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Abstract

The Continuous Plankton Recorder (CPR) Type I was first used in Antarctic waters during the 1925–1927 Discovery
Expedition, and has been used successfully for 70 years to monitor plankton in the North Sea and North Atlantic
Ocean. Sixty-five years later the CPR as a Type II version returned to Antarctic waters when the Australian Antarctic
Division initiated a survey of the Southern Ocean on RSVAurora Australis south of Australia and west to Mawson.
The objectives are to study regional, seasonal, interannual and long-term variability in zooplankton abundance, species
composition and community patterns, as well as the annual abundance and distribution of krill larvae. The survey
covers a large area from 60°E to 160°E, and south from about 48°S to the Antarctic coast—an area of more than 14
million km2. Tows are conducted throughout the shipping season, normally September to April, but occasionally as
early as July (midwinter). The large areal and temporal scale means that it is difficult to separate temporal and geographi-
cal variation in the data. Hence, CPRs are now also towed on the Japanese icebreakerShirase in collaboration with
the Japanese Antarctic programme.Shirase has a fixed route and time schedule, travelling south on 110°E in early
December and north on 150°E in mid-March each year, and will serve as an important temporal reference for measuring
long-term interannual variability and to help interpret the Australian data. Since 1991, over 90 tows have been made,
providing over 36,000 nautical miles of records. The most successful seasons to date have been the 1997/1998,
1999/2000 and 2000/2001 austral summers with 20, 31 and 26 tows, respectively. The 1999/2000 season included a
unique, nearly simultaneous three-ship crossing of the Southern Ocean along 25° 30’E, 110°E and 157°E. Typical CPR
tows show very high abundance of zooplankton in the uppermost 20 m of the permanently open ocean zone between
the sea-ice zone and the Sub-Antarctic Front; this is an area thought to be oligotrophic. Appendicularians and small
calanoid and cyclopoid copepods dominate the plankton. By comparison the surface waters of the sea-ice zone have
low species diversity and abundances. Zooplankton data, and hence distribution patterns, can be time- and geo-coded
to GPS data and environmental data collected by the ships’ underway monitoring system (e.g. fluorescence, water
temperature, salinity, and meteorological data).
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1. Introduction

Alister Hardy first conducted trials of his Type I Continuous Plankton Recorder (CPR) in Antarctic
waters during the 1925–1927 voyages of the RRS Discovery and RRS William Scoresby (Hardy, 1936).
Initial tows across the southern Atlantic Ocean were not always successful, but satisfactory samples were
collected over 2300 nautical miles, including a successful series of tows across Drake Passage producing
a continuous trace of Antarctic plankton abundance for nearly 300 nautical miles. There have been numer-
ous surveys of Antarctic zooplankton over the years, some looking at taxonomy, life histories or distribution
of individual species, and others studying large-scale distribution patterns of communities (e.g. Mackintosh,
1934; Hardy & Gunther, 1936; Baker, 1954; Foxton, 1956; Voronina, 1968, 1972; Hopkins, 1971). These
surveys have relied on traditional methods using zooplankton nets or midwater trawls, and have generally
been sporadic in both space and time. More concerted sampling of zooplankton was conducted in the early
1980s during the international BIOMASS (Biological Investigations of Marine Antarctic System and
Stocks) experiments in the region of the Antarctic Peninsula and Scotia Sea and the Prydz Bay region of
eastern Antarctica (see Pakhomov, 1989; Smith & Schnack-Schiel, 1990; Hosie, 1994; Schnack-Schiel &
Mujica, 1994). Australia continued surveying eastern Antarctic waters after BIOMASS finished and by
1996 had surveyed the area south of 60°S between 50 and 150°E (Hosie & Stolp, 1989; Hosie, 1994;
Hosie & Cochran, 1994; Hosie et al., 1997; Hosie, Schultz, Kitchener, Cochran, & Richards, 2000). All
the previous surveys were useful in defining species composition, community structure and distribution
patterns; these are ideal foundations for future monitoring, but they lack the spatial and temporal resolution
for assessing long-term variation in the system. The CPR has been re-deployed in the waters around eastern
Antarctica, six decades after its first trials, as a more effective rapid method for surveying and monitoring
zooplankton patterns in the region, in order to assess the effects of environmental change. This paper
describes the development of the Southern Ocean CPR survey and provides an overview of initial results.
Several acronyms are used in this paper and have been listed for convenience in Table 1.
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Table 1
List of acronyms

AAD Australian Antarctic Division
ACC Antarctic Circumpolar Current
ANARE Australian National Antarctic Research Expeditions
AZ Antarctic Zone—between the PF and SACCF
Bdy Southern boundary of the ACC
BIOMASS Biological Investigation of Marine Antarctic Systems and Stocks
CCAMLR Commission for the Conservation of Antarctic Marine Living Resources
C-EMP CCMLR-Ecosystem Monitoring Programme
CPR Continuous Plankton Recorder
GLOCHANT Global Change and the Antarctic
JARE Japanese Antarctic Research Expeditions
LMR-GOOS Living Marine Resources-Global Ocean Observing System
NIPR National Institute of Polar Research
NORPAC Net North Pacific standard plankton net
OPC Optical plankton counter
PAR Photosynthetically active radiation
PF Polar Front
PFZ Polar Frontal Zone—between the SAF and PF
POOZ Permanent Open Ocean Zone
RMT Rectangular mid-water trawl
SACCF Southern Antarctic Circumpolar Current Front
SAF Sub-Antarctic Front
SAHFOS Sir Alister Hardy Foundation for Ocean Science
SAZ Sub-Antarctic Zone—between the STF and SAF
SCAR Scientific Committee on Antarctic Research
SIZ Sea-ice Zone
SO-GLOBEC Southern Ocean-Global Ocean Ecosystem Dynamics
STF Sub-Tropical Front

2. Monitoring in Antarctica

The need to conduct monitoring programmes of Antarctic environments has long been recognised. The
Scientific Committee on Antarctic Research (SCAR) notes in its constitution (Annex 1) that “scientific
research and the exchange of information, which encompasses both the provision of baseline data and the
monitoring of change, is an essential part of environmental protection.” The obligation to conduct monitor-
ing became more formal under the (Madrid) Protocol on Environmental Protection to the Antarctic Treaty
1991. Article 3(2d,e) of the Madrid Protocol specifically states the requirement to establish programmes
to monitor existing impacts and activities but also to monitor for the detection of possible unforeseen
impacts (SCAR, 1993).

At a national level, Japan has established the Centre for Antarctic Environment Monitoring at the National
Institute for Polar Research in Tokyo, with the aims of studying the processes and mechanisms of variability
of Antarctic systems over decadal periods. The work of the institute aims to determine the impact of global
change on Antarctic systems and understand the role of Antarctica in influencing global change. Australia
has developed a number of new monitoring programmes with similar aims as well as focussing on marine
harvesting activities e.g. the CPR survey and Adelie penguin monitoring near Mawson (Kerry, Clarke, &
Else, 1993). This work supports a government goal of protecting Antarctica through an understanding of
processes which could harm the environment as well as through research into ecosystem structure and
function, biodiversity and global change.

The Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) has established
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an integrated international ecosystem monitoring programme C-EMP which has two clear objectives: 1)
to detect and record significant changes in critical components of the ecosystem, to serve as a basis for the
conservation of Antarctic marine living resources; 2) to distinguish between changes due to the harvesting of
commercial species and changes due to environmental variability, both physical and biological (Agnew,
1997). It is relatively easy to establish programmes to detect change, the difficult task is distinguishing
between anthropogenic and environmentally modulated change. For this purpose, CCAMLR has identified
three key prey species: Antarctic krill Euphausia superba, the neritic euphausiid Euphausia crystallorophias
and the fish Pleuragramma antarcticum, plus nine of their avian and mammalian predators.

The current C-EMP programme does have some limitations. For example, it is only looking at a small
part of a large complex ecosystem. The programme is mainly centred on Antarctic krill and its predators
(Croxall, 1990; Agnew, 1997), which is understandable given the importance of krill as a key species in
the ecosystem and as a target for commercial harvesting. The monitoring of krill and its predators is ideal
for detecting effects of localised over-harvesting and a number of C-EMP sites have been set up around
Antarctica. However, there are still some difficulties in adequately measuring the abundance of krill and
surveying some of the predators such as crab-eater seals. Furthermore, the C-EMP programme may not
be sensitive enough to detect changes caused by environmental variability and consequently to distinguish
those changes resulting from harvesting impact (the second objective of C-EMP). The monitoring of zoo-
plankton may help to make that distinction by serving as a reference for the general state of the ecosystem
through studies on natural variability and global change. The value of time-series studies of zooplankton
to monitor the status of oceans and to define long-term patterns of variation is well recognised (Colebrook,
Robinson, Hunt, Roskell, John, Botrell et al., 1984; Colebrook, 1986; Roff, Middlebrook, & Evans, 1988;
Warner & Hays, 1994; Taylor, 1995; Fromentin & Planque, 1996; Sugimoto & Tadokoro, 1997; Reid,
Planque, & Edwards, 1998b; Clark, Frid, & Batten, 2001).

The sensitivity of plankton to changes in the ecosystem has recently been demonstrated. Reid, Edwards,
Hunt, & Warner (1998a) reported a sudden major change in the phytoplankton regime in the North Sea
and North Atlantic in the late 1980s. The significance of this dramatic change would not have been fully
appreciated had it not been for the preceding 30 years of monitoring which demonstrated the long-term
stability of the previous regime. In the North Pacific Hare and Mantua (2000) reported much clearer indi-
cations in biological records than those expressed by indices of Pacific climate following the 1989 North
Pacific regime shift. They noted that monitoring of ecosystems may allow earlier identification of change
than is possible from monitoring climate data alone. Both these studies and the one reported by Reid,
Planque & Edwards (1998b) have revealed that significant biological changes can occur over a very short
time scale, i.e. one or two years, in a step-wise or threshold fashion rather than as a linear response to
climatic or environmental forcing over several years.

Numerous frontal zones exist in the Southern Ocean: the sub-tropical front (STF), sub-Antarctic front
(SAF), polar front (PF), southern Antarctic Circumpolar Current front (SACCF) and the southern boundary
of the ACC. Each front marks the limit of unique water masses or a zone with distinct changes in tempera-
ture, salinity and oxygen properties (Orsi, Whitworth, & Nowlin, 1995). Notable zones between the fronts
are the Sub-Antarctic Zone (SAZ) between the STF and SAF, the Polar Frontal Zone (PFZ) between the
SAF and PF and the Antarctic Zone between the PF and SACCF. The ACC travels eastward uninterrupted
around Antarctica and a westward-flowing current runs along the Antarctic coast causing a divergence
from the southern boundary of the ACC (Bindoff, Rosenberg, & Warner, 2000). Temperature is one of
the major factors controlling Antarctic zooplankton communities at macro- and meso-scale levels (Hosie,
Schultz, Kitchener, Cochran & Richards, 2000). Many species, including copepods, have wide circumpolar
distributions but still exhibit preferences for warmer or colder waters within the region (Lomakina, 1966;
Foxton, 1971; Kittel & Stepnik, 1983; Everson, 1984; Beaumont & Hosie, 1997). For example, Salpa
thompsoni is generally confined to the warmer waters of the ACC (Foxton, 1966; Smith & Schnack-Schiel,
1990), whereas the copepod, Metridia gerlachei, prefers the colder waters typically found south of the
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southern boundary of the ACC (Zmijewska, 1983; Schnack-Schiel & Mujica, 1994). Sea-ice cover is
another major physical variable that affects the Antarctic marine ecosystem, and the extent and fluctuation
of sea-ice cover are believed to affect krill and zooplankton distribution and abundance (Knox, 1994; Loeb,
Siegel, Holm-Hansen, Hewitt, Fraser, Trivelpiece et al., 1997; Tyan, 1998; Nicol, Pauly, Bindoff, Wright,
Thiele, Hosie et al., 2000). Sea-ice cover extends from approximately 20 million km2 at its maximum
extent in September–October to 4 million km2 in high summer January–February (Zwally, Comiso, Parkin-
son, Campbell, Carsey, & Gloerson, 1983; Comiso & Zwally, 1984).

Antarctica and surrounding waters are expected to be particularly sensitive and vulnerable to climate
change and Antarctic zooplankton may respond to climatic forcing in the same fashion as demonstrated
in the North Sea, Atlantic and North Pacific. Furthermore, there is already some indication that both zoo-
plankton and krill may be sensitive to slight increases in UV levels (Malloy, Holman, Mitchell, & Dietrich,
1997; Newman, Nicol, Ritz, & Marchant, 1999). Changes in environmental conditions, e.g. circulation
patterns, position of frontal zones, climate, sea-ice cover, UV or pollution, would be expected to be mani-
fested first in the phytoplankton, then in the zooplankton. Antarctic zooplankton have much shorter lives,
often one or two years or considerably less for small copepods (Kane, 1966; Everson, 1984; Marin, 1988;
Paffenhöfer, 1993; Atkinson, 1998) and therefore have a faster population turnover than their vertebrate
predators, so they may be expected to respond more rapidly to change. In turn, zooplankton such as cope-
pods and salps are important grazers along with krill and form alternative links in the Antarctic food-chain
between phytoplankton and vertebrates. Long-term monitoring of zooplankton communities, including krill
larvae, would give a more valuable early warning of changes in the Southern Ocean and Antarctic ecosystem
than sole reliance on establishing changes in adult krill abundance or populations of higher vertebrates as
targeted by C-EMP and other monitoring programmes.

A number of programmes have been proposed to conduct monitoring at regional and global scales, e.g.
Living Marine Resources-Global Ocean Observing System (LMR-GOOS), Global Change in Antarctica
(GLOCHANT), and Southern Ocean-Global Oceans Ecosystems Dynamics programme (SO–GLOBEC)
(GLOBEC, 1994; SCOR, 1996; El-Sayed, 1998). Surprisingly, despite these plans, the size and importance
of the Antarctic and Southern Ocean marine environments and the value and relative ease of zooplankton
monitoring, few large-scale zooplankton monitoring programmes have been initiated to date. Most marine
surveillance in C-EMP, at the Palmer Long Term Ecological Research site (Ross, Hoffmann, & Quetin,
1996) or studies around Elephant Island (Siegel, Loeb, & Gröger, 1998) are quite localised. The Seminar
on Antarctic Ocean and Resource Variability (Paris, 1987) expressed doubts about the suitability of such
localised studies for extrapolation to larger regions or to the whole Antarctic system (Sahrhage, 1988).

3. Establishing the Southern Ocean CPR survey

The Australian Antarctic Division (AAD) initiated a long-term Continuous Plankton Recorder survey in
1991 to map and monitor zooplankton patterns in the Southern Ocean as a means of assessing the status
and health of the region. Specific objectives of the survey are:

(a) To map the biodiversity and distribution of zooplankton, including euphausiid (krill) life stages, in the
Southern Ocean,

(b) To assess the seasonal, annual and long-term variability in abundance, species composition and distri-
bution patterns of the Southern Ocean zooplankton communities,

(c) To assess the variability of abundance and development of krill larvae produced each year.

The first objective deals with the issue of defining the species composition and fine-scale distribution
patterns in the region before studies of variation (the second objective) can be tackled. The various zoo-
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plankton surveys of the sea-ice zone (SIZ) and permanent open ocean zone (POOZ) (e.g. Hubold, Hem-
pel, & Meyer, 1988; Pakhomov, 1989, 1993; Siegel & Piatkowski, 1990; Hosie, 1994; Hosie & Cochrane,
1994; Hosie et al., 1997, 2000; Takahashi, Tanimura, & Fukuchi, 1998; Atkinson & Sinclair, 2000) have
provided essential information on species composition throughout the water column, but the large spatial
separation of the samples is too coarse to define fine-scale patterns around frontal zones. The third objective
attempts to use the CPR as a predictive tool for future krill stock variation rather than relying on assessment
of current adult krill biomass, which is largely historical data by the time acoustic data and net samples
are analysed.

3.1. Establishment period, 1990–1994

Two CPR units (each comprising an external body and three cassettes) were purchased from the Sir
Alister Hardy Foundation for Ocean Science (SAHFOS) in Plymouth UK. The Australian survey initially
focussed on the sea-ice zone where previous intensive sampling surveys using larger nets (rectangular mid-
water trawls or similar) had defined zooplankton composition and shown stability in the species associations
and community structure, which provided an ideal foundation for future monitoring (Hosie, 1994; Hosie &
Cochran, 1994; Hosie et al., 1997, 2000). Any future changes in species association and composition will
be indicative of change in the ecosystem. The sea-ice zone is also the main habitat of Antarctic krill
(Hempel, 1985). The POOZ, which equates approximately with the PFZ and AZ, was not considered at
this stage as it was assumed to be oligotrophic (Banse, 1996; Atkinson, 1998) and thus less important than
the more productive SIZ. Sampling was undertaken only on dedicated science voyages of the RSV Aurora
Australis. The establishment period was longer than anticipated because of the loss of one unit and the
repeated damage to the other by ice or during recovery/deployment; only seven successful tows were
completed in this period (Table 2). Nonetheless, these few trawls were still valuable for comparison with
later tows, although the abundance and diversity of zooplankton were considerably less than anticipated
from RMT net sampling. The decision was made to redesign and manufacture our own new units which
would be more robust.

Table 2
Distances in nautical miles sampled by month and by season

July August September October November December January February March April May Total

Australian CPR
1990–1991 130 957 1087
1992–1993 396 85 481
1993–1994 342 342
1995–1996 459 459
1996–1997 1525 1525
1997–1998 778 136 512 873 1821 2711 904 7735
1998–1999 439 725 885 1220 3269
1999–2000 903 216 249 830 90 429 2067 2173 451 7408
2000–2001 1264 274 1675 2256 3439 8908
Total 31214

Japanese CPR
1999–2000 495 549 897 1377 3318
2000–2001 1227 688 1915
Total 5233
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3.2. Manufacture and trials period, 1993–1996

Two new external units and seven cassettes were produced using marine grade 316 steel, rather than
phosphor bronze as used previously. The units were redesigned for simpler loading and unloading of silk
and preservative. Units were nickel-plated to reduce corrosion. Unlike the older CPRs with cassettes fitting
only their own housing, the new CPRs have cassettes which are interchangeable between external housings
and have interchangeable parts. Trials were conducted in the 1995/1996 and the first part of the 1996/1997
austral summer season. After minor modifications to the design and changes in the material of some gear
components, fully successful trials were conducted on the last voyage of the season in April 1997. During
this period, CPR tows were extended into the POOZ and conducted on both science and resupply voyages.

3.3. Fully operational period, April 1997 onwards

The 1997/1998 season was very successful with 21 tows made over four voyages. Sampling was extended
into the POOZ and was carried out on all scientific and resupply voyages of Aurora Australis. These
voyages run throughout most of the year and over a wide area south and south-west of Australia. A high
level of sampling intensity has been maintained since, with the exception of the 1998/1999 season when
two ship fires and rudder problems restricted the whole Australian Antarctic programme.

4. Collaboration with the Japanese Antarctic Programme

The wide spatial coverage of the Australian survey is ideal for mapping biodiversity, but with the survey
extending over much of the year, separation of spatial and temporal variation in zooplankton becomes
difficult and this complicates the task of addressing the second objective of identifying seasonal and interan-
nual changes in zooplankton patterns. However, a fixed CPR transect proved infeasible in the extensive
and demanding ANARE ship schedule.

By contrast the icebreaker Shirase of the Japanese Maritime Self-Defence Fleet used by the Japanese
Antarctic Research Expeditions, has a fixed time schedule and route down 110°E longitude from Fremantle
en route to the Japanese Antarctic station, Syowa, each December. The ship also follows the same return
leg in February/March from Syowa, past Casey to 150°E, then north to Sydney. En route, Shirase conducts
daily CTD and NORPAC net samples at more or less the same time and location each year. The National
Institute of Polar Research (NIPR) established a long-term routine zooplankton sampling programme on
JARE voyages commencing with JARE 14 in the 1972/1973 austral summer. Zooplankton samples were
usually taken once a day using a twin NORPAC net (0.16 m2, 110 and 330 µm mesh) to estimate the
mean biomass of zooplankton and time/space variation in the uppermost 150 m of the Indian Ocean sector
of the Southern Ocean (Takahashi, Tanimura & Fukuchi, 1998). Initial analyses of total zooplankton
biomass from 1972/1973 to 1995/1996 (JARE 14 to 37) showed some cyclic variation in abundance with
4–6 year periodicity, which may be related to physical processes such as sea-ice extent or the Antarctic
Circumpolar Wave (Takahashi, Tanimura & Fukuchi, 1998). This was particularly so in the case of the
northern oceanic community in the Antarctic Zone south of the Polar Front. More detailed analyses in a
smaller area north of Syowa also identified a correlation between zooplankton biomass and temperature
(Tanimura, Hosie, & Chiba, 1999). The NORPAC net has been invaluable in demonstrating long-term
interannual and interdecadal cyclic patterns in the North Pacific (Sugimoto & Tadokoro, 1997). However,
because of its small size coupled with net avoidance problems, it was noted that the NORPAC net was
not ideal for long-term mapping and monitoring of changes in distribution or abundance in relation to the
various oceanographic boundaries in the Southern Ocean. The need for an additional method of continuous
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monitoring was identified and initially an optical plankton counter OPC was installed on the Shirase. At
present the OPC remains un-calibrated—it can count and size particles but not identify species.

The routine schedule of Shirase is ideal as a long-term temporal reference for CPR work and in particular
to help to interpret the data collected by Australia over the rest of the area. The CPR also complements
the existing JARE NORPAC net and OPC sampling. Both nations collect the same type of environmental
data, e.g. temperature, salinity and fluorescence, through automated seawater monitoring systems. Conse-
quently, a Japanese-Australian collaborative zooplankton monitoring programme was developed with an
Australian CPR unit on Shirase. This programme commenced in December 1999 on JARE 41. Six tows
are scheduled on each JARE voyage: two tows south along 110°E from 45°S to the ice edge in December;
two tows west between 80 and 150°E along 63°S in February–March; and then two tows north along 150°E.

During the development of the collaborative programme a CPR was towed on Kaiyo Maru during the
1999/2000 synoptic krill survey of the Atlantic Peninsula region. This provided a rare opportunity to con-
duct almost simultaneous tows across the Antarctic Circumpolar Current in late November and early
December 1999, along three widely spaced transects, 25° 30’E (Kaiyo Maru), 110°E (Shirase) and 158°E
(Aurora Australis), and to test for similarities in zooplankton patterns across the frontal zones of the ACC.
In theory, subject to seasonal variation, the species composition of zooplankton should be the same within
any part of the current as the ACC flows uninterrupted around Antarctica. The CPR towed by Kaiyo Maru
was supplied by SAHFOS. The Kaiyo Maru voyage also provided the opportunity to replicate one of
Hardy’s early CPR transects across Drake Passage and to compare species composition between 1927
and 2000.

5. General sampling protocol

The principal survey area is from 60° to 160°E and south of approximately 48°S to the Antarctic coast
representing an area of ~14 × 106 km2. The Aurora Australis deploys CPRs on each voyage, either on
routine supply routes or on dedicated research cruises between Australia and the Antarctic stations. Sam-
pling usually commences just north of the anticipated SAF (~48–50°S) and finishes at the ice edge or near
the continent. CPRs are not used when sea-ice is present. Sampling on return routes normally commences
soon after leaving a station or clearing the ice edge. For much of the year, when ice cover is extensive,
there are just two tows on each of the southward and homeward legs. Volunteers amongst the expedition
members are used on board most voyages and are provided with four prepared cassettes for loading into
the CPR body. Units are serviced on return to the Australian Antarctic Division. In high summer, January–
February, the ice cover is minimal, allowing a greater spatial coverage for sampling. A dedicated CPR
person participates in at least one voyage during that period so that the CPR can be serviced and cassettes
reloaded with new plankton mesh allowing up to 10 or more tows to be completed. In January–February
1998, 11 tows were completed between Hobart and Mawson station producing 2365 nautical miles of
continuous records on the southward leg and 1367 miles on the return leg.

On each JARE voyage, tows commence around 45°S on 110°E, close to December 6, and finish at 60°S
or the ice edge. Northward tows on 150°E start around 12–14 March at 63°S. Tows on the southward and
northward routes are normally 300 nautical miles long to allow for net and CTD sampling at routine annual
stations set at intervals of 5° latitude. Where possible, additional tows eastward along 63°S between 80
and 150°E from 4–9 March are also conducted. This is an area which has exhibited a strong longitudinal
difference in zooplankton composition and other biological features (Hosie, Schultz, Kitchener, Cochran &
Richards, 2000; Nicol et al., 2000). Fig. 1 shows the coverage of all tows from 1991 to 2001.

The location of the transects sampled during the three-ship comparison is shown in Fig. 2. These started
within a 14-day period which was as close to a common start time as the three ship schedules would
permit. Sampling along 25° 30’E by Kaiyo Maru started on 24 November 1999 at 47° S, by Aurora
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Fig. 1. CPR tracks for Australian (Aurora Australis) and Japanese (Shirase) components of the Southern Ocean Survey from January
1991 to March 2001. Oceanographic fronts of the Antarctic Circumpolar Current (ACC) as defined by Orsi, Whitworth and Nowlin
(1995) are also shown. STF = Sub-Tropical Front; SAF = Sub-Antarctic Front; PF = Polar Front; SACCF = Southern ACC Front;
Bdy = southern boundary of the ACC.

Australis along 158° 57’E on 1 December 1999 at 54° 33’S, and by Shirase along 110°E on 8 December
46° 17’S. Problems occurred with the first Shirase tow and sampling was not successful north of 50° 26’S.

The Aurora Australis has an automatic data-logging system that records various oceanographic, meteoro-
logical and navigational data, e.g. temperature, salinity/conductivity via a thermosalinograph (SeaBird
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Fig. 2. CPR tracks of the three-ship survey from the 1999–2000 season. Kaiyo Maru 24–25 November 1999, Aurora Australis1–2
December 1999 and Shirase 7–9 December 1999. Approximate position of SAF and PF relative to each transect derived from ships’
environmental monitoring system or Orsi et al. (1995).

SBE21), fluorescence (Turner Design TD 10), high-resolution water temperature, wind speed and direction,
solar radiation, photosynthetically active radiation (PAR), UV radiation, and barometric pressure. An Ashtec
3DF GPS provides data on attitude and position of the ship. Table 3 shows environmental data routinely
recorded and available for comparison. The seawater intake for the oceanographic measurements is at 7
m depth. This is close to the average towing depth of 8 m for CPRs deployed from Aurora Australis as
determined by a miniature time/depth recorder placed inside a unit. On dedicated cruises, hydroacoustic
data are also collected, using 12, 38, 120 and 200 kHz frequencies. The last three frequencies are used to
survey the distribution and biomass of krill. Shirase has a similar underway environmental system that
records water temperature, salinity, fluorescence, oxygen, OPC and GPS data etc (Fukuchi & Hattori, 1987).

Table 3
Typical environmental data recorded by ships’ automated systems. ∗ indicates data commonly recorded by all three survey ships
Aurora Australis, Shirase and Kaiyo Maru

Sea-water temperature∗
Salinity & conductivity∗
Fluorescence∗
Light—Photosynthetically Active Radiation (µ-Einstein m�2 s�1)

—Solar Radiation (Watts m�2)
UV (Watts m�2)
UV-B (MED/HR (Minimum erythema dose per hour))
Wind speed & direction
Barometric pressure
Hydroacoustics—12, 38, 120, 200 kHz
Optical Plankton Counter (Shirase)
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Kaiyo Maru also recorded GPS, temperature, salinity and fluorescence, the three oceanographic variables
common to all three ships (Takahashi et al., 2002).

CPR silks are cut into sections representing five nautical miles. A computer programme written in Visual
Basic is used to determine the length and number of sections to be cut. The programme enables time-
stamped position and selected environmental data, recorded at one-minute intervals on the ships’ data-
logging systems, to be assembled into data sections of five nautical miles each. Environmental data are
averaged for the same sections and subsequently linked with the zooplankton data through the latitude and
longitude assigned to the end of each section. This programme is used in both the Australian Antarctic
Division and Japanese laboratories. The five nautical mile segments were chosen in order to make compari-
sons at a higher resolution in the vicinity of frontal zones, but the data can be assembled into still larger
bins, e.g. ten nautical miles as used by SAHFOS. After the silks have been cut, large specimens easily
identified by eye (e.g. euphausiids) are removed and counted and the remaining species identified and
counted using a microscope. Zooplankton analyses are conducted at AAD and NIPR laboratories.

6. Significant findings to date

By the end of the 2000–2001 season, the Southern Ocean CPR survey has accumulated over 36,000
nautical miles of records, comprising 31,214 miles on Aurora Australis over 10 years, 3318 miles on
Shirase from two seasons and 1915 miles on Kaiyo Maru (Table 2). Sampling was less intense prior to
1997, during the development of the survey, the familiarisation with the use of the CPR and the subsequent
design and commissioning of new machines. In terms of sampling the 1997–1998, 1999–2000 and 2000–
2001 seasons were the most intense. Logistical problems in the 1998–1999 season restricted sampling.
Tows have been conducted in nearly all months except June. Low abundances were typical through the
winter months with the lowest values recorded in August. Abundances peaked through November to Febru-
ary and then quickly declined (Fig. 3). Little variation was seen during the months of low abundance,

Fig. 3. Seasonal changes in total zooplankton abundance. Values for each month calculated as total numbers caught during that
month divided by associated total distance sampled (Table 2) and standardised per five nautical mile units. Average for all years
shown, and sub-average 2000–2001 season values highlighted.
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compared with the peak months between November and February. Most of the values for the period 1999–
2000 were well above the average (except in December and March), whereas data gathered so far from
the 2000–2001 season consistently showed much lower values.

Marked latitudinal zonation in abundance was regularly observed in relation to the frontal zones (Fig.
4). Low abundances were typically recorded in the Sub-Antarctic Zone (SAZ) north of the Sub-Antarctic
Front (SAF), and in the sea-ice zone south of the Southern Antarctic Circumpolar Front (SACCF). The
very low abundances found in January and February (Fig. 3), were recorded from the sea-ice zone in the
initial years of the survey. Species diversity was also lowest in the sea-ice zone. Highest abundances were
recorded in the region between the SACCF and the SAF, i.e. the Polar Frontal Zone (PFZ) between the
SAF and PF, and the Antarctic Zone between the PF and SACCF. There were also quite abrupt changes
in abundance across the SAF and SACCF, clearly demonstrated in the series of tows taken in the high
summer of 1998 between Hobart and Mawson station (Fig. 5). Sampling commenced on 29 January 1998
just south of South Australia and finished just north of Mawson on 6 February. This series comprised six
tows covering 2365 nautical miles with minimal breaks between each tow. Total zooplankton abundance
is plotted for each 5-mile section along with sea-water temperature, salinity, fluorescence, and light (PAR)
averaged over the same section from data recorded at 1-minute intervals. Results can be similarly plotted
for individual taxa.

The area influenced by sea-ice is indicated in Fig. 5(a). At the time of sampling, the sea-ice had retreated
to its minimum extent just north of Mawson. At its maximum extent in late winter and early spring
(September–October) the ice can extend as far as 59–60° S. Samples from the 1998 track displayed strong
diurnal variation in zooplankton abundance negatively related to light level, indicative of night-time
migration of plankton into surface waters. The peak of zooplankton abundance was notably weak north of
the SAF. Fluorescence followed the same diurnal pattern. There was a general decline in the PAR peak
from north to south as the angle of the sun declined with latitude, with the exception of the second and
third peaks (days) when there was heavy cloud cover. The diurnal pattern highlights the extremely abrupt
decline in zooplankton abundance around 60° 49’S during the middle of the sixth night when a peak of
zooplankton might have been expected. Abundances remained extremely low in the rest of the sea-ice zone

Fig. 4. Latitudinal change in total abundance during the peak months of November to February. Each value represents individual
5-nautical-mile sections. Approximate position of frontal zones as defined by Orsi et al. (1995) are shown.
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Fig. 5. CPR tow from Aurora Australis 29 January–6 February 1998. Total abundance per 5 nautical mile segment and environmental
data averaged over the same segment: (a) seawater temperature and latitude shown; (b) salinity; (c) photosynthetically active radiation
PAR as µ-Einstein m�2, date is shown for 1200 hours GMT; (d) fluorescence, arbitrary values. Region influenced by sea ice is shown
in 5a, maximum northern extent in October and minimum in January–February at time of sampling.

with an associated decline in the number of taxa collected, i.e. 24, compared with 37 in the open ocean
zone. The change in zooplankton abundance around 51° 39’S coincided with the SAF, as indicated by the
marked drop in temperature and salinity. There was no similar change in temperature or salinity around
60° 49’S, however, which indicates an oceanographic feature associated with the decline in zooplankton
abundance, although the position is close to the SACCF (Orsi, Whitworth & Nowlin, 1995). At the same
place, a very large peak of fluorescence was found, possibly a consequence of the absence of grazers, or
related directly to such a feature as the SACCF. It is known that the various fronts in the Southern Ocean
are more easily detected at depths greater than the ship’s sea-water intake at 7 m, and the SACCF can
only be properly defined at depths around 500 m (Orsi, Whitworth & Nowlin, 1995). On the other hand,
the vertical migration of plankton, coupled with their environmental preferences, perhaps makes them more
useful as markers of fronts than oceanographic data on their own. Certainly, low abundances were always
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recorded at higher latitudes and the change in abundance approximated to the position of the SACCF across
the range of longitudes (Figs. 1 and 4).

Over 90 taxa and associated developmental stages (of euphausiids and copepods only) have been ident-
ified in the CPR samples, although the majority have only been caught infrequently (Table 4). The small
cyclopoid copepod Oithona spp—most likely O. similis based on information from net hauls (Fransz &
Gonzalez, 1995)—were consistently the most abundant zooplankton, generally representing around 50%
of total zooplankton numbers in the PFZ and AZ. There was a decline in the abundance of Oithona north
of the SAF and south of the SACCF. This is commensurate with other studies of numerical dominance
and distribution of abundance (Fransz & Gonzalez, 1995; Atkinson & Sinclair, 2000). Small calanoid
copepods (most likely Microcalanus pygmaeus and Ctenocalanus sp) and the larger Calanus simillimus
were the next most common taxa. Atkinson and Sinclair (2000) observed similar proportions in the PFZ,
PF and AZ of the Scotia Sea. They noted that Oithona spp, Oncaea spp, Microcalanus pygmaeus and
Ctenocalanus spp. comprised 75% of copepod numbers in the top 1000 m across all zones based on
net hauls. Other common species were small euphausiids, Thysanoessa macrura and Euphausia frigida,
foraminiferans and appendicularians of the genera Oikopleura and Fritillaria. Fenaux, Bone and Deibel
(1998) noted that appendicularians were one of the most abundant members of zooplankton communities
in all oceans. However, they are particularly fragile and often destroyed or severely damaged when collected
in standard plankton nets (Gorsky & Fenaux, 1998), and are thus likely to be considerably undersampled
by the CPR. South of the SACCF, species diversity declined and the cyclopoids and small calanoid cope-
pods became less important. Thysanoessa macrura remained abundant, with Euphausia superba and Salpa
thompsoni caught as expected from RMT net hauls (Hosie, 1994; Hosie & Cochran, 1994; Hosie et al.,
1997, 2000).

Notable is the general absence or extremely low abundance of chaetognaths, siphonophores, hyperiid
amphipods and the large calanoid copepods Calanus propinquus, Calanoides acutus, Rhincalanus gigas
and Metridia gerlachei, which dominate RMT net hauls. Chaetognaths were particularly common in the
CPR samples taken in 1927 across Drake Passage (Hardy, 1936), and their changes in abundance corre-
sponded with changes in copepod abundance in those tows.

The permanent open ocean zone (POOZ) is generally considered oligotrophic, although primary pro-
duction can be elevated around the PFZ, but not as high as in the sea-ice zone (Banse, 1996; Atkinson,
1998; Fiala, Semeneh, & Oriol, 1998). Cyclopoid copepods are ideally suited for such conditions and it
is not surprising that they were indeed the dominant taxa. Active cyclopoid copepods require minimal
amounts of food (Paffenhöfer, 1993). They are known to consume diatoms, ciliates and heterotrophic
dinoflagellates (Hopkins & Torres, 1989; Fransz & Gonzalez, 1995; Nakamura & Turner, 1997), and can
act as ‘coprophagous’ fi lters preventing faeces leaving surface waters (Gonzalez & Smetacek, 1994). Equ-
ally suited to oceanic oligotrophic conditions are appendicularians (Deibel, 1998). They can concentrate
bacteria, ciliates, flagellates and particulate matter to approximately 100–1000 times the ambient concen-
tration on the delicate filtering mesh of their gelatinous houses (Davoll & Silver, 1986; Bedo, Acuña,
Robins, & Harris, 1993). Their houses need to be discarded as much as several times per day, as the mesh
becomes clogged with particulate matter and protists. The discarded houses are ideal platforms for the
production of marine snow (Davoll & Silver, 1986; Alldredge & Silver, 1988). Both the discarded houses
and the appendicularians themselves are consumed by carnivorous zooplankton and adult and larval fish
(Gorsky & Fenaux, 1998). Species of Oncaea are known to feed on protists and matter collected on and
inside the appendicularian houses (Alldredge, 1972; Ohtsuka & Kubo, 1991). Although the region may be
considered oligotrophic in terms of primary production, the large numbers of zooplankton found in the
POOZ seem to be supported by a system based on heterotrophs and phagotrophs.
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Table 4
Identified taxa and associated developmental stages (euphausiids and copepods only). Indet: species not identified

Euphausiacea Amphipoda
Euphausia crystallorophias Cyllopus lucasi
Euphausia crystallorophia calyptopis Hyperia antarctica
Euphausia crystallorophias furcilia Hyperiella antarctica
Euphausia frigida Hyperiella dilatata
Euphausia frigida calyptopis Hyperiella sp.
Euphausia frigida furcilia Hyperiid juveniles indet
Euphausia longirostris Phronima sp.
Euphausia superba Primno macropa
Euphausia super calyptopis Themisto gaudichaudi
Euphausia superba furcilia Vibilia antarctica
Euphausia triacantha Amphipod indet.
Euphausia triacantha calyptopis Other Crustacea
Euphausia triacantha furcilia Decapod larvae indet
Euphausia vallentini Decapod zoea indet
Nematoscelis megalops Nauplius (small) indet
Thysanoessa macrura Nematocarcinus longirostris juvenile
Thysanoessa macrura metanauplius Ostracoda
Thysanoessa macrura calyptopis Mollusca
Thysanoessa macrura furcilia Clio pyramidata
Euphausiid indet Clione antarctica
Euphausiid metanauplius indet Limacina cf retroversa
Euphausiid calyptopis indet Limacina helicina
Euphausiid furcilia indet Spongiobranchaea australis
Copepoda Gastropod indet.
Calanoid copepodites indet. Galiteuthis glacialis juvenile
Calanoid copepods (small) Squid indet
Calanoides acutus Chaetognatha
Calanus propinquus Eukrohnia hamata
Calanus simillimus Sagitta gazellae
Candacia falcifera Sagitta marri
Candacia maxima Chaetognath indet juv
Ctenocalanus spp Polychaeta
Drepanopus sp. Pelagobia longicirrata
Euaugaptilus sp. Tomopteris carpenteri
Euchaeta antarctica Tomopteris sp.
Euchaeta sp. copepodites Vanadis antarctica
Euchirella rostromagna Tunicates
Haloptilus oxycephalus Fritillaria spp.
Heterorhabdus austrinus Oikopleura spp.
Metridia gerlachei Salpa thompsoni
Metridia lucens Cnidaria
Microcalanus pygmaeus Ctenophore indet
Onchocalanus sp. Hydromedusae indet
Pleuromamma robusta Medusae indet
Pleuromamma sp. Solmundella bitentaculata
Rhincalanus gigas Other Taxa
Rhincalanus gigas nauplius Echinoid larvae
Oncaea sp. Egg mass
Oithona spp. Fish egg
Harpacticoid Fish larvae
Copepod indet. Foraminifera

Radiolarian
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6.1. Three-ship survey

The results of this survey are still undergoing detailed analysis but have been reported in part by Takah-
ashi et al. (2002) and Umeda, Hosie, Odate, Hamada and Fukuchi (2002). Key points of the three-ship
survey are presented below.

The three ships commenced sampling within 14 days of each other, which is as close to simultaneous
sampling as possible given the different scientific and logistic priorities of the vessels. The ships also
started at different positions relative to the SAF and PF. Kaiyo Maru started sampling north of the SAF,
Shirase between the SAF and PF and Aurora Australis just on the PF. Consequently, different distribution
patterns of abundance were seen across the fronts, but they tended to be low north of the SAF and higher
south of it as seen in other tows (Fig. 4). Within the same zone, PFZ or AZ, the abundances were the
same on the three transects and there were no statistically significant differences in abundance. Species
composition and the relative proportions were similar between transects for the ten most abundant taxa
(Fig. 6). The composition and proportions were similar to those obtained from other CPR tows through

Fig. 6. Major taxa recorded on each transect of the three-ship survey, November–December 1999: (a) Kaiyo Maru, (b) Aurora
Australis and (c) Shirase.
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the PFZ and AZ; the only exception was the higher proportion of foraminiferans caught by Kaiyo Maru.
The similarity in abundance and composition between the transects, as well as consistency with previous
tows, strongly indicates minimal spatial variation. This will allow more confidence in properly identifying
and assessing temporal variation.

6.2. Krill larvae

The third objective of the Southern Ocean CPR survey is to assess the variability of abundance and
development of Antarctic krill larvae. CPR tows along dispersal routes of krill larvae (Hosie, 1991) have
caught very few larvae. Two surveys in January 1985 and March 1987, using an RMT 1 (1 m2, 300 µm
mesh) towed obliquely between 0 and 200 m, showed that krill larvae were dispersed through the eastern
part of the Prydz Bay region by a north-easterly current emanating from the centre of Prydz Bay (Hosie,
1991). CPRs towed through the eastern Prydz Bay region since 1991, where densities of larvae exceeding
100 m�3 were recorded in March 1987 (Hosie, Kitchener, Stolp, Cochran, & Williams, 1991), have shown
a general absence of larvae throughout the area. Concurrent CPR and RMT 1 net tows through the same
region in March 1991 caught very few larvae (Hosie & Cochran, 1994). This suggests that either there
had been a change in the krill spawning pattern, or the north-easterly current has been absent since 1991
(Hosie & Cochran, 1994). It is also possible that krill larvae spend little time in the uppermost 20 m of
the water column, although moderate numbers of larvae have been collected on the route through Prydz
Bay between Mawson and Davis and north-east of Casey station. By comparison, larvae of the smaller
euphausiids, Euphausia frigida and Thysanoessa macrura, were numerous in CPR tows in the region north
of the sea-ice zone, especially those of the latter species.

7. Concluding remarks

The Southern Ocean CPR survey is still very much in its infancy. In the first half of the 1990s it has
gone through a period of development with a redesign and construction of new units. Consistent and
extensive data have only been collected since April 1997. Nonetheless, the survey has already produced
valuable information on distribution patterns in relation to the fronts of the ACC which can be related to
environmental data. The Survey has also shown that there is a higher species diversity and considerably
higher abundance of zooplankton in the uppermost 20 m of the oligotrophic open-ocean zone than in the
surface waters of the sea-ice zone. There is also some indication of a large degree of variation in abundance
between years during the summer period of November to February. Experience from the CPR survey of
the North Sea and North Atlantic (Colebrook et al., 1984; Fromentin & Planque, 1996; Reid, Edwards,
Hunt & Warner, 1998a), plus the NORPAC net sampling of the sub-Arctic Pacific and Bering Sea
(Sugimoto & Tadokoro, 1997), has shown that 40 years at least will be required to make an assessment
of true interannual and interdecadal patterns. It is anticipated that after another five to ten years of sampling,
in addition to existing data, some comments can be made on the biodiversity of the region and associated
spatial patterns. More importantly, the degree of seasonal variation should be known, which will be essential
in the interpretation of interannual variation. Hardy first used the CPR during the 1925–1927 voyages of
the southern Atlantic Ocean. The tows across Drake Passage in April 1927 were particularly successful.
With the benefit of hindsight, knowledge of the decline in the great whales and possible effects on krill
and zooplankton composition (Kawamura, 1986, 1987), plus the threats of global warming and ozone
depletion, Hardy might have elected to continue CPR tows in Antarctic waters in addition to the Northern
Hemisphere. The information gathered over seven decades would be invaluable now, in response to current
pressure to know the effects of global change on Antarctic ecosystems.
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