Plate
12, Fig. 3). The cingulum of C. inerme is rarely visible,
but can be resolved as being composed of half bands
(Plate 12, Fig. 4} if an empty frustule is seen in phase
contrast.

3) The hooked spines terminate in robust, hook-like
structures which are discernable in the light microscope.
In C. criophilum the hook has a thickened, finger-like
projection at the distal extreme of the spine, and at right
angles to the spine, and a second, parallel to the first,
which projects out from the spine in the same direction.
The net result is a hook with two internal angles (Plate
12, Fig. 5). In C. interme thé hook has a single free
projection at the distal extreme of the spine and at about
60° to the spine (Plate 12, Fig. 6) to form only one
internal angle.

4) The ‘intercalary’ valves of C. inerme are generally
less convex than the ‘separation’ valves. The spines on
the intercalary valves are more numerous than those on
the separation valves (i.e. 15 in 10 wm vs 3-5 in 10 pm)
and are angled at 45° to the valve face while remaining in
the plain set by the cingulum.

Key td species:

la. Cells solitary, robust, forming only separation
valves either with both hooked and long spines or
just long spines. All cells heterovalvate e
................................... C. criophilum

1b. Cells usually in colonies, weakly silicified, forming
both separation valves and intercalary valves. The
latter with short spines which interlock with those of
the same valve type of an adjacent cell. Only end
cells of a colony are heterovalvate ... C. inerme

Ecology: Both species are marine, planktonic and
achieve their greatest densities in the Southern Ocean
south of the Antarctic Polar Front. C. inerme has been
observed in our material as far north as the Subantarctic
Front in the region south of Australia but is generally
citcumpolar in its recorded distribution from other
authors. C. crigphilum has a more cosmopolitan
distribution through tropical waters to the Arctic.
See also Fryxell and Hasle (1971) for SEM observations.
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Plate 12. Line drawings of Corethron spp. Scale bars = 10 pm.

Fig. 1. Predivision cell of C. criophilum from Tasmanian
waters,

Fig. 2. Cell of C. inerme showing separation valves with
typical Corethron displacement of hooked and long spines.

Fig, 3. Cingulum of C. criophilim showing the alternating,
ligutate, open bands.

Fig. 4. Cingulum of C. inerme showing the parallel rows of
half bands with those forming the valvocopula (VC) on the
left,

Fig. 5. Detail of the hooked spine of C. criophilum,

Fig. 6. Detail of the hooked spine of C. inerme.
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CHAPTER 13

FAMILY COSCINODISCACEAE

Grethe R. Hasle and Erik E. Syvertsen

GENUS STELLARIMA Hasle & Sims

This genus is represented in the Antarctic by S.micro-
trias (Ehrenberg) Hasle & Sims. The most conspicuous
morphological features are the presence of central labi-
ate processes and the absence of marginal processes.
Resting spores are frequently present in ice-samples and
in net-samples coliected in the vicinity of the ice. The
vegetative cells and the resting spores were in the past
described as two distinct Coscinodiscus species: C.
furcatus with furcate areolation and C. stellaris var.
symbolophora with fasciculate areolation (see Syvert-
sen, 1985).

How to identify:
Vegetative cells as well as resting spores can be ident-
ified in water mounts,

Characters to look for to distinguish between vegetative
cells and resting spores:

1. Type of areolation

2. Size of areolae

Table 13.1. Morphometric data on Seellarima microtrias

Diameter  Arealation  Areclae  Labiate

in wm irt {0 um  processes
Vegetative cells 35105 furcate Lh-16 2-8
Resting spores 40199 fasciculate 9-12 35

For further information sce Hasle and others, 1988,

Plate 13.1. Stylized drawings of Stellarima microtrigs. Scale bar = ) pm.

Fig.1. Cell with resting spore, girdie view

Fig.2. Single valve.

no
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CHAPTER 14

FAMILY HEMIDISCACEAE

Greta A. Fryxell

GENUS ACTINOCYCLUS Ehrenb.

Cells are drum-shaped, mostly net plankton ( 20 pm in
diameter}, with either no external projections or with
external projections very much reduced in living species.
Girdle bands are apparently hyaline and few in number
(2-3), with the valvocopula providing most of the per-
valvar distance on a newly divided cell. Colony forma-
tion has not been observed.

Valves have radial, {asciculated, and/or decussating
rows of areolae. Usually each valve possesses a
pseudonodulus, an opening morc or less occluded on the
outside or inside by siliceous or organic material {areo-
late, areolate-operculate, or luminate). Fasciculation, if
present, is of two types: rows within a bundle lying
parallel to a complete radial row at the edge or lying
paralie! to a complete row in the middle of the bundle. A
central thickened ring (annulus) may be present, enclos-
ing several areolac. The mantle is often deep and is
commonly at right angles to the valve face, with areolae
on the mantle generally reduced to about half the size of
valvar areolae. This change in size can be noted even in
valve view with LM, by the number of apparent “margi-
nal strine” observed in 10 pm.

At the near-margin end of some complete radial rows
lics a labiate process, lacking an external tube or even
with the external opening recessed (at least in the four
species discussed here) and an expanded internal anvil-
to spade-shaped terminus on a neck of varying length in
different species. The fine structure of these processes
varies with the species and is best seen with SEM, butin
all of the species here, the slits of the processes lie
roughly parallel to the margin instead of being radially
orientated. They can, however, be slightly canted from
the circumference, even giving an apparent polarity to the
valve. These observations can be made under favourable
conditions with LM or at some angles with SEM.

More detailed SEM and TEM observations on the
genus Actinocyclus can be found in Andersen, Medlin
and Crawford (1986); Simonsen (1975, 1952); Villareal
and Fryxell (1983); Watkins and Fryxell (1986).

How to identify to species:

In most cases, whole celis of Actinocyclus are very
difficult to identify with LM or SEM. Internal views of
material gently cleaned of organic matier allow the
clearest view of many characters, but there are many
similaritics in major features as can be seen in Plate 14,1,
Figs 1-3. Characters to consider include: diameter;
areola size and pattern, including the presence or ab-
sence of a central ring; mantle depth and ornamenta-
tion; shape and orientation of labiate processes.
Processes are usually widely spaced with a great deal of
variation in distance apart.

Characters to Look for in Girdle View:

Look for drum-shaped cells with flat valves and rounded
edges, sometimes with the valves possessing a deep
mantle at right angles to the face of the valve. Projec-
tions are lacking, but the processes can be seen, particu-
larly in bright field at low contrast.

Characters to Look for in Valve View:

Specific characters can be considered with species being
included here: Actinocyclus actinochifus, A. cholnokyi,
A. exiguus and A. spiritus.

Small size sets apart A. exiguus (Plate 14.1, Fig. 2}, and
the areola pattern with isolated rows set off by hyaline
spaces in A. actinochilus is distinctive (Plate 14.1, Fig.
1). The number of areolae in 10 pm on the valves of A.
spiritus provides a distinctive character (Plate 14.1, Fig.
3). It is not only finer in structure than others in its
general size range. but this diatom was named for its
“ghostlike appearance usually encountered in cleaned
preparations. Unlike most others in the genus, it is
lightly silicified under field conditions. Actinocyclus
cholnokiiis problematic at best (See Priddie and Fryxell,
1985, pp. 104, 105; Hustedt,f 1930, figure 218 as Cos-
cinodiscus divisus Grunow). The range of areola size
and wide geographical distribution we have observed
arouses the suspicion that more than one taxon may be
involved. But the tendency toward the Coscinodiscus-
like decussating arcs of arcola, plus the stightly fascicu-
lated pattern with the central ring of arcolae, set it apart
from others in this treatment, Unless the valve is eroded,
the arcolate pseudonodulus is difficult to see. even in
bright ficld. However, these arcolae are smaller and less
regular than those adjacent to it. Omitted from this
study is A. curvatulus Janisch. Unpublished obser-
vations of fine structure suggest that several taxa arc
included in thus taxon and good field characters and
geographical  distribution  have  not been well
documented.

GENUS AZPEITIA M. Per.

Cells range from drum shaped to coin shaped, with
hyaline bands and large valvocopula, similar to Ac-
tinocyclus. There are few external projections in living
species. Valves are generally flat, and mantles of living
specics are well developed, distinctive, and even ornate.
The annulus near the peometrical centre of the valve is
well-defined in some species, and a labiate process 1s at
the periphery of this ring. Labiate processes near the
mantle/valve interface are mostly simple, large, low-
lying forms with the slits running nearly parallel to the
circumference of the valve. However, their oblique
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Table 14.1. Morphometric data on polar Actinocyclus and Azpeitia spp.

Species Diamercr Labiate Areolae Parern Manile Psewede- Polur
e s Structire® in 19 pm structure nodudus distribusion
Actinocvelus w112 9.5-15 Laterally 5-11 Esalated radial Strine 13-21 Variuble Antaretic,
actinochifus apart expunded, open TOWS in {lm ice edge
{Ehrenb.} Sim. abvalarly
AL cholnokyi 3170 8«5 apart  Laterally expanded  7-9 Siightly Strine 20-24  Arcolate or Antarctic,
Vun Land, fasciculated, in 1 am croded cosmopolitan
decussating rows
Al exigrus G, Fryx, & 6,513 35 per Stightly expunded  15-18 frregular radial Areolue 21~ Notvisiblein  Antarctic,
Sem. vilve Tows Zdin Wpm, LM Subantarctica
thia Hange
A spiritus Watking 27-64 812 Stightly expanded  [3-13 Fusciculated Striae 24-2%  Open? Antarctic, ice
in 10 pm edge
Azpeitia tabuaris 70 7-12 Laterally expanded  6-9 (<10 Stightly Multiple Lacking Subantaretic,
{Grun.} Fryx. & reduced neck fasticuiated rows of rarely near ice
Sims argolag with
shombic
chambers

* nternal fine structure

orientation can give polarity to the valve. Symmetry
ranges from a small step away from biradial because of
the slightly off-centered labiate processes to a complex
overlaying of different symmetries. See Fryxell, Sims
and Watkins (1986} for a fuller treatment of this genus.

How to identify to species:

Only one species is in Antarctic waters, and it is more
common in subantarctic water north of the Antarctic
Convergence Zone (AACZ). Azpeitia tabularis has the
general characteristics of the genus. It has a short per-
valvar axis, even <<10 um. The slightly off-centred labi-
ate process has no external tube, and arcolae are
arranged in radial rows that generally run parallef to the
outside row. At the outer edge of the valve face, there is
a narrow hyaline ring adjacent to the processes and the
multiple mantle rows of areolae. The processes appear
to interrupt the first row of mantle areolae, providing a
distinctive feature in LM.

Characters to Look for in Girdle View:

Azpeitia tabularis is coin shaped in girdle view with no
external projections. The rhombic-shaped loculate
areolae on the mantle can sometimes be resolved.

Characters to Look for in Valve View:
The hyaline ring between the areolae on the valve and
the distinctive mantle structure is a good character, and

one that is shared with Actinocyclus actinochifus, How-
ever, there is no separation of the rows of areolae in
Azpeitia tabularis, and its near-central process can
sometimes be resolved in bright field with LM. Because
Azpeitia and Actinocyelus share many characteristics,
the key and the table of morphometric measurements
for Antarctic species will include both genera.

Key to Species of Actinocyclus and Azpeitia:
la Diameter <2 20 pm e Actinocyclus exiguus
Ib Diameter = 20 um ... et b st 2
2a Hyaline ring near interface of mantle and valve
face 3
2b Areclae continuous
3a Areolac in isolated radial TOWS v
e AcCtinocyelus actinochilus
3b Areolac not isolated bat in fascicles; nearly central
labiate process sometimes vISIbIe oo
e et n st Azpeitia tabularis
d4a Areolae > 12 in 10 wm; valves lightly silicified
............................................................ Actinocyclus spiritus
4b Areolae <¢ 10 in 10 pm, areolate pseudonodulus
..................................................... Actinocyclus cholnokyi®

*not lustrated

Ecology: Planktonic, widespread latitudinally, with
both oceanic and neretic species,

Plate 14.1. Stylized sketches of internal valve views with near-
marginal rings of fabiate processes. Scales = 10 pm.

Fig. 1. Actinocyelus actinochilus,
Fig. 2. Actinocyelus exiguus,
Fig. 3. Actinocyclus spiritus.

Fig. d, Azpeitia tobularis. Note near-centre labiate process.
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CHAPTER 15

FAMILY RHIZOSOLENIACEAE

Julian Priddle, Richard W. Jordan and Linda K. Medlin

GENUS RHIZOSOLENIA Brightwell and related taxa,
including the GENUS PROBOSCIA Sundstrom

Rhizosolenia is an important genus worldwide and may
be abundant in both Arctic and Antarctic pelagic com-
munities. In a recent treatment of the genus, Sundstrém
(1986) has identified a number of “classical’ species that
full outside his circumspection of the genus. This is not
surprising when one considers that many diagnoses are
over a century old and that the criteria used by Sund-
strom are often based on electron- as well as light-
microscopical techniques. Unfortunately. he has not
been able to complete the necessary debcriptions of new
species and genera implied by his revision of Rhizo-
solenia, and we refer here to some well-known species in
the knowledge that they properly belong to new genera,
Such cases are identified below,

According to Sundstrom (1986). the species list for
Antarctic waters is considerably longer than that for the
Arctic. This does not appear to reflect density of sam-
pling, as the history of diatom sampling in the Arcticis a
long one. The following lists are compiled from his
thesis, and from other works.

Rhizosolenia and allied genera from the Antarctic

Section Rhizosolenia

. antennata . antennata (Ehrenberg) Brown 7
. amtennara . semispina Sundstrom

. crassa Schimper in Karsten

. curvata Zacharias

. polvdaciyla £. polydactyla Castracane
. polydactyla f. squamosa Sundstrom 7
. sima f. sificeq Sundstrom +

. sima f. sima Castracane

. simplex Karsten

. stvliforniis Brightwell

WM ARAIIIAN

Section Iinbricatae
R. chunii Karsten

Proboscia (including Rhizosolenia spp. that probably
belong in this genus)
Proboscia sp. cf. P. alata (Brightwell} Sundstrém *
Rhizosolenia inermis Castracane
Rhizosolenia truncata Karsten

. Other species assigned to Rhizosofenia that should be
- transferred to new genera

R. cylindrus Cleve
R. rhombus Karsten

© % Sundstrém (1986) accords form rank to tuxa that are
- almost certainly resting spores of the type form. Insome

instances he has given the probdble spore the t'y:"pe ndfné:'
while in others the spore carries the form:name. &
Sundstrom (1986) regards this species as being: easily
confuscd with others and suggests that R. styliformis -
may be restricted to the North Atlantic. This is dlscussed E
below.
* Sundstrom (1986 and personal commumcanon) isof
the opinion that his species Proboscin alata does not:
correspond to those specimens commonly described as
Rhizosolenia alata Brightwell in Antarctic samples. The
species name is retained here for light microscope identi-
fications as the distinction is based on fine structural
differences visible only with TEM.

Rhizosolenia and allied genera from the Arctic

Section Rhizosolenia
R. borealis Sundstrém
R. hebetata L. hebetata Baileyt
R. hebetata {. semispina (Hensen) Gran
R. stvliformis Brightwell

Proboscia (including Rhiz omierua that probably belong
to this genus) z

Proboscia alata Sundstrom

Rhizosolenia cf. R. inermis Castracane

Other species allied to Rhizosolenia which should be
transferred to another genus
R. setigera Brightwell

+ As noted above, Sundstrom (1986) has assigned form
rank to the resting spore of the type form.

t Sundstrom (personal communication) notes that a
spegics ‘almost indistinguishable from P. inermis [sic] in
the vegetative stage is found in the Arctic and in the
Bering Sea’. Again, we have not atiempted to dis-
tinguish between this taxon and the nominal species.

How to identify to species:

Identifications using light microscopy are based on the
shape of the valve and its process and associated struc-
tures, and on the character of the girdle bands (see Fig.
10.5.12). Valves vary in shape from symmetrically coni-
cal or rounded to markedly asymmetrical. The girdle
bands may be in two or more series, with striation visible
in some taxa but not resolvable in others or in lightly
silicified specimens. The orientation of girdle bands is
referred to the position of the process on the valve - thus
the side of the cell where the process is located is
designated the dorsal side. Where two rows of girdle
bands are present, they commonly form dorsi-ventral
rows (where the openings of the valve are in the plane of
the apical axis of the valve, e.g. Fig. 15.1.1). Some



species have bilateral rows where the band openings
are atrightanglesto this plane (Fig. 15.3. 2). The process
or projection from the valve in Rhizosolenia and allied
genera varies in size and shape between species and may
carry conspicuous otaria. The contiguous area, where
the valve and pracess of the sibling valve are adpressed
when cells are joined, may have a complex structure
with siliceous flaps, the claspers, that unite the cells by
wrapping around the otaria and the process. In such
cases, the ventral part of the valve may be extended and
the valve departs from the simple conical form. Valves in
some specics may bear twin or bifurcated processes;
their precise significance is unclear. The genus Pro-
boscia lacks a process and the valve apex is elongated
into a proboscis. Further details of the morphology of
these genera are given by Hustedt (1958), Manguin
(1960), Hasle (1975) and Sundstrom (1986}

Two dichotomous keys are given below, one for the
Antarctic and one for the Arctic because of the differing
varicty of species in the two regions, resulting in differ-
ent emphasis on certain characters.

Artificial key to Antarctic Rhizosolenia and allied
genera

fa Valve terminates in 4 proboscis .o 2
b Valves terminate in one, or rarely two, processes .4
2a Proboscis stout, markedly truncate, more or less
parallel to the pervalvar axis of the cell s,
......................................................... Rhizosoleniu inermnis
2b Proboscis less massive and tapering, commonly

SHEhtly curved e 3
3a Valve acutely conical, proboscis gradually tapering
and with a shit at the end i Proboscia alata

3b Valve rounded, proboscis clearly demarcated from
the valve and markedly curved s
........................................................ Rhizosolenia truncata
4a Valve bearing twWo PTOCESSES wrcrmmrenresrnns
................................................. R. antennata . antennaia
4b Valve with a $ingle process .. 5
5a Copulae arranged bilaterally, with a distinct
chevron pattern. Cell more or less rectangular in
girdle view, with the valve markedly asymmetrical,
having an almost flattened face with the process on

ONE EUPL et icrrmrasrem sttt sicns R. chunii
5b Copulae in dorsi-ventral columns. Cells with no
recognizable SYMMELTY s sssssssssisssesss 6

6a Otaria or comparable structures (and claspers) ab-
sent, or impossible to resolve using light microscopy
6h Otaria {and claspers) present ... 10
7a Process tubular, + sigmoid. Copulae in a single pair
of columns ... R. cylindrus (includes R. antarctica)
7b Process straight, tapering uniformly. Copulae in
one or more pairs of COIUMDS s 8
8a Cells large, diameter > 50 pm, and very heavily
silicified. Process visibly rough. Copulae in several

pairs of columns ... R. polydacrylaf squamosa
8b Cells generally < 50 pm in diameter. Copulac in
one or two pairs of columns ... -

Ya Valves weakly silicified. Copu!ac inone or two pdll‘s
of columns but very difficult to resolve using light
MUCTOSCOPY wenvssrermssssrmrnrsssnssesns R, simplex

9h Valves heavily silicified, Apex of valve and base of
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uniformly-tapering process rough. Copulae in a pair
of columns, casily resolved using light microscopy .
R. sima {. silicea
10a Otaria pointed or angular with part of the margin
concave, extending along, the basal part of the
DTOCESS cooirremesresinssesrsrenssssssssssssss st saressass s tesssmssebsnsssses 11
i0b Otaria not pointed, mdrs_m CONVEX wvcrrirmmsscsnrines 12
11a Otaria relatively small, straight-edged. Process
long and slender. Cells not excecding 45 wm in
& [E=125151 i) OO R. antennata £, sermispina
11b Otaria rounded. Process robust and long (about 50
wm), Cells 10165 um in diameter ... R. crassa
12a Cells 110-280 wm in diameter. Process stout, dis-
placed to valve margin, giving the cell a rhombic

shape in girdie view .o R. rhombus
1Zb Cells < 100 pm in diameter, process position and
cell shape not as above . 13

13a Cells markedly curved, usually solitary, oc-
casionally in pairs or occurring as ‘rafts’. Process
positioned centrally ..o, R. curvata
13b Cells straight or only slightly curved ... 14
144 Otaria very conspicuous, extending well away from
the swollen base of the otherwise fine process
R. sima {. sima
14b Otaria not nearly as wide as long, barely extending
Onto the process s 15
15a Process tapering uniformly ... R. styliformis
15k Process of uniform thickness proximally, then tape-
ring rapidly in the distal portion ...
......................................... R. polydactyla {. polvdactyla

Artificial key to Arctic Rhizosolenia and allied genera

la Valve with a probDOSCIS s 2
I Valve with 8 process .. 3
Za Valve conical, merging into a tapering, sometimes
slightly curved proboscis e Proboscia alata
2b Valve bearing a massive, straight, truncate pro-
DOSCIS. s Rhizosolenia inermis

3b Process not as above .. e 4
da Otaria absent, process very long and needle-like
................................ e R sELIgRFA
4b Otaria present 5
5a Otaria pointed, extending & significant distance
along the base of the process. Process long and
slender. Valve acutely conical, the ventral part
prolonged oo, R. hebetara {. semispina
5b Otaria not poInted s 6
6a Otarin rounded and extending half-way up the base
of the process. Process 15-28 pm, wide at the base
and only tapering significantly after half of its
length. Valve asymmetrical .o R. borealis
Ob Otaria inconspicuous, rarely extending onto the
process. Process 30-30 pm, tapering more or less
untformly. Valve markedly asymmetrical, with the
ventral margin greatly prolonged ... R. styliformis

The following species descriptions, derived mainly from
Sundstréom (1986), Cupp (1943), and from personal
observations, provide more details to use in identifying
Rhizosolenia and allied specics. A number of species
and subspecific taxa present similar features when exam-
ined using the light microscope, so we have dealt with

these in groups, each introduced by a short note, so asto
highlight comparisons. Unlike the keys, we have not
separated Antarctic and Arctic taxa.

GENUS RHIZOSOLENIA Brightwell

Section Rhizosolenia

Species with the segmented girdle bands (copulae) ar-
ranged in two dorsi-ventral columns, or exceptionally in
several columns. In many species the copulae closest to
the valve bear the impression of the sister-cell valve
Process.

Note 1. We start the section with descriptions of a
complex of four related taxa. R. hebetata has long been
recorded from both the Arctic and Antarctic as the form
sermispina, In each locality the ‘semispina’ cells are
associated with two completely different, but distinc-
tive, cell types (? spores). In the Arctic, ‘semispina’ cells
are associated with R. hebetata {. hebetata (sometimcs
referred to as f. hiemalis). In the Antarctic, ‘semispindg’

cells are associated with valves bearing two processes.

Sundstrdm (1986) has assigned the Antarctic ‘semispinag’
cells as a form of an earlier described species, R. anten-
aata, which characteristically bears two processes on its
valve. The semispina forms of the two species remain
essentially indistinguishable except on biogeographic
grounds. Although the distinctive valves of the different
forms of each species are usually found at both ends of
cells, occasionally a cell is found which bears one valve
of each form. An example for R, hebetata is given by
Drebes (1974, Fig. 41a-c), and JP has observed similar
hehaviour in R. antennata from the Bransfield Strait,

Rhizasolenia amtennata (Ehrenberg) Brown £
antermaia (Plate 15.1, Fig. 5a,b,c)

This taxen has often been noted in Antarctic samples
under a number of names of which Rhizosolenia bidens
and Rhizosolenia heberata {. bidens are the most com-
mon. Cells are long, cylindrical or slightly swollen, and
solitary. The valve bears two central symmetrical pro-
cesses and lacks the contiguous area, otaria and claspers.

Rhizosolenia antennata f. semispina Sundstrom (Plate
15.1, Fig. 6)

Ceils are fong and cylindrical, either solitary, in pairs or
forming long chains. The valve is acutely conical and
bilaterally symmetrical, with the ventral part much longer
than the dorsal. The marginal ridges of the contiguous area

are usually readily discernible towards the proximal part of

the valve and claspers are visible in permanent mounts.
The single process is comparatively long, although usually
broken in permanent preparations. It is widest basally,
tapering into a long narrow tube. Otaria are small but
conspicuous, being pointed and extending at least 3 pm
along the basal part of the process. In narrow cells, the
otaria may not reach the valve whereas they extend onto
the valve face on more robust cells (Sundstrom, 1986). The
quincuncial pattern of the areolation may be visible in
heavily-silicified specimens.

Rhizosolenia hebetata §. hebetata Bailey (Plate 15.1,
Fig. 3a.b)

The long cylindrical cells occur solitary or in pairs. The
valve is acutely conical with the valve margin in a plane
slightly oblique to the pervalvar axis. It is fairly heavily
silicified, especially close to the apex. Contiguous area,
otaria and claspers are lacking, so the mechanism hold-
ing cells topether must differ from the semispina form.
The process is heavily silicified, 15-25 pm long, tapering
only slightly from the base and with a rounded tip.

Rhizosolenia hebetata §. semispina (Hensen) Gran
(Plate 15.1, Fip.4)

These long cylindrical cells also occur solitarily or in
pairs. The valve is acutely conoidal and bilaterally sym-
metrical, with the ventral margin prolonged. The margi-
nal ridges of the contiguous area and claspers can be
seen in permanent mounts. The process is comparatively
long, but again usually broken in preserved material. It
is wide at the base and then tapers into a narrow tube.
The otaria are indistinguishable from those of R. anten-
nata {. semispina, being pointed and extending at least
3 wm along the base of the process. As with R. antennata
f. semisping, the degree to which the otaria extend onto
the valve varies with cell size.

Note 2. Sundstrom (1986) points out that R. stviiformis
is commonly misidentified and this has led to world-wide
reports, He concluded that reliable records come only
from the North Atlantic but acknowledges that this may
not describe the complete range of R, siyliformis. As it
has been recorded inthe past from both the Arctic and
Antarctic, we have included it here in the hope that
future workers will examine material more carefully.
Two similar species are presented alongside R. styl-
iformis: R. borealis from the Arctic and R. polydaciyla
from the Antarctic.

Rhizosolenia siyliformis Brightwell (Plate 13.3, Fig. 4)

Cells are long, cylindrical and occur singly or in pairs.
The valve is markedly asymmetrical, with the ventral
margin prolonged so as to account for nearly half of the
pervalvar length (excluding the process). Claspers are
visible. The process is usually 30-50 wm long. although
seldom intact in preserved material. Sundstrém’s (1986)
micrographs and line drawing suggest that the process
tapers more or less uniformly from the basal part - an
important distinction from the next two species. The
otaria are rounded and usually terminate below the
process or only extend 1-2 um along it. Because of the
asymmetry of the valve, the first two copulae differ from
the rest.

Rhizosolenia borealis Sundstrém (Plate 15.1, Figs 1.2)

Cells are long and cylindrical, usually solitary or in
pairs. The valve is asymmetrical with the ventral part
longer than the dorsal. The contiguous area is distinct,
at least towards the proximal part, and claspers are
prominent. The process is 15-28 wm long. It is widest
at the base and narrows abruptly about half way
along. This character and the shape of the otaria
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separate it reliably from R. styliformis (although this
opinion is based on published information and not on
our own observations). The conspicuous otaria with
rounded lateral edges arise at the valve apex and extend
almost half way up the basal part of the process.

Rhizosolenia polydactyla Castracane f. polydactyla
{Plate 15.2, Figs 4,5)

Cells are fong, cylindrical, and usually solitary. The
valve is bilaterally symmetrical, with the ventral part
tonger than the dorsal. The contiguous area is conspicu-
ous in the proximal part of the valve, with prominent
cluspers. The process is 18-34 pm long and resembiles
that of R. borealis in that it is of more or less uniform
thickness at the base and only begins to taper half way
along its length. The otaria arise at the valve apex and
extend half way along the thicker basal part of the
process. The distal ends of the otaria join the process at
right angles.

Rhizosolenia polydactyla . squamosa Sundstrom
(Plate 15.2, Fig. 6)

This taxon is distinguished from the type form in that the
copulae form several pairs of columns. The valve is also
heavily silicified, with ridges on the distal part which may
cxtend onto the base of the process. Claspers are
lacking.

Note 3. The remaining taxa in the Section Rhizosolenia
do not fall into any morphologically similar groups and
are covered in alphabetical order.

Rhizosolenia crassa Schimper in Karsten (Plate 15.3,
Fig. 1)

Cells are large, cylindrical, heavily silicified, and occur
solitary or in pairs. The valve is bilaterally symmetrical
with the ventral part approximately twice as long as the
dorsal. The marginal ridges of the contiguous area are
distinct over the entire length of the valve. The claspers
are prominent. The process is robust, 50 wm lang when
intact but usually broken in preserved material. The
prominent otaria are continucus with the marginal
ridges of the contiguous arca and have distinctive convex
lateral margins extending to a slight point distalty. They
extend along the base of the process. Some cells possess
a girdle with two-columns of copulae and the other
composed of four columns. Cells with four columns of
copulae were those in the larger part of the size range,
whilst Karsten (1905 Plate XI Fig 6a) illustrated cells
with at least six columns of copulae.

Rhizosolenia curvata Zacharias (Plate 15.2, Fig. 3)

This distinctive curved cell is usually solitary in pre-
served material, but Hart (1937) gives several illus-
trations of cell pairs and rafts composed of several
individuals. The valve is bilaterally symmetrical with the
ventral part longer than the dorsal. The marginal ridges
of the contiguous area are usually distinct with com-
paratively small claspers. The process tapers uniformly
from the base and is seldom intact in preserved samples.
The small rounded otaria arise on the distal part of the
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valve, continuous with the marginal ridges and end
below the valve apex.

Rhizosolenia sima Custracane f. sima (Plate 15.2,
Fig. 1)

Cells are long and straight or slightly curved, usually
solitary or in pairs. The valve is conical but not strongly
acute, bilaterally symmetrical with the ventral part
longer than the dorsal. The contiguous area is only
distinct near the beginning of the sister-cell process,
Claspers are prominent. The basal part of the process is
bulbous and thick-walled, and tapers abruptly into a
fairly long, narrow, thin-walled distal tube. In valves not
attached to the sister valve, the tube is usually broken off
near the base. The rounded otaria are comparatively
large and extend laterally almost as much as their length.
They arise on the valve apex and extend along the basal
part of the process,

Rhizosolenia sima [, silicea Sundstrom (Plate 15.2,
Fig. 2)

This form can be distinguished from the type form by its
heavier silicification; lack of contiguous area, claspers
and otaria; and the robust process arising from the
thickened valve apex. The valve is more or less radially
symmetrical and Sundstrom (1986) suggests that {. sif-
icea is the resting spore of the type form, with some cells
having been observed with one valve identifiable as f.
sificeat and the other as f. sima. Mangin (1915) observed
intermediate stages.

Riizosolenia simplex Karsten {(Plate 15.3, Fig. 3)

Cells are small and comparatively weakly silicified. The
valve lacks a contiguous area and claspers. The process
is approximately 15-2(} pm long, and tapers so that it
appears to be an extension of the valve. Otaria are
lacking.

The valve shape, lack of otaria and related structures,
and the multiple columns of copulae may suggest that R.
simplex is aresting spore (by analogy with R. polydactyla
f. squamosa and R. sima {. silicea), although the weak
silicification is anomolous. [f this is correct, the identity
of the corresponding vegetative cell is unknown. The
similar taxon R, torpedo Karsten falls within the range of
R. simplex and is probably identical to it. In the case of
both species, Karsten (1905, Plate X Figs lc and 2a)
tilustrates pairs of cells within the mother-cell girdle.
The opposed valves apparently differ in shape from the
free ends of the cells, being bilaterally symmetrical.

Section Iinbricatae
This section of the genus has the copulae of the girdle

arranged in two lateral, rather than dorsi-ventral,
columns,

Rhizosolenia chunii Karsten (Plate 15.3, Fig. 2)
Cells are cylindrical, almost rectangular in girdle view,

and form short chains. The stout process, hollow at the
base, is displaced to the edge of the slightly convex

Table 15.1, Morphometric and distributional data on Rhizosolenia species occurring in polar waters. i

“Polar+ii

Specius Diameter, Pracess Oraria Copulae rowst:,
in pn CUn U distribution.
SECTION RHIZOSOLENIA e _.
R. antennata €. aniennata® t8—15 Paired _ none 2 Antartti_c S
R. amtennata §. semisping 6.5-42 long. tapering small. pointed 2 Antarctic . .-
R. hebetara [, hebetata® 1544 heavily silicified. rounded none 2 Arctic
tip . .

R. hebetata £, semisping 4.2-25 long, tapering small, painted 2 Arctic
R. styliformis 23-90 leng, uniformly tapering small, rounded 2 Arctic ?

o Antarctic
R. horealis 13~5 long, tapering distally large, rounded 2 Arctic
R. polvdactyla 1. polydactyla 15-105 long. tapering large, pointed distally 2 Antarctic
R. pa!'vdacr'viu f. squamosa™ 50~103 short none . Severak pairs - Antarctic
R. crassi 100~ 165 long, robust turge. slightly pointed lord4(6)  Antarctic
R. curvata 20135 uniformly tapering small, rounded 2 Antarctic
R. sima €. sinta §2--39 bulbous, tapering distally large. rounded 2 Antarctic
R. sima §. silicen™ 1840 robust, heavily silicificd none 2 Antarctic
R. simplex 548 uniformly tapering nene 24 Antarctic
SECTION IMBRICATAE
R. chunii k28 short, stout none 2 Antarctic
OTHER RHIZOSOLENIA SPP.
R. cviindrus B-20 tubular, slightly sigmoic none 2 Antarctic
R. rhombus 110280 stout. cecentric large, Tounded 2 Antarctic
. setigera 4-20 long, needle-like none 2 Arctic

1 where there are twe rows of copulie, these are usually dorsi-ventral
“ probable resting spores

valve. Copulac are short and ‘boomerang-shaped’
(Sundstrém, 1986). The interleaving of the ends of the
copulac presents the characteristic chevron pattern
of this group when seen in girdle view in dorsal or
ventral aspect. The bands are finely striate,

GENUS PROBOSCIA Sundstrom, and related species

This new genus includes a number of species previously
referred to Rhizosolenia alata Brightwell and to its
subspecific and related taxa. These share the distinctive
feature of having the valve prolonged into a tubular
feature — the ‘proboscis’ which gives the genericname. A
process and its associated external structures are absent.
Unfortunately, Sundstrom (1986) circumscribes only
one species in this genus, Preboscia alata (Brighiwell}
Sundstrom, and excludes from it Antarctic records.
Thus, similar Rhizosolenia species that possess the pro-
boscis await redescription and transfer to Proboscia and
this is beyond the scope of this manual. Therefore, this
section contains some species still in Rhizosolenia. We
are also unable to present diagnostic features which
delimit Antarctic R. inermis from the similar form in the
Arctic, or Proboscia alata in the Arctic from a nearly
identical un-named species in the Antarctic. Therefore
we present simple diagnoses for the three taxa noted in
the species lists, based on features visible in the light
microscope. The major distinguishing features used are
the size and shape of the proboscis. Copulae are in two
columns.

Proboscia alata (Brightwell} Sundstrom (Plate 15.3,
Figs 5a,b) ‘

The cells are long, cylindrical, commonly solitary but may
form chains. The conicalf valve is asymmetrical and tapers
into a truncate or slightly rounded and often curved
proboscis. The proboscis bears a short longitudinal slit just
below the tip. The contiguous area is developed into a
groove proximally, and this is occupied by the distal end of
the sister-cell valve proboscis in linked cells.

The species is well documented and includes some
unusual specimens. Karsten (1905, Plate IX, Figs 13a,b)
illudtrates two valves which are probably referrable to P.
alata but are grouped by him with a cell of R. antennata .
antennata as ‘R. bidens’. The proboscis of these cells is
apparently bifurcated for about two-thirds of its length.

Rhizosolenia inermis Castracane {Plate 15.3, Figs 6a.b)

The cells are long and cylindrical. The valve is only
moderately prolonged with a stout and markedly trun-
cate proboscis, which is slightly expanded distally (sensu
Cupp 1943, Fig 52E). The contiguous area has a proxi-
mal groove as in P. alata. It is distinguished from that
species in the light microscope by the valve shape,
probaoscis size and shape.

Rhizosolenia truncata Karsten (Plate 154, Fig. 4)
Karsten’s (1905) description of this species is sketchy.

The valve is noticeably rounded, especially by com-
parison with the preceding species. The proboscis 1s
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strongly curved over the valve face and this appears also
to be diagnostic (e.g. Karsten, 1905, Plate X, Figs 3, 3a).
Cells form chains linked by the probosces. Karsten
however notes a possible dimorphism in valve type, and
his figure 3a shows one proboscis straight and about half
of the cell length. Some later illustrations of this species
(e.g. Sournia and others, 1979, Fig. 30) show this as the
typical form. No details of the girdle are visible, an
impression confirmed by the two light micrographs in
Krebs (1983) and in comments by Hendey (1937).

The remaining taxa are a mixed group, most of which fall
outside Sundstrom’s (1986) description of Rhizosolenia
sensu stricto and should probably be placed in new
genera.

Rhizosolenia cylindrus Cleve (Plate 15.4, Figs 1, 2

Cells are small and cylindrical and occur solitary or in
pairs, united by the mother cell girdle. The valve is
- variable in shape, ranging from conical to almost flat.
The latter is referred to a separate species, R. antarctica
(Plate 15.4, Fig. 2), by Karsten (1905) but this is

regarded as conspecific with R. cylindrus by Hasle
(1969). The process is tubular, and slightfy sigmoid in
shape,

Rhizosolenia rhombus Karsten (Plate 15.2, Fig. 7

Cells large and usually solitary. The valve is moderately
convex to more or less flat, and bears a stout process
displaced to one side giving the characteristic rhombic
shape of the cell in girdle view. Karsten (1903) shows
lightly silicified otaria with rounded margins which arise
on the valve face and extend for most of the length of the
process,

Rhizosolenia setigera Brightwell (Plate 15.4, Fig. 5}

The cell is notable for its long process, being up to 80%
of the cell length (Cupp 1943 Fig. 49). The cell is
cylindrical, weakly silicified with conical valves lacking
otaria. The process is thickened at the base, becoming
needle-like in the distal half. The impression of the
sister-cell process runs across more than one girdle
segment.

Table 15.2. Morphometric and distributional data of Proboscie species (see text for taxonomy
P Iy 3

Specios Diameter Probascis shape Polar distribution
in e

P alate 2.5-13 slighely curved, end truncate or slightly rounded Arctic, PAntarctic

‘R, inermnds’ -9 stout, markedly truncate Antasctic, ?Arctic

‘R truncata’ [6--30

dimorphic - either curved or straight and long Antarctic

Plate 15.1. Line drawings of Rhizosolenia
Figs 1, 2 Rhizosolenia borealis
Fig. 3a, b Rhizosolenia hebetata £. hebetata
Fig. 4 Rhizosolenia hebetata £, semispina
Fig. 5a, b, ¢ Rhizosolenia amtennata . antennata
Fig. 6 Rhizosolenia antennate {, semispina

Scale bar = 50 pm Fig 1; = 25 um Figs 2, 3; = 20 um Fig. 5; =
10 wm Figs 4, 6.

Figs 1-4, 6 from Sundstrim (1986); others are redrawn from a
compilation of previously published figures.
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Plate 15,2, Line drawings of Rhizosolenia
Fig. 1 Rhizosolenia sima [. simua
Fig, 2 Rhizosolenia sima §. silicea
Fig. 3 Rhizosolenia curvata

Fig, 4 Rhizosolenia polydactyla . polydactvia

Fig. 5 Rhizosolenia polydactyla

bottom valve = . polydactyla

top valve = intermediate between . pofvdactyla and f,
Sguamosa

Fig. 6 Rhizosolenia polydactvla

bottom valve = intermediate between f. polvdactyle and f.
Squamnosa

top valve = {. squamosa

Fig. 7 Rhizosolenia rirombus

Scale bar = 200 um Fig 7; = 50 pm Figs 3, 4; = 25 um Figs 1, 2,
5,6,

Figs 1,2, 4-6 from Sundstrém (1986); others are redrawn from
a compilation of previously published figures.




Plate 15.3. Line drawings ol Rhizosolenia and Proboscin
Fig. 1 Rhizosolenia crassa
Fig. 2 Rhizosolenia chunii
Fig. 3 Rhizosolenia simplex
Fig. 4 Rhizosolenia stvliformiy
Fig. Sa, b Proboscia { = Rhizosolenin) alata

Fig. 6a, b Rhizosolenia inermis (not transferred to Pro-
boscia by Sundstrom, pending further investigations)

Scale bar = 50 pum Fig 1; = 25 pm Figs 2, 3, 4; = 10 um Figs 3,
f.

Figs 1, 3. 4 from Sundstrom (1986); all others are redrawn [rom
a compilation of previously published figures.
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Plate 15.4. Line drawings of Rltizosolenia
Fig. | Rhizosolenia cviindrus
Fig. 2 Rhizosolenia cylindrus (antarctica type valve)
Fig. 3 Rhizosolenia truncara (valve with short proboseis)
Fig. 4 Rizosolenia truncata {valve with long proboscis})
Fig. 5 Rhizosolenia setigera

Scate bar = 20 pm Figs 3, 4; = 1S um Fig. 1; = 10 pm Figs 2, 5.

Allillustrations are redrawn from a compilation of previously
published figures.




CHAPTER 16

FAMILY BIDDULPHIACEAE

Grethe R. Hasle and Erik E. Syvertsen

GENUS EUCAMPIA Ehrenberg

This genus is represented in polar waters by two species,
E.groenlandica Cleve in the Arctic and E.antarctica
Castracane in the Antarctic. The characteristic morpho-
logical feature is the presence of the bipolar elevations
{horns) without spines. The top of the horns of sibling
valves abut to form chains of cells. The Antarctic species
forms coarsely silicified resting spores.

How to identify to species:

E.groenlandica and E.antarctica are distinguished by
differences in size, silicification, the propertion between
the length of the pervalvar and apical axes, and resting
spore formation; E.groenfandica being the smaller,
more weakly silicified diatom with generally higher cells
and no resting spores. The species are readily identified
in water mounts. The location of the single labiate
process, central in E.groenlandica and marginal in
E.antarctica, is resolved in specimens mounted in a
medium of high refractive index.

Characters to look for to distinguish between species:
1. Size of cells

2. Degree of silicification

3. Location of labiate process

Table 16.1. Morphometric data on Eucampia

Apical Valve Labiate Polar
axis wimn areolae process  Disrribution
in 10 urr
E. groentundica 10--33 3542 central Arctic
E. antarctica 18-92 310 marginal  Antarctic

For further information sce Syvertsen and Fiasle (1983).

Editors’ note: two recent papers deal with Antarctic
Eucampia, with particular reference to nomenclature
(Fryxell, Prasad and Fryxell, 1989) and intraspecific
variation (Fryxell and Prasad, 1990).
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Plate 16.1. Line drawings of Eucampia.Scale bars = 10pm.
Figs. 1-6. Eucampiu groeniandica
Figs. 1-3. Broad girdle view

Fig. 4. Narrow girdle view

Fig. 5. Valve view

Fig. 6. Top of a horn,

Figs. 7-13. E. antarctica

Figs 7, 9, 10, 11. Broad girdle view

Figs 9 & 11. Colonies with resting spores
Fig. 8. Narrow girdle view

Fig. 12. Valve view

Fig. 13. Top of horn
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CHAPTER 17

FAMILY DIATOMACEAE

Grethe R. Hasle

GENUS THALASSIOTHRIX Cleve ¢f Grunow

The genus is characterized by long twisted cells, slightly
inflated in the middle. The valve has short marginal
striae and more or less distinct marginal spines. Nu-
merous disc-shaped chloroplasts are present.

How to identify to species:

Thalassiothrix antarctica Schimper ex Karsten can be
readily distinguished from other genera as well as from
other species of the genus, if appearing in colonies in
water mounts. Cells in colonies are joined by character-
istically bent foot-poles and a shorter or longer part of
the cell fength, whereas the head-poles are distinctly
separated. Because T.amarctica can occur as either
curved or straight single cells, the distinction between
the straight form and T. longissima Cleve & Grunow
becomes critical when examining water mounts. A com-
parison of well-developed cell apices (best seen in
cleaned valves in a permanent mount) is the most reli-
able means by which the two species can be
distinguished.

Characters 1o look for:

1. Colony formation

2. Shape of cell

3. Shape of ccli/vaive apices

4. Presence/absence/shape of apical protrusions

Key to species:

la Celis straight or slightly curved, no colonies ... 2

1b Cells sigmoid with distinct bend near one pole .......
............................................................................ T. amtarctica

2a Both apices with “cock’s comb’ profrusions ...
.......................................................................... T. longissima

21 One apex rounded without spines, the other with two
WINZEd SPINES wevrermissarmmiesssessrmisssenasass T. amtarctica

Table 17.1. Morphometric data on Thalassiothrix and Trichotoxon

GENUS TRICHOTOXON Reid ef Round

Trichotoxon reinboldii (Van Heurck) Reid ef Round
Bastonym: Synedra reinboldii Van Heurck

This species very often occurs in association with
Thalassiothrix antarctica. They are approximately of the
same length and width and are similar in cell shape, with
Trichotoxon reinboldii being curved but not sigmoid.
T.reinboldii  also  forms colonies but unlike
Thalassiothrix antarctica the cells are attached at either
end resulting in pointed, ovoid colonies (Reid and
Round, 1987).

How to identify:

Whole cells/valves may be identified in water mounts but
like the two Thalassiothrix species cleaned material in
permanent mounts may be needed in critical cases.

Characters to look for:

Shape of colony

Shape of celi

Shape of cell apices ;
Location of labiafe processes
Absence of spines

(R A

Key to Thalassiothrix antarctica and Trichotoxon rein-

boldii based on cleancd materiak:

la No marginal spines, spincless rounded cell apices,
labiate process close to each apex with low mantle
............................................................................ T. reinboldii

1b Marginal spines turned towards spined apex. the
other apex rounded and spineless, labiate process
away from the apeX . T. amarctica

#

Apical Transapical Muarginal spines StriaeiAreolae Distribution
axis in pen (XS IR i H} pnt in 10 pn plankionic
T. longissirna 330-4000 2.5-6 1-3 11-16 Arctic
T. antarctica 420-5680 1.5-0 1-2 12-17 Antarctic
T. reinboldii S04-3600 3-1) absent 8-10 Antarciic

For further information see Hasle and Semina {1987) and Reid and Round (1987},
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Plate 17.1. Line drawings of Thalassiothrix and Trichotoxon.
Scale bars: Figs 1,4, 7 = [0 wm, Figs 2, 3,5,6,8,9 = 10 pm.

Figs 1-3. Thalassiothrix longissima
Fig. 1. Whole cell

Fig. 2. Terminal part of cell in valve view

Fig. 3. Terminal part of cell in girdle view.
Figs 4-6. Thalassiothriv antarctica

Fig. 4. Colony

Fig. 5. Part of cell with [oot-pole in valve view

Fig. 6. Part of cell with head-pole in valve view

Figs 7-9. Trichotoxon reinboldii
Fig. 7. Whole cell

Fig, 8. Middle part of valve
Fig. 9. Terminal part of valve.
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CHAPTER 18

FAMILY NAVICULACEAE:
ARCTIC SPECIES

Michel Poulin

In polar regions, extensive taxonomic works have
focused on phytoplanktonic assemblages, while the sea
ice habitat has been severely neglected. The identifi-
cation of bottom sea ice diatoms from the Arctic s still a
problem for most of the scientists working in polar
regions because they have to rely on out-of-date litera-
ture such as Cleve and Grunow (1880), Cleve (1883),
Grunow (1884) and @strup (1895). The few modern but
purely taxonomic studies that do exist (i.e. Heimdal,
1970 Poutin and Cardinal, 1982a, 1982b, 1983; Sy-
vertsen, 1984; Medlin and Round, 1986; Poulin, 1990a,
b) do not help to answer questions asked by the ecol-
ogists. Thus, further thorough taxonomic studies are
needed to standardize the identification of the diatoms
from the Arctic regions.

This section on the Naviculaceae of the Arctic is an
attempt to clarify and simplify the different steps involved
in the identification process of the distoms. Unfortunately
only a few taxa are represented but they are those found
mast commonly in the bottom sea ice assemblage. The
most important ice diatom genera are Navicula with 24
taxa and Pinnwdaric with 11 taxa. Additional species typi-
cal of sea ice biota are included and belong to the following
genera: Diploneis (1 taxon), Gyrosigma (2 taxa), Haslea
(3 taxa), Plenrosigma (2 taxa), Staironeis (1 taxon), and
Stenoneis (1 taxon). For most of the diatom taxa recorded
in the present study, frustules have to be cleaned of organic
matter and mounted in a medium of a high refractive index
for light microscopy in order to distinguish the character-
istics used in the keys. It is also preferable to examine the
cells in valve view.

The following keys are incomplete in as much as only
the 45 most common and conspicuous sea ice diatom
taxa are considered. Additional taxa that might be found
can be identified by using more comprehensive taxo-
nomic studies (e.g. Cleve and Grunow, 188(); Cleve,
[883; Grunow, 1884; @strup, 1895). The identification
keys should be used in conjunction with the mor-
phometric data in Table 18.1 and the corresponding
figures. Genera with only one or two species treated are
not provided with a key. Instead, the main distinguish-
ing characteristics are listed.

TAXONOMY

Key to genera:

la Valve SIZMOId s, 2
1b Valve not Sigmoid .o 3
2a Transverse and longitudinal striae crossed at right

ANZLES oot Gyrosigma

2b Transverse and oblique striae crassed at an angle

other than 90° ..o Plewrosigma
3a Transverse and longitudinai striae crossed at right
angles ... e s s wHaslea
3b Valve with only one pattern of striag .o 4
4a Raphe bordered by longitudinal canals ... Diploneis
4b Raphe not bordered by such canals .o 5
5a Central area laterally expanded into a stauros .........
................................................................................ Stauroneis
5b Central arca not so developed .o, 6

6a Striae alveolate or multiseriate ..... -Pinnularia
6D Sriae UNISETIAIE cvisesircssmmressirasssessrsssesesrans 7
7a Raphe enclosed between two longitudinal axial costae,
with central pores very close to each other and
terminal pores ending sub-terminally ... Stenoneis
7b Raphe sometimes enclosed between axial costae,
but never in conjuction with such central and ter-
MUNA] POTES i nsisisn s Navicula

GENUS DIPLONEIS Ehrenberrg

Cells solitary. Valves usually elliptical, sometimes
panduriform. Raphe bordered by longitudinal canals
of variable width, unornamented or perforated by
small areolae. Striae complex, consisting of loculate
areolae.

Features to look for in valve view:

1. Valve outline: shape of the valve and its middle part,

2. Longitudinal canals: shape and width of the longi-
tudinal canals.

3. Striae: nature of the striation, number of striae in
10 pm.

Species illustrated:

D. litoralis var. clathrata (Plate 18.1 Fig. 1)

Main features: Valve linear-clliptical.
Longitudinal  canals
Narrow.
Striae close to one another and formed
by a double row of areolae.

straight  and

Ecology:
Marine, bottom sea ice species endemic to the Arctic.

GENUS GYROSIGMA Hassall

Celis solitary. Valves sigmoid. Transverse and longitudi-
nal areolate striae crossed at right angles.
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Table 18.1. Morphometric and distributional data on the most common sea ice diatom taxa belonging to the Naviculaceae

present in the Arctic, and their ecologicat distribution.

Apical axis

Transapical axis

Polar distribution

Taxa g n Strige in J0 pn

Diploneds ) )
ﬁmmli\\' v. clathrata (@ste.) Cleve 26--H) 10-12 15-17 Arctic
g Vi§T P .

G—}:’r(r):n’;tuii Poul. & Card. 78-114 17-21 23—-24(T)‘ 32-34(L) Suhnlrcllc ‘
rennissintivn v iyperborea {Gran.) Cleve G4-152 5-7 20-23¢T) 26-30(L) Arctic-subitrctic

a5iea . .

Hi’ril.réigemfdcs (Hust,} Sim. 6i-168 #-14 22-24 Arctic-subarctic
kjellmanii {Cleve) Sim., 128-19%0 27-32 i4+-16 Arclic-subarctic
virrea (Cleve) Sim. 131-14H) 1720} 18-19(T) 21-22(L) Acrctic-subarctic

N{i:!‘r,fi‘(?:?(}run. 34-141 1651 10 Artlic~5uhzlrcli‘c
directa {W.5m.) Rulfs 32-137 711 9--10 Arcl!c—Amurct!c
directa v, juvanica Cleve 63-1635 1012 7 Arctic-Antarctic
Foreipaia v. densestriate Schmidt E6-30 6-13 t8-24 Arct!c-suhfarct!c‘
imperfecia Cleve 63153 337 7 Arct!c-subarcl!t
kariuna v, deiersa Grun, 62-113 21-25 10--11 Arcigc—suburcu.c
kryvokonites Cleve 19-37 11 2022 Arcl}c-suhurcl!c
krvophila Cleve 42119 F8-H) &-12 Arctic-subarctic
novadecipiens Hust, 40--88 16-18 12-13 Arctic-subarctic
abiusa Cleve 45117 12-16 1012 Arclfc )
vestrupioides Hust, 33492 -7 22-23 Arctic-subarctic
pellucidula Hust. 4574 18-22 15 Avretie
recttrvate Gran 29--50 &1 11-13 Arcl!c ‘
solbiaria Cleve 22-78 7-8 10 Arct!c-suhurm{c
superba Cleve 44-103 1023 810 Arctic-subarctic
superba v, crassa (Dstr.) Gran 40-102 21-25 %l() Arctfc: N
superba v, suhactia Gran 4248 1820} 89 Arct!c.:.subarctlc
iransfupa v, septeptrionalis sty 667 27-30 {2 Aretic .
transitans Cleve 71-134 1620 -4 Arci!c—suburcl!c
rransitans v, derasa (Grun,) Cleve 4593 10-18 9-11 Arct!c-suhurctlc
trigonecephala Cleve 2862 b4 l‘li--l 1 Afl?l!(?: o
srigonocephala v, depressa Qstr, 50-83 iZ-13 5-9 Arctic-subarctic
valida Cleve & Gran. 33126 15-26 68 Arctfc-subarct!c
valida v. minuta Cleve 15-32 1115 8-4 Arctic-subarctic

2 )

! ;Z::ﬂﬁgﬁ.‘ Cleve 41-75 (’hm. 7-8 Arcu:osuhzlrclic
quadratared v, bicontracta {(Dstr.) Heid, 41-103 10-15 U-11 Arct!c‘-ﬁuhitrt.:lgc
quadratarea v, cupitata Heid. 54--90 12-15 10-£} Arct!c.:suh‘frutf:
quadratarea v. consiricta (@str.) Heid, 35-96 11-19 1'(%1 ! Arcl!L-Anl'drr:t_nf:
guadratarca v. cuneata (9str,) Gstr. 46-84 16-22 b;) Ar(fl!c:‘s-ubfirm_&:
quadrataren v, densestriata Cleve 3%57 9--10} 12 AI'L‘I!(."!?Ubterl]‘L
quadratarca v. dubio Heid, 3562 12-19 ?—li Ar(.t!a.-sfubflrct!c
quacraturea v, maxima (Ostr.) Bover 60-119 1417 E:‘) Al’(:ll!L-SLll‘J:er‘l}C
quidratarea v. miror (Dstr.) Heid. 2341 S—:l(] l‘_--].’r Arfil!c-sulnfurut!c
qriaerararea v, subglabra (Bstr.) Poul, & Card. 65-94 1520 8-9 An_l_lc-stubfnrct!c
seriinflaia (@str.) Gran 2270 810 1314 Arctic-subarctic

Ylettrosigima » '

! {fvibrejrirc%‘(.r {(Grun.) Card. ¢t al. 140230 12 26-2UT) 26-27(0) AI’CI!C‘SUhaI‘Cl}C
sitbergii . rhomboides (Cleve) Cleve H3-166 26-33 22-24T) 25-26(0) Arctic-subarctic

Stuuroneis )
radissonii Poul. & Card. 2127 -3 40319 Subarctic

Stenoneis o .
inconspicua v. baculus (Cleve) Cleve 4045 7-11 18-19 Arctic-subarctic

VT transverse strine: B longitudinal strise: O obligue striae.

Features to look for in valve view:

1. Valve outline: careful examination of the shape of
the valve.

2. Raphe: orientation of the raphe system on the valve
surface.

3. Striae: number of striae in 10 pwm on both transverse
and longitudinal patterns.

Species iflustrated:
G. hudsonii (Plate 18.1 Fig. 2)
Main features: Valve strongly sigmoid and lanceolate.
Raphe straight or almost straight from
one apex to the other.
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G. tenuissimum var. hyperborea (Plate 18.1 Fig. 3)
Main features: Valve narrow, linear and very slightly

Longitudinal striac clearly finer and denser than the

Longitudinal striae finer and denser

than the transverse striac.

sipmoid.

Raphe straight, slightly bent in contrary

directions at the apices.

transverse striae.

Ecology:
Marine, periphytic and bottom sea ice species, common
in the Arctic and also present at temperate latitudes.

GENUS HASLEA Simonsen

Cells solitary, sometimes or in mucilage tubes. Valves
typically lanceolate (fusiform) with acute apices.
Pseudostauros sometimes present, Transverse and
longitudinal areolate striae crossed at right angles.

Features to look for in valve view:

1. Valve outline: especially the width of the valve.

1. Pseudostauros: occurrence and nature of the
pseudostauros at the centre of the valve.

3. Strige: number of striae in 10 wm in both longitudinal
and transverse patterns.

Key to species:
| Pseudostauros present ..o, H. crucigeroides

(Plate 18.1 Fig. 4)
1 Pseudostauros abSent . ceeieeeeeeeeseesseeserans

2 Valve broad, coarsely striate H. kjeiimanu

(Plate 18.1 Fig. 5)
2 Valve narrow, densely StTiate e, H. vitrea

(Plate 18.1 Fig. 6)

Ecology:

Marine, periphytic or bottom sea ice species common in
the Arctic and present in coastal environments of trop-
ical or temperate latitudes.

GENUS NAVICULA Bory

This genus shows the highest degree of morphological
variation in almost all the valve features, Cells usually
solitary. Valves basically lincar, elliptical or lunceolate.
Raphe usually straight. Axial and central areas variable.
Striation is also variable: areolate, alveolate or lincate,
uniseriate or biseriate, in longitudinal or decussating
rows, radiate, parallel or convergent,

Features to look tor in valve view:

I. Valve outline: shape of the valve, shape of the apices.

2. Areas: shape of the axial, central, terminal, and
laterai areas.

3. Striae: nature, oricntation, and interruption of the
striae, number of striae in 10 pm.

Key to species:

la Valve with marginal multiseriate striae .o,
........................................................................... N. kryophila
(Plate 18.1 Fig,. '/')
1b Valve without marginal multiseriate striae ... 2
2a Valve with narrow lyre-shaped lateral areas ...........
............................................ N. forcipata var. densestriata
{Plate 18.1 Fig. 8)

2b Valve without lyre-shaped lateral areas ...,
Ja Striae areolate . et 4

4a Distal raphe ends curved in opposite directions .......
.................................................................... N. vestrupioides
(Plate 18.1 Fig. 9)

4b Distal raphe ends Straight ...
Sa Valve margin with short inserted rows of areolae ...
.................................................................................. N. algida
(Plate 18.1 Fig. 10)

5b Valve margin without short inserted rows of
ATCONAC 1vvmre sttt
6a Valve asymmetrical to the apical axis
................................................................ N. novadecipiens

(P|’1t€ 18.1 Fig. 11)
6b Valve symmetrical to the apical axis ...

7a Valve narrow, asymmetrical central ared ...
..................................................................... N. kryokonites
(Plate 18.1 Fig. 12)
7b Vaive broad, narrow transapical central area ........
...................................................................... N. pellucidula
(Plate 18.1 Fig. 13)
8a Valve surface deeply concave toward the centre 9
8b Valve surface not concave
9a Valve large, butterfly-shaped central area .
............................................................................... N. obmm
(Plate 18.1 Fig. 14)
FI R N. recurvara
(Plate 18.1 Fig. 15)
10a Valve with distinct latersad areas .o, 11
10b Valve without lateral areas

Ha Valve broadly fanceolate .....N. kariana var. detersa

122 Valve liNCar s sssse
12b Valve elliptical and/or lanceolate ... -
13a Striae interrupted .vvencvnnnnee. 14

I3b Strige uninterrupted .ooneenn.. W15
Ida Apices apiculate and produced ..enieceoeeccnris
.............................................................. N. trigonocephaln
{Plate 18.1 Fig. 18)

14b Apices apiculate .2. N. trigonocephala var. depressa
‘ {Plate 18.1 Fig. 19)

15a Apices rounded .. N. solitaria
(Plate 18.1 Fig. 20)

15b Apices cuneate ... N. directa var. javanica
{(Plate 18.1 Fig. 21)

16a Central striae alternately longer and shorter ...... 17
16b Central striae not alternately longer and shorter ...
.............................................................................................. 18

17a Valve broadly clliptical, striae interrupted ...
....................................................................... N. imperfecta
(Plate 18.1 Fig. 22}

17 leve narrowly elliptical, striae complete

................................................................................ N. valida
(Plate 18.1 Fig. 23)

18a Valve lunceolate .o, .19
18b Valve not [anceolate .o 20
19a Striae paratlel ... SOV N. directa
(Plate 18.1 Fig. 24)

19b Striae radiate .o N. transitans
(Plate 18.1 Fig. 25)

20a Valve rhombic .., N. superba

{Plate 18.1 Fig. 76)

20b Valve elliptical .o eeeresincnns
2la Striae inferrupted s 22
21b Striae uninterrupted .o eiessinnee 23
22a Apices apiculate, densely SEriate ...
.................................... N. transfuga var. seprentrionalis

{Plate 18.1 Fig. 27)
22b Apices sub-rostrate, coarsely StHate .oonrerreeeeee.,

..................................................... N. superba var. crassa
(Plate 18.1 Fig. 28)



.......................................................... N. superba var. subacuta
(Plate 18.1 Fig. 29)
23b Striae radiate at centre ... N. valida var. minuta
{Plate 18.1 Fig. 30)

Ecology:
Marine, periphytic, bottom sea ice species common in
the Arctic and some are also present at temperate
latitudes.

GENUS PINNULARIA Ehrenberg

Cells solitary, sometimes in filamentous colonies,
Valves linear to linear-lanceolate. Axial and central
arcas of variable width. Striae multiseriate or
alveolate.

Features to look for in valve view:

1. Valve outline: shape and contraction of the valve,
shape of the apices.

2. Central area: shape of the central area.

3. Strize: number of striae in 10 pm.

Key to species:
la Valve asymmetrical with respect to the apical axis
....................................................................... P. semiinflara
{Plate 18.1 Fig. 31)
Ib Valve symmetrical with respect to the apical axis 2
2a Broad axial area, marginal alveolate striae ...
...... P. ambigua
(Plate 18.1 Fig. 32)
2b Narrow axial area, multiseriate striae ... 3
3a Apices capitate ... P. quadraiarea var. capitata
(Plate 18.1 Fig. 33]

3b Apices not capitate ..........
d4a Valve constricted at CeNLIe ..
4b Valve not constricted at centre
5a Valve large, coarsely SUHAte ocerrocemcccmcsresrennne
........................................ P. quadratarea var. constricta
(Plate 18.1 Fig. 34)
Sb Valve small, finely striate .o,
............................................... P. quadratarea var. minor
(Plate 18.1 Fig. 35)
6a Valve inflated at centre ..
........................................... P. quadratarea var. maxima
(Plate 18.1 Fig. 36)
6b Valve not inflated at centre . crccnnnvncrnnenns
7a Valve bicontracted ... 8
7b Valve not bicontracted ..., 9
Ba Apices cuneately rounded ...,
..................................... P. quadratarea var. bicontracta
(Plate 18.1 Fig. 37)
8b Apices rounded ... P. guadratarea var. densestriata
(Plate 18.1 Fig. 38)
9a Valve linear-elliptical ... P. quadratarea var. dubia
(Plate 18.1 Fig. 39)
9b Valve not linear-elliptical .
10a Valve elliptical-lanceolate ...,
........................................... P. quadratarea var. cuneata
(Plate 18.1 Fig. 40)
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10b Valve lanceolate ....P. quadratarea var. subglabra
(Plate 18.1 Fig. 41)

Ecology:

Marine, periphytic, bottom sea ice species, common in
the Arctic, some are also present at temperate latitudes,
others are bipolar.

GENUS PLEUROSIGMA W. Smith

Cells solitary. Valves sigmoid. Areolate striae arranged
in oblique and transverse rows crossed at an angle,

Features to look for in valve view:

1. Valve outline: careful examination of the shape of
the valve.

2. Raphe: orientation of the raphe system on the valve
surface.

3. Striae: number of striae in 10 wm on both transverse
and oblique patterns.

Species illustrated:

P. siberica (Plate 18.1 Fig. 42)

Main features: Valve slightly sipmoid, linear and
narrow,
Striae very fine, oblique pattern denser
than the transverse pattern.

P. stuxbergii var. rhomboides (Plate 18.1 Fig. 43)

Main features: Valve strongly sigmoid, lanceolate and
broad.
Striae fine, oblique pattern slightly
denser than the transverse pattern.

Ecology:
Marine and bottom sea ice species endemic to the
Arctic.

GENUS STAURONEIS Ehrenberg

Cells solitary. Valves usually lanceolate or elliptical.
Stauros of variable width at the centre of the valve.

Features to look for in valve view;

1. Valve outline: shape of the valve and the apices.
2. Stauros: shape and width of the stauros.

3. Striae: orientation and number of striae in 10 pm.

Species illustrated:

Stauroneis radissonii (Plate 18.1 Fig. 44)

Main features: Valve small, narrow with capitate
apices.
Stauros very narrow.
Striac indistinct under the light
micToscope.

Ecology:
Marine and bottom sea ice species endemic to the
Arctic,

GENUS STENONEIS Cleve

Cells solitary or in short aborescent colonies. Valves
linear. Apices rounded. Raphe enclosed between two
longitudinal axial costac. Axial area very narrow. Striae
finely acrolate, interrupted and parallel.

Features to look for in valve view: .
1. Valve outline: shape of the valve and the apices.

. Central area: shape of the central are' E
3 Striae: de;aree of interruption’in the strlae
of striae in 10 wm.

Species illustrated: :
Stenoneis inconspictua var. baculus (Pldte 18 1 F‘lg 45) R

Ecology:

Marine and bottom sea ice species endemic to the
Arctic.
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Fig. 13 Navicula pellucidula

Fig. 14 Naviculu obusa

Fig. 15 Navicula recurvaia

Fig. 16 Navicula kariana var, detersa
Fig. 17 Navicula rransitans var. derasa
Fig. 18 Navicula trigonocephala

Fig. 19 Navicula rrigonocephala var, depressa
Fig. 20 Navicula solitaria

Fig. 21 Navicula directa var. javanica
Fig. 22 Navicula imperfecta

Fig. 23 Navicula valida

Fig. 24 Navicula directa

Fig. 25 Navicula rransitans

Fig. 26 Naviculy superba
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Fig. 27
Fig. 28
Fig. 29
Fig. 30
Fig. 31
Fig. 32
Fig. 33
Fig. 34
Fig. 35
Fig. 36
ig. 37
Fig. 38

Fig. 39
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Navicula transfuga var. septentrionalis
Navicula superba var. crassa

Navicula superba var. subacuta
Navicula valida var. minuta

Pinnularia semiinflata

Pinnuluria ambigua

Pinnularia quadratarea var. capitata
Pinnularia quadratarea var. constricia
Pinnularia quadratarea var, minor
Pinnudaria quadratarea var, maxima
Pinnularia quadratarea var. bicontracta
Pinnularia quadratarea var. densestriata

Pinnularia quadratarea var. dubia
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CHAPTER 19

FAMILY NAVICULACEAE:

THE GENERA PLAGIOTROPIS, BANQUISIA, MEMBRANEIS, AND MANGUINEA

T.B.B. Paddock

This section deals with polar species of Plagiotropis
Pfitzer, Banquisia Paddock, Membraneis Paddock and
Manguinea Paddock. Although a separate family (the
Plagiotropidaceae) has been erected for Plagiotropis
(Reimer in Patrick and Reimer, 1975), for the purposes
of this account these gencra are retained in the family
Naviculaceae,

Plagiotropis with about 30 species is the largest of
these genera, the others accounting for 5 species be-
tween them. Plagiotropis has world-wide distribution,
but Banguisia, Membraneis and Manguinea are known
only from coldwater or polar regions. These and allied
sencra are dealt with more fully in Paddock (1988).

Plagiotropis, Banguisia, Membraneis and Manguinea
were formerly included in the genus Tropidoneis sensu
Cleve, a large and diffuse concatenation of naviculoid
species that has now been split into several genera,

Shape of the valve is an important initial feature in the
recognition of these genera and in the distinction of the
species. Valve shape largely determines the way in
which specimens fie in the LM, and hence the views
which are presented to the observer.

Two forms of valve can be distinguished, one
‘vaulted” (Plate 19.1 Figs 10,11), the other ‘ridged’
(Plate 19.1 Figs 7.8). Vaulted valves are tall in the
parapical axis, narrow in the transapical axis, with the
valve face predominantly flat i.c. without a sudden
change of contour. Ridged valves are relatively short
in the parapical axis, relatively wide in the transapical
axis. with the valves face contoured to form a distinct
midline ridge. In the LM, ridged valves are particu-
larly liable to lic at a variety of angles. The valves of
Banquisia (Plate 19.1 Fig. 10y and Membraneis {Plate
19.1 Fig. 11) are very highly vaulted and usually lie in
girdle view; valves of Plagiotropis (Plate 19.1 Figs 7.8)
are ridged and may lie in girdle or in valve view, or at
an intermediate angle.

Valves of similar shape (Paddock & Sims 1977, 1981,
1990) are found in the genus Amphiprora sensu Cleve
(1894), a large shape-genus formerly considered closely
related to Tropidoneis, but now recognised as separate,
Amphiprorais currently being revised, but a full account
is not yet available. Species of Amphiprora can be
distinguished by details of the internal structure of the
keel of the valve, by the different structure of their girdle
bands, and by the absence of the very large helictoglossa
which is always present in Plagiotropis, Banguisia,
Membraneis and Manguinea.

In Plagiotropis, Banguisia, Membraneis, and Muan-
guinea the raphe occupies the ridge-line of the valve.
The raphe is never strongly sigmoid, a point of distinc-
tion from most species of Amphiprora and from all
species of Pleurosigma Wm. Smith, especially those few

planktonic species of Pleurosigma which have deli-
cate, slightly vauited vaives, The raphe facks fibulae
i.e. the serially repeating structures subtending the
raphe system and termed ‘keel puncta’ in older litera-
ture, which are scen in Nitzschia Hassall and are
present in a modified or derived form in most species
of Amphiprora.

There is a very large helictoglossa (a funnel-shaped
structure) at each valve pole (Plate 19.1 Fig. 11). This
is easily visible in the LM, especially in valves lying in
girdle view. The lack of a large helictoglossa indicates
that the species does not belong to Plagiotropis, Ban-
quisia, Membraneis or Manguinea; if the overall shape
of the valve is similar to species of Plagiotropis, but
the large helictoglossa is facking, the specimen may
well belong within Amphiprora. Hso, the valve will be
keeled rather than ridged, and the keel will have more
complex structure probably with numerous fibulae
visible as bright spots within it in the phase contrast
LM.

Some species of Plagiotropis have a scutum; this is a
flap-like structure of hyaline gilica which overlies part of
the outer face of the valve. In the LM, the presence ofa
scutum has the effect of partly obscuring the pattern of
the valve areolation (Plate 19.1 Fig. 4).

Very small fin-like structures (raphe fins) are present
at about one quarter of the way along the raphe in
Banguisia, Manguinea, and Membraneis, but these are
absent in Plagiotropis. Once they have been scen and
recognised (Plate 19.1 Fig. 10), raphe fins provide a very
easily-used teature, but they are difficult to photograph
and 50 have only been used as confirmatory characters in
the keys.

The girdle bands of Plagiotropis. Bangquisia, Mem-
braneis and Manguinea lack obvious coarse areolation;
they arc smooth and hyaline. Incontrast the girdle bands
of species of Amphiprora are strongly arcolate and have
a longitudinal midrib.

There is a number of other species of uncertain taxo-
nomic position but probably related to Plagiotropis or
Membraneis which have not been investigated because
of the lack of study material. These species -
Tropidoneis candida Mann, T. charcotii Peragallo, T.
decussata var. sigmoidea Heiden in Heiden & Kolbe, T.
proteus Karsten, T. adeliae Manguin - continue, for the
present, to be catalogued as specics of Tropidoneis sensu
Cleve (1894), even though the generic name Trop-
idoneis is nomenclaturally invatid (Reimer in Patrick &
Reimer 1975). A summary and illustrations are given in
Paddock (1988). All these species have been recorded
from polar waters; a special watch should be kept for
them so that their morphology and taxonomy can be
fully investigated.
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Table 19.1. Morphometric and distributional data on Plagiotropis, Banguisia, Membrancis, and Manguinea spp.

Taxa Apical axis, in wee Striae in [0 pum Features Polar disiribution’

Plagiotropis scaligera 13-130 2443 striac interrupted North Norway
Grun. in Cleve & Grun. scutlum

Plagiotropis australiy 250 14 fuscia Bransficld Struit {rare)
(M. Peragallo) Paddock scutum

Plagiotropis gawssii (Heiden in HI2-159 1518 valve delicate Antarctic (with ice)
Heiden & Kolbe) Paddock

Plagiotrapis longa 220-340 10 expunded ceniral nodule Spitzbergen, Greenland,
(Clevey Kuntze sCukum Labrador

Bunguisia helgicae TO-125 t8 ridge binrcuate South Orkaey [slands
{van Heurck) Paddock raphe fins {hipolar?)

Membraneis challengeri 83-270 1524 central striae thickened  Antarctic Ocean
{Grun. in Cleve & Grunow) Paddock raphe fins absent

Membranety imposter 79125 15-16(18) raphe fing present 5. Atlantic
Puddock

Muanguinea fusiformis 49135 28 frustule fusiform Antarctic Ogean
{Munguin} Paddack dingenal punctytion

Manguinear rigida HU--EO{120) 2418 Trustule bacilliform Wandet Land

(M. Peragallo) Paddock

! tisken Trom published literature

How to identify to species:
fdentifications may be based on acid cleaned material
studied in the LM, A microscope fitted with phase
contrast optics will be especially useful if the sample
alsocontains species of Amphiprora, because phase con-
trast will reveal some of the structures within the keel.
SEEM observations will be helpful to confirm identifi-
cations by examination of details of structure, particu-
larly if pictures can be compared with those published in
Paddock (1988).

Careful note should be kept of cytoplasmic features
since few modern obscervations have been published.

Characters to observe:

Is the valve lying in girdle view or valve view?

Is the valve vaulted or raised into a ridge?

Is the raphe stmple ie. lacking fibulac (‘kee! puncta'’)?

Is there a large funnel-shaped helictoglossa present at
cach valve pole?

When the valve is seen in girdle view is the outline of the
valve ridge bi-lobed or semicircular?

Are the two faces (sides) of the valve equal, subequal or
uncqual in area?

Are the valve faces predominantly flat, or is cach divided
by a prominent contour line?

Is the striation predominantly transverse?

Is the valve fuce partly covered by a scutum?

Are small raphe fins present?

Are the girdle bands hyaline i.c. lacking areolation?

Key to genera:

la Diatoms with a raphe on a structurally complex,
usually bi-lobed raised keel, without an enlarged
helictoglossa, with arcolate girdle bands v
............................................................................ Amphiprora
(not considered here).

Ib Diatom with a (simple) naviculoid raphe on a raised
ridge or along a vaulted valve, a large helictoglossa,
and hyaline (non-arcolate) girdle bands ... 2

2a Valve vaulted i .

2b Valve ridged s 4
Ja Valve vanlted with equal faces and conspicuous
TAPRC NS e Banguisia
3b Valve vaulted with unequal or subequal faces, more
or less lens-shaped in girdle view ... Membrancis
4a Ridge lobed, raphe fins lacking ..., Plagiotropis
4b Ridge low and not lobed. bearing raphe fins, frustule
bacilliform or shuttic-shaped ..o, Manguinea

GENUS PLAGIOTROPIS Pfitzer

Valves lying in valve or girdle view, with a ridge more or
less bilobed in girdle view, with valve sides unequal or
subequal, usually contoured rather than flat. Raphe fins
absent. Some species with a scutum,

Key to species:

Ta Valve delicate, with narrow transapical axis, (there-
fore lying in girdle view), helictoglossa very large,
solid; valve faces not strongly contoured ...
................................................................................. P. gaussii

Ib Valve robust, with wide transapical axis, lanceolate
N VAIVE VIBW s 2

2a Striae discontinuous, in a ladder-like arrangement,
with hyaline areas at regular intervals ......P. scaligera

2b Striae continuous (valve without hyaline arcas) ..., 3
3a Valve with a fascia and two extensive Scuti ...
............................................................................... P. australis

3b Valve without a fascia, but with clearly expanded
central area formed by irregularly shortened striae ...
................................................................................... E. longa

GENUS BANQUISIA Paddock

Valves lying in girdle view, vaulted to a high ridge which
is biarcuate in girdle view; the valve has flat, equal faces.
Raphe fins present. Scutum absent.

Only one species is KNOWN .. B. belgicae

GENUS MEMBRANEIS Paddock

Valves lying in girdle view, vaulted to a high ridge with
flat unequal faces. Raphe fins present or absent. Scutum
absent.

Key to species:
la Valve ridge with an elliptical profile in girdle view,

reinforced striae at the central nodule, and raphe fins
.................................................... Membraneis challengeri

T

Ib Valve ridge with. blarcuate proﬁle .m.'glrdle view,
without remforced stnac at the central area, without
raphe fins ... e 'Membraneas lmpaster_:.._

GENUS MANGUINEA Paddock

Valves lying in girdle or valve view, formecl mto a low :
ridge with unequal valve sides; puncta separate, appear-
ing to lie in longitudinal spiral lines. Raphe fins present

Scutum absent. 2

Key to species:

fa Frustule fusiform in girdle view .......M. fxi:sffbrmiv.
Ib Frustule bacilliform in girdle view ............M. rigida
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Plate 19.1. Photomicrographs

Fips 1, 2 Plagiotropis scoligera

Fig. 1 Valve in oblique valve view; note biarcuate raphe
ridge. and ladder-like interruptions of valve striation. BM
(Deby) 23071 (Cleve & Maller slide 312), Maaso, Finmark
Specimen 116 pm long.

Fig. 2 Central part of valve, enlarged to show striae with
hyaline spuces between them. Strinc 18 in 10 pm.

Figs 3, 4 Plagiotropis australis

Fig. 3 Valve in valve view. Note strong contour lines along
the valve at the base of the raphe ridge, the prominent
central nadule, and the lines marking the edge of the
scutum. Type slide BM 33965 Bransfield Strait Specimen
250 pm long.

Fig, 4 Central part of valve of another specimen {Smithso-
nign Mann 1519}, showing valve striation, strong hyaline
central area and the prominent interna) longitudinal cres-
centic thickenings surrounding the central raphe endings.
Arrow marks the approximate edge of one of the two valve
scuta.

Figs 5, 6 Plagiotropts gaussii

Fig. 5 Girdle view of pan of frustule, showing hyaline
girdle band g and striation of valve faces. The outline of the
Frustule is formed by the top of the valve ridge: note the
highly refringent enlarged helictoglossac {arrowed), and
the absence of raphe fins (sec raphe fins in Fig. 10}

Fig. 6 Frustule lying in girdle view; the frustule is very
delicate and has a distinctive outline, BRM 283.95 Gauss
Expedition Specimen 18 em long.

Figs 7, 8, 9 Plagiotropis longu

Fig. 7 Valve lying in valve view displays strong contour
fines near the base of the raised raphe ridge. Central areais
strongly thickened and faterally expanded. BM 59617 Bot-
tom mud from the East coast of Greenland. Specimen 230
pm long.

Fig. 8 Frustule lying in girdle view; the vaives have a low
raphe ridge; the central nodule is only slightly depressed
below the highest point of the ridge. Refringent helic-
toglossae are visible al the valve ends, BM 27788,
Spitzbergen. Specimen 270 pm long.

Fig. 9 Enlarged view of striac and expanded centrul arey of
another specimen (from Torres Straits BM 32090). Striae
1530 10 pm.
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Fig. 10 Banquisia belgicae. Frustule in girdle view; bright
field microscopy. Note characteristic profile, and prescnce
ol raphe fins (arrowheads) in each of the four ‘shoulders’ of
the frustule. Enlarged helictoglossae are clearly visible at
both ends of both valves. The girdle bands are hyaline, (see
right-hand end of specimen). BRM 283.96 Gauss Ex-
pedition. Specimen 82 pwm long, strine 18 in b pm.

Fig. 11 Membraneis challengeri. Frustule in girdle view.
The valves arc highly vaulied; the valve face lacks strong
contours. Raphe fins are visible in twa places on the raphe
ridge (arrows). Nole thickened transverse striae at the
central area, the very refringent elaborate helictoglossae at
the poles of each valve, and the hyaling girdie bands (g).
BM 81290 Brategg Expedition, 63°5, 120°W. Specimen 100
wm long, striae 22-24 in 10 wm.

Fig. 12, 13 Membraneis imposter

Fig. 12 Part of a valve lying in girdle view: the valve is
vaulted and the outling has a slight shoulder fram which
raphe fins are absent (compare with Figs 10 & 11). Striae
22-24 in 10 pm.

Fig. 13 Frustule lyingin girdle view, Note inequality in arca
of the two sides of cach valve. Raphe fins are not present in
the slight ‘shoulders’ of the outline (sce Fig. 12). The girdle
bands (g) are hyaline. BM 81291 Brategg Expedition, 67°5,
§7°W. Specimen 112 pm long.

Fig. 14 Manguinea fusiformis. Bright field micrograph.
Frustule lying in girdle view; note the shuttle shape., and the
presence of raphe fins detectable as slight irrepularities in
the outline (arrows). (The absence of Abulae from the
raphe system confirms that this diatom does not belong to
Nitzschia). Puncta are arranged in spiral lines along the
length of the valves but arc hard to see. Enlurged helic-
toglossae are visible at the ends of the valves. BM 81292
Discovery Expedition. Specimen 118 pm long.

Fig. 15 Manguinea rigida. Bright field micrograph. Note
the characteristic bacilliform shape, the unequal extent of
the two faces of each valve and the presence of raphe fins
visible as irrcgularitics {arrowhead) in the outline. Large
helictoglossae can be secn at the ends of both valves, A
longitudinal crescentic thickening is just visible at the cen-
tral nodule (centre, bottom cdge of picture). Areolae,
visible with difficulty, lie in spiralling longitudinal tines. BM
81204 Discovery Expedition Specimen 60 pm long.
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CHAPTER 20

FAMILY NAVICULACEAE:
THE GENUS PSEUDOGOMPHONEMA

Linda K. Medlin

GENUS PSEUDOGOMPHONEMA Medlin Characters to look for in valve view:
1. Shape of valve and apices R
: . . 2. Number of striae in 10 wm on both sides of the raphe -
Cells solitary or in a cluster attached by a short pad or 3. Shape of central area Sy
stalk to macroalgae or other diatoms or to the underside

of sea ice. Valves linear to linear-lanceolate with broadly Key to species:
rounded or slightly rostrate head poles and more acutely Ta Valves HNEAT coecrmiserierresnsenens
rounded foot poles. Striae lineolate. Pseudoseptum 1b Valves lanceolate

present as a bridge across the valve usually at the foot 2a Rostrate apices, striae 16-18 in 10 um :
pole {but at the head pole in some species), leaving the s e P areticum
- appearance of a small chamber or hole. Raphe-sternum 2b Rounded apices, striae 10-14 in 10 pm crriininie3
' central, more strongly developed on the primary side of 3a Indistinct central area formed by 2 shorter striae
. the raphe. Striae closely abut the primary side of the P. septentrionale & var. angustatum
" raphe but on the opposite side fall short of the raphe 3b Distinct central arca formed by four or more shorter
_ leaving an asymmetrical axial area. Striae usually less £ 1 - P. kamtschaticum & var.?
- dense on the primary side of the raphe. Length of raphe
© gystem slightly shorter from central nodule to head pole Ecology:
than from central nodule to foot pole. Marine epiphytic and ice associated diatoms in cold
. ) ) temperate and polar waters. The varicties of P.
How to identify to genus/species: . fkamrschaticum will probably be described as separate
The genus may be identified in water mounts by 1ts specics. '
cuneate shape celi with a raphe present on both valves, ,. y

but positive species identification must rely on cleaned
material in permanent mounts.

Table 20.1. Morphometric and distributional data on Pseudogomphonema

Apical Transapical Striae in 10 pn Polar
Auxis Axis Primury Secondury Distribution
in pamn in Side Side
P. kamuschaticum Grun. 18-70 411 10-14 bi-1d epiphyte Arctic
var. 34 5-6 ’ 10 11 epiphyte Antarctic
P. groenlandicum Dstr. 42-108 12 7-8 10-12 ice Arctic
P. septentrionale @str. 22-30) 5-7 i5h 12 ice Arctic
var. angustanium §@str. 35-50 67 10 12-13 tce Arctic
P, arciictm Grun. 2045 §-10 16-18 epiphyte Arctic
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Plate 20.1, Nomarski Interference Contrast photomicrographs X 1000,

Fig. ¥ P. kanuschaticum

Fig. 2 P. kanuschaticum var, 7

Fig, 3 P. groenlandicum

Fig. 4 P. sepientrionale

Fig. 5 P. sepientrionale var. angustation

Fig. 6 P. arcticion
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CHAPTER 21

FAMILY AURICULACEAE AND FAMILY BACILLARIACEAE

Linda K. Medlin and Grethe R. Hasle

Key to members of the family Bacillariaceac and the
family Auriculaceac in polar waters

la Raphe diagonalty or nearly centrally positioned on

opposing valves of a frustule . 3
I Raphe OREIWISE . 2
2a Raphe positioned along same margin of opposing
valves of a frustule . Hantzschia

2b Raphe traversing the valve face from one apex to the
centre of one valve margin on the same side of
opposing valves of a frustule .. Aunricula
3a Colonies formed by overlapping cell apices (*'step-
ped™ colony fOormation) .,
................................... Nitzschia section Pseudonitzschia
3b No colony formation or colonies otherwise ... 4
4a Ribbon colony formation with cells attached along
entire valve face ... Nitzschia section Fragilariopsis
4b No colony formation or colonies otherwise .......... 5
Sa No colonies. cells with protracted apices usually
forming rostra ........ Nitzschiu section Nitzschiella
5b No colonies or with a different type of colony forma-
17e) 1 [OOSR Nitzschia — all other species

FAMILY AURICULACEAE

GENUS AURICULA Castracane

Cells solitary. Frustules rectangular to elliptical. Valves
auricular to reniform with a strongly ridged keel that is
not differentiated from the valve surface as in Amphi-
prora but divides the valve into a broad and narrow face.
Raphe lies atop the keel and is subtended by fibulac.
Raphe biarcuate, traversing the valve from one apex to
valve centre at one valve margin where the central
nodule occurs, and depressed at the central nodule.
Numerous girdle bands arranged into a broad and nar-
row view to accommodate the two valve faces. The
frustule asymmetry is destroyed with cleaning and it is
not surprising that Auricula compacta, the single species
known from polar regions, was first described as a
species of Nitzschia. For this reason it has been included
in the key to Nitzschia spp.

FAMILY BACILLARIACEAE

GENUS HANTZSCHIA Grunow

Cells solitary. Frustules linear. Valves asymmetrical
with respect to the apical axis with a convex dorsal
margin and a straighter ventral margin. The raphe,
associated with the ventral margin, is subtended by
fibulae and is positioned on the same side of opposing

valves of a cell. The single species illustrated here,
H.weyprechtii, is included in the key to Nitzschia spp.

GENUS NITZSCHIA Hassall

Celis solitary or in colonies (arborescent, stellate, rib-
bon, “stepped”). Frustules lincar or sigmoid. Valves
usually symmetrical. The raphe is diagonally positioned
on opposing valves of a cell. The fibulae, which subtend
the raphe system, appear as distinct bars or dots on the
inside of the valve surface with LM. The raphe position
may be central to extremely eccentric. Those species in
Nitzschia with a central or nearly central raphe system
cannot be placed in the genus Bacillaria Gmel., which
has central raphe systems on opposing valves, These
species lack the characteristic colony formation and cell
movement of Bacillaria und many of these also have a
conopeum that places them in Nitzschia.

The species of this genus can be very difficult to
identify because of the paucity of valve characters that
can be used to distinguish taxa with LM. Three sections
(Fragilariopsis. Pseudonitzschia, and Nitzschiella) have
characteristic colony formation or valve shape and each
of these sections has beerf dealt with separately. The
remaining members of the genus Nirzschia that are
associated with the ice or are in polar waters represent a
heterogenic group. Although we can place some of them
in a section, many of them cannot be assigned to any
section as they are presently defined. We have included
in this handbook only those species of whose identifi-
cation we can be positive, and certain other unidentified
species that might be confused with other known taxa.

How to identify to species:
Cglony formation can be helpful in some instances. but
ce(fls must be cleaned of organic matter for reliable
species identification. Some species, i.e. Nitzschia frig-
ida, Nirzschia neofrigida, and Nitzschia polaris, may
look similar in cleaned material, yet only one of these,
Nitzschia polaris, does not form colenies. The other two
species form similar arborescent colonies and can only
be separated by their size. Nitzschia neofrigida and
Stenoneis inconspicua var. baculus form similar arbores-
cent shaped colonies but with fewer than ten cells per
colony. These two taxa have probably been included in
the distribution of Nirzschia frigida when only water
mounts have been examined.

1n all instances, water mounts should be made from
cleaned preparations so that the valves may be turned to
ensure that the position of the raphe is accurately deter-
mined. If the raphe is central, the valves may often rest
with part of the valve folded beneath the raphe, i.e. in
girdle view, thus giving the appearance that the raphe is
eccentric. Often the valves do not lic flat in permanent
mounts, and the appearance of the valve may be mis-
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Tabhle 21.1. Morphometric and distributional data on Nitzschia spp.

Apicul Transupical
Axis Axiy Fibulue Striae Cenmtral Pofar
0 it o et i 1 pon i 10 pen Nodule Distribution

Nitzschia frigida Grun. 45-75 4.5-7.5 7-9 4550 N + Arctie, ice

Nitzschia neofrigida Medlin H0- 1) &7 6-8 40 R + Arctic, ice

Nitzschia polaris Grun, - 164 31 5-8 4P + Arctic, ice

Nitzschia sietlata Mang, o134 6.5-10 3-8 H R + Antarctic, ice

Nitzschia taeniiformis Stm. L =150 5 11} 24 + Antarctic, ice

Nitzsehio presmare Medtin 3145 4-3.5 812 45-50 N + Arctic, ice,
Iplankton

Nitzschin scabra Cleve 108--220 7-10 -3 mottled - Arctic, ice

Nitzschia arciica Cleve A0-135 7-8 &1 2426 + Arclic, ite

Nitzsclia brebissonii var, borealis Cleve 120170 64 7-8 £2-18 Arctic, ice

Nirzschia feevissimna Grun, [15-170 o605 -8 40V + Arctic, ice

Hantzschin weyprechtii Grun, 3575 67 911 3335 + Arctic, ice

Auricula compacra {Hust.) Medl. 85134 12 -9 22-24 + Antarclic, ice

N = pot resolvable with LM

R = harely resolvable with LML~ 40 in 10 pm

P = not present on valve face, face appears hyalioe

V = striac appearince vatics from hyaline o isolued arcolae to 4 in 10 pm

feading. The appearance of the striae on the valve 6b Fibulae 12-18 in 10 wm, Arctic Species ..o

can also be a problem. If the striae are incompletely s Nitzschia pellucida***

perforated, then the valve will appear hyaline with LM.
If they are partially but randomly perforated, then
isolated areolae wilt appear scattered over the valve
surface. In some cases the striae will be fully perforated
throughout the valve and these may be resolved with
LM. All three cases may be present in the same
species,

Characters to look for in valve view:

Length of apical and transapical axes

Number of fibulae in 10 um

Number of striae in 10 wm, usually about 30-35 striae

in 10 pm can be resolved with LM

Shape of the valve, how does the valve change in

curvature from the valve centre

5. Presence or absence of a central nodule (termed
pscudonodulus in older literature and indicated by a
greater distance between the middle two fibulae)

6. Position of the raphe(s) on the valve {cell)

D

=

Key to species based on colony formation:

la Arborescent colonies
1b Ribbon colonies, free at cell apices
2a Lanceolate valve, Antarctic SPECICS .cmrnrevneenenn.
.................................................................... Nitzschia stellata
2b Linear to linear-lanceolate valve, Arctic species .3
3a Cells heavily silicified, greater than 80 wm in length,
frustule in girdie view greater than 15 um wide ...
............................................................. Nitzschia neofrigida
3b Cells weakly silicified, less than 80 pm in length,
frustule in girdie view less than 10 pm wide .
.................................................................... Nitzschia frigida
4a Cells greater than 45 wm in length, colonies in short
TIDBONS s s s 5
4b Cells less than 45 pm in length, colonies in long
MBBONS e Nitzschin promare”
S5a Central nodule Present .. 6
5b Central nodule absent, fibulae 3-4 in 10 pum, Arctic
SPECIES weretcrerreeeereeremrnsssiaesiine Nitzschia distans var ?
6a Fibuolae 6-10 in 10 pm, Antarctic $pecies ...
.......................................................... Nitzschia taeniiformis

160

Key to species based on cleaned material:

la Valves very asymmetrical with respect to the apical
axis, having one straight margin, one curved margin
2

1b Valves symmetrical with respect to the apical axis or
slightly asymmeitrical if the raphe is central and the
valve lies in girdle vIew .o 3

2a Raphe on straight margin . Hantzschia weyprechtii
2b Raphe on curved margin, valve car-shaped ...
......................................................... Auwuricula compacta*™

Ja Valves sigmoid ..o Nitzschia laevissima
3b Valves linear to linear-lanceolate to lanceolate .4
da Striae less than 300in 10 mm e 3
4b Striae more than 30 in 10 um, often not resolvable
................................................................... . w7

5a Central nodule present ... -
5bh Central nodule abBSENt .o
................................ Nitzschia brebissonii var. borealis

6a Valves bracket-shaped, obtuse apices ...
........................................................ Nitzschia taenitformis

6b Valves lanceolate, acute apices ... Nitzschia arctica
7a Central nodule present i 8
7b Central nodule absent ..., 12
8a Valves less than 45 pm in length, waisted at central
AOAULE e Nitzschia promare

8b Valves greater than 45 wm in length o 9
9a Valves lanceolate 6.5-10 wm wide .. Nitzschia stellata
9b Valves linear to linear-lanceolate 4-7 wrm wide .10
10a Fibulae robust, raphe central, valves heavily sil-
ictfied and more Hnear .. Il
10b Fibulae delicate appearing as straight bars, raphe
slightly eccentric, valves lightly silicified and more

lanceolate . Nitzschia frigida
tla Striae not resolvable with LM, apices sub-rostrate
.................................................................. Nitzschia polaris

11b Striae resolvable with LM using oiled condenser,
NA = 1.4, apices obtuse or broadly rounded
........................................................... Nitzschia neofrigida
124 Striae not resolvable with LM, raphe nearly central
............................................... Nitzschia distans var 7 ***

12b Striae irregularly perforaied giving a “mottled™
appearance to valve, raphe eccentric ..
.................................................................. Nitzschia scabra

*N.hybrida, Section Bilobatae, was reported by Gran
1897, to be present under the ice forming ribbon col-
onies. The specics we have found forming these ribbon
colonies is not N.Aiybrida, and has been described as
a new species (Medlin and Hasle, 1990). Nitzschia

promare may be most easily confused with Achnanthes
iaeniata and smaller colonies of Nirzschia grunowii, sec-
tion Fragilariopsis, which also form ribbon colonics,
although these species are attached along their entire
valve length.

**originally described as Nitzschia compacta Hust.,
***specimens not illustrated from cleaned material orin
keys because of insufficient information
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Plate 21.1. Line drawings. X1000. Striae, when resolvable z -
with LM, are drawn in only at valve centre. - -
Fig. 1 Nitzschia frigida ab. Valve view with eccentric z —
raphe ¢. Valve with collapsed mantle so that raphe appears = N

Fig. 2 Nitzsehia neofrigida a. Valve view with central
raphe. b. Valve {olded back on itself so that raphe appears
eccentric.

Fig. 3 Nitzschia polaris a. Valve view with central raphe. b,
Valve folded back on itself so that raphe appears eccentric.

Fig. 4 Nitzschia stellata Valve view with eccentric raphe,
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Fig. 5 Nitzschia waeniiformis Valve folded back on itself so -E '
that raphe appears eccentric, note distinct pinching in of =
raphe at central nodule. =

Fig. 6 Nitzschia promare Valve view with eccentric raphe,
note valve waisted at central nodule.
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Fig. 7 Nitzschia scabra Valve view with slightly eccentric
ruphe.
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Fig. 8 Nitzschia arciica Valve view with eccentric raphe.

Fig. 9 Nitzschia laevissima Valve view with isolated puncta
visible, valve may alsa appear hyaline.

Fig. 10 Nitzschia brebissonii var, borealis Valve view with
central raphe.

Fig. 11 Auricula compacta Narrow valve face folded be-
neath broad valve face, raphe appears eccentric.

Fig. 12 Hantzschia weyprechtii Valve view, eccentric
raphe.
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Plate 21.4,. Ribbon colonies X30( except for Fig. 4 X 10().
Fig. 1 Nitzschia distans var.?

Fig. 2 Nuzschia raeniiformis
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Fig. 3 Nitzschia arctica

Fig. 4 Mitzschia promare

Fig. § Nitzschia peliucida

Cells united into chains by overlapping of cell ends, i.e.
~ #stepped™ colony. Colonies motile. Frustules strongly
elongated, linear to lanceolate in girdle view, mostly
linear to lanceolate in valve view. Some species asym-
metrical with respect to the apical axis, e.g. one valve
margin straight, the other curved. Transapical ribs (in-
terstriae) one or two to each fibula. Canal raphe mark-
edly eccentric. Quter canal wall without arcolae.

How to identify to species:

Frustules are most often seen in girdle view. With the
exception of N. turgidula and N. delicatissima, diatoms
with the Pseudonitzschia colony type can be identified
only tosection when seen in girdle view (see Table 22.1).
Frustules must be cleaned of organic matter and
mounted in a medium of a high refractive index to
identify cells in valve view.

Characters to look for in valve view:

1. Valve outline - symmetry with respect to apical axis,
linear or lanceolate outline, shape of the apices,
shape of the middie part of the valve.

Central nodule (pseudonodulus in older literature) -
indicated by a greater distance between the middle
two fibulae (keel puncta in older literature) = greater
middle interspace.

3. Number of fibulae, striae in 10 pm.

~J

Key to species:

la Apical axis asymmetrical, transapical axis about
G UITL OF MOTE wcevmreanreseccmreeseersssssssmssssssssss s asn s sesisss 2

CHAPTER 22 e
FAMILY BACILLARIACEAE:

GENUS NITZSCHIA
SECTION PSEUDONITZSCHIA

Grethe R. Hasle and Linda K. Medlin

1b Apical axis symmetrical, transapical axis about 3 pm

OT JESS wevvvrrmrsassreennereessssssevennsresssssisnn T S
2a Central nodule absent .. USRI, B
2b Central nodule present ... N. heimii -
3a Cells usually greater than 90 Lm e

3b Cells usually less than 90 um with rounded apices

4a Valves inflated in the middle part
4b Valves otherwise ...
5a Valves pointed, cuneate ... ¥ inflatida
5b Valves obtuse e, 4]
6a Valves rostrate ... .N. prolongatoides
Bb Valves OtheIWISE it 7
7a Valves coarsely structured, 10-13 fibulae in 10 um ...
. N, turgiduloides
7b Fibulae 13-18 in [0 pm i, N. turgidula
8a Valves lanceolate, with rounded apices ...ieninnes

..................................................................... N. delicatissima
8b Valves linear, with pointed apices ..iiimmiennn 9
9a Valve coarse, striae 22-28 in 10 pm ......... N. lineola
Ob Valve fine, striae 30 to 46 in 10 oM ccccevvcrvnnicrienns
e N pseudodelicatissima

Ecology: Marine, planktonic species. N. prolongatoides
and N. rurgiduloides are the only ones reported from ice
and may be the only ones endemic to the Antarctic. N.
seriata [. obtusa may be the only one endemic to the
Arctic.

.

Photographic plates taken from Hasle 1963a.
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Table 22.1. Morphometric and distributional data on Psendonitzschia

Apical Transapical  Cemiral Fitridae Strive  Special fratures Polar
axis, p {&Xis, pon nodule i 10 pe in f0 e bnovalve view distribution
N.seriata . seriata 91160 5.5-8 — 14-18 14-18  one margin straight Arctic-subarctic
Cleve
N. seriata £, obtusu 61~ 4.5-5.3 — 15-20 15-20 as ubove, rounded Afctic
Hasle apices
N. heinii Manguin 67120 45 + 1116 19-26  one margin straight Antarctic-subantarctic
{doubtful reports from
subarctic)
N. nrgidula Hust. 30-80 2535 + 13-18 2328 rounded apices, ca 62°5-62°N
middle part inflated
N _prolongatoides 20-70 0.53-2.5 + 15-18 3035 rostrate, rounded, Antarctic
Hasle slightly inflated
apices
N. tirgidnloides Hasle 63-126 1.2-2.7 + [-13 17-21  rounded apices Antarctic
N. lineola (barkleyi) 36-112 1827 + LI=-16 12-28  pointed apices Antarctic-subantarctic-
Cleve subarctic
N, inflanila Hasle H-100 1.5-2.5 + 18-21 32-35  middle part and Subarctic {doubtful
next to apices reports from
inflated subantarctic)
N. delicatissima Cleve 40-76 ca.2 + 19-25 310 Janceolate, rounded  Arctic-subarctic
spices
N. pseudodelicatissima 30~ EH) 1.5-2.5 + 16--26 30-46(7)  lincar, pointed Subarctic

Hasle

apices

— absenl  + ; present

T Also appears in Ustas-shaped” colonics.
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Girdle view: N.iwrgidida, truncate cell ends; Nodelicatissima pactly cut cell ends; the others pointed cell ends

Plate 22.1. Dark field photomicrographs X150,

Fips 1-7, 10 Nitzschia seriata 1. seriata Figs 8.9, 11 Nitzsclia seriaa §. obiusa



Plate 22.3. Dark feld photomicrographs X2000.

Figs 9-14 Nirzschia wrgiduloides

Plate 22.2. Dark field photomicrographs X2000. f Figs 1-6 Nitzschia rurgidula

Figs. 9-13 Nitzschia heinii o Fips 7-8 Nirzschia prolongatoides Figs 15-21 Nitzschia lineola
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Plate 22.5. Dark field photomicrographs X2(000.

Plate 22.4, Dark field photomicrographs X200K). :
: Figs 1-8 Nitzschia inflatula

Figs 1-16 Nitzschia pseudodelicatissima :
Figs 19-23 Niizschia delicatissinu
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Plate 22.6. Line Drawings Scale bar = 10 pm.
Fig. 1 Nirzschia pseudodelicatissima

Flg, 2 Nitzschia delicatissima

[76

“This section comprises Nitzschia species with a more or
“less tanceolate central part of the frustule and rostrate
“ends (rostrum, pl. rostra). Some species with less dis-
“tinct rostra may resemble species of the section
Lanceolatae.

How to identify to species:

. In most cases positive identification relies on cleaned
“ material, although cells of typical appearance may be
* identified in water mounts, especially N.closteritum and
© N.subcurvata.

. Characters to look for in valve view:

" 1. Relationship between length of the median part of
" the frustule and the length of the rostra. How quickly
does the lanceolate central portion of the frustule
attenuate into the rostra?

Heteropolar or isopolar transapical axis

_ Presence or absence of a central nodule
(pseudonodulus) indicated by a greater distance
between the middle two fibulae (keel puncta).

SN R

CHAPTER 23
FAMILY BACILLARIACEAE
GENUS NITZSCHIA SECTION NITZSCHIELLA

Grethe R. Hasle and Linda K. Medlin

Key to species:

la Rostra long, slender, celb body me ty
half of total length .......... SRR
1b Rostra straight, comparatively shorter:
2a Cell body lanceolate, rostra hairlike™
. ... closterium?®
2b Celi body asymmetrical with one convex side, apical
axis slightly curved ..o No Subcurvata
3a Central nodule present, median part of:the valve
rhomboid to lanceolate, smaller cells with short or-
almost no rostra, larger cells with long rostra:
.................................... N lecointei

3b Central nodule absent ... N. decipiens.

* = Cylindrotheca closterium

Eeology:
Marine, planktonic and benthic (ice-associated) species.

Photographic plates taken from Hasle (1964).
:f

it

Table 23.1. Morphometric and distributional data on Nirzschiella

Apical Transapical ~ Central Fibulae Striac Special Features Polar
CLXis, par axis, pr radule in 10 pn in 10 e in Valve View distribution
N. closterium 30400 258 + i2-16 TO-100 many narrow bands, cosmopolitan
(Ehrenb.) W. Smith seen in cleaned material
(= Cylindrotheca
closierium) *
Nlecointei V.H. 21-112 2.5-5 + 5-14 . 51-55 stadial variation Antarctic
N.decipiens Hust. 32-36 17 - 7-9 44 Antarctic
N.subcurvata 47-90 1.5-2 - 12-18 438 cne margin straight. the other  Antarctic
Hasle convex
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Flate 23.2. Durk field photomicrographs X2000.

Plate 23.1. Dark field photomicrographs X20(K).

Figs 1-4 Nizschia (Cvlindrotheca) closteriiun Figs 5~7 Nitzschia longissima Fig, The X 1000, Figs 1-5 Nitzschia lecointet Figs 6-8 Nuzschia subcurvata
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Plate 23.3. Line drawings X2000.

Figs 1-2 Nitzschia lecointei
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Fig. 3 Nitzschia decipiens, redruwn from Hustedt (1958)

‘Cells united into ribbon-shaped colonies. Colonies non-
“notile. Frustules linear in girdle view, elliptical-linear-
lanccolate in valve view. Some species may be heteropo-
‘lar in valve view, i.e. one apex is narrower than the
‘other. This character often disappears with smaller spec-
‘imens and therefore must be used with caution. Trans-
_-"apical ribs (interstriae) usually one to each fibula. Striae
‘usually with two rows of areolae, which may be resolved
in LM in some species. Canal raphe markedly eccentric.
“Outer canal wall without arcolae. This section will be
‘restored to generic level in Round, Crawford and Mann
(1990).

“How to identify to species:

‘ Uncleaned material is difficult to identify beyond the
section level because all species have the same linear
- shape in girdle view and form the same shape colonies.
N. kerguelensis has a coarser structure than the other
" species and might be identified in water mounts. Frus-
-~ tules must be cleaned of organic matter and mounted in
a medium of a high refractive index so that characters
* seen in valve view may be identified.

Characters to look for in valve view:

1. Valve outline: broad/narrow (ratio of apical to trans-

apical axes may be helpful), shape of apices {hetero-

polar?), if the outline is not entirely linear, then how

soon after the middle does the outline of the valve

begin to change.

Striac: can the areolae by resolved with LM, how

many rows of areolae are present? Are the interstriae

(transapical costa} straight or curved?

3. Central nodule {pseudonodulus): usually indicated
by a greater distance between the middle two fibulac
(keel puncta).

i

Key to species:

1a Valves subcircular, elliptical, lanceolate e
1b Valves sublinear, lINCAT ..o 1
2a Central nodule present
2b Central nedule absent
3a Valve elliptical, middle part aimost straight, tapering
part short, larger specimens slightly heteropolar,
18-21 fibulae in 10 LM e N. puaschei
3b Valves broadly to narrowly elliptical, specimens of
all sizes isopolar, 12-15 fibulae Te U (LY | | RO
............................................................................. N. grunowii

axis always ISOPOLAT i scenensss 5
Ah Valve StIUCLUTE COATSEE ereirormmsmsstinsisrsscscmssirsmsssss 6

CHAPTER 24

FAMILY BACILLARIACEAE:

GENUS NITZSCHIA
SECTION FRAGILARIOPSIS

Grethe R. Hasle and Linda K. Medlin

5a TValves lanceolate to narrowly elliptical, 'transai)i- SR

cal axis 3.5-5 (M e N. pseudonana
5b  Valves subcircular to narrowly elliptical, transapi-
cal axis ca. 2 WM .......N. cvlindroformis (in part)
fa Valves broadiy lanceolate, farger specimens with
straight middle part, striac usually more than 10 in
10 wm, apical axis always iSOpolar .. 7
6b Valves narrowly or broadly elliptical or lanceolate,
striae ca. 10 or less in 10 wm, apical axis often

RELETOPOLAT oo ersiissmsrrreisss i 8
7a  Striae with two rows of areolae ... N. angulata
7b  Striae with one row of arcolae .........N. separanda

8a Valveslanceolate with rounded apices, targer speci-
mens slightly heteropolar, arcolae easily resolved in

EM, ca. 10in 10 i e N. kerguelensis
8b Valves elliptical, larger specimens slightly hetero-
o701 F1Y VORISR NI 9

9a Valves narrowly elliptical, interstriae oblique
..................................... N. obliquecostata
9b Valves broadly elliptical, middie part almost
straight, tapering part ShOtt . N.ritscheri
10a Valves sublinear, tapering towards narrowly

rounded apices il
OB Valves lINCAT .o rssssssssas 12
11a Valves greater than 20 pm long, less than 10 striae
TN 10 UM e nminessssnsssenscssisssssessens N. sublineata

11b Valves less than 20 um long, 16-20 striae in 10 pm
............................................. N. cylindroformis (in part)

12a. Central nodule present .. N. vanheurckii

12b Central nodule aDSENE .o

133, Valves heteropolar s

13b Valves IS0POLAT e

14a Valves with pointed apices ...

14b Valves with rounded apiCes .

15a Striae with two rows of areclac ...

15b Striae with one row of areolae N. barbieri

16a Valve structure coarse, less than 10 striae in 10 pm,

transapical axis 7-9 i s N. lineata
16b Valve structure finer, more than 10 striae in 10 pm,
transapical axis 2=4 I i N. eyvlindrus

Ecology: Marine, planktonic and ice-associated species
which are better represented in the Antarctic than in the
Arctic.

Photographic plates taken from Hasle (1965b).
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Table 24.1. Maorphometric and distributional data on Fragilariopsis

Apical Transapical  Ceniral Fibulae Strioe Rows of  Polar
daxiy, ot wxis, pat nodule i L in 1 e areolioe  distribution
N. paasehei Hasle {F. atfantica) 243 7-8 + 18-21 18-21 2.3 plankton, Arctic
N. grunowii Hasle (F.oceanica) H-1 cuw.h + 12-15 1213 2 planktonfice, Arctic
N. kerguelensiy (O"Mears) Hasle 10-76 5-11 - 47 +7 2 planktan, Antarctic
N. obliguecostata (Van Heuarck) 57-110 §-14 - 0,58 f.3-8 2-3 ice, Amtarctic
Hasle
N ritscheri (Hust,) Hasle 22-57 89 - 611 011 2-3 plankion, Antarctic
N. psewdonana Hasle 420 3.5-3 - 18-22 18-22 2 plankion, cosmopolitan
N. angrlate Hasle (F. rhombica) §-53 713 - 816 816 1-2 plankton, Antarctic
N. separanda (Hust.) Hasle 1033 B-13 - 1014 10-14 | plankton. Antarctic
N. sublineata Hasle (F.sublinearis) 30-92 5.5-0.5 7.53-Y 7.5-9 2 ice, Antarclic
N. vanheurchii (M. Per.) Hasle 35-77 ca.5 + 7-9 10-11 2 ice, Antarctic
N.curta (Van Heurck) Hasle 1042 3.5-6 . 9-12 Q-2 2 plankionfice, Antarctic
N. eylindries {Grun?) Hasle 348 24 - 13-17 1317 24 plankten/ice, bipolar
N. eylindroformis Hasle 3-13 ca.2 16-20 16-20 2 plankion, Arctic
N. lincarta (Castr.) Hasle (F.linearis) 472 7-9 - 7.5-9 7.59 2 ice, Antarctic
N, barbieri M. Per. 49-118 814 - 811 811 (2} ice, Antarctic
N. peragallii Haste 32-50 7-8 74 T4 2 ice, Antarctic

Names in (} = synonyms of species originally in 1he genus Fragiluriepsis.

Plate 24.1. Dark field photomicrographs 3000,
Figs 1-3 Nitzschia paaschei
Fig. 6 Nitzschia anguluta
Figs 7T-14 Nitzschia pseudonana
Figs 15-19 Nirzschia grunowii

Fig. 20 Nitzschia ritscheri
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Plate 24.2. Bright field photomicrographs = Figs 1-7, 11-21
X 2000, Electron micrographs = Figs 8 (x2300), 9 (x2800), 10
(< 4800}.

Figs 1-10 Nirzschia ritscheri (Fig. 10 also includes N,
cylindrus)

Figs 11-18 Nitzschia kerguelensis
Fig. 19 Nitzschia angulata

Figs 20-21 Nitzschia psendonana
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Plate 24.3. Bright field photomicrographs x 2(K10,
Fig. 1 Nitzschia sublincata
Figs 2-7 Nitzschia obliquecostata
Fig. 8 Nitzschia ritschers

Fig. 9 Nitzschia kerguelensis
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Plate 24.4. Dark fietd photomicrographs x 3000 except Figs 6,
10 = x6iKH),

Figs 1-6 Nirzschia angulata

Figs 7-10 Nitzschia separanda

Figs 11-12 Nirzschia peragallii
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Plate 24.5. Bright field photomicrographs = Figs 1-7 x 2060,

Electron micrographs = Fig. 8 (x4600), 9 (= 10,400}
(% 24,6009

Figs 1-10 Nitzschia sublineata
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Plate 24.6. Dark ficld photomicrographs x 3000,

Fig. 1 Nitzschin sublineora

Figs 2-5 Nitzschia curta

Figs 6-12 Nitzschia cylindrus
Figs 13-16 Nitzschia vanheurckii

Fig. 17 Nitzschia lineata
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Plate 24.7. Bright field photomicrographs x 20{4}.

Figs 1-5 Nitzschia peragaflii
Figs 67 Nitzschia barbicri
Fig. 8 Nirzschia vanhewrckii

Figs 9-11 Nitzschia lineata
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Plate 24.8. Line drawings X4500. Redrawn from Hasle and
Booth (1984).

Figs 1-3 Nitzschia psendonana

Figs 410 Nitzschia evlindroformis

Figs 11-13 Nitzschia cvlindrus
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