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“If we had had no other way of whiling away time on board the rafft,
there would have been entertainment enough in lying with our noses
in the plankton net. Not for the sake of the smell, for that was bad.
Nor because the sight was appetising, for it looked a horrible mess.
But because, if we spread the plankton out on board and examined
each of the little creatures separately with the naked eye, we had
before us fantastic shapes and colours in unending variety.”

Thor Heyerdahl (1948) The Kon-Tiki Expedition.
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Summary

The present study focuses on the distribution, trophodynamics and reproductive
strategies of Arctic deep-sea copepods of the families Aetideidae and Euchaeti-
dae. Resuits from field work, analytical and experimental approaches are com-
bined to assess the impact of these meso- and bathypelagic copepods on the
carbon flux within Arctic deep-sea ecosystems. Furthermore, general concepts
concerning pelagic biodiversity and interspecific competition are highlighted and
discussed.

The regional and vertical distribution of Aetideidae and Euchaetidae was stud-
ied at 19 stations in the Greenland Sea, Fram Strait and the adjacent Arctic
Ocean. Sampling was concentrated on three latitudinal transects from the East
Greenland shelf to the central deep-sea basin at 75°, 81° and 81°35" N. A
fourth transect was conducted from the southern Nansen Basin (82°39'N;
1°25°E) onto Yermak Plateau (81°54'N; 7°42'E). A total of four euchaetid and
seven aetideid species were identified. Within both families congeners were
generally restricted to distinct depth strata, thus vertically partitioning the water
column. In the central Greenland Sea Chiridius obtusifrons occupied the meso-
pelagial from 100 to 500 m depth, whereas Aetideopsis minor was concentrated
in 500 to 1000 m and A. rostrata inhabited the bathypelagial below 1000 m.
Correspondingly, Gaetanus tenuispinus dominated in 200 to 500 m depth, while
G. brevispinus prevailed below 500 m. A vertical separation of congeneric spe-
cies appeared also among Euchaetidae. Pareuchaeta glacialis and P. norvegica
dominated from the surface to 500 m depth, whereas P. barbata inhabited the
500 to 1500 m layer and P. polaris dwelled at depths below 1000 m.

In the northern part of the investigation area the vertical ranges of most aetideid
and euchaetid species were shifted upwards, thus supporting the widely estab-
lished concept of a polar emergence. The muiti-layered distribution pattern,
however, remained principally the same. Boreal-Atlantic species, e.g. Pareu-
chaeta norvegica, P. barbata and Gaetanus tenuispinus, were absent from the
polar NE Greenland shelf and Nansen Basin. Nevertheless, they occurred
abundantly at 82°N over the Yermak Plateau, where their distribution reflected
the inflow of Atlantic water masses into the Arctic Ocean. This supports the hy-
pothesis that a branch of the West Spitsbergen Current extends northward
along the western flank of Yermak Plateau.

With respect to reproductive strategies, strong differences were detected
among Pareuchaeta species. Epi- to mesopelagic congeners produced high
numbers (40 to >50) of relatively small eggs, while bathypelagic forms relied on
larger, energy-rich eggs at the expense of reduced egg numbers (4 to 19).
Thus, females of the bathypelagic P. polaris invested 4% of their own energy
content per egg, whereas the energy content of single eggs of the other conge-
ners accounted only for 0.8 to 1.6% of the females’ energy. Conversely, the en-
ergetic investment per clutch was substantially higher in the epi- to mesopelagic
P. glacialis (81.5%) and P. norvegica (37.4%) than in the deeper living P. bar-
bata and P. polaris, which invested less than 25% of their body energy per
clutch. The increase of egg size and energy content with depth is interpreted as
an adaptation to the food-limited conditions of the deep-sea. A lecithotrophic
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development based on the enhanced energy reserves within the eggs makes
young stages of bathypelagic species less dependent on external food sources.
In contrast, high offspring numbers may be important for epipelagic species to
counter higher predation risks.

Differences in feeding behaviour and dietary composition among Euchaetidae
and Aetideidae were studied by lipid biomarkers and feeding experiments. In
general, Aetideidae fed omnivorously on phytoplankton as well as zooplankton.
Gaetanus spp., however, preferred a carnivorous diet consisting of nauplii and
small copepodids, whereas Aefideopsis spp. and Chiridius obtusifrons con-
sumed a larger fraction of phytoplankton and/or phytodetritus. An analysis of
trophic biomarkers supported these experimental results. The ratio between the
fatty acid isomers 18:1(n-9) and 18:1(n-7), which has been proposed as a rela-
tive measure for carnivory, increased from 1.3 in C. obtusifrons via approxi-
mately 3 in Aefideopsis spp. and 4.9 in G. tenuispinus to 6.5 in G. brevispinus.
Thus, carnivorous feeding was apparently more important in Gaetanus spp.
than in the other aetideids. Highest ratios of 12 to 62 were detected in the pre-
datory Pareuchaeta spp.

Based on the vertical distribution, dietary composition and reproduction strate-
gies, the question is discussed as to which mechanisms act to minimise inter-
specific competition among closely-related sympatric species in the food-limited
deep-sea environment. In general, congeneric species are restricted to distinct
vertical ranges and partition the water column. Different feeding preferences re-
duce competition mainly between sympatric genera. However, the dominant
Pareuchaeta glacialis and P. norvegica in the central Greenland Sea exhibit no
apparent differences in vertical distribution, reproductive strategy or dietary
composition. It is supposed that the complex current system and hydrographic-
biological interactions are the keys to understanding their sympatric distribution.

Quantitative feeding experiments and respiration measurements were con-
ducted to confirm ingestion rates and energy demands calculated by an allo-
metric approach based on body mass. Predatory Pareuchaeta glacialis and P.
norvegica took 0.25-2.3 Calanus copepodids per day, equivalent to an average
food uptake of 4-6.7% of body mass per day.

The consumption of the total euchaetid and aetideid community ranged from
less than 1 mg C m? d”' on the East Greenland shelf to more than 13 mg C
m2d™" in oceanic regions of the central Greenland Sea, equivalent to 4-28% of
primary production and 1-2% of mesozooplankton standing stock. Omnivorous
aetideids consumed more than 40% of the vertical carbon flux. The potential
ingestion of carnivorous Pareuchaeta species was one third to one half higher
than the secondary production of their principal prey: Calanus. Thus, Aetideidae
and Euchaetidae play an important role in the deep-sea ecosystem of the
Greenland Sea. They contribute to the remineralisation of organic material in
the pelagial and their feeding and faecal pellet production influences pelagic-
benthic coupling processes. Moreover, carnivorous species, especially Pareu-
chaeta spp., may control prey populations by predation.
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1 Introduction

1.1  The deep-sea challenge

The World Ocean covers 361 million square kilometres, equivalent to 70.8% of
the Earth’s surface. More than 74% of this area or 268 x 10° km? are repre-
sented by deep-sea basins. Thus, the waters of the World Ocean, from the sur-
face to the deepest reaches of the bottom trenches, encompass a total volume
of about 1.4 x 10° km® more than 99% of Earth’s biosphere (Madin & Madin
1995).

Only about 150 years ago, biologists were convinced that the deep-sea was an
azoic zone, where crushing pressure made life impossible. Early oceanographic
expeditions in the late 19" and early 20™ centuries, however, discovered a great
variety of deep-ocean life, well adapted to pressure and cold. They proved that
life existed even at greatest depths, refuting the earlier hypothesis of an azoic
zone. Later studies demonstrated an exponential decline in zooplankton con-
centration with increasing depth and led to the conclusion that this decline re-
flected depressed growth rates at both the individual and population levels in
the bathypelagic realm (Mauchline 1995 and references therein).

In recent decades, the employment of deep-diving submersibles and remotely-
operated vehicles has increased our understanding of the midwater fauna, but
the pelagic deep-sea still remains one of the least explored environments on
Earth. Even today only five submersibles exist worldwide capable of diving
deeper than 6000 m, and only once man has reached the bottom of Vitiaz Deep
in the Marianas Trench, with 11022 m the deepest place on Earth.

Oceanic deep-sea ecosystems differ from all terrestrial and most marine shal-
low-water habitats in one decisive feature: the spatial separation of primary pro-
duction and remineralisation processes. Phototrophic production is restricted to
the thin epipelagic layer flooded by sunlight, whereas a large portion of con-
sumption and secondary production takes place at greater depth and on the
seafloor, often several kilometres from the surface. Organisms living below the
euphotic zone depend on organic matter sedimenting from the surface layer as
an energy source. In turn, phytoplankton growth requires inorganic nutrients
released by the deep-sea community. The vertical differentiation of the water
column in a thin “autotrophic” top layer and a wide “heterotrophic” bottom layer
makes pelagic-benthic coupling processes the key to understanding carbon and
energy flux in deep-sea ecosystems,

Recent studies in the central Arctic Ocean and the Greenland Sea revealed
that, in spite of the obvious decrease in zooplankton concentration with depth,
the major fraction of total zooplankton biomass was located in the meso- and
bathypelagial (Richter 1994; Auel 1995). Thus, midwater and deep-sea com-
munities probably play an important role in energy and carbon cycles, particu-
larly in polar regions.

1.2 Why study deep-sea plankton in the Arctic?
The principal difficulty in studying deep-sea organisms under laboratory condi-
tions is to obtain alive and fit specimens. Net hauls from great depths take a
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long time, so that captured individuals usually remain in the cod end of the net
for several hours, before they are recovered and transferred into an aquarium.
Increasing the hauling speed in order to shorten the sampling time cannot solve
this problem, since the increasing drag would inevitably cause more harm to the
animals and thus result in a poorer guality of the samples.

Moreover, deep-sea organisms are adapted to low and stable ambient tempera-
tures. In most parts of the World Ocean, however, a permanent or temporary
pygnocline separates the cold deep water from a warm surface layer. When
deep-sea samples are retrieved, they must pass through the overlying stratum
of warm water. The exposure to elevated temperatures causes severe stress
and often the death of the stenothermic deep-sea organisms. Cold surface wa-
ters, which could effectively counter this problem, are restricted to Arctic and
Antarctic regions, polewards of the respective polar fronts. Hence, only polar
regions allow a careful live-capture of bathypelagic organisms and therefore
offer an especially suitable investigation area for biological deep-sea studies.

1.3 Arctic zooplankton research

The Arctic Ocean has been a field of special interest in plankton research for
the last 100 years. Scientific studies in the central basins started with Nansen’s
“Fram” expedition (1893-1896). These early investigations revealed a strong
similarity between the Arctic zooplankton and the Atlantic fauna (Sars 1900).
Long-term studies from drift ice stations elucidated seasonal trends in biomass
and vertical distribution (Hopkins 1969a, b; Kosobokova 1982; Grainger 1989).
Finally, the employment of powerful icebreakers opened the way for large-scale
assessments in permanently ice-covered regions of the central Arctic Ocean
(Mumm 1991; Mumm et al. 1998). Precisely planned sampling and the oppor-
tunity to cultivate plankton organisms under in-situ conditions on board allowed
detailed behavioural studies and experimental approaches under controlled
conditions. With these tools the life-cycles of several dominant zooplankton
species could be revealed (e.g. Conover & Huntley 1991, Diel 1991; Hirche
19964, b, 1997).

However, most studies were restricted to abundant epipelagic species, espe-
cially herbivorous calanoids. They ignored the fact that the majority of zoo-
plankton biomass in the central Arctic Ocean and the Greenland Sea is located
at meso- to bathypelagic depths (Richter 1994; Auel 1995). Therefore, our un-
derstanding of the life-cycle strategies, adaptations and the ecological role of
abundant deep-sea plankton, such as euchaetid and aetideid copepods, is still
fragmentary.

1.4 The copepod families Euchaetidae and Aetideidae

Copepods of the calanoid families Euchaetidae and Aetideidae are important
components of pelagic communities throughout the World Ocean, especially in
deep oceanic waters. Most species inhabit meso- and bathypelagic depths;
some are epi- or benthopelagic (Park 1994b; Markhaseva 1996).

The global distribution of the genus Pareuchaeta has been reviewed by Park
(1994b) and dominant species of both families are sometimes included in re-
gional assessments of zooplankton abundance and biomass. In the central Arc-
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tic Basin Pareuchaeta glacialis is one of the five calanoid species most fre-
quently encountered in net samples from surface waters (Grainger 1989) and
comprises 1 to 6% of the total biomass of all copepods (Kosobokova 1982).
Correspondingly, the congeneric P. antarctica contributes 3% to mesozoo-
plankton biomass in the Antarctic Weddell Sea (Boysen-Ennen et al. 1991). In
the Greenland Sea Pareuchaeta spp. belong to the ten most important taxa with
respect to biomass (Richter 1994). Less abundant, but represented by a spe-
cies-rich assemblage, Aetideidae are characteristic inhabitants of the Arctic
deep-sea (Markhaseva 1984; Richter 1995).

In spite of their widespread distribution in polar waters, most studies on the
feeding behaviour, biochemical composition and life-cycle strategies of Euchae-
tidae and Aetideidae were confined to boreal coastal areas, e.g. Loch Etive,
Scotland, and Korsfjorden, Norway (Bamstedt 1975, 1978; Nemoto et al. 19786;
Bakke 1977; Bakke & Valderhaug 1978; Bamstedt & Holt 1978; Skjoldal et al.
1984). Some results are also available from Pacific and tropical species (Yen
1985; Shuert & Hopkins 1987; lkeda & Hirakawa 1996) and Antarctic regions
(Yen 1991; Hopkins 1987; @resland 1995). However, comparable data from the
Arctic are still lacking.

Whenever the ecological role of Euchaetidae and Aetideidae has been as-
sessed quantitatively, both taxa have proven to be important components of
pelagic food webs (Bamstedt 1981; Presland 1995). Aetideidae are generally
referred to as omnivorous (Hopkins 1985a and references therein; Richter
1995). However, they comprise a very diverse group, so that significant variabil-
ity in feeding behaviour and dietary composition is likely to occur. Their feeding
and faecal pellet production result in a transformation and repackaging of or-
ganic material in the water column. Since the sedimentation speed of sinking
particles strongly depends on their constitution, pelagic organisms may signifi-
cantly affect the flux of organic material from the epipelagial to deeper layers
and thus control the food supply to benthic communities (Ashjian et al. 1995).

Carnivorous Pareuchaeta are major predators on other mesozooplankton and
fish larvae. They may even influence the recruitment of commercially important
fish stocks, as has been demonstrated for Atlantic cod Gadus morhua and Pa-
cific hake Merluccius productus (Bailey & Yen 1983; Yen 1987). In Kosterfjor-
den, Sweden, Aetideopsis armata and Pareuchaeta norvegica were responsible
for 29 to 77% of the total energy flow through the carnivorous trophic level
(Bamstedt 1981). More recent investigations have generally questioned the
longstanding paradigm of food availability as the governing factor determining
plankton distribution (Verity & Smetacek 1996; Tiselius et al. 1997). It is now
believed that “top-down” control of zooplankton populations by predation may
be equally important as the “bottom-up” concept in determining zooplankton bio-
mass and the ranges of certain species. Based on these considerations, pre-
datory Euchaetidae and Aetideidae may substantially affect the structure of pe-
lagic communities.

1.5 Purpose of the present study
The major aim of the present study is to evaluate the ecological role of Euchae-
tidae and Aetideidae in Arctic deep-sea ecosystems. In order to quantify their



H. Auel: Ecology of Arctic Deep-Sea Copepods

carbon demands in the Greenland Sea, Fram Strait and the adjacent Arctic
Ocean, field data on abundance and vertical distribution are combined with ex-
perimentally determined feeding and respiration rates, as well as calculated
maximum ingestion rates. Additionally, distribution patterns of the different spe-
cies in the Greenland Sea are discussed in relation to the hydrographic regime
in this highly variable transitional zone between the Arctic Ocean and the North
Atlantic.

Furthermore, Arctic Euchaetidae and Aetideidae are used in this study to ex-
emplify and delineate principal ecological concepts of pelagic biodiversity and
potential competition. A typical feature of many zooplankton communities is the
sympatric co-occurrence of two or more closely-related calanoid species. This
has been demonstrated both for herbivorous epipelagic Calanidae as well as for
omnivorous Aetideidae and carnivorous Euchaetidae in different parts of the
World Ocean (Markhaseva 1984; Geynrikh 1986; Park 1994b; Guglielmo &
lanora 1995). The most extreme examples of sympatric distribution are reported
from Pareuchaeta communities in the Rockall Trough, NE Atlantic, and around
South Georgia, Antarctica, where fourteen congeners share the same habitat
(Ward & Wood 1988; Mauchline 1992, 1994a, b). How do such closely-related
species avoid interspecific competition? Answering this question will contribute
to a better understanding of the apparent paradox of a relatively high bathy-
pelagic biodiversity in spite of the widely homogenous deep-sea environment.

In summary, the major aims of the present study are:

- to describe the regional and vertical distribution and abundance of Aetidei-
dae and Euchaetidae in the Greenland Sea, Fram Strait and the adjacent
Arctic Ocean,

- to provide data on individual dry mass and total lipid content for the different
species and stages;

- to determine individual ingestion and respiration rates of euchaetid and aeti-
deid species;

- to estimate the carbon demand of the total aetideid and euchaetid popula-
tion in order to evaluate their impact on the carbon cycle in Arctic deep-sea
ecosystems;

- to compare these carbon demands with primary and secondary production,
as well as mesozoopiankton standing stock and vertical fluxes of organic
material;

- to assess different reproductive strategies among congeneric Pareuchaeta
species;

- to reveal the fatty acid and alcohol composition of Aetideidae and Euchae-
tidae, in particular with respect to trophic biomarkers;

- to assess the feeding behaviour and dietary composition of Aetideidae and
Euchaetidae;

- to identify mechanisms minimising potential interspecific competition among
closely related sympatric species.
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2 Study area

“Hinter Grénland liegt ein Reich von Eis und Finsternis
in einem dickfliissigen und von Ungeheuern bevolkerten Meer —
das Ende der Welt.”
Adam von Bremen (um 1070)

2.1 The Arctic Ocean

2.1.1 Topography

The Arctic Ocean consists of a central deep-sea basin surrounded by extensive
shallow shelf seas. The Eurasian Basin is subdivided by the Nansen Gakkel
Ridge into the Nansen Basin (3800-4000 m depth) and the Amundsen Basin
(>4000 m). The Lomonosov Ridge (sill depth 1300 m) separates the Amundsen
Basin from the Makarov Basin, which belongs to the Canadian Basin.

As a mediterranean sea the Arctic Ocean is enclosed by land masses. The only
deep water connection to the Atlantic Ocean is the Fram Strait between Green-
land and Spitshergen with a sill depth of 2600 m. Shallow connections to the
northern Atlantic exist via Davis Strait west of Greenland and via the Barents
Sea. The exchange to the Pacific Ocean is limited by the narrow and only 70 m
deep Bering Strait (Aagard & Carmack 1988).

2.1.2 Hydrography

The water column of the Arctic Ocean consists of three major water masses:
the Polar Surface Water (PSW), the Atlantic Intermediate Layer (AIL) and the
Arctic Deep Water (ADW). The PSW occupies the upper 50 m of the Arctic
Ocean and is characterised by very low temperatures (<-1.7°C) and a low salin-
ity (<33.0) (Anderson et al. 1994), due to the enormous amounts of freshwater
imported by the Siberian rivers (Aagard & Carmack 1989). Two major current
systems in the Arctic determine the drift of the PSW and the transport of the sea
ice. The Canadian sector is dominated by the Beaufort Gyre. In the Eurasian
part the Transpolar Drift Current transports PSW and ice from the Siberian shelf
towards Fram Strait, where they leave the Arctic Ocean into the Atlantic as the
East Greenland Current.

Below a pronounced halocline a layer of warmer (0.5-1°C) and more saline
(>34.5) water of Atlantic origin is found, the Atlantic Intermediate Layer (AiL).
This Intermediate Water enters the Nansen Basin as the West Spitsbergen Cur-
rent via Fram Strait. North of Spitsbergen the Atlantic inflow turns east and fol-
lows the Eurasian continental slope as a cyclonic boundary current (Fig. 1;
Aagard 1989; Anderson et al. 1989; Rudels et al. 1994). The AIL can be de-
tected throughout the Arctic Ocean at 200-600 m depth.

The deepest parts of the basins (>1000 m) are filled with Polar Deep Water
(PDW), which is characterised by low temperatures (-0.5 to -1°C) and very high
salinities (34.95 in 2000 m, Anderson et al. 1994). Since the exchange of PDW
between the Eurasian and the Makarov Basins is limited by the Lomonosov
Ridge, significant differences in temperature and salinity occur between both
basins (Anderson et al. 1994).
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Fig. 1 Circulation within the Atlantic Intermediate Layer of the Arctic Ocean (Rudels et al. 1994)

2.2 The Greenland Sea and Fram Strait

2.21 Topography

Fram Strait and the Greenland Sea comprise the most important water connec-
tion between the Arctic Ocean and the North Aflantic. The Greenland Sea is
bordered by the East Greenland coast to the West and by Spitsbergen to the
Northeast. Topographic features, e.g. the Jan Mayen Ridge, Mohns Ridge and
the Barents Sea slope, separate the Greenland Sea from the neighbouring Ice-
land, Norwegian and Barents Seas in the South and Southeast. Thus, the
Greenland Sea is well defined by bathymetric features, but not isolated from
other parts of the northern North Atlantic.

The Greenland Sea consists of a central deep-sea basin and a shallow shelf
area stretching along the East Greenland coast. The width of the East Green-
land shelf progressively broadens from less than 50 km in the South to a maxi-
mum extension of 280 km in the Fram Strait. Towards the East the shelf de-
scends steeply into the deep-sea basin.

2.2.2 Hydrography

The circulation of surface water in the Greenland Sea is strongly governed by
two meridional boundary currents (Fig. 2). On the East Greenland shelf Potar
Surface Water originating from the Transpolar Drift Current is transported south
by the East Greenland Current. One branch of the East Greenland Current is
deflected at the Jan Mayen fracture zone extending eastward as the Jan Mayen
Polar Current (Quadfasel et al. 1987; Quadfasel & Meincke 1987).

10
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As an extension of the Norwegian Atlantic Current the West Spitsbergen Cur-
rent transports warm and saline Atlantic water masses northward along the
eastern periphery of the Greenland Sea. North-west of Spitsbergen the West
Spitsbergen Current is divided into different branches. The eastern branch en-
ters the Arctic Ocean via the Nansen Basin. It turns east, submerges beneath
the Polar Surface Water and follows the Eurasian continental slope eastward as
a cyclonic boundary current. A second branch, known as the Return Atlantic
Current, is deflected to the West and entrained into the East Greenland Current
in sub-surface layers. Perkin & Lewis (1984) assume that a third branch flows
northward along the western slope of Yermak Plateau transporting Atlantic wa-
ter masses directly towards high latitudes.

Arctic Ocean |t Tomr Water, cold Together with their deflections, the

< | A Allantic Water, warm . . R

q°\° " Low Salny opposing  meridional _perlphery

& coastar water currents form the cyclonic Green-
“, Q A Mixed Water

land Sea Gyre, which is centred
over the deep-sea basin. The Atlan-
tic water at intermediate depth prob-
ably follows the same circulation
pattern, although it is not fully un-
derstood whether this gyre is com-
pletely closed (Coachman & Aagard
1974). The hydrographic fronts,
resulting from the close neigh-
bourhood of different water masses,
separate  different hydrographic
domains.

LN
kceland ﬁt t\t tNorwag|

TT Sea

The area influenced by the East
Greenland Current shows a water
column structure similar to the
Arctic Ocean and is therefore called
the Polar Domain. Polar Surface
Water with temperatures below 0°C
occupies the upper 150 m.

Fig. 2 Circulation in the Greenland Sea

(modified after Blaume 1992)
Below the halocline an Atlantic Layer originating from the Return Atlantic Cur-
rent extends down to 800 m depth characterised by higher temperatures (0° to
2°C) and a high salinity of S = 35.0. Deep Water is found below 800 m depth
(Coachman & Aagard 1974).

Bounded by the Polar Front to the West and by the Arctic Front to the East, the
centre of the Greenland Sea Gyre is called the Arctic Domain. In contrast to the
stratification of the Polar Domain, the cyclonic circulation within the Arctic Do-
main leads to a doming of the isopycnals and a reduced stratification stability in
the centre of the Greenland Sea Gyre (Rudels 1993, 1995). The Arctic Surface
Water is characterised by elevated, seasonally warmed temperatures of 2° to
4.5°C. Below the seasonal pycnocline Arctic Intermediate Water occupies the
interval from 75 to >400 m depth. This layer can be further subdivided into up-

11
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per and lower strata with considerable differences in temperature and salinity.
The deepest parts of the basin are filled with Greenland Sea Deep Water com-
prising about 85% of the total volume of the Greenland Sea (Carmack & Aagard
1973).

2.3 Ice cover

Seven million square kilometres, equivalent to more than haif of the Arctic
Ocean, is permanently covered by sea ice, up to >6 m thick (Rey 1982). Most of
the sea ice is formed over the Siberian shelf and transported across the Arctic
Ocean by the Transpolar Drift Current. Thick muilti-year ice floes form during
their journey towards Fram Strait, which may last several years. In contrast to
the permanent ice cover of the Arctic Ocean, the central Greenland Sea is only
seasonally covered by ice. Areas of permanent ice cover are restricted to the
Polar Domain, which is supplied with muiti-year ice from the Arctic Ocean by the
East Greenland Current (Parkinson & Cavalieri 1989; Parkinson 1991).

During the expedition ARK Xlll/1 and 2 in May to July 1997 the ice cover in the
Greenland Sea showed a pronounced regional and temporal variability. Due to
the spring situation, most stations, even in the central Greenland Sea, were still
covered by sea ice. As an exception St. 17 was located in the ice-free waters of
the West Spitsbergen Current. The fast seasonal retreat of the ice could be ob-
served at position 75°N 7°W, where the ice cover disappeared within three
weeks (28 May — 18 June).

Strong variations in ice coverage were also evident in the northeastern part of
the investigation area. In June all stations on the 81°N transect were ice-cov-
ered, while in July stations further north (81°35’N) were located within a large
ice-free area.

3 Materials and methods

3.1 Sampling and sample processing

Stratified mesozooplankton samples were collected at 19 stations in the Green-
land Sea and Fram Strait (Table 1; Fig. 3). Sampling concentrated on three lati-
tudinal transects from the central deep-sea basin onto the East Greenland con-
tinental shelf at 75°, 81° and 81°35’ N. A fourth transect was carried out from
the southern Nansen Basin (82°39'N; 1°25'E) onto Yermak Plateau (81°54'N;
7°42'E). Sampling took place during the expeditions ARK XIll/1 and 2 of the
German research vessel “Polarstern” between 27 May and 27 August 1997
(Spindler et al. 1998; Stein & Fahl 1997). Mesozooplankton was collected by
stratified hauls conducted with a Multinet (Hydro Bios, Kiel), which allowed to
discriminate between five discrete sampling layers within one haul (Weikert &
John 1981). When the water depth exceeded 1000 m, two successive hauls
were conducted to combine deep sampling with a higher resolution of the upper
water layers. Usually, the entire water column was sampled down to the sea-
floor or to a maximum hauling depth of 2000 m. Sampled depth strata were
2000-1500-1000-500-200-100-50-0 m. In the southern Nansen Basin (St. 79)
maximum hauling depth was 3000 m. The mouth opening of the net measured
0.25 m? and mesh size was 150 um. Additional material for experiments and

12



H. Auel: Ecology of Arctic Deep-Sea Copepods

biochemical analyses was obtained from Bongo net hauls (mesh 100 to 330
um) collected during the same expeditions to the Greenland Sea and during
ARK Xil (Arctic 1996) to the central Arctic Ocean (Augstein et al. 1997). All Mul-
tinet and Bongo samples were transferred into a cooling container (0-4°C) im-
mediately after capture for further processing.

Fig. 3

Table 1

Station
No.

17
19
20
21
22
23
24
30
31
32
35
72
73
74
79
84
87
88
89

7

[
o
] e

Greenland Sea

P /

/
7 Nansen Basin

Yermak
Plateau

04

Map of the investigation area showing the position of Multinet stations (after Diepen-
broek et al. 1997). One position at 75°N 7°W was sampled twice as station 19 and 35.

Station list of Multinet hauls

Date
d/m
1997
27/05
28/05
30/05
31/05
01/06
01/06
02/06
10/06
11/06
13/06
18/06
17/07
17/07
18/07
21/07
24/07
25/07
26/07
27107

Position
Latitude Longitude

N

76°36°
74°57°
74°55°
74°42°
74°57°
74°57°
74°59°
80°54°
80°57°
81°00°
75°00°
81°35°
81°35
81°35°
82°39°
82°19°
82°03°
81°59°
81°54°

4°39°
6°57°
11°15°
13°05°
12°48°
13°00°
13°50°
3°56°
5°54°
7°47°
7°00°
8°11”
9°49°
10°01”
1°25°
3°40°
5°18°
5°45°
7°42°

E

mmMmMmMMESSSET2ESSESSES

Ice Sea surface
cover temperature

(%]
0
80
90
10
60
90
90
90
90
90
0
5
0
0
S0
85
85
90
90
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Bottom Max. depth Number of

depth
fm]
3111
3461
2042
1483
675
390
195
3359
1574
374
3418
1976
1085
507
3233
2179
1409
928
832

of haul
fm]
1000
2000
2000
1460
650
380
170
2000
1500
350
2000
1950
1000
500
3000
2000
1350
900
830
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samples
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3.2 Abundance of Aetideidae and Euchaetidae
In order to describe the regional and vertical distribution of Euchaetidae and
Aetideidae in the Greenland Sea and to measure their abundance, all individu-
als of these copepod families were sorted alive, staged and counted under a
dissecting microscope (Wild M3B). The following literature was used for identifi-
cation:

Brodskii (1950)

Markasheva (1984, 1996)

Park (1978, 1994a)

Sars (1900, 1903)

Vervoort (1952a to i)

Specimens were frozen at —80°C for later laboratory analysis and the remains
of each sample were preserved in a 4% formaldehyde-seawater solution. Abun-
dance data were calculated assuming 100% filtering efficiency of the Multinet
according to the equation:

n
A= . where

(dopened = dclosed) xa
A = abundance (ind. m™)
n = number of individuals in a sample
dopered = depth, where the net was opened (m)
deosed = depth, where the net was closed (m)
a = mouth opening of net; a = 0.25 m?

3.3 Scientific names and taxonomic difficulties

“There was no end to Nature’s extravagant inventions in the plankton world;
a surrealist artist might well own himself beaten here.”

Thor Heyerdahl (1948) The Kon-Tiki expedition.

With respect to taxonomy, Calanoida are probably the best-studied zooplankton
group. However, many species were already discovered at the end of the last
century and descriptions of type specimens are sometimes incomplete or inex-
act (Markhaseva 1996). Especially among littte known bathypelagic forms, indi-
viduals retrieved from distinct parts of the World Ocean were often attributed to
already established species, ignoring minor, but decisive morphological differ-
ences. During a careful revision of the genus Pareuchaeta, for instance, Park
(1994a) discovered that the number of species with a worldwide distribution was
surprisingly small. Contrary to earlier concepts, the genus does not consist of a
few cosmopolitan species, but of many morphologically similar species, en-
demic to more or less closely confined ranges.

In some genera, e.9. Euchaeta, Pareuchaeta and some Aetideidae, identifica-
tion to species level is principally made on morphological features of the secon-
dary sex characteristics (Hopkins 1978; Mauchline 1998). Thus, many species
are only known from adult females, a few from males. This problem complicates
the matching of the respective female and male of a species and sometimes
leads to confusion when females and males are described as separate species.
Moreover, recurring revisions, during which scientific names were often
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changed and species regrouped within and between genera, resulted in & num-
ber of synonyms for many species.

Fortunately, the families Aetideidae and Euchaetidae, investigated here, were
the target of recent detailed revisions (Park 1994a, Markhaseva 1996). Park
(1994a) recounted the history of the genera Euchaeta and Pareuchaeta, often
used synonymously, and re-examined their validity. He redefined both genera
and renamed Pareuchaeta as Paraeuchaeta. The species were divided into
Euchaeta and Paraeuchaeta and both taxa were further subdivided by creating
distinct species groups. Correspondingly, the family Aetideidae was revised in
detail by Markhaseva (1996).

Fig. 4 Some Aetideidae of the Greenland Sea. Dorsal views of Aetideopsis rostrata (a),
Chiridius obtusifrons (c), Gaetanus brevispinus (d), G. tenuispinus (e) and lateral view
of A. rostrata (b). Drawings by Sars (1900)
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Table 2 Species names of the Euchaetidae and Aetideidae considered in the present
study and frequently used synonyms

Valid species name

Frequently used synonyms

Euchaetidae
Pareuchaeta barbata (Brady)

Pareuchaeta glacialis (Hansen)

Pareuchaeta norvegica (Boeck)

Pareuchaeta polaris Brodskii

Aetideidae
Aetideopsis minor (Wolfenden)

Aetideopsis rostrata Sars

Chiridiella abyssalis Brodskii
Chiridius obtusifrons Sars
Gaetanus brevispinus (Sars)

Gaetanus tenuispinus (Sars)

Pseudochirella spectabilis Sars

Apart from one exception,

Euchaeta barbata Mauchiine 1994a, b, 1995

Paraeuchaeta barbata Park 1994a, b, Kosobokova et al. 1998

Euchaeta glacialis '

Paraeuchaeta glacialis Park 1994a, b, Kosobokova et al. 1998

Euchaeta norvegica Mauchline 1992, 1994a, b, 1995

Paraeuchaeta norvegica Park 1994a, b, Kosobokova et al.
1998

Euchaeta polaris

Paraeuchaeta polaris Park 1994a, b, Kosobokova et al. 1998

Aetideopsis multiserrata (non Wolfenden 1904):
Brodskii 1950, Markhaseva 1984

Faroella minor Wolfenden 1911

Chiridius minor Farran 1929

Chiridius modestus With 1915

Aetideopsis modestus Bradford 1969, Bradford & Jillett 1980,

Park 1878, Shih & Macleilan 1981

Aetideopsis divaricata Esterly 1911

Aetideopsis trichecus Vervoort 1949

Aetideopsis divergens Tanaka 1957a, b

Aetideopsis inflata Park 1978

Chiridiella reducta Brodskii 1950

Gaidius obtusifrons Seiler & Brandt 1997

Chiridius brevispinus Sars 1900

Gaidius brevispinus Sars 1903, Brodskii 1950, Tanaka

19574, b, Tanaka & Omori 1970a, b

Gaidius affinis Sars 1905, Vervoort 1957, Bradfort & Jillett

1980

Gaetanus affinis Park 1975a, b

Gaidius intermedius Farran 1929, Hardy & Gunther 1935

Davis 1949, Vervoort 1951, Park 1978

Gaetanus intermedius Park 1975a, b

Mesogaidius intermedius Wolfenden 1911

Gaidius major Wolfenden 1904

Gaidius robustus (non Sars 1905) Vervoort 1949

Chiridius tenuispinus Sars 1900

Gaidius tenuispinus Brodskii 1950, Vervoort 1957, Tanaka
1957a, b, Owre & Foyo 1967, Tanaka &
Omori 1970a, b, Wheeler 1970, Bjorn-
berg 1973, Park 1978, Bradford & Jillett
1980

Gaidius boreale

Gaidius similis Scott 1909

Gaidius gracilis Brady 1918

Undeuchaeta spectabilis Sars 1900

Euchirella elongata Wolfenden 1911

Pseudochirella elongata Vervoort 1957, Park 1978,

Markhaseva 1984, 1989

this study uses the species names proposed by

Markhaseva (1996) for Aetideidae and Park (1994a) for Euchaetidae. The ex-
ception concerns the proposed genus name Paraeuchaeta, which failed to re-
place the more familiar term Pareuchaeta in many recent publications, e.g.
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Mauchline (1998). The discussion section also follows the valid names, even
where the references originally used older synonyms. A compilation of the valid
species names and frequently used synonyms is given in Table 2.

3.4 ldentification of Pareuchaeta species

Encompassing 102 recognised species, Euchaeta/Pareuchaeta is the largest
calanoid genus (Mauchline 1998). Identification of Pareuchaeta to species level
is principally based on morphological differences of secondary sex characteris-
tics (Fig. 5). Females are identified by the shape of the genital somite and the
morphology of the genital field (Zvereva 1976; Tanaka & Omori 1968), while in
males the morphology of the modified fifth pair of legs is species-specific. Evi-
dently, this considerably complicates the identification of juveniles to species
level.

Fig. 5 Some Euchaetidae of the Greenland Sea. Females of Pareuchaeta norvegica (a), P.
glacialis (b) and P. barbata (c) with spermatophore attached to genital segment. Note
species-specific differences in the shape of the genital somite. Drawings by Sars (1800)

Copepodite stages of Pareuchaeta barbata and P. polaris can usually be identi-
fied by size, habitus and coloration. Specimens of P. barbafa are at all stages
considerably larger and more heavily built than the respective copepodids of the
other species. Moreover, they are coloured bright red and often carry a typical
armoury of bristles. In contrast, P. polaris combines a compact cephalothorax
with a relatively long abdomen and is coloured orange.

17
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Distinguishing young copepodids of the co-occurring P. glacialis and P. norve-
gica is a more difficult task. During the field work it was discovered that in live
individuals the colour pattern may be species-specific. Adults, CV and often CIV
of P. glacialis showed a characteristic distribution of red and transparent body
areas. When seen ventrally, a red band extended like a median from the ante-
rior to the posterior end of the cephalothorax, while the body flanks were col-
ourless. In addition, the abdomen often had an orange to reddish tone. In con-
trast, P. norvegica adults and older copepodids were characterised by a bright
red anterior part of the cephalothorax, including the mouthparts, and sharply
contrasting to the rest of the body and abdomen, which were colourless and
transparent.

However, no differences in the coloration of younger copepodids of both spe-
cies were detected, limiting the use of this method for species identification.
Moreover, animals preserved in formaldehyde soon lost their characteristic col-
oration, making it impracticable to apply the method on preserved samples.
Therefore, copepodite stages of Pareuchaeta glacialis and P. norvegica had to
be combined into common categories during this study.

3.5 Individual dry mass of euchaetid and aetideid copepods

To measure the individual dry mass of euchaetid and aetideid species and
stages, frozen individuals were dried by lyophilisation for 48 h and subsequently
weighed on a Sartorius micro-balance with a precision of 10 ug (Hagen 1988).
In the case of rare and/or small stages, samples from neighbouring stations had
to be pooled. Thus, the data presented are mean values and the standard de-
viation SD describes variations between samples and not between individuals.

3.6 Distribution of total mesozooplankton biomass
The determination of total mesozooplankton biomass required a complex pro-
cedure consisting of three major steps.

Dry mass of the formaldehyde preserved samples

First, the preserved remains of the Multinet samples were dried at 60°C for 48 h
(modified after Bamstedt 1974) and sample dry mass was determined on a mi-
cro-balance. If sufficient material was available, samples were split using a Fol-
som splitter and only one half was used for the biomass determination.

Correction of preservation-induced dry mass loss

Considerable losses in dry mass may occur due to formaldehyde preservation
(Giguére et al. 1989). Therefore, in a second step measured dry mass values
had to be corrected applying a correction factor determined during the same
expedition. Bongo net samples (1500 to 0 m depth) were collected at eight sta-
tions and split onboard immediately after capture using a Folsom splitter. One
half was preserved in a 4% formaldehyde-seawater solution applying the same
procedure as for the Multinet samples. The other half was carefully rinsed with
freshwater to remove salt remains and deep-frozen at —80°C. Formaldehyde-
preserved samples were treated in the same way as the Multinet samples and
measured after drying at 60°C (Bamstedt 1974), whereas the frozen samples
were carefully dried by lyophilisation. In all eight experiments formaldehyde
preservation reduced dry mass considerably. Losses ranged from 19.3 to
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40.2% when compared to the dry mass of the respective frozen subsamples.
On average, the formaldehyde-preserved subsamples weighed 72.3% of the
frozen subsample.

These results are in good accordance with Giguére et al. (1989), who reported
a reduction of dry mass by 37 to 43% during 66 weeks of chemical preserva-
tion. Our slightly lower losses may be due to shorter storage time and the domi-
nance of large calanoid copepods in Arctic zooplankton samples, since dry
mass losses seem to be size-dependent with a stronger effect on smaller indi-
viduals (Giguére et al. 1989). To compensate for the loss due to preservation,
measured dry mass values of the Multinet samples were multiplied with a cor-
rection factor f = 100/72.3 = 1.38.

Euchaetid and aetideid dry mass

In a third step the mass of euchaetid and aetideid copepods sorted from each
sample was calculated by multiplying measured stage-specific individual dry
masses with abundance data for each sample. These values were added to the
measured mass of the remaining sample. To provide total mesozoopiankton dry
mass concentrations per m™, the calculated total dry mass of each sample was
divided by the volume filtered, assuming a fishing efficiency of 100%.

Thus, the determination of total mesozooplankton dry mass concentration can
be described mathematically by

f x Mmeasured + Z Z Mij % Ni
] i

Mtotal = where

ax (dopened - dclosed)

Meotal = total mesozooplankton dry mass; (Mta) = mg DM m*

Mmeasured = Measured dry mass of the formaldehyde preserved sample (mg DM)
f = correction factor for preservation-induced dry mass loss; f = 1.38

m; = individual dry mass of stage i of species j

nj = number of stage i of species | sorted from the sample

i . stage index (Cl, Cli, CHil, CIV, CV, CVi-male, CVi-female)

j : species index

a = mouth opening of net; a = 0.25 m?

dopened = depth, where the net was opened; {dopened) = M

deesed = depth, where the net was closed; (dgesed) = M

3.7 Lipid content

Lipids function as major energy reserves in zooplankton organisms. Efficient
energy storage is particularly important for organisms living at high latitudes,
where a strong seasonality in environmental parameters controls food availabil-
ity. Due to their low density, lipids may also provide buoyancy for pelagic or-
ganisms (e.g. Morris 1972; Hagen 1988). Seasonal trends in lipid content can
elucidate life cycle characteristics, e.g. whether organisms overwinter actively or
in a dormant state, and when reproduction takes place (Kattner & Hagen 1995;
Schnack-Schiel & Hagen 1995; Hirche 1998a). The present study mainly fo-
cuses on the ontogenetic changes in total lipid content and on interspecific
comparisons.
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Lipids were extracted and determined gravimetrically essentially according to
Foich et al. (1957) and Bligh & Dyer (1959). The method efficiently removes 95
to 99% of ali lipids from the samples (Christie 1982). Generally it was necessary
to pool samples from neighbouring stations in order to obtain a sufficient quan-
tity of lipids. In the case of rare species and/or small stages, samples from the
entire expedition had to be combined.

Copepod samples were transferred into an organic solvent (dichloromethane :
methanol = 2:1 by volume) and homogenised mechanically (Potter) and by ul-
trasonic. To clean the extract a 0.88% KCl/Agqua bidest. solution was added.
The mixture was shaken and centrifuged, before the organic phase was re-
moved by Pasteur pipette. After the evaporation of the solvent under a stream
of nitrogen to avoid oxidation processes, the remaining extracts were weighed
on a micro-balance (precision 10 ug). For details of the method see Hagen
(1988) and Fahl (1995).

3.8 Fatty acid and alcohol composition

In 1971 Lee et al. (1971) discovered that the fatty acids of calanoid body lipids
resembled the fatty acid composition of their principal food. The authors con-
cluded that copepods incorporated dietary fatty acids largely unchanged into
their wax esters. Therefore, fatty acids can be used as trophic biomarkers to
elucidate predator-prey relationships within pelagic food webs.

In laboratory experiments the fatty acid composition of herbivorous copepods
changed with dietary compositions (Graeve et al. 1994). Lipid biomarkers were
traceable even at higher trophic levels (Hopkins et al. 1993) and enabled St.
John & Lund (1996) to link the enhanced condition of juvenile cod to frontal
phytoplankton blooms. In the Antarctic calanoids, Pareuchaeta antarctica and
Euchirella rostromagna, however, the potential of fatty acids and alcohols as
trophic markers was rendered largely insignificant due to catabolic processes
{Hagen et al. 1995),

Among the specific lipid components suitable for use as trophic biomarkers, the
fatty acids 16:1(n-7) and 18:1(n-7) are considered to be indicators for a herbivo-
rous diet consisting mainly of diatoms (Graeve et al. 1994, 1997). In contrast,
18:1(n-9) is indicative of carnivorous feeding (Graeve at al. 1997). The mono-
unsaturated fafty acids 20:1(n-9) and 22:1(n-11) are typical components of wax
esters synthesised by herbivorous calanoids (Hopkins et al. 1993 and refer-
ences therein). High amounts of these fatty acids in carnivores might, therefore,
indicate feeding on Calanus.

Recently, Graeve et al. (1997) evaluated the potential of lipid analyses for de-
ducing the principal food sources of benthic invertebrates. The ratio of the two
fatty acid isomers 18:1(n-9) and 18:1(n-7) was found to reflect different feeding
behaviours and trophic levels. This ratio can thus be used as a relative index for
camivory. High values are typical of carnivores, whereas low ratios indicate
herbivorous feeding.

For the analysis of lipid composition, fatty acids were converted into methy! es-

ters and analysed by gas-liquid chromatography according to Kattner & Fricke
(1986). Fatty acid methyl esters were prepared by transmethylation in
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methanol-sulphuric acid and analyses were performed using a Packard gas
chromatograph according to the specifications listed below (for details see Fahl

1995).
GC United Technologies Packard 438A
Column: 30 m x 0.25 mm
Liquid phase: DB-FFAP
Temperature programme: Initial: 165°C
Rise: 4°C min™
Finatl: 240°C for 15 min
Carrier gas: Helium, pressure 115 kPa
Carrier gas stream: 1.25 m| min”" at 28°C
Flame ionisation detector: Operating temperature: 280°C
Hydrogen 100 kPa
Nitrogen 100 kPa
Synthetic air 100 kPa
Injector in split mode: Operating temperature 280°C

Split rate

1:60

Split stream 75 mi min”, both measured at 28°C

Chromatograms were recorded on an integrator connected to a PC. Peaks were
identified according to retention times by comparison with a fish triacylglycerol
standard (Marinol) and a copepod standard of known composition. Since the
lipid compositions were analysed to determine trophic relationships in the pres-
ent study, focus was given to those fatty acids known as trophic biomarkers.

3.9 Reproductive strategies

Fig. 6 Pareuchaeta norvegica female
with egg sac attached to the
genital somite. Drawing by Sars
(1900).

Females of all Pareuchaeta species as
well as Chiridius obtusifrons produce egg
sacs and carry their brood attached to the
genital opening until the offspring hatches.
The fraction of these females carrying egg
sacs, egg diameter and mean number of
eggs per clutch were measured.

Additionally, dry mass and total lipid con-
tent of egg sacs were measured according
to the procedure described for copepodids.
Based on dry mass and lipid content, a
two-compartment model was applied to
calculate the caloric value of eggs and to
estimate the energetic investment of fe-
males into egg production. Assuming a
caloric value of 39.6 kJ g for lipids and
that the remaining fraction of dry mass
consisted of proteins and carbohydrates
with an average caloric value of 20.5 kJ g’
(Sommer 1998), the total energy content of
eggs, clutches and females can be deter-
mined according to:
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E=(.x39.6Jmg"+(1-L) x20.5 I mg™) *M ,where

E = energy content (J)
L = lipid content as fraction of total dry mass
M = total dry mass (mg).

Ratios between the energy content of eggs and females and between clutches
and females, respectively, were calculated to assess the energetic investment
of females in reproduction. This approach was necessary since the total lipid
content of the eggs was considerably higher than that of the females, so that a
simple ratio between dry mass values would have been inappropriate.

3.10 Respiration measurements

Respiration is often used as an easily measurable parameter to approximate
the metabolic rate of organisms, when anaerobic processes may be neglected
(Clarke 1983). The respiration rates of euchaetid and aetideid copepods were
measured by couloximetry. This method was originally developed by Hersch
(1973) to quantify trace amounts of oxygen in gas streams. Peck & Uglow
(1990) and Schmid (1996) adapted this technique to measure the respiration of
marine benthic invertebrates. Compared to oxygen electrodes, this method of-
fers the higher resolution necessary to measure the low oxygen consumption of
single copepods.

The system is based on a fuel cell consisting of a cadmium coated nickel core
separated from an outer carbonaceous layer by an inert fabric impregnated with
an aqueous KOH solution. Oxygen passing through the fuel cell is converted
into hydroxyl ions and oxidises the cadmium to cadmium hydroxide.

O,+2H,0+4e P 40H
2Cd+40H  —® 2Cd(OH)+4e

Hence, each oxygen molecule releases four electrons measurable as an elec-
tric current, which is directly proportional to the oxygen content within the probe.
Therefore, couloximetry is an absolute method, requiring no calibration (Peck &
Uglow 1990).

To analyse the oxygen content of a water sample, the oxygen has to be trans-
ferred from the liquid into a carrier gas stream. In this system nitrogen is used
as an inert carrier gas. Contamination of the carrier gas with air is avoided by
gas-tight installations and two oxygen traps inserted into the carrier gas stream.
A small probe (100 pi) of the water sample is injected through a teflon/rubber
seal into a desorber filled with an aqueous KOH solution. The carrier gas
passes through the solution, expels the oxygen and transports it into the fuel
cell, where the electric signal is recorded by an integrator.

Respiration measurements were conducted as closed-bottle experiments
(Steffensen 1989). Single individuals were kept in glass bottles of 33 or 50 ml
volume filled with filtered seawater and sealed gas-tightly with rubber septa.
Experiments were run in darkness at an in situ temperature of 0° + 1°C for up to
72 h. Control experiments were conducted simultaneously without animals un-
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der the same conditions. At the end of the experiments water samples of 100 wl
were taken with a gas-tight syringe through the rubber seal of each bottle and
injected into the desorber of the couloximeter system. Respiration rates were
calculated from the differences in oxygen concentration between experimental
bottles and controls without animals. This procedure has several advantages in
comparison to start and stop measurements for each bottle. It minimises the
risk of leakage of the rubber seals and air intrusion into the experimental bot-
tles, since it is not necessary to penetrate the rubber seals at the beginning of
the experiments. In addition, potential bias of respiration rates by microbial ac-
tivity is inherently corrected for, since it would also occur in the control bottles
(Steffensen 1989). Also temperature changes during the experiments could be
neglected, since control values were measured together with the replicates.

3.11 Feeding experiments

Ingestion rates of Pareuchaeta norvegica and P. glacialis were determined
during feeding experiments according to Yen (1982, 1983, 1985). Single indi-
viduals of these predators were sorted from Bongo net samples immediately
after capture and kept in beakers filled with 2 | of filtered seawater. Experiments
were started with the addition of ten Calanus CV or females as prey and run for
three days in darkness at an in situ temperature of 0°£1°C. After termination
remaining prey individuals were counted and predators and prey samples were
deep-frozen.

Body dry mass of predators and prey was determined after lyophilisation as de-
scribed under 3.5. Daily consumption rates were calculated as ingestion of ind.
prey d”' or mg DM d"' and converted into mass-specific ingestion rates (d™).

In addition, qualitative feeding experiments were conducted with several ae-
tideid and euchaetid species to elucidate their dietary preferences. Therefore,
different food items, including a phytoplankton suspension, nauplii of Calanus
glacialis and Pareuchaeta barbata, and copepodids of different sizes were of-
fered. The prey selection included Microcalanus pygmaeus, Pseudocalanus mi-
nutus, Metridia longa, Scaphocalanus magnus, Spinocalanus antarcticus and
Calanus spp. The reaction to the different prey items and the production of fae-
cal pellets were recorded.

3.12 Maximum ingestion rates of Aetideidae and Euchaetidae

To evaluate the effect of euchaetid and aetideid communities on the carbon flux
in Arctic pelagic ecosystems, the potential maximum ingestion of these commu-
nities (mg C m™ d™") was estimated by combining field data on abundance and
stage composition with mass-specific individual respiration rates (d"') and mean
individual mass (mg C). Potential ingestion rates were calculated separately for
each copepodite stage and species by an allometric equation relating mass-
specific maximum ingestion lnax to body mass M (Imax = 63 x M%?°) proposed
by Moloney & Field (1989) for particle-feeding heterotrophs living at a tempera-
ture of 20°C.

Values were converted to an ambient temperature of 0°C applying a coefficient

of Qi = 3 (Paffenhéfer 1971; Ross 1982; Hirche 1987). Similar approaches
were used by Mahaut et al. (1995) {0 estimate the respiration of a benthic deep-
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sea community in the NW Atlantic, by Piepenburg & Schmid (1997) for brittle
star populations in the Laptev Sea and by Gradinger et al. (in press) for the
maximum ingestion rate of Arctic sea-ice communities.

Additionally, daily ingestion rates were estimated based on the results of the
respiration measurements and an energy budget approach. Generally, net con-
version efficiency k; and the assimilation coefficient U are defined according to
the equations:

ke = P/(P+R)

U = (P+R)/C (Vinberg 1956), where

P = production

R = metabolic energy demands

C = consumption

The first equation leads to P = R x ko/(1-kz) and the subsequent elimination of P
from the second equation yields

C = (P+R)/U = R/((1-kz) x U)

For net conversion efficiency a value of k, ~ 0.3 has been proposed as a grand
average for wild poikilothermic populations from boreal regions (Wieser 1986).
In zooplankton k; ranges from 0.2 to 0.5 and usually equals ~ 0.3 for adults (Vi-
nogradov & Shushkina 1987).

Assuming an assimilation coefficient of U ~ 0.8 for the omnivorous and carnivo-
rous species considered here (Vinberg 1956; Vinogradov & Shushkina 1987),
consumption can be described as a function of metabolic energy demands ac-
cording to:

C~179xR

However, it must be taken into account that under natural conditions metabolic
rates are considerably higher than the standard oxygen consumption of resting
animals (Dorrien 1993). Pakhomov & Perissinotto (1996) estimated that the
natural metabolic demands of active carnivorous zooplankton (Themisto gaudi-
chaudi) are double that of their basic metabolic needs.

During the present study copepods often rested on the bottom of the vials and
highly energetic predatory behaviour was not observed during the respiration
measurements. Thus, the respiration rates measured here generally approxi-
mated standard oxygen consumption. According to Pakhomov & Perissinotto
(1996), the relationship between consumption and measured respiration, there-
fore, has to be modified to:

C~179xR=2x179xRy; =358 xRy , Where
Ry = measured basic metabolic rate
To evaluate whether the Inax values derived from the allometric function appro-

priately approximated real carbon demands, they were compared to the meas-
ured results available for some species and stages from respirometry and
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feeding experiments. However, direct measurements covered only a fraction of
the size and species spectra recorded in the field. Therefore, it was necessary
to apply the allometric approach taking into account the size dependence of in-
dividual ingestion and respiration rates.

4 Results

4.1 Arrangement of transects

For the presentation of the resuits the stations are grouped along four transects:
Transect A includes the eight southernmost stations, starting at 13°50’ W on the
East Greenland shelf and following latitude 75°N eastward, down the continen-
tal slope into the deep-sea basin of the central Greenland Sea. In addition, St.
17 at 76°36’N 4°39°E is included as the most easterly position on this transect.
All stations were sampled between May 27 and June 18, 1997.

Transect B comprises three stations with bottom depths of 3359, 1574 and
374 m respectively, located at 81°N across the East Greenland continental rise.
Similarly, three stations between 1976 m and 507 m water depth were sampled
at 81°35'N during ARK Xlll/2 and combined to transect C.

The northernmost transect D starts in the southern Nansen Basin (82°39'N
1°25'E; 3233 m bottom depth) and extends via five stations in a south-easterly
direction onto Yermak Plateau (81°54'N 7°42’E; 832 m).

4.2 Distribution of total mesozooplankton biomass

The distribution of total mesozoopiankton biomass showed strong vertical and
meridional gradients. Highest biomass concentrations were observed close to
the surface. On the southern transect A dry mass decreased from 37-132 mg
DM m™ in the upper 50 m to less than 10 mg DM m™ below 100 m. Below
500 m biomass never exceeded 4 mg DM m™. Along the northern transects
across the East Greenland continental rise and onto the Yermak Plateau
mesozooplankton biomass declined from 7-46 mg DM m™ at the surface to less
than 4 mg DM m™ below 100 m (Fig. 7).

This depth-dependent decrease in biomass was more pronounced over the
deep-sea basins, whereas on shallow stations biomass was distributed more
evenly throughout the water column. This was in particular the case on the East
Greenland shelf (Sts. 23, 24 and 32), where lower biocmass in the upper 50 m
coincided with relatively high values in deeper layers, as compared to oceanic
areas. A similar tendency was apparent on the Yermak Plateau with a relatively
stable biomass from 50 m depth down to the seafloor.

A weakly expressed mesopelagic biomass maximum was detected in the cen-
tral Greenland Sea. At Sts. 17 and 35 concentrations in 200-500 m depth
ranged from 6 to 10 mg DM m™, two to four times higher levels than in the adja-
cent water layers above and below.

Another emerging feature was a decline in epipelagic mesozooplankton from
the southern transect towards the north. Maximum biomass values between 37
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and 132 mg DM m™ occurred in surface waters at 75°N, whereas epipelagic
biomass was limited to less than 18 mg DM m™ in the northwestern part of the
investigation area (Fig. 7).
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Fig. 7 Vertical distribution of total mesozooplankton dry mass (mg m™) in the Greenland Sea.
Circle areas are proportional to mesozooplankton dry mass. The scale exemplifies
certain values for easier interpretation.

This meridional decline was overlaid by an eastward increase in biomass
across the northern part of Fram Strait. Whiie epipelagic biomass ranged below
20 mg DM m= on the East Greenland side and in the Nansen Basin, considera-
bly higher values of 40-45 mg DM m™ were detected over the Yermak Plateau.

In spite of the obvious decrease in biomass concentration from the surface to
greater depths, the major fraction of total mesozooplankton biomass was situ-
ated below 100 m depth. With regard to absolute values, it has to be considered
that the sampling intervals progressively widened with increasing depth. Fig. 8
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illustrates the vertical distribution of mesozooplankton dry mass along a depth
axis with linear scale, so that the depicted areas are directly proportional to the
absolute mesozooplankton biomass. More than half of the total mesozooplank-
ton biomass was located below 100 m depth. In high-Arctic regions of the
northern East Greenland continental rise (transects B and C) even two thirds of
the total biomass (0-2000 m) occurred below 100 m, and these figures are still
under-estimates, since the Greenland Sea and the Arctic Ocean are deep-sea
ecosystems with water depths exceeding 4000 m.

Mesozooplankton dry mass (mg DM m®)
0 10 20 0 10 20 30

500 Trs. B+C

1500

2000

2500

Mesozooplankton dry mass (mg DM m®)
10 20 30 40 50 ] 70

i

Fig. 8 Vertical distribution of mean total mesozooplankton biomass (mg DM m™) along a
linearly scaled depth axis.
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4.3 Distribution of Aetideidae and Euchaetidae

The calanoid families Euchaetidae and Aetideidae comprise medium-sized to
large copepods, which mainly inhabit deeper water layers. For the Arctic Ocean
four Pareuchaeta species and at least nine species of the family Aetideidae
have been reported (Park 1994b; Markhaseva 1984, 1996). During the field
work of the present study all four Arctic species of the genus Pareuchaeta and
eight aetideid species were recorded:

Euchaetidae Aetideidae
Pareuchaeta barbata Aetideopsis minor
Pareuchaeta glacialis Aetideopsis rostrata
Pareuchaeta norvegica Chiridiella abyssalis
Pareuchaeta polaris Chiridiella sp.

Chiridius obtusifrons
Gaetanus brevispinus
Gaetanus tenuispinus
Pseudochirella spectabilis

4.3.1 Distribution of Pareuchaeta barbata

Pareuchaeta barbata occurred abundantly in the meso- to bathypelagial of the
central Greenland Sea. Up to 200 ind. 1000 m™ were reported between 500
and 1500 m depth at oceanic station along transect A and comparable numbers
were present at 82°N over the Yermak Plateau (Fig. 9). However, the species
was not found at shallow shelf stations and only one single individual was col-
lected in polar waters of the northern East Greenland continental rise. Thus,
Pareuchaeta barbata can be described as a boreal-Atlantic deep-sea species,
whose distribution in the Greenland Sea is related to the Atlantic inflow.

4.3.2 Distribution of Pareuchaeta glacialis females

Pareuchaeta glacialis females occurred throu%hout the investigation area.
Highest abundances of 300 to 600 ind. 1000 m™ were determined in the Polar
Surface Water at the northernmost stations (Fig. 10).

Along the northern transects the species was confined to the upper 500 m, be-
ing restricted to epipelagic and upper mesopelagic depths. In the central
Greenland Sea (transect A), however, P. glacialis had a wider vertical range,
also inhabiting deeper layers down to 1000 m depth. Abundance was distrib-
uted more evenly throughout the water column with 80 to 100 ind. 1000 m™
from the surface to 500 m depth. Thus, P. glacialis is characterised as a polar
epipelagic species, submerging to greater depths in lower latitudes.

4.3.3 Distribution of Pareuchaeta norvegica females

Pareuchaeta norvegica females were encountered in high numbers at all sta-
tions on 75°N (transect A). In oceanic regions of the central Greenland Sea the
species inhabited the epipelagial and upper mesopelagial from the surface
down to 500 m depth with a maximum abundance of 80 ind. 1000 m™. Iin con-
trast, P. norvegica apparently avoided the Polar Surface Water of the East
Greenland Current and populations on the East Greenland Shelf were therefore
restricted to the bottom layer, reaching >100 ind. 1000™" m™ (Fig. 11).
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Fig. 9 Vertical distribution and abundance of Pareuchaeta barbata in the Greenland Sea.
Circle areas are proportional to abundance. The scale exempiifies certain values for
easier interpretation.

Pareuchaeta norvegica was absent from high-Arctic regions of the northern
East Greenland continental rise (fransects B and C) and from the Nansen Ba-
sin. However, it occurred as far north as 82°N over the Yermak Plateau, inhab-
iting the whole water column with up to 120 ind. 1000 m™ (Sts. 88 and 89).

Thus, Pareuchaeta norvegica showed the typical distribution of a boreal-Atlantic
species. Its abundance was closely coupled to the inflow of Atlantic water
masses into the Greenland Sea. It was present in the eastern and central part
of the Greenland Sea influenced by the Atlantic West Spitsbergen Current. On
the East Greenland shelf the species was an indicator for the Return Atlantic
Current entraining close to the seafloor beneath the Polar Surface Water of the
East Greenland Current. Correspondingly, it did not occur in high-Arctic areas
north-east of Greenland and in the Nansen Basin. However, the presence of P.
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Fig. 10 Vertical distribution and abundance of Pareuchaeta glacialis females in the Greenland
Sea. Circle areas are proportional to abundance. The scale exemplifies certain values

for easier interpretation.

norvegica over the Yermak Plateau indicated that a branch of the West Spits-
bergen Current transports Atlantic water masses northward along the western
slope of this plateau.

4.3.4 Distribution of Pareuchaeta glacialis and P. norvegica copepodids
Since it was impossible to reliably distinguish young copepodite stages of the
two closely related species Pareuchaeta glacialis and P. norvegica (c.f. para-
graph 3.4), they had to be combined to one category.

Copepodite stages Cl to CV were abundant throughout the investigation area.
At the northern transects high epipelagic (0 to 200 m) abundances of 200 to 700
ind. 1000™" m™ strongly decreased towards greater depths (<50 ind. 1000 m™).
In contrast, on the southern transect A young stages were less abundant in the
surface layer, but more evenly distributed down to 1500 m (Fig. 12).
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Fig. 11 Vertical distribution and abundance of Pareuchaeta norvegica females in the Greenland
Sea. Circle areas are proportional to abundance. The scale exemplifies certain values
for easier interpretation.

Apart from this general impression, three distinct areas with higher concentra-
tions of young copepodids could be identified. In 50 to 100 m depth over the
southern East Greenland continental rise (Sts. 23, 24) more than 1000 ind.
1000”7 m™ were detected, comprising the maximum for the southern transect.
Elevated numbers of 400 to 800 ind. 1000™" m™ were also measured in 200 to
1000 m depth in the central Greenland Sea (Sts. 19, 35). Concentrations of
more than 3000 ind. 1000 m™ in 50 to 200 m depth over the Yermak Plateau
were the absolute highest abundance throughout the investigation area.

The absence of adult Pareuchaeta norvegica from the north-western part of the
investigation area and from the Nansen Basin suggests that copepodids in this
region belong to P. glacialis. Similarly, the concentration of copepodids between
50 and 100 m depth on the southern East Greenland shelf probably consisted
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of P. glacialis, since P. norvegica adults were restricted to the bottom layer at
these stations. Conversely, the extremely high abundances of young
Pareuchaeta over the Yermak Plateau coincided with high numbers of adult P.
norvegica indicating that the copepodids also belonged to this species.

Tr.B Tr.C Tr.D
st. 32 st. 31 st.30 st. 74 st,Z{S st. 72 st. 79 st. 84 st 87 st.'88 st. 89
0-50
50-100/
~  100-200
£
g 200-500
g
[=
£ 500-1000 . ° . . . . ° o o
&
& 1000-1500 . . . . . o
1500-2000 °
2000-3000 .
Tr. A
st.24 st.23 st 22 st.21 st.20 st.19 st 35 st 17 |scale(ind. 1000" m?)
0-50 . . ® .
50-100 @
z 100-200
T 200-500 ® @& ®
o
£ 500-1000
a @ 200
D
©1000- ®
1000-1500 ® © 100
1500-2000 . . o 50
e 20
« absent

Fig. 12 Vertical distribution and abundance of Pareuchaeta glacialis and P. norvegica
copepodite stages Cl to CV in the Greenland Sea. Circle areas are proportional to
abundance. The scale exemplifies certain values for easier interpretation.

4.3.5 Distribution of Pareuchaeta polaris

Pareuchaeta polaris occurred on all transects. Strong variations in the vertical
range of the species, however, appeared between the northern and southern
transects. In polar regions of the northern East Greenland continental rise (tran-
sect B and C) and in the Nansen Basin P. polaris regularly occurred in the
mesopelagial (200 to 1000 m) with 60 to 80 ind. 1000”" m™ (Fig. 13). In the cen-
tral Greenland Sea comparable numbers were found in bathypelagic depths
below 1000 m. In contrast, P. polaris was absent from shallow shelf stations
and from the Atlantic-influenced Yermak Plateau. Thus, P. polaris is character-
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ised as an Arctic mesopelagic species, occurring at bathypelagic depths in the
southern part of its range.
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Fig. 13 Vertical distribution and abundance of Pareuchaeta polaris in the Greenland Sea. Circle
areas are proportional to abundance. The scale exemplifies certain values for easier
interpretation.

4.3.6 Distribution of Aetideopsis minor

Aetideopsis minor occurred at all but one station throughout the investigation
area (Fig. 14). Along the southern fransect the species inhabited meso- and
bathypelagic layers from 200 to 1500 m depth. Highest concentrations of more
than 150 ind. 1000 m™ were detected in a relatively narrow depth range be-
tween 500 and 1000 m in the central Greenland Sea. Along the northern tran-
sects abundance was generally lower (<80 ind. 1000”" m™) and confined to the
upper mesopelagial (200 to 500 m). However, an exceptionally wide vertical
range was observed at St. 74. The distribution of Aetideopsis minoris a typical
example of polar emergence, which was apparent in a northward ascent be-
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tween 75°N (500 to 1000 m) and 81°N (200 to 500 m) and also, on a smaller
scale, between Atlantic and polar domains along transect D. Over the Atlantic-
influenced Yermak Plateau the species inhabited 500 to 1000 m depth, compa-
rable to the central Greenland Sea, whereas populations in the polar Nansen
Basin occurred closer to the surface (200 to 500 m). In general, A. minor is a
mesopelagic species, prevailing in the Arctic domain of the central Greenland
Sea.
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Fig. 14 Vertical distribution and abundance of Aetideopsis minor in the Greenland Sea. Circle
areas are proportional to abundance. The scale exemplifies certain values for easier
interpretation.

4.3.7 Distribution of Aetideopsis rostrata

In contrast to its congener Asetideopsis minor, A. rostrata was restricted to
bathypelagic depths throughout the investigation area. Abundances of more
than 100 ind. 1000 m™ were determined below 1000 m depth in the central
Greenland Sea and over the western flank of Yermak Plateau (Fig. 15). It also
occurred in high-Arctic regions, but with lower numbers of 20 to 30 ind.
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1000 m®. Thus, Aetideopsis rostrata belongs to the bathypelagic fauna of
Arctic deep-sea basins.
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Fig. 15 Vertical distribution and abundance of Aetideopsis rostrata in the Greenland Sea. Circle
areas are proportional to abundance. The scale exemplifies certain values for easier

interpretation.

Aetideid males are generally rare and several species are known only from fe-
males. Nevertheless, 24 Aetideopsis rostrata males were recovered from the
suprabenthic net of an epibenthic sledge trawled over the seafloor in 1090 m
depth on the continental rise of the Yermak Plateau (St. 90). This unusual
phenomenon may indicate a benthopelagic distribution of A. rostrata males,
which would explain their poor representation in pelagic hauls. However, local
hydrographic features resuiting in an enrichment of bathypelagic zooplankton in
the bottom layer cannot be excluded as a potential cause.
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4.3.8 Distribution of Chiridius obtusifrons
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Fig. 16 Vertical distribution and abundance of Chiridius obtusifrons in the Greenland Sea. Circle
areas are proportional to abundance. The scale exemplifies certain values for easier
interpretation.

Closely resembling Asetideopsis minor in size and habitus, Chiridius obtusifrons
was one of the most abundant aetideid species in the investigation area. In the
central Greenland Sea C. obtusifrons was concentrated between 100 and
500 m with more than 200 ind. 1000 m™ (Fig. 16). Along the northern transects
the species appeared also in the epipelagic layer. Maximum abundances of 320
ind. 1000 m™ were recorded between 50 and 100 m of the Nansen Basin and
over the Yermak Plateau. Thus, Chiridius obtusifrons represents another ex-
ample of polar emergence and can be specified as an Arctic epipelagic species,
descending to the mesopelagial in the central Greenland Sea.
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4.3.9 Distribution of Gaetanus brevispinus

Gaetanus brevispinus was an abundant inhabitant of meso- and bathypelagic
waters throughout the investigation area. In the central Greenland Sea it was
restricted to waters below 200 m with highest abundances of more than 200 ind.

1000 m™ between 500 and 1500 m (Fig. 17).
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Fig. 17 Verttical distribution and abundance of Gaetanus brevispinus in the Greenland Sea.
Circle areas are proportional to abundance. The scale exemplifies certain values for
easier interpretation. =~

Along the northern transects the species was distributed more evenly through-
out the water column between 100 and 1500 m depth with maxima in 200 to
500 m depth. At St. 31 it also appeared in 50 to 100 m depth and in the Nansen
Basin individuals were collected from the deepest sample down to 3000 m.
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Fig. 18 Vertical distribution and abundance of Gaetanus tenuispinus in the Greenland Sea.
Circle areas are proportional to abundance. The scale exemplifies certain values for
easier interpretation.

Generally, the vertical distribution of Gaefanus brevispinus was characterised
by polar emergence combining a mainly mesopelagic range in polar waters with
a more bathypelagic distribution along the southern transect. A shift in the verti-
cal distribution was also apparent along transect D between the polar Nansen
Basin (St. 79: 100 to 200 m) and the Atlantic-influenced western slope of Yer-
mak Plateau (St. 87: 500 to 1000 m). Since the absolute abundance of G. bre-
vispinus was rather stable throughout the investigation area, no clear prefer-
ence for either polar or Atlantic domains could be identified.

4.3.10 Distribution of Gaefanus tenuispinus

Gaetanus tenuispinus was the most abundant aetideid species along the south-
ern transect. The species was concentrated between 200 and 1000 m depth
with 300 to 400 ind. 1000™ m™ (Fig. 18). Only single individuals were found in
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high-Arctic areas of the northern East Greenland continental rise, and the spe-
cies was absent from the polar Nansen Basin. However, high abundances oc-
curred over the Yermak Plateau, similar to the central Greenland Sea. These
individuals probably originated from an extension of the West Spitsbergen Cur-
rent. Thus, the distribution of G. tenuispinus is typical of a boreal-Atlantic spe-
cies and directly related to the inflow of Atlantic water masses into the Arctic.

Tr. B Tr.C Tr.D ;
.32 st.31 st.30 st.74 st.73 st 72 st. 79 st 84 st. 87 st. 88 st. 89! scale (ind. 1000™ m")

0-50

50-100

100-200

200-500

500-1000

Depth interval (m)

1000-1500

« absent

1500-2000

2000-3000

Fig. 19 Vertical distribution and abundance of Chiridielfa abyssalis in the Greenland Sea. Circle
areas are proportional to abundance. The scale exemplifies certain values for easier
interpretation. Transect A is not shown, since the species was restricted to the northern
part of the investigation area. For details see text.

4.3.11 Distribution of Chiridiella abyssalis

Chiridiella abyssalis was a rare inhabitant of the bathypelagic Arctic Ocean. The
species occurred regularly with 10 to 50 ind. 1000™" m™ in 500 to 2000 m depth
at high-Arctic stations in the northern Fram Strait (Fig. 19). In the Nansen Basin
it was even found in the deepest sample between 2000 and 3000 m. in con-
trast, the species was absent from all stations in the central Greenland Sea
(transect A) and from the Yermak Plateau. Thus, Chiridiella abyssalis is an ex-
clusive representative of the Arctic bathypelagic fauna.

Only one Chiridiella specimen was collected on the 75°N transect and this indi-
vidual apparently belonged to a different species, since its size and dry mass
exceeded substantially the respective values of Chiridiella abyssalis specimens.

4.3.12 Distribution of Pseudochirella spectabilis

Similar to Chiridiella abyssalis, Pseudochirella spectabilis was a rare but regular
inhabitant of the deep Arctic Ocean (Fig. 20). It occurred with 10 to 20 ind.
1000"" m™ in 500 to 2000 m depth off northeastern Greenland (transects B and
C) and in the Nansen Basin (Sts. 79, 84). In the central Greenland Sea only
single individuals were collected between 500 and 1500 m depth. Therefore,
Pseudochirella spectabilis is considered an Arctic bathypelagic species.
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Fig. 20 Vertical distribution and abundance of Pseudochirella spectabilis in the Greeniand Sea.
Circle areas are proportional to abundance. The scale exempilifies certain values for
easier interpretation.

4.4 Stage composition

The stage composition of most euchaetids and aetideids did not show clear re-
gional differences. Especially, Aetideopsis rostrata (Fig. 21) and the two Gaeta-
nus species (Fig. 22, 23) were represented by a constant mixture of all copepo-
dite stages from Cl to adults throughout their distribution ranges. Pareuchaeta
polaris, Chiridiella abyssalis and Pseudochirella spectabilis were also present
with most copepodite stages in the investigation area. The rarity of these spe-
cies, however, did not allow reliable regional comparisons of stage composition
(Figs. 24, 25, 26).

Apart from this general impression, some regional peculiarities in stage compo-
sition were detected:
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- Adult females and CV dominated the population of Aefideopsis minorin the
central Greenland Sea by 70 to 100%, whereas younger stages, e.g. CIV on
transect B and Clll on transects C and D, were more important on the north-
ern transects (Fig. 27).

- High numbers of young Chiridius obtusifrons CliI contributed 50% of the
species’ abundance over the northern East Greenland shelf (Sts. 73 and 74)
(Fig. 28).

- Adult Pareuchaeta barbata, both males and females, were more important
along the southern transect, e.g. in the central Greenland Sea, than over the
Yermak Plateau (Fig. 29).

- Extremely high numbers of young copepodids Cl and Cll of Pareuchaeta
glacialis and P. norvegica occurred over the Yermak Plateau. At the Sts. 87
and 88 Cl and Cl| stages comprised over 80% of the total population (Fig.
30).

CVi-male CI-CH

Figure legend for Figs. 21 to 30

CVi-female
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Fig. 21 Stage composition of Aefideopsis rostrata
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Fig. 23 Stage composition of Gaetanus tenuispinus

The interpretation of these data is difficult, since seasonal changes in stage

composition cannot be excluded during the two month period of the expedition.

The presence of young copepodids throughout the investigation area indicates

that all species are able to reproduce under high-Arctic conditions. Reproduc-
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intense in the northemn part than in the central Greenland Sea and for

Pareuchaeta glacialis/ P. norvegica the Yermak Plateau seems to provide an

tion of Aetideopsis minor and Chiridius obtusifrons appears to be even more
important breeding area.

Fig. 25 Stage composition of Chiridiella abyssalis
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4.5 Individual dry mass and growth

Individual dry mass values were determined after lyophilisation for ail available
aetideid and euchaetid species and stages (Tables 3 and 4). The increase of
individual dry mass between successive ontogenetic stages (“growth”) is illus-
trated in Figs. 31, 32 and 33.

Pareuchaeta glacialis and P. norvegica showed a steady biomass increase
throughout the copepodite stages Cl to CV (Table 3; Fig. 31). On average, their
mass tripled with every moult. The strongest increase occurred from 0.45 mg
DM in stage CIV to 1.61 mg DM in CV. Males lost mass compared to copepo-
dids CV, since they have reduced mouthparts and do not feed (c.f. Bamstedt
1975; Mauchline 1998; Shuert & Hopkins 1987; Yen 1991). In contrast, females
tripled their mass to a mean dry mass of 3.99 mg in P. norvegica and 4.9 mg in
P. glacialis (Table 3). However, P. glacialis females varied considerably in indi-
vidual dry mass with the largest individuals (>10 mg) weighing four times as
much as the smallest specimen (<2.5 mg). Substantial variation between
1.9 mg and 6.2 mg DM also occurred among P. norvegica females (Fig. 31).

In Pareuchaeta barbata first moults were not associated with an increase in
body mass. Nauplii and copepodids Cl and Cll had similar dry mass values
(Table 3). Dry mass started to increase with stage CllI and continued exponen-
tially throughout the following stages (Fig. 31). During the moults towards CIV
and CV body mass increased 3.5 times. Like P. glacialis and P. norvegica,
males did not substantially gain body mass in comparison to the CV stage,
whereas females grew to a mean dry mass of 9.2 mg (Table 3). The largest
specimens of this species exceeded 11 mg DM (Fig. 31).
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Table 3: Individual dry mass data of Pareuchaeta species and stages in the Greenland Sea

Species Stage Individual dry mass No. of Total no. of
(mg) samples individuals
Mean SD analysed
Pareuchaeta Egg sac 2.04 0.05 2 32
barbata Nauplius 0.12 - 1 32
Cl 0.09 - 1 28
cll 0.13 0.01 2 48
cill 0.28 0.03 2 67
Clv 1.01 0.24 6 89
cv 3.51 0.96 12 74
Male 4.02 0.49 2 15
Female 9.22 1.49 14 66
P. glacialis / Ci 0.02 0.00 3 93
norvegica Cil 0.06 0.02 10 510
ClHi 0.15 0.02 8 435
Clv 0.45 0.05 6 191
cv 1.61 0.46 34 424
Male 1.48 0.34 5 33
P. glacialis Egg sac 3.12 - 1 9
Female 4.90 1.76 50 268
P. norvegica Egg sac 1.36 0.04 2 28
Female 3.99 0.94 51 312
P. polaris Egg sac 0.67 - 1 3
9]] 0.14 - 1 6
CHi 0.23 - 1 11
Clv 0.63 - 1 23
cv 1.83 0.39 2 47
Female 3.47 0.15 2 11

Available results for Pareuchaeta pofaris indicated that body mass did not sub-
stantially increase before the moult from Clll to CIV, although data on copepo-
dite stage Cl were lacking. The highest gain in dry mass occurred after the
moult to stage CV (Table 3; Fig. 31). Compared to other congeners, growth
from CV to adult females was relatively weak. In contrast to P. glacialis and P.
norvegica, early stages (Cll to CIV) of P. polaris were extremely large, whereas
adults were considerably smaller. Thus, the total increase in individual biomass
throughout the ontogenetic development was relatively poor.

The aetideid species Aetideopsis minor, A. rostrata, Chiridius obtusifrons,
Gaetanus brevispinus and G. tenuispinus showed similar developments in body
mass (Table 4, Fig. 32). In general, they doubled dry mass between successive
copepodite stages. Compared to their respective mesopelagic congeners, how-
ever, the bathypelagic A. rostrata and G. brevispinus reached substantiaily
larger sizes. Major differences also accompanied the last moult in males. C.
obtusifrons and G. tenuispinus males remained at the mass of CV, whereas G.
brevispinus and especially A. rostrata males considerably increased their body
mass (Table 4; Fig. 32).
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Fig. 31 Individual dry mass of Pareuchaeta species and stages. black: data from the Greenland
Sea (ARK XIlI/1+2), white: data from the central Arctic Ocean (ARK X1}, bo/d: mean for
Greenland Sea data

In comparison to other Aetideidae, Chiridiella abyssalis was characterised by
very large Clil and CIV stages, but relatively light adult females (Fig. 32). This
combination led to a relatively stable body mass throughout the ontogenetic
development. Conversely, the moult from CIV to CV of Pseudochirella specta-
bilis was combined with an exceptional gain in mass. Copepodids CIV
increased their mass of 0.52 mg DM nearly four times to 1.96 mg DM in the
successive CV (Fig. 33). This strong growth made adult P. spectabilis females
(3.88 mg DM) by far the largest Arctic Aetideidae.
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Table 4 individual dry mass data of aetideid species and stages in the Greenland Sea

Species Stage Individual dry mass Number of Total no. of
(mg) samples individuals
Mean SD analysed
Aetideopsis minor cHl 0.05 - 1 10
Cciv 0.09 - 1 28
Ccv 0.20 0.01 2 70
Female 0.41 0.04 4 108
Aelideopsis rostrata  Cli 0.06 - 1 6
clll 0.08 - 1 16
Civ 0.16 - 1 30
cv 0.41 0.02 2 54
Male 0.62 - 1 24
Female 0.60 0.02 3 72
Chiridius obtusifrons Egg sac 0.17 - 1 14
clli 0.05 - 1 16
Clv 0.11 - 1 32
Ccv 0.27 0.02 3 109
Male 0.26 - 1 3
Female 0.64 0.08 8 226
Gaetanus Cl 0.04 - 1 19
brevispinus (of]] 0.07 - 1 3
(o]} 0.08 0.01 3 79
CIv 0.18 0.02 4 144
CcVv 0.51 0.04 10 312
Male 0.61 - 1 10
Female 0.91 0.11 12 324
Gaetanus cli 0.05 - 1 13
tenuispinus Civ 0.11 0.01 4 136
CcVv 0.24 0.03 5 185
Male 0.23 - 1 5
Female 0.50 0.04 6 240
Chiridiella abyssalis  CllI 0.23 - 1 3
Clv 0.24 - 1 2
CcVv 0.30 - 1 6
Female 0.31 - 1 1
Pseudochirella (o] 0.11 - 1 2
spectabilis clil 0.22 - 1 7
Clv 0.52 - 1 8
Ccv 1.99 - 1 5
Female 3.88 - 1 7
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4.6 Total lipid content

In all Pareuchaeta species total lipid content displayed a characteristic trend
during ontogenetic development. Eggs were very rich in lipid (59 to 93% of DM),
resulting in high lipid contents (70%) of nauplii and copepodite stages Cl (Table
5; Fig. 34). During subsequent development lipid reserves dramatically de-
creased to less than 20% in copepodite stage Clli of Pareuchaeta glacialis and
P. norvegica or less than 30% in P. barbata CIV. Later stages again accumu-
lated lipids, so that adult females contained high lipid amounts of more than
30% in P. glacialis and 40 to 50% in the other congeners.

The depletion in lipid content from the egg to copepodite stage Cill or CIV indi-
cates that early development is largely fuelled by lipid reserves stored in the
eggs. Especially bathypelagic Pareuchaeta barbata and P. polaris seem to de-
pend strongly on stored energy reserves for development. Their delayed growth
(see chapter 4.5) and prolonged lipid decomposition until CIV indicate that ac-
tive feeding of young copepodids is only of limited importance for their energy
budget. In contrast, P. glacialis and P. norvegica start continuous growth earlier
and accumulate new lipid reserves already from Clll onwards. Thus, copepo-
dids of these epi- to mesopelagic congeners probably start planktivorous feed-
ing at a younger stage, and ingestion may account for a larger fraction of the
developmental energy demands.

Aetideid copepods were generally characterised by low to moderate lipid
amounts of 10 to 30% of DM (Table 5). They showed a different trend in lipid
content during their ontogenetic development compared to the Euchaetidae
(Fig. 35). In most species, e.g. Chiridius obtusifrons, Aetideopsis rostrata, Gae-
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Table 5 Total lipid content of Euchaetidae and Aetideidae in the Greenland Sea

Totai lipid content Number of Total no.of
(% of body DM) samples individuals
Mean SD analysed
Pareuchaeta Egg sac 59.7 0.6 2 32
barbata Nauplius 81.9 - 1 32
Cl 67.3 - 1 28
ci 371 - 1 48
CHl 27.4 6.2 2 67
Clv 26.4 5.6 5 88
cv 354 4.9 7 66
Male 40.8 21 2 15
Female 43.8 36 11 62
P. glacialis / Cl 70.0 - 1 93
norvegica Cli 27.6 4.3 3 405
cil 15.3 37 4 435
civ 19.9 6.6 6 191
cv 37.0 9.1 22 383
Male 448 8.5 4 33
P. glacialis Egg sac 63.8 - 1 9
Female 33.9 8.4 28 255
P. norvegica Egg sac 59.0 0.9 2 28
Female 42.2 7.0 31 300
P. polaris Egg sac 93.1 - 1 3
Clv 42.4 - 1 23
cv 43.0 52 2 47
Female 50.5 45 2 11
Aetideopsis minor cv 22.2 - 1 70
Female 234 6.1 3 108
Aetideopsis rostrata  CIV 28.7 - 1 30
cv 26.9 2.2 2 54
Male 21.0 - 1 24
Female 19.6 2.6 3 72
Chiridius obtusifrons  Egg sac 71.9 - 1 14
Civ 34.7 - 1 32
cv 26.1 2.7 3 109
Female 18.7 7.7 8 226
Gaetanus clll 264 - 1 79
brevispinus Civ 18.2 3.9 2 144
cv 214 44 10 312
Male 48.5 - 1 10
Female 12.0 1.7 11 322
Gaetanus Clv 17.0 3.9 2 136
tenuispinus cv 18.8 5.0 5 185
Female 11.6 2.2 6 240
Chiridiella abyssalis ~ Female 62.9 - 1 11
Pseudochirella civ 20.8 - 1 8
spectabilis cv 48.7 - 1 5
Female 30.3 - 1 7
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Fig. 34 Total lipid content of Pareuchaeta species and stages. black: data from the Greenland

Sea (ARK XIiI/1+2), white: data from the central Arctic Ocean (ARK XlI), bold: mean for
Greenland Sea data

fanus brevispinus and G. tenuispinus, total lipid content decreased from
relatively high levels in eggs (C. obtusifrons) and young copepodite stages to-
wards minimum amounts in adult females (Fig. 35). This ontogenetic decline
was most pronounced in C. obfusifrons, where the lipid content of copepodids
ClV was twice as high as that of females. Limited sampie numbers of A. minor,
Chiridiella abyssalis and Pseudochirella spectabilis prohibited detailed investi-
gations of ontogenetic trends. However, exceptionally high lipid amounts of
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more than 48% and 62%, respectively, occurred in G. brevispinus males, Pseu-
dochirella spectabilis CV and Chiridiella abyssalis females.
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Fig. 35 Total lipid content of aetideid species and stages. black: data from the Greenland Sea
(ARK XHI/1+2), white: data from the central Arctic Ocean (ARK XII), bold: mean for
Greenland Sea data

4.7 Fatty acid and alcohoi composition

The fatty acid and alcohol compositions of body lipids were analysed by gas-
liquid-chromatography. A total of 16 samples was processed including females
of three euchaetid and six aetideid species. In addition, the lipid compositions of
male Aelideopsis rostrata, Pareuchaeta barbata and P. glacialis/ norvegica, as
well as P. glacialis /norvegica Cll} were analysed.
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In comparison to standards of known composition, 30 fatty acids and five fatty
alcohols were identified, accounting for more than 90% of the signal strength
measured. 22 fatty acids only occurring in traces of less than 3% were omitted
from the further analysis. The dominant fatty acids and fatty alcohols are listed
in Table 6.

Table 6 Fatty acid and alcohol (A) composition of Aetideidae and Euchaetidae. Figures describe
the fraction (%), which a certain fatty acid or alcohol contributes to the total fatty acid or
alcohol content, respectively. The ratio given in the last row is a dimensionless coeffi-
cient. Fem.= female

A. A. rostrata |C. G. G. P.
minor obtusi-ibrevi- |tenui- |specta
frons |spinus |spinus |bilis
Fem.| Fem. Male] Fem.| Fem.| Fem.| Fem.

14:0 4.7 3.9 3.6 5.6 22 2.8 7.5
16:0 13.0 81 104 9.6 66 113 110
16:1(n-7) 6.9 8.2 6.4 7.5 6.6 5.8 8.2
18:1(n-7) 3.5 4.2 4.0 7.5 2.7 3.4 5.1
18:1(n-9) 114 112 116 94 1786 167 17.9
20:1(n-9) 162 148 150 130 7.4 75 115
221(n-11) 146 125 11.3 117 7.0 4.9 9.9
20:5(n-3) 8.7 8.6 8.5 9.8 765 171 5.8
22:6(n-3) 70 106 116 8.0 141 141 7.2

14.0 A 14.8 78 229 153 194 9.7 9.8
16:0 A 12.2 71 3.2 113 212 41.0 170
16:1 A 1.3 1.1 0.0 107 1.1 1.8 1.0
20:1 A 382 351 126 334 214 193 270
221 A 336 490 333 293 282 184 385
Ratio 3.3 2.7 29 1.3 8.5 4.9 3.5
18:1(n-9) /
18:1(n-7)
P. barbata P. glacialis | P. norvegica | P. glacialis/
norvegica

Fem. Fem. Male] Fem. Fem.| Fem. Fem. CHlI  Male
14:0 1.6 27 1.0 3.7 43 3.4 25 1.6 2.7
16:.0 3.1 39 1.7 2.0 2.5 2.5 2.0 6.1 1.8
16:1(n-7) 215 226 200 154 270 241 136 122 237
18:1(n-7) 1.2 1.6 0.5 0.8 1.0 1.0 0.9 1.5 0.8
18:1(n-9) 262 220 309 210 261 190 143 184 268

20:1(n-9) 8.5 9.3 65 198 7.7 91 154 10.1 6.4
22:1(n-11) 6.5 8.1 23 187 48 11.7 255 5.5 1.7
20:5(n-3) 4.1 4.8 4.7 3.2 4.9 5.7 43 83 4.6
22:6(n-3) 4.0 33 5.2 4.1 52 55 46 134 56

14:0 A 284 315 233 339 568 490 244 191 3586
16:0 A 151 169 202 169 171 158 189 214 251
16:11 A 43 3.9 4.4 39 4.5 3.0 24 4.0 5.0
201 A 172 162 219 260 100 158 278 256 238
221 A 2555 230 200 155 93 125 226 228 5.5
Ratio 218 138 618 263 261 190 159 123 335
18:1(n-9) /

18:1(n-7)

55



H. Auel: Ecology of Arctic Deep-Sea Copepods

The lipid composition of Pareuchaeta adults was characterised by a strong
dominance of only a few fatty acids. Usually, the fatty acids 16:1(n-7) and
18:1(n-9) each contributed more than 20% and together comprised about half of
all fatty acids. Some variability occurred in Pareuchaeta glacialis and P. norve-
gica females, when the share of 16:1(n-7) and 18:1(n-9) was reduced and
20:1(n-9) and 22:1(n-11) became equally important. These long-chained mono-
unsaturated fatty acids are typical components of herbivorous Calanus species.
Therefore, high values occurring in carnivorous P. glacialis and P. norvegica
probably reflect predator-prey relationships.

In contrast, aetideid body lipids were less dominated by certain fatty acids. They
consisted mainly of a mixture of 16:0, 18:1(n-9), 20:1(n-9), 22:1(n-11) and
22:6(n-3). None of these species comprised more than 18% and other fatty ac-
ids, e.g. 18:1(n-7) and 20:5(n-3), were more important than in Pareuchaeta.

Considerable interspecific differences in the content of fatty acid biomarkers
were detected between the genera. The lowest concentration of 18:1(n-9) gen-
erally considered as indicative for a carnivorous diet was measured in Chiridius
obtusifrons females (9.4%). Aetideopsis minor and A. rostrata showed slightly
higher values of more than 11%, whereas Gaetanus brevispinus, G. tenuispinus
and Pseudochirella spectabilis accumulated amounts of 17%. Considerably
higher values of 21 to 36% occurred in Pareuchaeta glacialis and P. barbata
females. In P. norvegica females the value varied between 14% and 19%,
whereas Pareuchaeta males showed the highest concentrations of 18:1(n-9)
reaching 30%.

No clear trends emerged with regard to the concentration of 16:1(n-7) and
18:1(n-7) generally considered as typical biomarkers for diatoms. Small
amounts (<1.6%) of 18:1(n-7) were detected in Pareuchaeta spp. Slightly higher
levels of 6 to 8% occurred in aetideids. Conversely, 16:1(n-7) was less impor-
tant in aetideids (3 to 8%) than in euchaetids (12 to 27%).

The concentrations of 20:1(n-8) and 22:1(n-11), which are typical components
of body lipids from herbivorous Calanus, varied both between species and
samples. Pareuchaeta males showed the lowest concentrations of these fatty
acids. Low amounts were also detected in P. barbata and Gaetanus females,
while moderate levels were measured in Aetideopsis spp. The highest concen-
trations and greatest variability occurred in P. glacialis and P. norvegica females
and indicated predation on herbivorous Calanidae.

The ratio between the isomers 18:1(n-9) and 18:1(n-7) has been proposed as a
relative measure for carnivory (Graeve et al. 1997). Low ratios indicate dietary
compositions dominated by phytoplankton, whereas high values are indicative
of a more carnivorous diet. Chiridius obtusifrons showed the lowest ratio of 1.3
in the present study. Higher values around 3 were determined in Aetideopsis
spp. and Pseudochirella spectabilis. Among aetideid copepods Gaetanus spp.
had the highest values of 5 to 6.5. in contrast, all Euchaetidae showed signifi-
cantly higher values. Ratios increased from 12 in Pareuchaeta glacialis/ noive-
gica CIll, via P. norvegica females (12 to 16) and P. barbata females (14 to 22)
to 26 in P. glacialis females. Extraordinarily high values were calculated for the
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non-feeding males of P. glacialis/ norvegica (33) and P. barbata (62). The rela-
tively low ratio in P. glacialisinorvegica Clil might indicate that young stages of
these epi- to mesopelagic species partly feed on phytoplankton.

Fatty alcohols are major components of wax esters. High amounts of the fatty
alcohols 14:0, 16:0, 20:1 and 22:1 in all aetideid and euchaetid species ana-
lysed during the present study indicate that these species mainly synthesise
wax esters as lipid reserves.

4.8 Reproductive strategies

Pareuchaeta species as well as some aetideid species, e.g. Chiridius obtusi-
frons, differ from the dominant herbivorous Calanus species in the way they
care for their offspring. Females produce egg sacs and carry their clutches at-
tached to the genital opening until the offspring hatches. Other Arctic aetideid
species are known to release their eggs directly into the water.

Under laboratory conditions during the present study, however, it was observed
that eggs of Aetideopsis minor also stuck to each other and stayed attached to
their mother's genital somite, apparently similar to the egg sacs produced by
Chiridius obtusifrons. Unlike C. obtusifrons, however, egg masses of A. minor
were fragile and easily torn off. Therefore, it is uncertain whether A. minor pro-
duces attached egg masses only under sheltered laboratory conditions or also
in the wild. Rough sampling procedures may destroy the fragile egg masses or
detach them from the females, so that they are not usually found in mesozoo-
plankton net samples.

In case of the more stable egg sacs of Pareuchaeta species and Chiridius obtu-
sifrons various parameters were measured to evaluate the energetic investment
of females in egg production and to elucidate different reproduction strategies
(Table 7).

The fraction of females carrying egg sacs strongly differed between the four
Pareuchaeta species. Among the bathypelagic P. barbata and P. polaris half to
two thirds of all females had egg sacs attached to their genital somite. In con-
trast, only 11.5% of P. glacialis and 17.0% of P. norvegica females carried
eggs. For Chiridius obtusifrons the fraction was even lower (8.4%). The ex-
tremely low value of 2.7% for Aetideopsis minor is probably the consequence of
the highly fragile egg masses as explained above. Variations in the frequency of
egg-carrying females may be explained by different breeding seasons or a re-
duced developmental speed in bathypelagic species, resulting in prolonged time
periods until hatching.

Egg size, measured as diameter or dry mass, was not correlated with female
size, since Pareuchaeta polaris, the smallest of the four congeners, produced
larger eggs than P. glacialis or P. norvegica. Moreover, larger egg size in P.
polaris was accompanied by extraordinarily high lipid contents of more than
90%, resulting in an elevated caloric content of 38.3 kJ g™' (Table 7).
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Table 7 Size and caloric content of eggs and clutches for copepod species with egg sacs
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Apparently, the number of eggs per clutch was negatively correlated with depth
of occurrence. Thus, egg numbers decreased from 40 to >50 per clutch in
epipelagic Pareuchaeta glacialis and P. norvegica to less than 20 or 6, respec-
tively, in the deep-sea congeners P. barbata and P. polaris. In relation to their
body mass, P. glacialis females produced the largest clutches, exceeding 3 mg
DM, which is equivalent to more than two thirds of the female’s dry mass or
81.5% of the female’s energy content.

Energetic investment per egg, however, was highest in Pareuchaeta polaris.
Large size and high lipid content required 4% of the female’s energy per egg. In
contrast, other congeners invested only 0.8 to 1.6% of their energy into single

eggs.

These results reveal pronounced differences in the reproductive strategies of
epi- to mesopelagic and bathypelagic congeners. The deep-sea species P. bar-
bata and, in particular, P. polaris produce low numbers of large eggs with rela-
tively high energy content, whereas epi- to mesopelagic P. glacialis and P. nor-
vegica produce high numbers of smaller eggs, resulting in a substantially higher
energetic investment for the whole clutch.

Based on these data, it can be assumed that bathypelagic P. polaris and P.
barbata, which invest less than a quarter of their body energy per clutch, can
rely primarily on lipid reserves to fuel egg production. In contrast, high invest-
ments of 81.5% of body energy per clutch in P. glacialis are only possible if suf-
ficient food is available.

4.9 Respiration rates

A total of 141 respiration measurements were conducted, including females of
all Pareuchaeta species, Pseudochirella spectabilis, Aetideopsis minor and A.
rostrata. Additionally, respiration rates of Gaetanus brevispinus, P. spectabilis
and P. barbata CV and P. barbata CIV were measured (Table 8). As expected,
absolute oxygen consumption increased with increasing body mass, whereas
mass-specific respiration rates decreased with increasing body mass. Small ae-
tideids, e.g. Aetideopsis and Gaetanus, and P. barbata CIV with body masses
<0.51 mg C had high mass-specific respiration rates of more than 0.0065 d™,
whereas larger Pareuchaeta and Pseudochirella (>1 mg C) showed lower rates
of less than 0.0039 d™".

Ripe Pareuchaeta glacialis females had considerably higher oxygen demands
than the average of all females, indicating that the production of eggs is a very
energy-consuming process. However, this observation is based only on a lim-
ited number of measurements. The relatively high respiration rates of individu-
als carrying egg sacs may be explained by higher energetic costs for swimming
against the increased drag created by the large egg sac.
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Table 8 Respiration rates of Aetideidae and Euchaetidae. MSRR = mass-specific
respiration rate

Species Stage n Individual respiration rate Dry MSRR
mass
(Hg O h™) (|gCd") (mgC)  (d

Mean £+ SD Max. Mean Max.

Aetideopsis minor female 4 037019 057 2.7 42 020 0.0133
Aetideopsis rostrata female 3 028+x0.14 043 21 32 030 0.0069
Gaetanus brevispinus CV 3 027011 0.38 2.0 28 025 0.0079
Pseudochirella cVv 2 040+0.02 042 3.0 3.1 1.00 0.0030
spectabilis

female 5 047033 090 35 6.7 194 0.0018
Pareuchaeta barbata  CIV 3 044025 063 33 46 051 0.0065

cv 5 091+046 162 67 120 176 0.0038

female 13 0641043 149 47 110 4861 0.0010
Pareuchaeta glacialis  female 82 0.58+046 227 43 167 245 0.0018

ripe female 2 129+110 2.07 95 1563 245 0.0039
with eggsacs 12 0.87+064 226 64 167 245 0.0026
Pareuchaeta norvegica female 4 068+078 183 50 135 200 0.0025
Pareuchaeta polaris female 3 025+£013 039 1.8 29 174 0.0010

4.10 Ingestion rates of Pareuchaeta glacialis and P. norvegica

Ingestion rates of Pareuchaeta norvegica females as well as of P. glacialis fe-
males and CV were measured in feeding experiments with Calanus copepodids
as prey. A total of 15 replicates were conducted with females of each species
and two experiments with P. glacialis CV. However, only one third of the P. gla-
cialis females actually fed, whereas all experiments with P. norvegica were suc-
cessful. Replicates without feeding activity during the experimental period were
excluded from the analysis.

Daily feeding rates of Pareuchaeta norvegica varied between 0.25 and 2.3 prey
organisms per predator and day, equivalent to an average carbon ingestion of
0.15 + 0.12 mg C d' or a mean turnover of 6.7% of body mass per day (Table
9). Predation rates of 0.5 to 1 ind. prey d™' in P. glacialis females fell into the
range determined for P. norvegica and resuited in an individual daily carbon in-
gestion of 0.12 £ 0.06 mg C d°', also similar to that of the congener.

However, mean turnover rates of less than 4% of body mass per day were con-
siderably lower, since P. glacialis females were on average larger than individu-
als of P. norvegica. Moreover, the higher mean of 6.7% d™ for P. norvegica was
at least partly affected by the extraordinarily high maximum of 23.17% d™'. The
two replicates with P. glacialis CV showed very similar results. Predation rates
of 0.25 and 0.29 ind. d™*, equivalent to a carbon ingestion of 0.03 to 0.04 mg
C d", resulted in a turnover of approximately 4% d™, identical to the values for
females.
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Table 9 Daily ingestion rates of Pareuchaseta norvegica and P. glac:alls derived from feeding
expenments Results are presented as Predatlon rates (ind. d™"), ingestion of dry mass
{mg DM d™), carbon ingestion (mg C d”) and daily turnover of body mass (% d ™).

Minimum Median Maximum Mean £ SD
P. norvegica females
ind. d” 0.25 0.67 2.33 0.76 £ 0.48
mg DM o X 0.08 0.22 1.06 0.29 +0.24
mg C d’ 0.04 0.11 0.53 0.15+0.12
% of body massd”’  1.89 4.92 2317 6.70+5.27

Total number of experiments: 15
Fraction of individuals feeding: 100%
P. glacialis female

ind. d 0.50 1.00 1.00 0.80+0.27
mg DM o B 0.11 0.22 0.36 023£0.12
mgCd” 0.06 0.11 0.18 0.12+0.06
% of body mass d*  2.31 2.94 7.18 3.98 £+2.01

Total number of experiments: 15
Fraction of individuals feeding: 33%
P. glacialis CV

ind. d" 0.25 - 0.29 -
mg DM d° B 0.06 - 0.07 -
mgCd’ 0.03 - 0.04 -
% of body mass d”  3.92 - 4.57 -

Total number of experiments: 2
Fraction of individuals feeding: 100%

4.11 Dietary composition of Aetideidae

“Tastes differ.

Two men on board thought plankton were delicious,
two thought they were quite good,

and for two the sight of them was more than enough.”

Thor Heyerdahi (1948) The Kon-Tiki expedition.

Qualitative feeding experiments were conducted with Aetideopsis minor, A. ros-
trata, Chiridius obtusifrons, Gaetanus brevispinus, G. tenuispinus and Pseudo-
chirella spectabilis. Their reaction to different food items, e.g. phytoplankton,
Calanus and Pareuchaeta nauplii, and copepodids of different sizes, was re-
corded. Results are shown in Table 10.

Most aetideid species fed opportunistically on all prey items offered. Some dif-
ferences, however, were apparent between Aefideopsis species and Chiridius
obtusifrons on the one hand and the Gaetanus species on the other. Aetideop-
sis spp. and C. obtusifrons took nauplii and small copepodids as well as phyto-
plankton. Gaefarnus brevispinus and G. tenuispinus clearly preferred metazoan
prey. They showed immediate and strong reactions to offered nauplii and cope-
podids, rapidly capturing prey with their maxillipeds. When drops of phyto-
plankton suspension were injected, Gaetanus spp. started filter-feeding, similar
to C. obtusifrons and Aetideopsis spp. However, light and greenish faecal pel-
lets produced by Gaetanus spp. fed with phytoplankton strikingly differed from
the compact dark in-situ pellets produced shortly after capture. Thus, phyto-
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plankton apparently was not an important component of their natural diet. In
contrast to C. obtusifrons and Aetideopsis spp., both Gaefanus species also
preyed on larger Spinocalanus antarcticus copepodids. These occurred abun-
dantly in deeper waters of the Greenland Sea and Arctic Ocean and due to their
rather sluggish behaviour probably made an easy prey for Gaetanus spp. and,
especially, Pseudochirella spectabilis.

Table 10 Feeding behaviour of Aetideidae. ++ strong feeding activity, immediate reaction,
faecal pellet production: + positive feeding reaction, faecal pellet production; (+) positive
feeding reaction, but produced faecal pellets differed from “natural” in-situ pellets; ~ no feeding
reaction

Phyto- Nauplii of Microcalanus, Spinocalanus

plankton Calanus and  Pseudocalanus  antarcticus

Pareuchaeta  copepodids copepodids

Aetideopsis minor
females ++ + + -
A. rostrata
females + + + -
Chiridius obtusifrons
females ++ + (+) -
Gaetanus brevispinus
females, CV (+) ++ ++ +
G. tenuispinus
females (+) ++ ++ +
Pseudochirella spectabilis

- not tested not tested ++

females

These results suggest that most aetideid species are principally able to utilise
both phytoplankton and zooplankton. For Gaetanus spp., however, predatory
feeding, especially on nauplii and small copepodids, seems to be more impor-
tant, whereas Aetideopsis species and Chiridius obtusifrons take a higher por-
tion of phytoplankton and/or phytodetritus.

Additional feeding experiments were conducted with Pareuchaeta species to
elucidate their prey spectra. The high fraction of Pareuchaeta glacialis females,
which did not feed on Calanus copepodids during the quantitative feeding ex-
periments (see chapter 4.10), suggested that Calanus was not the adequate
prey. Stimulated by data on the Antarctic relative P. antarctica, which primarily
fed on Metridia gerlachei (Hopkins 1985a, b, 1987; Yen 1991), experiments
were performed with Metridia longa CV and females as potential prey. However,
M. longa was not eaten by P. glacialis either.

Females and CV of the deep-sea congeners Pareuchaeta barbata and P. po-
laris were tested with a variety of abundant calanoids. Potential prey organisms
included CV and females of Calanus finmarchicus, C. glacialis, C. hyperboreus,
Metridia longa, Scaphocalanus magnus and Spinocalanus antarcticus. Never-
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theless, none of the offered prey items were taken. Thus, the prey spectra of
both deep-sea euchaetids remain enigmatic.

4.12 Maximum ingestion of aetideid and euchaetid populations

Table 11 Individual maximum ingestion rates (I.,a,) of Aetideidae and Euchaetidae.

Am Aetideopsis minor, Ar A. rostrata, Co Chiridius obtusifrons, Gb Gaetanus brevispinus,
Gt G. tenuispinus, Ps Pseudochirella spectabilis, Ca Chiridiella abyssalis,

Pb Pareuchaeta barbata, Pg P. glacialis, Pn P. norvegica, Pp P. polaris, F female, M male
|

max max Iax max
(ugCd") (ugCd") (ugcd?) (gCd)
Am Clit 249 |Gb CI-ll 215 |Ca Clii 7.73 |Pg/Pn Cl-ll 1.34
Civ 3.73 CHi 3.43 Civ 8.09 Cil 2.98
CcVv 7.12 Clv 6.37 cVv 9.57 CHI 5.55
F 11.97 CcVv 14.04 F 9.68 CIv 12.86
Ar  Cl-ll 2.81 F 21.83 cVv 33.44
Cill 3.50 (Gt CIi 2.38 |Pb CHi 4.57 Pg F 77.13
Cliv 5.91 Clv 4.35 Cl 3.96 Pn F 66.02
cVv 12.03 CcVv 8.00 cll 519 |Pp Cli 5.45
F 16.01 F 14.00 Cill 8.92 Clti 7.66
M 16.45 |Ps Cll 4.37 Civ 23.56 Clv 16.47
Co Ciii 2.38 CHl 7.46 CcVv 60.08 CcVv 36.81
CIv 4.56 CIv 14.42 F 123.86 F 59.45
cVv 8.66 CcVv 39.23
F 16.66 F 64.66
M 8.52

Maximum ingestion rates Inax of aetideid and euchaetid stages were calculated
according to an allometric relationship linking carbon demands with individual
body mass (Table 11). Based on abundance data and stage compositions, the
maximum ingestion of the total aetideid and euchaetid population was
estimated (Fig. 36).

Highest Imax values of 12.5 to 15.8 mg C m? d™' were determined for oceanic
stations in the «central Greenland Sea. In this region midwater
populations between 500 and 1000 m depth accounted for the major fraction of
Imax. In contrast, ingestion rates on the East Greenland shelf (transects B, C and
western stations on transect A) and in the Nansen Basin (St. 79) were below 5
mg C m? d™. In the northwestern part of the investigation area Imax Showed a
bimodal distribution. A large fraction of the consumption occurred in the upper
50 m, where it coincided with high abundances of Pareuchaeta glacialis.
Relatively high values were also determined in mesopelagic depths between
200 and 500 m.

The abundant aetideid and euchaetid communities over the Yermak Plateau
consumed 5 to 10 mg C m2 d™'. Along transect D Inax values were distributed
rather evenly throughout the water column with a slight increase towards the
seafloor.
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Fig. 36 Maximum ingestion rates of aetideid and euchaetid communities in the Greeniand Sea.
Circle areas are proportional to In.x. The scale exemplifies certain values for easier
interpretation.
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5 Discussion

5.1 Biodiversity and interspecific competition

Pelagic calanoid copepod communities of high latitudes are typically character-
ised by the sympatric occurrence of two or more closely-related or congeneric
species. This feature is evident among the dominant herbivorous Calanidae
(Calanoides, Calanus and Neocalanus) as well as among omnivorous Aetidei-
dae (Aetideopsis, Aetideus, Chiridiella, Chiridius, Gaetanus and Pseudochirella)
and, particularly, within the carnivorous genus Pareuchaeta in both hemi-
spheres.

Sympatric distribution among Calanidae

The global distribution of dominant phytophagous copepods was summarised
by Geynrikh (1986). At least nine species of Calanidae inhabited high latitudes
of the northern hemisphere, four in the Atlantic and five in the Pacific. Latitudi-
nally overlapping or onshore — offshore associations of two or more species oc-
curred in both oceans (Conover 1988).

Epipelagic communities of the Arctic Ocean are dominated by the large herbivo-
rous Calanus finmarchicus, C. glacialis and C. hyperboreus (e.g. Kosobokova
1982; Hanssen 1993; Auel 1995; Mumm et al. 1998). In the Nansen Basin
these three species comprised two thirds of the total mesozooplankton biomass
(Mumm 1991). In the Atlantic domain of the Greenland Sea C. finmarchicus
dominated in abundance (40%) and biomass (55%), whereas C. hyperboreus
prevailed in terms of biomass (35%) in the Greenland Sea Gyre. However, the
ranges of both species were widely overlapping, so that C. finmarchicus and C.
hyperboreus co-occurred at most stations throughout the Greenland Sea
(Richter 1994).

in the Northeast Water Polynya off Greenland Calanus glacialis, C. hyperboreus
and C. finmarchicus dominated mesozooplankton samples both, numerically
and by mass. On the East Greenland shelf the ranges of all three species
overlapped considerably, resulting in a homogeneous species distribution
(Hirche et al. 1994). At shelf stations in the Siberian Laptev Sea Calanus gla-
cialis and C. finmarchicus contributed 60% and 7%, respectively, to total meso-
zooplankten hiomass. Over the slope and in deeper offshore areas C. glacialis
and C. hyperboreus together comprised 45 to 50% of biomass, while C. finmar-
chicus was also present in these waters (Kosobokova et al. 1998).

In the southern hemisphere a similar coexistence of Calanidae was reported
from the Straits of Magellan, where Calanoides patagoniensis, Calanus aus-
tralis, C. simillimus and Neocalanus tonsus occurred sympatrically (Guglielmo &
lanora 1995). In the ice-covered Weddell Sea Calanoides acutus and Calanus
propinquus were very numerous (Boysen-Ennen & Piatkowski 1988) and domi-
nated zooplankton biomass with more than 30% in oceanic regions and more
than 47% on the northeastern shelf (Boysen-Ennen et al. 1991). Both species
also co-occurred in samples collected through holes in the sea-ice of McMurdo
Sound in the Ross Sea (Foster 1987).
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Sympatric distribution of Aetideidae and Euchaetidae

Among omnivorous and carnivorous calanoids widely overlapping ranges and
sympatric distribution patterns are also common. During the present study eight
aetideid species were encountered in the Greenland Sea and Fram Strait.
Among these, the genera Aetideopsis, Gaetanus and apparently Chiridiella
were present with two species each. Aetideopsis minor, A. rostrata, Gaetanus
brevispinus and G. tenuispinus together with Chiridius obtusifrons were also re-
corded in the Greenland Sea by Richter (1994, 1995) and occurred as dominant
components in sediment trap samples from the same area (Seiler & Brandt
1997).

Corresponding results were obtained from the central Arctic Ocean. In samples
from a drift-ice station (80° to 86° N) Markhaseva (1984) identified eight species
of Aetideidae. Among those, the genera Aetideopsis, Gaetanus and
Pseudochirella were represented by two species each. In addition, Chiridius
obtusifrons, which strongly resembles Aetideopsis, and Chiridiella abyssalis
were present. Gaetanus brevispinus and G. tenuispinus as well as Pareuchaeta
glacialis and P. norvegica were collected in the upper 500 m of the Nansen Ba-
sin (Mumm 1991). Aetideopsis armata, A. minor and A. rostrata occurred to-
gether with Chiridius obtusifrons at slope and deep stations in the Laptev Sea.
Similarly, Gaetanus brevispinus and G. tenuispinus sympatrically inhabited the
same region (Kosobokova et al. 1998). For the north-eastern Atlantic two Ae-
lideopsis, twelve Gaetanus/Gaidius, and three Chiridius species were listed by
Vervoort (1952b, d, ¢, f).

In the Straits of Magellan species pairs of the aetideid genera Aetideus and
Chiridius co-occurred with Pareuchaeta antarctica and P. biloba (Gugielmo &
lanora 1995). In the Antarctic Aefideopsis rostrata as well as A. minor were
collected from layers below 400 m (Park 1978) and encountered as far south as
the Filchner Depression in the Weddell Sea (Boysen-Ennen & Piatkowski
1988).

The most striking cases of sympatric coexistence have been documented within
EuchaetalPareuchaeta, which is the largest calanoid group encompassing 102
species (Mauchline 1998). Four congeners, Pareuchaeta barbata, P. glacialis,
P. norvegica and P. polaris, were identified in the Greenland Sea during the
present study. The same species inhabited deeper parts of the Laptev Sea,
whereas two species, P. glacialis and P. norvegica, were also found over the
continental rise (Kosobokova et al. 1998).

Fourteen Pareuchaeta species, dominated by P. norvegica, co-occurred in the
Rockall Trough, boreal NE Atlantic (Mauchline 1992, 1994a). The overwhelming
dominance of P. norvegica in spite of the presence of many congeners ap-
parently reflects a common feature of this genus (Mauchline 1995). Around
South Georgia in the Southern Ocean, for instance, fourteen species of Pareu-
chaeta were also encountered, but only two of these, i.e. P. antarctica and, to a
lesser extent, P. biloba, were dominant (Ward & Wood 1988).

The global distribution of the genus Pareuchaeta was reviewed by Park
(1994b). Detailed descriptions focused on sympatric congeners and endemic

66



H. Auel: Ecology of Arctic Deep-Sea Copepods

species in different parts of the World Ocean. Besides co-occurring species,
Park (1994b) also reported a number of allopatric pairs of closely related spe-
cies with little or no overlap in distribution, differing only slightly from each other.
Minor species-specific morphological variations were mainly restricted to certain
secondary sex characteristics of the female genital segment and the male fifth
pair of legs. The strict separation of distribution ranges suggested a cladogene-
sis, i.e. separation of species, through geographic speciation (Park 1994b).

Theory of competition

The widespread co-occurrence of closely-related species raises the question as
to what mechanisms effectively minimise interspecific competition. Without such
mechanisms competitive interactions between coexisting species occupying the
same ecological niche would eliminate “less fit" competitors (Madin & Madin
1995). This aspect is particularly important in the vast and homogeneous envi-
ronment of the pelagic deep-sea, where physical barriers are absent.

Competition is generally defined as “the negative effects which one organism
has upon another by consuming, or controlling access to, a resource that is lim-
ited in availability” (Keddy 1989). Competition may occur for various resources,
including food, space, shelter or mates (Clapham & Brownell 1996). However,
considerations on the competition among closely related calanoid copepods will
be confined to food as a resource, since neither space nor shelter represent
necessary commodities for pelagic organisms, and interspecific competition for
mates can be ruled out.

Interspecific competition may occur between sympatric populations occupying
similar ecological niches. The question of whether and how conspecifics or
certain species outcompete others for available resources has long been de-
bated in ecology. Connell (1983) reviewed experimental field studies on compe-
tition, both intra- and interspecific, and found that there was a greater incidence
of competition among marine organisms than among terrestrial or freshwater
species.

In order to demonstrate competition between species, several preconditions
must be met. First, the species in question must be proven to be resource-lim-
ited (Miilne 1961); that is, the availability of food cannot be effectively un-
bounded, either absolutely or in such areas as individuals are limited (by time,
energetics, or other factors) to searching (Clapham & Brownell 1996). Second,
there must be a substantial overlap in spatio-temporal distribution of the two
species. Third, both species must occupy essentially similar ecological niches.
Therefore, it is not necessarily sufficient to demonstrate that both feed on the
same prey; they must also exploit similar types, e.g. size classes, of that prey,
and forage at the same time and at similar depths (Clapham & Brownell 1996).

How do sympatric calanoid copepods avoid interspecific competition?

A substantial overlap in spatio-temporal distribution among dominant herbivo-
rous as well as carnivorous calanoid copepods has already been demonstrated.
With respect to resource limitation, which is the first prerequisite for competition,
it is justified to assume that deep-sea ecosystems are generally food-limited.
Since primary production is restricted to the euphotic zone, meso- and bathy-
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pelagic ecosystems depend on organic material, living or dead, sinking from the
euphotic zone as an energy source. In polar oceans the ice-cover and strong
seasonality of the light regime further limit primary production and food supplies
for pelagic organisms. Due to their limited mobility in relation to the surrounding
water body, planktonic organisms are especially dependent on a sufficient food
supply within close range. Based on these considerations, one can expect that
zooplankton is potentially vulnerable to food limitations and that competition for
food sources may play an important role in deep-sea ecosystems.

In order to answer the question definitively as to how interspecific competition
among Arctic deep-sea copepods is minimised, we have to focus on the third
criterion, i.e. differences between the ecological niches of closely-related spe-
cies. How have sympatric congeners found unique niches? In principal, there
are three major ways of sharing a common deep-sea habitat without competi-
tion: vertical partitioning, vertical migration, or different life-cycle strategies.

Vertical partitioning of the water column

Sympatric species may find particular niches within the three-dimensional envi-
ronment of the pelagic deep-sea by vertical partitioning of the water column. In
this way, a spatial separation can be realised in spite of horizontally overlapping
distribution ranges. In almost all parts of the ocean there are clear faunal differ-
ences between the meso- and bathypelagic depths, and the animals of those
zones have very different life styles (Madin & Madin 1995).
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Fig. 37 Vertical distribution of Euchaetidae along the transects A and D. Boxes include 50% of
the population, while whiskers encompass the 10™ to the 90™ percentile. The horizontal
bar indicates the median depth.

The present study showed that in the central Greenland Sea congeneric cope-
pod species were restricted to more or less discrete vertical ranges (Fig. 37,
38). Aetideopsis rostrata inhabited the deepest layers, whereas A. minor was
distributed in the mesopelagic realm. The similar Chiridius obtusifrons was con-
fined to the epi- and upper mesopelagial. Accordingly, Gaetanus tenuispinus
prevailed between 200 and 500 m depth, while G. brevispinus dominated below
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500 m. In the northern part of the investigation area vertical ranges of most
species were shifted upwards (polar emergence), but the stratified distribution
patterns persisted. Similar results were obtained for Pareuchaeta spp.. in the
central Greenland Sea P. glacialis and P. norvegica inhabited the upper 500 m,
whereas P. barbata dominated between 500 and 1500 m depth and P. polaris
below 1000 m.
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Fig. 38 Vertical distribution of Aetideidae along the four transects. Boxes include 50% of the
population, while whiskers encompass the 10 to the 90" percentile. The horizontal bar
depicts the median depth.

Supporting evidence for a vertical partitioning among Aetideidae in the Green-
land Sea is provided by Richter (1995). in the Greenland Sea Gyre (75°N) the
main fraction of the Chiridius obtusifrons population inhabited water depths from
300 m to 900 m, whereas Aetideopsis minor centred between 700 m and 1400
m and 75% of all A. rostrata occurred below 1500 m. Accordingly, 75% of the
Gaetanus teniuispinus population were usually found above 900 m depth, while
the same fraction of the G. brevispinus population occurred below 1000 m
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(Richter 1995). In sediment trap samples retrieved from depths of 500 m, 1000
m and 2300 m in the Greenland Sea, high numbers of Gaetanus tenuispinus
were confined to 500 m. At a depth of 1000 m Aetideopsis minor dominated
abundance with 40% of all calanoid copepods in the sample. In contrast, A.
rostrata comprised 80 to >90% of calanoid abundance in the deepest trap (Sei-
ler & Brandt 1997).

A multi-layered vertical distribution of sympatric aetideids has also been re-
ported from the Norwegian Sea (Jstvedt 1955) and the North Atlantic (Grice &
Hulsemann 1965). Raymont (1983) proposed that a lack of food specialisation
among Aetideidae may have resulted in a vertical partitioning of the limited re-
sources and in a stepwise arrangement of species with depth, allowing for a
large generic radiation within the Aetideidae (Razouls 1993).

Several studies indicate that vertical partitioning among deep-sea copepods is
also common in the Arctic Ocean (Markhaseva 1984; Grainger 1989). In con-
trast to Pareuchaeta glacialis and P. norvegica, the congeners P. barbata and
P. polaris were absent from the continental slope of the Laptev Sea, but present
in deeper parts of the adjacent Nansen Basin, indicating a preference for bathy-
pelagic depths in the latter two species. In the central Arctic Ocean
Pareuchaeta glacialis, Chiridius obtusifrons and Gaetanus tenuispinus were
frequently encountered in the upper 50 m, whereas Aetideopsis minor and G.
brevispinus usually inhabited deeper layers and only occasionally occurred at
epipelagic depths. Between 50 and 1000 m many additional copepod species
not reported from surface waters were identified, including Aetideopsis rostrata,
Chiridiella abyssalis, C. abyssalis, Pareuchaeta norvegica, P. polaris, P. bar-
bata, Pseudastideus armatus and Pseudochirella spectabilis (Grainger 1989).

The most extraordinary example of vertical partitioning among congeneric co-
pepods concerned the diverse Pareuchaeta community inhabiting the Rockall
Trough. Fourteen species were partitioned vertically in the 2500 m water col-
umn (Mauchline 1992, 1994a, 1995). Thus, spatial separation by vertically par-
titioning the water column appears to be a widespread strategy to minimise
competition among congeneric species with overlapping distribution ranges.

Vertical migration

A second potential mechanism to avoid competition and to utilise a homogene-
ous three-dimensional habitat is vertical migration, allowing a sort of time-shar-
ing division of the water column. Species-specific migration cycles and patterns
offer different species the opportunity to avoid each other and partitioning their
environment on a time basis, thus realising a temporal separation within a
common habitat (Madin & Madin 1995).

Diurnal and seasonal vertical migrations have been intensively studied mainly in
dominant herbivorous Calanidae (Hirche 1996b). However, synchronising
mechanisms and environmental triggers are poorly understood. Generally, it is
believed that diurnal vertical migrations are restricted to epi- and mesopelagic
organisms capable of detecting periodic changes in light intensity. Inhabitants of
the aphotic bathypelagic realm do not perform vertical migrations.
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Among the fourteen Pareuchaeta species occurring in the Rockall Trough, two
mesopelagic species, P. pseudotonsa and P. gracilis, performed diel vertical
migrations, and a third species, P. hanseni, appeared to migrate diurnally at
times (Mauchline 1992). P. norvegica showed a eurybathic, but bimodal vertical
distribution (300 to 1900 m). The upper part of the population centred at 500 to
600 m and performed regular diurnal migrations, but the behaviour of individu-
als in deeper layers was unknown (Mauchline 1995). In Euchaeta marina, an
epipelagic relative from tropical latitudes, diel vertical migration was restricted to
the upper 100 m with two migration cycles per day. At dusk adults and CV
stages ascended from their daytime distribution at 50 m depth, reaching 20 to
30 m by nightfall. At midnight they returned to 40 to 80 m depth, before starting
again a pre-dawn ascent to 10 to 15 m. Younger copepodids performed no
midnight descent and remained at a depth of 30 m throughout the night (Morris
& Hopkins 1983; Shuert & Hopkins 1987). In the Canadian Arctic Pareuchaeta
glacialis performed seasonal vertical migrations (Hughes 1968).

Data on vertical migrations of Aetideidae are scarce and partly contradictory.
Seiler & Brandt (1997) reported that in the Greenland Sea older copepodite
stages and adults of Aetideopsis rostrata started seasonal vertical migrations in
spring from 2300 m towards the 500 m depth level in summer, returning to
greater depths in autumn. In contrast, Richter (1995) found that the same spe-
cies, together with A. minor, Chiridius obtusifrons, Gaetanus brevispinus and G.
tenuispinus, belonged to the meso- and bathypelagic “residents”, characterised
by a stationary depth distribution throughout the year. During the limited period
of the present study (May to August) no indications were detected of diurnal
vertical migrations or seasonal variations in the vertical distribution of aetideid or
euchaetid species.

Life-cycle strategies

Different life-cycle strategies, including physiological adaptations, feeding and
reproductive behaviour, are the third important possibility to separate ecological
niches of sympatric species.

Intensive studies focused on the life-cycles of dominant herbivorous Calanidae
in polar oceans, and detected significant differences in the reproductive biology
of the sympatric Arctic Calanus finmarchicus, C. glacialis and C. hyperboreus.
In C. hyperboreus egg production was independent of food availability, but fu-
elled by lipid reserves accumulated during the ontogenetic development.
Spawning took place at great depth during winter, in advance of the phyto-
plankton bloom (Grainger 1963; Conover 1967). In contrast, reproduction of C.
finmarchicus was closely coupled to food avaitability. During laboratory experi-
ments fecundity responded directly to changes in phytoplankton concentration;
egg production ceased under starvation, and resumed with feeding (Runge
1985; Hirche 1996a; Hirche et al. 1997). Females of C. glacialis were able to
start egg production without food at the expense of lipid reserves. However, fe-
cundity strongly increased under favourable feeding conditions (Hirche & Bohrer
1987; Hirche 1989). Thus, C. glacialis realised an opportunistic reproductive
strategy, adapted to the highly seasonal and unpredictable food conditions in
high-Arctic seas.
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Different life-cycle strategies have also been reported for the co-occurring Ant-
arctic species Calanoides acutus and Calanus propinquus. The life-cycle and
overwintering strategies of C. acutus closely resembled those of its Arctic rela-
tives. The species fed primarily on phytoplankton and survived food limitation
during winter periods in a dormant state at great depth. In contrast, Calanus
propinquus remained active in the upper 200 m for most of the year and
changed to a more omnivorous diet, when phytoplankton was scarce (Schnack-
Schiel & Hagen 1995). These differences in life-cycles were also reflected in the
composition of body lipids. C. acutus accumulated long-chained wax esters
typical of herbivorous Calanidae, whereas C. propinquus relied on triacylglycer-
ols as energy reserves, more indicative of active overwintering (Hagen et al.
1993, Kattner et al. 1994, Kattner & Hagen 1995). These examples demon-
strate how physioclogical adaptations and different life-cycle strategies enable
sympatric species to find specific slots and thus minimise the risk of interspecific
competition.

During the present study, feeding experiments and analyses of trophic biomark-
ers were conducted to elucidate the food preferences of sympatric deep-sea
copepods. Further evidence for a differentiation of life-cycle strategies among
co-oceurring Pareuchaeta species was derived from observations of their re-
productive behaviour.

Different food preferences were apparent between Pareuchaeta glacialis and P.
norvegica on the one hand and the bathypelagic P. barbata and P. polaris on
the other. Females of the first two species extensively preyed on Calanus cope-
podids during feeding experiments, whereas the bathypelagic congeners did not
accept the offered prey at all. The analysis of biomarker fatty acids in body lip-
ids supported this result. High and variable levels of the monounsaturated fatty
acids 20:1(n-9) and 22:1(n-11), typical of herbivorous Calanidae, were detected
in specimens of P. glacialis and P. norvegica from the field, indicating that
Calanus specimens comprised a common food item for both species in the wild.
In contrast, low amounts of these fatty acids in P. barbata suggested that Cala-
nus was not an important component of its natural diet and thus explained the
negative results of the feeding experiments.

The observations during qualitative feeding experiments with different Aetidei-
dae and their generally diverse fatty acid compositions indicated a mainly om-
nivorous diet. However, the ratio between 18:1(n-9) and 18:1(n-7) fatty acid
concentrations varied considerably between the different genera. The lowest
value occurred in Chiridius obtusifrons, indicating that phytoplankton may be an
important dietary component for this mainly epipelagic species. Occurring close
to the surface, C. obtusifrons seems to benefit directly from primary production.
Considerably higher ratios were measured in Gaetanus species, indicating a
more carnivorous diet. Consistently, G. brevispinus and G. tenuispinus preyed
heavily on nauplii, small copepodids and even large Spinocalanus antarcticus
during the feeding experiments. When fed with phytoplankton, faecal pellets of
Gaetanus spp. differed in form and colour from those produced under natural
conditions. The genera Astideopsis and Pseudochirella revealed intermediate
ratios, indicative of an omnivorous diet consisting of small zooplankton and
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probably phytodetritus, since their deep range prohibited access to fresh phyto-
plankton.

Different reproductive strategies among Aetideidae were obvious, since Chi-
ridius obtusifrons and possibly Aetideopsis minor carried their eggs attached to
the genital opening, while the other species released their eggs directly into the
water column. Even among congeneric Pareuchaeta species, which all pro-
duce egg sacs, different reproductive strategies could be identified. Compared
to the epi- to mesopelagic congeners P. glacialis and P. norvegica, the bathy-
pelagic forms P. barbata and P. polaris were characterised by larger egg size,
combined with a reduction of egg numbers per sac. P. polaris females invested
4% of their body energy per egg, in comparison to only 0.8 to 1.6% in other
congeners. Mauchline (1995, 1998) tried to explain the positive correlation be-
tween egg diameter and depth of occurrence as a consequence of a depth-de-
pendent decrease in ambient temperature. However, the present study revealed
that the same trend occurred under Arctic conditions in spite of stable tem-
perature profiles throughout the water column.

Therefore, the following hypothesis is proposed to explain depth-dependent
changes in egg size. Low numbers of large, energy-rich eggs in bathypelagic
species can be interpreted as an adaptation to a food-limited environment. They
enable early ontogenetic stages to rely on energy reserves within the yolk for
development (lecithotrophic development), making them relatively independent
of the adverse feeding conditions at bathypelagic depths. Thus, energy-rich
eggs seem to be a successful reproductive strategy ensuring a higher survival
rate of the new generation in the food-limited deep-sea. In contrast, epipelagic
species produce a farge number of relatively small eggs. The offspring probably
does not depend on energy reserves, since it can benefit from the abundant
food supply within the upper water layer (planktotrophic development). Moreo-
ver, the large number of eggs may be necessary to counter a higher predation
risk in the epipelagic realm. Thus, bathypelagic species have realised a K-strat-
egy to cope with adverse, but stable feeding conditions, while epipelagic spe-
cies utilise their more variable environment by following a r-strategy. This hy-
pothesis suggests that large eggs of bathypelagic species are more likely to be
an adaptation to a depth-dependent decrease in food-availability than to depth-
dependent temperature changes.

This interpretation is supported by several studies showing that in a number of
copepod species egg size is negatively correlated with food availability,
whereas egg number increases under favourable feeding conditions
(Hutchinson 1967; Cooney & Gehrs 1980). Recent investigations on the marine
copepod Euterpina acutifrons also revealed a trade-off between egg number
and egg size (Guisande et al. 1996). At low food concentrations, both in the
field and under experimental conditions, females produced fewer, but larger
eggs, resulting in a faster development of nauplii and an increased reproductive
success. Similarly, the mean volume of eggs produced by Calanus helgolandi-
cus was inversely related to both food availability and fecundity (egg production
per female and day), with increased numbers of smaller eggs produced during
periods of high food availability (Pond et al. 1996). Moreover, it has been dem-
onstrated that young copepodids are more vulnerable to starvation than older
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ones (Burns 1985; Borchers & Hutchings 1986; Tsuda 1994; Calbet & Alcaraz
1997). Thus an increase in egg-size at the expense of offspring number seems
to be an advantageous strategy to maximise reproductive success under low
food concentrations (Hutchinson 1967).

Indications that the ecological niches of sympatric Pareuchaeta species gener-
ally differ are also derived from morphological studies. Park (1994a, b) subdi-
vided the genus into morphologically distinct species groups and noted that
when two or more congeners dominated in a highly productive area, they were
likely to belong to different species groups. This was evident for the dominant P.
norvegica, P. glacialis and P. barbata in the northern Atlantic as well as for the
sympatric P, antarctica, P. biloba, P. rasa and P, barbata in the Antarctic.

Avoidance of competition among deep-sea copepods in the Arctic
The present study reveals that sympatric deep-sea copepods have realised
different strategies to minimise interspecific competition in the Greenland Sea.

Congeneric Actideidae, e.9. Aetideopsis spp. and Gaetanus spp., respectively,
occupied separate and distinct depth ranges, thus partitioning the water column
vertically. A vertical separation of the bathypelagic realm was also apparent
between Pareuchaeta barbata and P. polaris. By contrast, competition between
different sympatric aetideid genera, e.g. Aetideopsis versus Chiridius or Gaeta-
nus, appeared to be minimised by different dietary preferences or reproductive
strategies. Distinct reproductive strategies were also detected for the epipelagic
Pareuchaeta glacialis and P. norvegica on the one hand and bathypelagic con-
geners on the other.

Thus, species with similar diets lived at different depths and, vice versa, species
encountered at the same depth substantially differed in dietary composition.
Clearly separated niches and different life-cycle strategies generally ensured
that sympatric species partition their uniform environment and avoid competition
by not feeding on the same prey in the same place at the same time (Madin &
Madin 1995).

However, this concept fails to explain the coexistence of Pareuchaeta glacialis
and P. norvegica throughout the central Greenland Sea. Both species inhabit
the same depth intervals, have similar diets and follow comparable reproductive
strategies. How can such closely related species with seemingly similar de-
mands coexist without competition that would eliminate the less fit competitor?

Small-scale heterogeneity in pelagic waters

Madin & Madin (1995) suggest that small to medium-scale hydrographic fea-
tures at the surface and within the water column may form local and temporary
patches differing in environmental properties and food abundance. This tran-
sient patchwork of varying environmental and feeding conditions could add het-
erogeneity to the environment and continually interrupt the interactions by which
species compete with each other.
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Rarity

Another key to understanding meso- and bathypelagic biodiversity may be the
proportions of different species to total abundance. Usually a few species are
very abundant in deep-sea samples, several are common and most are rare,
with only a few individuais each. In fact, this has proven to be a characteristic
feature of species-rich and highly diverse Pareuchaefa communities in different
regions (Park 1994b, Ward & Wood 1988 for the Antarctic, Mauchline 1985 for
the Rockall Trough). In general, it is estimated that over 80% of all oceanic spe-
cies are rare (Madin & Madin 1995). Rarity may reduce competition simply be-
cause the individuals are too few and dispersed to interact very often.

Within the genus Pareuchaeta abundant species are usually endemic to highly
productive regions, e.g. boreal seas and upwelling areas, whereas the majority
of rare species are widely distributed in mainly oligotrophic seas. To explain
these observations, Park (1994b) proposed the hypothesis that bathypelagic
calanoids endemic to and abundant in productive areas are those adapted to
eutrophic conditions of their habitats. Therefore, they cannot expand their
ranges into the contiguous oligotrophic waters, even if the other environmental
conditions are favourable and physical barriers absent. Usually rare species, on
the other hand, are those not directly associated with local eutrophic conditions.
They generally have extensive geographic ranges because of their survival
ability in widely ranging oligotrophic conditions and the absence of physical bar-
riers at bathypelagic depths of the World Ocean.

However, in the case of Pareuchaeta glacialis and P. norvegica rarity is not a
suitable explanation for a coexistence without competition. Both forms belong to
the “eutrophic” species (Park 1994b) and occur abundantly in the central
Greenland Sea (present study). Thus, some other mechanism must be acting to
minimise interspecific competition.

Continuous re-colonisation

The co-occurrence of Pareuchaeta glacialis and P. norvegica in the central
Greenland Sea may be explained by advection processes. For both species the
Greenland Sea does not represent the main distribution range. P. norvegica is
primarily a boreal or sub-Arctic species, most abundant in the Faeroe Channel,
Norwegian Sea and west of Iceland (With 1915, Park 1994b). It is transported
northward together with Atlantic water masses by the West Spitsbergen Cur-
rent. In contrast, Pareuchaeta glacialis is a typical polar species, mainly inhab-
iting the upper 300 m of the Arctic Ocean (Kosobokova 1982). During the pres-
ent study highest abundances of P. glacialis were detected at the northernmost
stations and in the Nansen Basin. The species is exported from the Arctic
Ocean into the Greenland Sea by the East Greenland Current. Thus, the central
Greenland Sea may be considered a “melting pot” for the boreal-Atlantic and
polar congeners. Although both species are able to reproduce in the central
Greenland Sea, a considerable portion of the population may consist of “expa-
triates”, advected into the Greenland Sea by the opposing current regimes.
Thus interspecific competition between Pareuchaeta glacialis and P. norvegica
may occur in the central Greenland Sea, but may not resuit in the extinction of
one competitor in the area, since new individuals of both species are perma-

75



H. Auel: Ecology of Arctic Deep-Sea Copepods

nently imported from their respective home ranges, replacing the populations
within the Greenland Sea.

In conclusion, a combination of different mechanisms, including spatial separa-
tion by vertical partitioning (among congeners), different life-cycle strategies
(between genera) and physical-biological interactions (in the case of
Pareuchaeta glacialis and P. norvegica), ensure the maintenance of a high
biodiversity in the homogeneous environment of the pelagic deep-sea.

5.2 Ecological role and effect on carbon flux

“Some day in the future, perhaps,

men will think of harvesting plankton from the sea
fo the same extent as once, long ago,

they had the idea of harvesting grain on land.

A single grain is of no use either,

but in large quantities it becomes food.”

Thor Heyerdahl (1948) The Kon-Tiki expedition.

Comparison of carbon demands derived from different approaches

In order to assess the ecological role of Aetideidae and Euchaetidae and to
evaluate their impact on the carbon and energy flux within Arctic marine eco-
systems, the carbon demands of various species and stages were calculated
applying an allometric relationship between body mass and maximum mass-
specific ingestion rate proposed by Moloney & Field (1989). This mathematical
approach was necessary, since experimental studies encompassed only a frac-
tion of the species and size spectra recorded in the field.

In the following paragraph calculated maximum ingestion rates Imax Will be com-
pared to available results from respirometry and feeding experiments in order to
confirm the validity of the allometric approach.

For most species calculated |.x values overestimated the respective data de-
rived from respiration measurements by 30 to 40% (Table 12). This result was
expected, since the allometric approach approximated the maximum potential
ingestion rate under optimum conditions (Moloney & Field 1989; Gradinger et
al. in press). Hence, in-situ measurements should generally reveal lower inges-
tion rates. For Aetideopsis minor measured values were slightly higher than
Imax, but still in the same range.

However, strong deviations between calculated and measured ingestion rates
occurred among bathypelagic Pseudochirella spectabilis, Pareuchaeta polaris
and P. barbata females. For those species Imax values were about three to six
times higher than the maximum consumption rates derived from respiration
measurements. This overestimation suggests that bathypelagic carnivores may
be able to severely reduce their metabolism as an adaptation to a food-limited
environment. This hypothesis is also supported by personal observations that
Pareuchaeta barbata females survived starvation for more than six months
without apparent changes in activity or health status.
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Table 12 Comparison of individual daily ingestion rates (ug C d”') derived from allometric
equation (Inay), respiration measurements (kesp) and feeding experiments (lreeq).
Ry = measured basic metabolic needs

Imax lresp [max“resp max lfeed
(fresp = 3.58 x Ry)
mean max (%) mean max
Aetideopsis minor 12.0 9.7 15.0 80
female
A. rostrata 16.0 7.5 11.5 139
female
Gaetanus brevispinus 14.0 7.2 10.0 140
Ccv
Pseudochirella spectabilis 39.2 10.7 11.1 353
CcVv
P. spectabilis 64.7 125 24.0 270
female
Pareuchaeta barbata 23.6 11.8 16.5 143
Civ
P. barbata 60.1 24.0 43.0 140
Cv
P. barbata 123.8 16.8 394 314
female
P. glacialis 334 30 to 40
Cv
P. glacialis 771 15.4 59.8 129 120 + 60 180
female
P. norvegica 66.0 17.9 48.3 137 150+ 120 530
female
P. polaris 59.4 6.4 10.4 571
female

ingestion rates derived from feeding experiments with carnivorous Pareuchaeta
were generally higher than Imax and respiration-based estimates. These differ-
ences can be explained by the design of the feeding experiments, where preda-
tion rates were calculated from the decrease in prey concentration during the
experiments, regardless of whether killed prey was compietely ingested or not.
Thus, leeq values overestimate actual ingestion. In addition, observations by
Yen (1991) indicate that predatory behaviour of Pareuchaeta is probably a re-
flex, triggered by prey stimuli, but independent of the nutritional condition of the
predator. Under these circumstances predation rates would mainly be a function
of prey abundance determining the probability of predator-prey encounters,
Relatively high predation rates during the feeding experiments might therefore
be a consequence of higher prey concentrations than in the field. Accordingly,
predation rates of the Antarctic carnivorous hyperiid amphipod Themisto gaudi-
chaudi were considerably higher during feeding experiments than the respective
estimates of daily ration derived from a respiration-based energy budget ap-
proach (Pakhomov & Perissinotto 1996).

In conclusion, the allometric approach generally provides fair approximations of
the maximum potential ingestion of aetideid copepods. With respect to bathy-
pelagic carnivores, however, Inax values considerably exceed actual carbon
demands. In view of the total euchaetid and aetideid community, this overesti-
mation is at least partly compensated by the fact that under favourable feeding
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conditions the predation impact of Pareuchaeta glacialis and P. norvegica might
be even higher than estimated by Inax Thus, the allometric approach may pro-
vide a valid estimate of the carbon demand of euchaetid and aetideid communi-
ties.

In general, daily rations of 2 to 23% of body carbon per day, measured in the
present study, are in good accordance with published data for other calanoids
or carnivorous zooplankton. Kleppel et al. (1996) reported mean daily rations of
11.2% of body C d™ for a variety of actively feeding calanoid copepods on the
West Florida continental shelf. In Antarctic waters, Themisto gaudichaudi, a
carnivorous pelagic amphipod, consumed 8.5 to 21.8% of body mass d™' (Pak-
homov & Perissinotto 1996). The daily ingestion of Pareuchaeta antarctica ac-
counted for 8.8% of its body mass d”' (Yen 1991), whereas P. norvegica in-
gested 10.5% of body mass d™' (Yen 1987).

Ecological role of Euchaetidae and Aetideidae

Members of the calanoid families Euchaetidae and Aetideidae are characteristic
components of pelagic communities throughout the World Ocean. Since both
families encompass primarily meso- to bathypelagic species, they are particu-
larly important in oceanic midwater and deep-sea habitats.

Especially in boreal and polar regions, large Euchaetidae may contribute sub-
stantially to the mesozooplankton standing stock. In the central Arctic Ocean,
for instance, Pareuchaeta glacialis belongs to the five dominant calanoid spe-
cies and comprises 1 to 6% of the total biomass of all copepods (Kosobokova
1982; Grainger 1989). In deeper parts of the Siberian Laptev Sea Pareuchaeta
glacialis, P. norvegica, P. barbata and P. polaris together accounted for 4.3 *
1.9% (maximum 7.8%) of total mesozooplankton dry mass (Kosobokova et al.
1998). In the central Greenland Sea the same species represented on average
1.6% of mesozooplankton biomass and, thus, belonged to the ten most impor-
tant taxa (Richter 1994). Similarly, the Antarctic congener P. antarctica com-
prised 2.0 to 3.1% of zooplankton biomass in the Weddell Sea (Boysen-Ennen
et al. 1991) and more than 3.6% in McMurdo Sound, Ross Sea (Hopkins 1987).

Due to their smaller size Aetideidae are generally less important with respect to
biomass. Their portion of the standing stock was 1.3 + 0.6% in the Arctic Laptev
Sea (Kosobokova et al. 1998) and 2% in oceanic regions of the Antarctic Wed-
dell Sea (Boysen-Ennen et al. 1991). However, aetideids may significantly influ-
ence biodiversity of midwater habitats. In the Arctic Ocean, for instance,
mesopelagic Aetideidae contributed to higher species numbers and biodiversity
in midwater layers, compared to the Polar Surface Water (Grainger 1989; Auei
1995).

Euchaetidae are primarily carnivorous and actively prey on other zooplankton,
while aetideid copepods are generally referred to as omnivorous (Hopkins
1985a; Richter 1995). The guts of seven Antarctic aetideid species contained
phytoplankton with a high incidence of large frustules of Coscinodiscineae as
well as Euphausia superba debris (in the form of bristles, fragments of append-
ages, pieces of the exoskeleton, eye pigment and ommatidia). The most com-
mon live prey of Antarctic aetideids were copepods, especially Oncaea spp.,
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and the polychaete Pelagobia longicirrata. Among the dominant species,
Euchirella rostromagna and Gaetanus brevispinus had the most diverse diets,
whereas Aetideopsis minor fed mainly on phytoplankton and detritus (Hopkins
1985a). In other regions Aetideidae took phytopiankton debris, protozoans and
small crustaceans (Esterly 1916; Geynrikh 1958; Chindonova 1959; Wickstead
1962; Mullin 1966; Arashkevich 1968; Harding 1974). The present study also
underlines the generally opportunistic feeding behaviour of aetideids. However,
Aetideidae comprise a very diverse group, so that significant variation in feeding
behaviour and dietary composition is likely to occur, as has been demonstrated
between Gaetanus and Aetideopsis/ Chiridius.

Copepod feeding may have an important impact on the supply of carbon to
deeper water layers and to the benthos (Ashjian et al. 1995). The repackaging
of organic material via faecal pellet production can strongly affect sedimentation
processes. Coprophagous and detritivorous feeding, in particular by aetideids,
transforms sedimenting particles and therefore aiters their sinking speed. Thus,

meso- and bathypelagic copepods may control the vertical carbon flux.

Carnivorous Pareuchaeta are major predators on other mesozooplankton and
fish larvae. They may even influence the recruitment of commercially important
fish stocks, as has been demonstrated for Atlantic cod Gadus morhua and Pa-
cific hake Merluccius productus (Bailey & Yen 1983; Yen 1987). A quantitative
assessment of the daily predation impact of carnivorous Pareuchaeta antarctica
on zooplankton communities in Gerlache Strait revealed that females and CV
together could remove over 1% of both the small and the large copepod stand-
ing crop per day. Even higher impacts on small prey species occurred, when
younger copepodids were included (@resland 1995). in Kosterfjorden, Sweden,
Aetideopsis armata and Pareuchaeta norvegica were responsible for 29 to 77%
of the total energy flow through the carnivorous trophic level (Bamstedt 1981).

For the Greenland Sea Richter (1995) suggested that large bathypelagic ae-
tideids may feed on Calanus hyperboreus Clil overwintering within their depth
range. This was indicated by the co-occurrence of Gaetanus brevispinus with C.
hyperboreus during the dark season, and by the apparent “inverse” seasonal
vertical migration of Aetideopsis rostrata from the lower into the upper bathy-
pelagial during the late winter period.

More recent investigations emphasise the important influence of predation on
the structure of pelagic communities and generally guestion the longstanding
paradigm of food availability as the governing factor determining plankton distri-
bution (Verity & Smetacek 1996; Tiselius et al. 1997). It is now believed that the
“top-down” control of zooplankton populations by predation may be equally im-
portant in determining zooplankton biomass and the ranges of certain species
as the "bottom-up” mechanism. Thus, predation by Euchaetidae and Aetideidae
may substantially affect the structure of pelagic communities.

Feeding ecology of Pareuchaeta spp.

The feeding ecology of carnivorous Pareuchaeta species has been studied in-
tensively in boreal and Antarctic regions (Yen 1982, 1985, 1991). In contrast,
data for Arctic populations are restricted to morphological investigations.
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Electron-microscopic studies focusing on the distribution and structure of setae
on the first antennae indicate that Pareuchaeta norvegica is a rheotactic
predator (Kurbjeweit 1988). Setae on the first antennae function as mechanore-
ceptors and perceive vibrations and hydrodynamic stimuli emitted by prey or-
ganisms. Following a sit-and-wait strategy, P. norvegica stays motionless in the
water column, until prey comes into reach. Then the predator rapidly spurts to-
wards the prey by movements of the thoracopods and the first antennae and
catches the victim with the enlarged maxillipeds.

In comparison to herbivorous or omnivorous species chemoreceptors are
weakly developed, since the slow propagation by diffusion or turbulent mixing
makes chemical signals useless for the detection of fast-moving prey
(Kurbjeweit 1988).

The vibration sense of carnivorous chaetognaths, which also detect their prey
by mechanoreception, even allows them to discriminate between different prey
species (Horridge & Bouiton 1967). Swimming or filter-feeding copepods create
characteristic vibrations with their beating appendages. The frequency of the
emitted vibrations is species-specific. Newbury (1972) demonstrated that attack
responses of the chaetognath Spadella cephaloptera were triggered by vibra-
tion rates of 10 to 20 Hz, exactly corresponding with the bandwidth Calanus
finmarchicus emitted during swimming or feeding activities. Similarly,
Pareuchaeta norvegica was able to select between two species of Acartia
(Tiselius et al. 1997). Thus, the vibration sense apparently enables rheotactic
predators to actively select prey species.

Impact of Euchaetidae and Aetideidae on the carbon flux in the Arctic

In order to evaluate the impact of euchaetid and aetideid copepods on the car-
bon and energy flux within Arctic deep-sea environments, their carbon demands
are discussed in relation to primary and secondary production, to mesozoo-
plankton standing stock and vertical flux of particulate carbon.

For many decades primary production in ice-covered Arctic seas has been con-
sidered extremely low (Apollonio 1959; English 1961). However, during the last
years we learned that ice algae greatly contribute to total primary production
(Legendre et al. 1992) and may present up to two thirds of total primary produc-
tion in ice-covered areas of the central Arctic Ocean (Wheeler et al. 1996).
Haline stratification due to meltwater and river discharge stabilises the sunlit
surface layer and triggers an early start of the pelagic production, especially in
marginal ice zones and over the vast Siberian shelf regions. The production pe-
riod in the Arctic Ocean may therefore extend to 120 days per year (Wheeler et
al. 1996). Total annual primary production in oceanic areas of the central Arctic
Ocean reaches 10 g C m2 yr’ (Subba Rao & Platt 1984; Wheeler et al. 1996).
Higher values of 27 g C m™ yr"' were measured in Arctic shelf areas (<200 m
water depth, Subba Rao & Platt 1984). In the southern Greenland Sea annual
primar}/ production reaches considerably higher rates of approximately 85 g C
mZyr' (Bodungen et al. 1995).

A comparison between primary production and maximum ingestion rates of Ae-
tideidae and Euchaetidae identified three regions with distinct regimes within
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the investigation area. High ingestion rates of 5.0 + 0.5 g C m? yr"' were calcu-
lated for aetideid and euchaetid populations in the central Greenland Sea. Due
to the seasonal ice-cover and the more southerly position, however, primary
production was also high. Consequently, the ratio of Inax and primary production
was low with 5.9%.

Tabie 13 Eshmates of annual primary production (g C m? yr"} and maximum ingestion (g
Cm? yr ) of Aetideidae and Euchaetidae from different regions of the Arctic
Ocean. Data on primary production by Subba Rao & Platt (1984); Bodungen et
al. (1995) and Wheeler et al. (1996).

Region Primary frmax Of Ratio lmax/P

production  Aetideidae and (%)

P) Euchaetidae

Nansen Basin 9 1.3 14.4
Yermak Plateau 9 25:0.38 27.8
East Greenland Shelf & continental rise 81°N 27 1105 4.1
East Greenland Shelf & continental rise 75°N 27 1.8+14 6.7
Central Greenland Sea 85 50+05 59

In the permanently ice-covered areas of the East Greenland shelf primary
production ranged around 27 g C m™ yr' proposed by Subba Rao & Platt
(1984) as a grand average for Arctic shelf areas. The lower pnmary productlon
however, coincided with a relatively low ingestion of 1t0 2 g C m? yr! for the
aetideid and euchaetid community, so that their impact was comparable to the
central Greenland Sea (4 to 7 %).

In contrast, the northern part of the mvestlgation area was characterlsed by
moderate Imax values of 1.3 g C m?yr' in the Nansen Basinand 2.5 g C m2 yr'
on the Yermak Plateau coinciding with an extremely low primary productivity of
9.g C m2yr' which is typical of high-Arctic regions (Subbao Rao & Platt 1984;
Wheeler et aI 1996). Due to this combination the ingestion of Aetideidae and
Euchaetidae accounted for 14 to 28% of primary production (Table 13). Thus,
aetideid and euchaetid copepods seem to have the strongest impact on the

carbon flux in high-Arctic regions.

Comparisons between primary production and maximum ingestion of deep-sea
copepods, however, underestimate their impact on the energy flux, since the
prevailing euchaetid and some of the aetideid species are primarily carnivorous.
Thus, they stand on a higher trophic level than the majority of epipelagic
copepods and do not utilise primary production directly.

Compared to total mesozooplankton biomass, Aetideidae and Euchaetidae
generally consumed less than 2% of the standing stock per day (Fig. 39). in the
northwestern part of the investigation area (transects B and C) aetideid and
euchaetid consumpticn was distributed evenly throughout the water column. A
relatively stable vertical distribution of this consumption was also observed be-
tween 50 and 2000 m depth along transect D. In the central Greenland Sea, by
contrast, the effect of daily consumption by Aetideidae and Euchaetidae on
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mesozooplankton standing stock increased with depth. Maximum daily con-
sumption rates occurred in 1000 to 1500 m depth along the 75°N transect and
accounted for 1.8% of total mesozooplankton biomass per day.

Tr. A T.B+C  Tr.D scale (% d")

0-50

50-1001

100-200

200-500

500-1000

Depth interval (m)

1000-1500

0.1

o 0.01

1500-2000

2000-3000

Fig. 39 Fraction of total mesozooplankton biomass consumed daily by Aetideidae and
Euchaetidae in different areas of the Greenland Sea

Omnivorous Aetideidae rely to a large extent on detritus as a food resource
(Hopkins 1985a and references therein). Thus, a comparison between the car-
bon demands of these detritivores and the annual vertical flux of organic carbon
may provide an appropriate tool to evaluate their importance for pelagic remin-
eralisation processes in the Greenland Sea. The annual vertical flux of particu-
late or%anlc carbon in 500 m depth of the Greenland Sea ranged from 3.7 to 3.8
gCm , according to sediment trap data for 1988 to 1990 (Bodungen et al.
1995). Maxnmum ingestion rates of aetideid populations, integrated from 500 to
2000 m depth in the central Greenland Sea (Sts. 19, 20 and 35), measured 1.6
+ 0.1 g C m? yr'. Thus, Aetideidae possibly consume more than 40% of the

available carbon supply.

Accordingly, the potential ingestion of carnivorous Pareuchaeta populations can
be evaluated in comparison to the secondary production of herbivorous Calani-
dae, which represent their principal prey. The maximum ingestion of
Pareuchaeta populations ranged from 0.6 £ 0.3 gC m?yr'in polar areas of the
East Greenland Shelf and Nansen Basnn via 1.7 £ 0.6 g C m? yr' on the Yer-
mak Plateau to 3.2 £ 0.3 g C m? yr'" in oceanic regions of the Greenland Sea.
In contrast, annual production of Calanus glacialis and C. évperboreus in the
central Arctic Basin measured 1.7 to 5.6 g wet mass (WM) m™ yr (Kosobokova
1986). Considerably hlgher secondary production rates of 12 g WM m2yr'and
11.4 to 26.9 g WM m2yr, respectively, were determined for C. glacialis in the
White Sea (Kosobokova 1986) and populations of C. finmarchicus and C. hy-
perboreus in the Norwegian Sea (Timokhina 1968). According to Kosobokova
(pers. communication) dry mass accounts for 16% of Arctic zooplankton wet
mass. Based on a carbon content of 50% in dry mass (Richter 1994), secon-
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dary production rates of Calanus can be converted to 0.1 to 0.5 g C m? yr' in
the central Arctic Ocean, 1.0 g C m? yr'' in the White Seaand 0.9t02.2g C m™
yr'! in the Norwegian Sea.

Assuming that the conditions in the northern part of the investigation area (e.g.
Nansen Basin and NE Greenland shelf) are comparable to those in the central
Arctic and that secondary production in the Norwegian Sea is representative
also for the southern to central part of the Greenland Sea, the potential inges-
tion of Pareuchaeta populations is at least one third to one half higher than the
annual secondary production by herbivorous Calanus species throughout the
investigation area. These calculations demonstrate that predatory Pareuchaeta
may be able to control the population growth of Calanus and the biomass con-
centrated in the herbivorous trophic level.

it can be argued that these calculations, based on abundance data from spring,
may overestimate the annual mean, since abundance in winter could be lower.
However, Aetideidae and Euchaetidae are known to stay active during winter
and many species seem to reproduce throughout the year (e.g. Seiler & Brandt
1997 for Aetideopsis minor, A. rostrata and Parceuchaeta spp.). Moreover,
Richter (1994) showed for the Greenland Sea that the abundance of Aetideidae
did not vary seasonally.

The results of the present study therefore underline that deep-sea copepods of
the families Euchaetidae and Aetideidae represent important components of
Arctic zooplankton communities. Both families have a substantial influence on
the carbon and energy flux in the ecosystem of the Greenland Sea. Meso- and
bathypelagic copepods strongly contribute to the remineralisation of organic
matter in the water column and affect sedimentation processes via production
and transformation of sinking particles. Carnivorous copepods, particularly
Pareuchaeta species, are able to control the population growth of dominant
herbivorous zooplankton. Thus, the present study provides additional evidence
that the “top-down” control of zooplankton biomass by predation may be as im-
portant as "bottom-up” mechanisms based on food availability.

Future investigations and models dealing with the energy flux in marine eco-
systems should therefore include pelagic midwater and deep-sea communities.
Moreover, the present study demonstrates that the species-rich and highly di-
verse families Euchaetidae and Aetideidae may provide particularly suitable
study objects for the assessment of general questions regarding pelagic biodi-
versity and deep-sea ecology (c.f. Mauchline 1995). From this point of view, it
would be an interesting topic to assess the phylogenetic development and evo-
lution of both taxa, elucidating the reasons for their generic radiation.

After more than a century of large-scale oceanographic expeditions and at the
end of the International Year of the Ocean 1998, scientific knowledge about
meseo- and bathypelagic organisms is still fragmentary. Now it is time for sci-
ence to shed light on the life in the darkness of the deep-sea.
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“However remote, unfamiliar, and uncomplicated the oceanic environment may
seem compared to the land, we should not forget that it is the biggest biome on
Earth, and its biota plays a significant role in global biological and chemical cy-
cles. Our present, incomplete, knowledge of diversity and structure suggests
that midwater communities are stable, but we have little basis for predicting
what effect changes in global climate, carbon balance, or sea level might have
on their structure and function. If these changes might be hastened by human
activities, we would be wise to improve our understanding of oceanic biodiver-
sity enough to be able to detect changes when they begin, and not after they

are irreversible.”
Laurence P. Madin & Katherine A. C. Madin (1995)
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Systematik sowie zur Verbreitung und Populationsstruktur unter Beriicksichtigung der Saisonalitat®,
von Rldiger Kock

Heft-Nr. 107/1992 - ,ARCTIC '91: Die Expedition ARK-VIII/3 mit FS ,Polarstern® 19917,

von Dieter K. Flitterer

Heft-Nr. 108/1992 - ,Dehnungsbeben an einer Stérungszone im Ekstrdm-Schelfeis nordlich der
Georg-von-Neumayer Station, Antarktis. — Eine Unterstichung mit seismologischen und geodatischen
Methoden”, von Uwe Nixdorf.

Heft-Nr. 109/1992 —  Spatquartdre Sedimentation am Kontinentalrand des slidostlichen
Weddellmeeres, Antarktis”, von Michael Weber.

Heft-Nr. 110/1992 -  Sedimentfazies und Bodenwasserstrom am Kontinentalhang des
nordwestlichen Weddellmeeres”, von Isa Brehme.

Heft-Nr. 111/1992 —  Die Lebensbedingungen in den Solekandlchen des antarktischen Meereises”,
von Jirgen Weissenberger.

Heft-Nr. 112/1992 -  Zur Taxonomie von rezenten benthischen Foraminiferen aus dem

Nansen Becken, Arktischer Ozean®, von Jutta Wollenburg.

Heft-Nr. 113/1992 -  Die Expedition ARKTIS VIII/1 mit FS “Polarstern® 1991,

herausgegeben von Gerhard Kattner.

* Heft-Nr. 114/1992 - Die Griindungsph deutsch - N
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Heft-Nr. 115/1992 -, Scientific Cruise Report of the 1991 i iti
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* Heft-Nr. 121/1993 -, Die Expedition ANTARKTIS X/3 mit FS ‘Polarstern’ 19927, herausgegeben von
Michael Spindler, Gerhard Dieckmann und David Thomas.
Heft-Nr. 122/1893 — Die Beschreibung der Korngestalt mit Hilfe der Fourier-Analyse: Parametrisierung
der morphologischen Eigenschaften von Sedimentpartikein”, von Michael Diepenbroek.

Heft-Nr. 123/1993 -, Zerstorungsfreie hochaufiosende Dichteuntersuchungen mariner Sedimente”,
von Sebastian Geriand.

Heft-Nr. 124/1993 ~ Umsatz und Verteilung von Lipiden in arktischen marinen Organismen unter
besonderer Berlicksichtigung unterer trophischer Stufen”, von Martin Graeve.

Heft-Nr, 125/1993 - Okologie und Respiration ausgewahlter arktischer Bodenfischarten”,
von Christian F. von Dorrien.

Heft-Nr. 126/1993 -  Quantitative Bestimmung von Paldoumweltparametern des Antarktischen_
Oberflachenwassers im Spatquartar anhand von Transferfunktionen mit Diatomeen®, von Ulrich Zielinski

Hefi-Nr. 127/1993 - Sedimenttransport durch das arktische Meereis: Die rezente lithogene
und biogene Materialfracht®, von Ingo Wollenburg.

Heft-Nr. 128/1993 — ,Cruise ANTARKTIS X/3 of RV 'Polarstern’: CTD-Report”, von Marek Zwierz.

Heft-Nr. 128/1993 - Reproduktion und Lebenszykien dominanter Copepodenarten aus dem
Weddelimeer, Antarktis”, von Frank Kurbjeweit

Heft-Nr. 130/1993 -  Untersuchungen zu Temperaturregime und Massenhaushalt des
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Abschmelzprozessen”, von Klaus Grosfeld

Heft-Nr, 131/1993 ~  Die Expedition ANTARKTIS X/5 mit FS "Polarstern’ 1992”,
herausgegeben von Rainer Gersonde

Heft-Nr. 132/1993 -~  Bildung und Abgabe kurzkettiger halogenierter Kohlenwasserstoffe durch
Makroalgen der Polarregionen”. von Frank Laturnus

Heft-Nr. 133/1994 - "Radiation and Eddy Fiux Experiment 1993 (REFLEX I])",

by Christoph Kottmeier, Jorg Hartmann, Christian Wamser, Axel Bochert, Christof Liipkes,
Dietmar Freese and Wolfgarnig Cohrs

Heft-Nr. 134/1994 - "The Expedition ARKTIS-{X/17, edited by Hajo Eicken and Jens Meincke

Heft-Nr. 135/1994 - Die Expeditionen ANTARKTIS X/6-8", herausgegeben von Ulrich Bathmann,
Victor Smetacek, Hein de Baar, Eberhard Fahrbach und Gunter Krause

Heft-Nr. 136/1994 —  Untersuchungen zur Emahrungsokologie von Kaiserpinguinen (Aptenodytes forsteri)
und Kénigspinguinen (Aptenodytes patagonicus)”, von Kiemens Pitz
Heft-Nr. 137/1994 - Die kdnozoische Vereisungsgeschichte der Antarktis”, von Werner U. Ehrmann
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von Georg Beyerle
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des Scotia-Bogens aus biogeographischer Sicht: Ein multivariater Ansatz”, von Holger Winkler.
Heft-Nr. 140/1994 -  Die Expedition ANTARKTIS X/4 mit £S ‘Polarstern’ 19927,
herausgegeben von Peter Lemke
Heft-Nr. 141/1994 —  Satellitenaltimetri
Ekstromisen, Antarktis”, von Clemens Heid
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Ost-Gronland®, von Notker Fechner
Heft-Nr, 144/1994 —~ Russian-German Cooperation in the Siberian Shelf Seas: Geo-System
Laptev Sea”, edited by Heidemarie Kassens, Hans-Wolfgang Hubberten, Sergey M. Pryamikov
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1982-1992", by Torsten Schmidt and Gert Kénig-Langlo.
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Weddell Meer / Antarktis®, von Christian Hilbscher.
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Heft-Nr. 155/1995 ~ "Benthos in polaren Gewéssern”, herausgegeben von Christian Wiencke und Wolf Arntz.

Heft-Nr. 156/1995 - "An adioint model for the determination of the mean oceanic circulation, air-sea
fluxes und mixing coefficients”, by Reiner Schlitzer.

Heft-Nr, 157/1995 - "Biochemische Untersuchungen zum Lipidstoffwechsel antarktischer Copepoden”,

von Kirsten Fahi.

Heft-Nr. 158/1995 - "Die Deutsche Polarforschung seit der Jahrhundertwende und der EinfluB3 Erich von Drygalskis”,
von Cornelia Lidecke.

Heft-Nr. 159/1995 - The distribution of 2**0 in the Arctic Ocean: Implications for the freshwater balance of the haloclin:
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Heft-Nr. 160/1995 - "Rekonstruktion der spatquartdren Tiefenwasserzirkulation und Produktivitdt im &stlichen
Stlidatiantik anhand von benthischen Foraminiferenvergeselischaftungen”, von Gerhard Schmied!.

Heft-Nr, 161/1995 - "Der EinfluB von Salinitdt und Lichtintensitat auf die Osmolytkonzentrationen, die Zellvolumina
und die Wachstumsraten der antarktischen Eisdiatomeen Chaetoceros sp. und Navicula sp. unter besonderer
Berlcksichtigung der Aminoséure Prolin”, von Jirgen Nothnagel.

Heft-Nr. 162/1995 - "Meereistransportiertes lithogenes Feinmaterial in spatquartédren Tiefseesedimenten des zentralen
ostlichen Arktischen Ozeans und der FramstraBe”, von Thomas Letzig.

Heft-Nr. 163/1995 - "Die Expedition ANTARKTIS-XI/2 mit FS “Polarstern® 1993/94”,
herausgegeben von Rainer Gersonde.

Heft-Nr. 164/1995 ~ "Regionale und altersabhangige Variation gesteinsmagnetischer Parameter in marinen
Sedimenten der Arktis”, von Thomas Frederichs.

Heft-Nr. 165/1995 - "Vorkommen, Verteilung und Umsatz biogener organischer Spurenstoffe: Sterole in antarktischen
Gewéssern”, von Georg Hanke.

Heft-Nr. 166/1995 — "Vergleichende Untersuchungen eines optimierten dynamisch-thermodynamischen Meereismodell
mit Beobachtungen im Weddellmeer”, von Holger Fischer.

Heft-Nr. 167/1995 - "Rekonstruktionen von_Paldo-Umweltparametern anhand von stabilen Isotopen und
Faunen-Vergeselischaftungen planktischer Foraminiferen im Sldatlantik”, von Hans-Stefan Niebler

Heft-Nr. 168/1995 - "Die Expedition ANTARKTIS Xl mit FS *Polarstern’ 1993/94.
Bericht von den Fahrtabschnitten ANT XII/1 und 2", herausgegeben von Gerhard Kattner und Dieter Karl Fltterer.

Heft-Nr. 169/1995 ~ "Medizinische Untersuchung zur Gircadianrhythmik und zum Verhalten bei Uberwinterern auf einer
antarktischen Forschungsstation”, von Hans Wortmann.

Heft-Nr. 170/1995 - DFG-Kolloquium: Terrestrische Geowissenschaften - Geologie und Geophysik der Antarktis.

Heft-Nr. 171/1995 - "Strukturentwicklung und Petrogenese des metamorphen Grundgebirges der nérdlichen
Heimefrontfiella (westliches Dronning Maud Land/Antarktika)”, von Wilfried Bauer.

Heft-Nr. 172/1995 - "Die Struktur der Erdkruste im Bereich des Scoresby Sund, Ostgronland:
Ergebnisse refraktionsseismischer und gravimetrischer Untersuchungen™, von Holger Mandler.

Heft-Nr. 173/1995 - "Paldozoische Akkretion am paldoparzifischen Kontinentalrand der Antarktis in Nordvictorialand
— P-T-D-Geschichte und Deformationsmechanismen im Bowers Terrane”, von Stefan Matzer.

Heft-Nr. 174/1995 - “The Expedition ARKTIS-X/2 of RV ‘Polarstern’ in 1994", edited by Hans-W. Hubberten.

Heft-Nr. 175/1995 - “Russian-German Cooperation: The Expedition TAYMYR 1994, edited by Christine Siegert
and Dmitry Bolshiyanov.

Heft-Nr. 176/1995 ~ "Russian-German Cooperation: Laptev Sea System*, edited by Heidemarie Kassens,
Dieter Piepenburg, J6rn Thiede, Leonid Timokhov, Hans-Wolfgang Hubberten and Sergey M. Priamikov.

Heft-Nr. 177/1995 - “Organischer Kohlenstoff in spétquartaren Sedimenten des Arktischen Ozeans: Terrigener Eintrag
und marine Produktivitat”, von Carsten J. Schubert.

Heft-Nr. 178/1995 - “Cruise ANTARKTIS XlI/4 of RV ‘Polarstern’ in 1995: CTD-Report®, by Jiiri Sildam.

Heft-Nr. 179/1995 - “Benthische Foraminiferenfaunen als Wassermassen-, Produktions- und Eisdriftanzeiger im Arkti-
schen Ozean®, von Jutta Wollenburg.

Heft-Nr. 180/1995 — “Biogenopal und biogenes Barium als Indikatoren fur spatquartire Produktivitatsanderungen am
antarktischen Kontinentalhang, atlantischer Sektor”, von Wolfgang J. Bonn.

Heft-Nr. 181/1995 - “Die Expedition ARKTIS X/1 des Forschungsschiffes ,Polarstern’ 1994",

herausgegeben von Eberhard Fahrbach.

Heft-Nr. 182/1995 — “Laptev Sea System: Expeditions in 1994”, edited by Heidemarie Kassens.

Heft-Nr. 183/1996 - “Interpretation digitaler Parasound Echolotaufzeichnungen im 8stlichen Arktischen Ozean auf der
Grundlage physikalischer Sedimenteigenschaften”, von Uwe Bergmann.

Heft-Nr. 184/1996 - “Distribution and dynamics of inorganic nitrogen compounds in the troposphere of continental,
coastal, marine and Arctic areas”, by Maria Dolores Andrés Hernandez.

Heft-Nr. 185/1996 — “Verbreitung und Lebensweise der Aphroditiden und Polynoiden (Polychaeta) im &stlichen Weddell
meer und im Lazarevmeer (Antarktis)”, von Michael Stiller.

Heft-Nr. 186/1996 — “Reconstruction of Late Quaternary environmental conditions applying the natural radionuclides
#0Th, “Be, ®'Pa and **U: A study of deep-sea sediments from the eastern sector of the Antrctic Circumpolar Current
System”, by Martin Frank.

Heft-Nr. 187/1996 ~ “The Meteorological Data of the Neumayer Station (Antarctica) for 1992, 1993 and 1994”,

by Gert Kénig-Langlo and Andreas Herber.

Heft-Nr. 188/1996 ~ “Die Expedition ANTARKTIS-XI/3 mit FS ‘Polarstern’ 1994”,

herausgegeben von Heinz Miller und Hannes Grobe.

Heft-Nr. 189/1996 - “Die Expedition ARKTIS-VII/3 mit FS ‘Polarstern’ 1890”,
herausgegeben von Heinz Miller und Hannes Grobe.



Heft-Nr. 190/1996 - “Cruise report of the Joint Chilean-German-ltalian Magelian *Victor Hensen’ Campaign in 1994”,
edited by Wolf Arntz and Matthias Gorny.

Heft-Nr. 191/1996 - “Leitfahigkeits- und Dichtemessung an Eisbohrkernen”, von Frank Wilhelms.

Heft-Nr. 192/1996 - “Photosynthese-Charakteristika und Lebensstrategie antarktischer Makroalgen”,

von Gabriele Weykam.

Heft-Nr. 193/1996 - “Heterogene Raktionen von NoOg und HBr und ihr EinfluB auf den Ozonabbau in der polaren
Stratosphare”, von Sabine Seisel.

Heft-Nr. 194/1996 - “Okologie und Populationsdynamik antarktischer Ophiuroiden (Echinodermata)”,

von Corinna Dahm.

Heft-Nr. 195/1896 - "Die planktische Foraminifere Neogloboquadrina pachyderma (Ehrenberg) im Weddelimeer,
Antarktis”, von Doris Berberich.

Heft-Nr. 196/1996 - “Untersuchungen zum Beitrag chemischer und dynamischer Prozesse zur Variabilitat des
stratospharischen Ozons Uber der Arktis”, von Birgit Heese.

Heft-Nr. 197/1996 — “The Expedition ARKTIS-XI/2 of 'Polarstern’ in 1995”, edited by Gunther Krause.

Heft-Nr. 198/1996 - “Geodynamik des Westantarktischen Riftsystems basierend auf Apatit-Spaltspuranalysen®,

von Frank Lisker.

Heft-Nr. 199/1996 — “The 1993 Northeast Water Expedition. Data Report on CTD Measurements of RV 'Polarstern’
Cruises ARKTIS IX/2 and 3", by Gereon Budéus and Wolfgang Schneider.

Heft-Nr. 200/1996 — “Stability of the Thermohaline Circulation in analytical and numerical models*“, by Gerrit Lohman
Heft-Nr. 201/1996 - “Trophische Beziehungen zwischen Makroalgen und Herbivoren in der Potter Cove

(King George-insel, Antarktis), von Katrin ken.

Heft-Nr. 202/1996 - “Zur Verbreitung und Respiration Okologisch wichtiger Bodentiere in den Gew&ssern um
Svalbard (Arktis)“, von Michael K. Schmid.

Heft-Nr. 203/1996 ~ “Dynamik, Rauhigkeit und Alter des Meereises in der Arktis - Numerische Untersuchungen mit
einem groBskaligen Modell“, von Markus Harder.

Heft-Nr. 204/1996 - “Zur Parametrisierung der stabilen atmosphéarischen Grenzschicht liber einem antarktischen
Schelfeis”, von Dérthe Handorf.

Heft-Nr. 205/1996 — “Textures and fabrics in the GRIP ice core, in relation to climate history and ice deformation®,

by Thorsteinn Thorsteinsson.

Heft-Nr. 206/1996 ~ “Der Ozean als Teil des gekoppelten Kiimasystems: Versuch der Rekonstruktion der glazialen
Zirkulation mit verschieden komplexen Atmosphérenkomponenten®, von Kerstin Fieg.

Heft-Nr. 207/1996 - “Lebensstrategien dominanter antarktischer Oithonidae (Cyclopoida, Copepoda) und Oncaeidae
(Poecilostomatoida, Copepoda) im Bellingshausenmeer”, von Cornelia Metz.

Heft-Nr. 208/1996 - “AtmosphareneinfluB bei der Fernerkundung von Meereis mit passiven Mikrowellenradiometern®
von Christoph Oelke.

Heft-Nr. 209/1996 ~ “Klassifikation von Radarsatellitendaten zur Meereiserkennung mit Hilfe von Line-Scanner-Mess
gen”, von Axel Bochert.

Heft-Nr. 210/1996 - “Die mit ausgewahlten Schwammen (Hexactinellida und Demospongiae) aus dem Weddellimeer,
Antarktis, vergesellschaftete Fauna“, von Kathrin Kunzmann.

Heft-Nr. 211/1996 - “Russian-German Cooperation: The Expediton TAYMYR 1995 and the Expedition KOLYMA 199:
by Dima Yu. Bolshiyanov and Hans-W. Hubberten.

Heft-Nr. 212/1996 - “Surface-sediment composition and sedimentary processes in the central Arctic Ocean and alor
the Eurasian Continental Margin®, by Ruediger Stein, Gennadij |. lvanov, Michael A. Levitan, and Kirsten Fahl.
Heft-Nr. 213/1996 ~ “Gonadenentwicklung und Eiproduktion dreier Calanus-Arten (Copepoda): Freilandbeobachtung
Histologie und Experimente”, von Barbara Niehoff.

Heft-Nr. 214/1996 ~ “Numerische Modellierung der Ubergangszone zwischen Eisschild und Eisschelf*, von Christopt
Mayer.

Heft-Nr. 215/1996 - “Arbeiten der AWI-Forschungsstelle Potsdam in Antarktika, 1994/95", herausgegeben von Ulrict
Wand.

Heft-Nr. 216/1996 — “Rekonstruktion quartarer Klima&dnderungen im atlantischen Sektor des Slidpolarmeeres anhanc
von Radiolarien®, von Uta Brathauer.

Heft-Nr. 217/1996 — “Adaptive Semi-Lagrange-Finite-Elemente-Methode zur L&sung der Flachwassergleichungen:
Implementierung und Parallelisierung”, von Jorn Behrens.

Heft-Nr. 218/1997 — “Radiation and Eddy Flux Experiment 1995 (REFLEX IIl)*, by Jérg Hartmann, Axel Bochert,
Dietmar Freese, Christoph Kottmeier, Dagmar Nagel and Andreas Reuter.

Heft-Nr. 219/1997 - “Die Expedition ANTARKTIS-XII mit FS 'Polarstern’ 1995. Bericht vom Fahrtabschnitt ANT-XII/3*
herausgegeben von Wilfried Jokat und Hans Oerter.

Heft-Nr, 220/1997 - “Ein Beitrag zum Schwerefeld im Bereich des Weddellmeeres, Antarktis.

Nutzung von Altimetermessungen des GEOSAT und ERS-1”, von Tilo Schéne.

Heft-Nr. 221/1997 — “Die Expeditionen ANTARKTIS-XIII/1-2 des Forschungsschiffes 'Polarstern’ 1995/96”,
herausgegeben von Ulrich Bathmann, Mike Lucas und Victor Smetacek.

Heft-Nr. 222/1997 - “Tectonic Structures and Glaciomarine Sedimentation in the South-Eastern Weddell Sea from
Seismic Reflection Data”, by LaszIé Oszko.



Heft-Nr. 223/1997 - “Bestimmung der Meereisdicke mit seismischen und elektromagnetisch-induktiven Verfahren”,
von Christian Haas.

Heft-Nr. 224/1997 - “Troposphérische Ozonvariationen in Polarregionen”, von Silke Wessel.

Heft-Nr. 225/1997 - “Biologische und 6kologische Untersuchungen zur kryopelagischen Amphipodenfauna des
arktischen Meereises”, von Michael Poltermann.

Heft-Nr. 226/1997 - “Scientific Cruise Report of the Arctic Expedition ARK-XI/1 of RV 'Polarstern’ in 1995”,

edited by Eike Rachor.

Heft-Nr. 227/1997 - “Der EinfluB kompatibler Substanzen und Kyroprotektoren auf die Enzyme Malatdehydrogenase
(MDH) und Glucose-6-phosphat-Dehydrogenase (G6P-DH) aus Acrosiphonia arcta (Chlorophyta) der Arktis®,

von Katharina Kdck.

Heft-Nr. 228/1997 — “Die Verbreitung epibenthischer Mollusken im chilenischen Beagle-Kanal”, von Katrin Linse.
Heft-Nr. 229/1997 - “Das Mesozooplankton im Laptevmeer und dstlichen Nansen-Becken - Verteilung und
Gemeinschaftsstrukturen im Spatsommer”, von Hinrich Hanssen.

Heft-Nr. 230/1997 - “Modelf eines adaptierbaren, rechnergestiitzten, wissenschaftlichen Arbeitsplatzes am
Alfred-Wegener-Institut fir Polar- und Meeresforschung”, von Lutz-Peter Kurdelski.

Heft-Nr. 231/1997 - “Zur Okologie arktischer und antarktischer Fische: Aktivitdt, Sinnesleistungen und Verhaiten”,
von Christopher Zimmermann.

Heft-Nr. 232/1997 — “Persistente clororganische Verbindungen in hochantarktischen Fischen”,

von Stephan Zimmermann:_

Heft-Nr. 233/1997 — “Zur Okologie des Dimethylsulfoniumpropionat (DMSP)-Gehaltes temperierter und polarer
Phytoplanktongemeinschaften im Vergleich mit Laborkulturen der Coccolithophoride Emiliania huxleyi und der antarkti-
schen Diatomee Nitzschia lecointei”, von Doris Meyerdierks.

Heft-Nr. 234/1997 - “Die Expedition ARCTIC '96 des FS 'Polarstern’ (ARK Xll) mit der Arctic Climate System Study
(ACSYS)”, von Ernst Augstein und den Fahriteiinehmern.

Heft-Nr. 235/1997 - “Polonium-210 und Blei-219 im Stdpolarmeer: Natlrliche Tracer fir biologische und
hydrographische Prozesse im Oberflachenwasser des Antarktischen Zirkumpolarstroms und des Weddelimeeres®,
von Jana Friedrich.

Heft-Nr. 236/1997 - “Determination of atmospheric trace gas amounts and corresponding natural isotopic rations by
means of ground-based FTIR spectroscopy in the high Arctic”, by Arndt Meier.

Heft-Nr. 237/1997 — “Russian-German Cooperation: The Expedition TAYMYR / SEVERNAYA ZEMLYA 1996",

edited by Martin Melles, Birgit Hagedorn and Dmitri Yu. Bolshiyanow.

Heft-Nr. 238/1997 - “Life strategy and ecophysiology of Antarctic macroalgae®, by lvan M. Gomez.

Heft-Nr. 239/1997 — “Die Expedition ANTARKTIS Xill/4-5 des Forschungsschiffes 'Polarstern’ 1996%,

herausgegeben von Eberhard Fahrbach und Dieter Gerdes.

Heft-Nr. 240/1997 — “Untersuchungen zur Chrom-Speziation im Meerwasser, Meereis und Schnee aus ausgewahiten
Gebieten der Arktis“, von Heide Ciese.

Heft-Nr. 241/1997 - “Late Quaternary glacial history and paleoceanographic reconstructions along the East Greenland
continental margin: Evidence from high-resolution records of stable isotopes and ice-rafted debris®, by Seung-1l Nam.
Heft-Nr. 242/1997 — “Thermal, hydrological and geochemical dynamics of the active layer at a continuouse
permafrost site, Taymyr Peninsula, Siberia”, by Julia Boike.

Heft-Nr. 243/1997 ~ “Zur Paldoozeanographie hoher Breiten: Stellvertreterdaten aus Foraminiferen®,

von Andreas Mackensen.

Heft-Nr. 244/1997 — “The Geophysical Observatory at Neumayer Station, Antarctica. Geomagnetic and seismological
gbservatlons in 1995 and 1996“, by Alfons Eckstailer, Thomas Schmidt, Viola Gaw, Christian Miiller and Johannes
ogenhagen.

Heft-Nr. 245/1997 -~ “Temperaturbedarf und Biogeographie mariner Makroalgen - Anpassung mariner Makroalgen
an tiefe Temperaturen®, von Bettina Bischoff-Basmann.
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