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Multivariate Analyses of the Macrozooplankton Community
and Euphausiid Larval Ecology in the Prydz Bay Region, Antarctica

(Graham William Hosie

ABSTRACT

Macrozooplankton data from the Prydz Bay region, collected between 1981 and 1991, and
representing the months of September to March, were analysed using cluster analysis and
non-metric multidimensional scaling o define the communities within the region, their
distribution patterns, indicator species and species affinities. Four communities were
identified. Three of these communities were dominated respectively by Euphausia
crystallorophias (neritic), copepods—chaetognaths (main oceanic), and salps—hyperiids—
small euphausiids (northern oceanic community). The fourth community was characterised
by the high abundance and dominance of the Antarctic krill, E. superba, and also by the
paucity of zooplankton. This commnnity was mainly located along the outer shelf edge,
usually between the main oceanic and neritic communities. Chlorophyll ¢ abundance and
temperature explained much of the variation {n comununity distribution patlems, The annual
recession of ice, pack-ice cover, and salinity also explained some of the variation. Water
circulation seemed 10 have only a clear effect on community distributions at the end of
summer in March, when distributional patterns exhibited a distinct longitudinal zonation
compared to the strong latitudinal pattern seen through most of the summer.

In January 1984, 1985 and March 1987, net sampling surveys were carried out on the
distribution and abundance of euphausiid larvae, primarily £. superba, in the Prydz Bay
region. E. superba occurred in low abundance in January, probably due to sampling
preceding the main spawning period, but occurred in very high abundance in the east of the
regioninMarch 1987. Thysancessa macruraoccurred throughout the study areain consistently
high abundance. E. crystaliorophias was marginally more abundant within its restricted
range. Distinct north-south variations in larval age and developmental stages of T. macrura
were observed indicatng regional differences in spawning. Euphausia frigida was mainly
conflined to the upper 200 m ol the Antarctic Circumpolar Current, £. superba larvae
produced north of the shelf break, between 70 to 83°E, moved north-east into the Antarctic
Circumpolar Current. Larvae originaung oo the shelf moved rapidly west in the East Wind
Drifl. £, crystallorophias had the same westward dispersion, but some larvae appeared to
return eastward via the Prydz Bay Gyre and remain in the region. However, the data indicate
that most E. superba larvae, providing they survive injurious cold temperature and food
deprivation, will leave the area, 1.¢. Prydz Bay krill may not be a self maintaining stock.






1. Introduction

There have been a number of studies on Antarctic zooplankton prior to the comumencement
of the intermational BIOMASS program (Biological Investigations of Marine Antarctic
Systems and Stocks). Generally, these early siudies were concerned mainly with the
taxonomic description, life histories and large scale distribution of species or major
taxonomic groups, They are 100 numerous o review in delail, bul notable examples are:
Ommaney (1936), Vervoort (1957) and Andrews (1966} for copepods; David (1955, 1958)
for chaetognaths; the hypenid Themusto gaudichaudii (Kane 1966); salps (Foxton 1966,
1971); the Antarctic krill Euphausia superba (Marr 1962; Mackintosh 1972, 1973); euphausiids
in general (John 1936; Baker 1966); and studies of the distribution of zooplankton in general
by Baker (1954), Foxton (1956), Voronina {1968) and Hopkins (1971). Early attempts to
describe zooplankton communities include Mackintosh (1934), Hardy and Gunther (1936),
and Voronina (1972). Everson {1984) and Smith and Schnack-Schiel {1990} have provided
useful general reviews of the various carly zooplankton studies.

The inception of the BIOMASS program in the late 1970s was the start of a new period
of intensive cooperative research into the structure and dynamic tunctioning of the Antarctic
marine ecosystem (Hempel 1983, El-Sayed 1994). The main focus and emphasis of the
program was the assessment ol the stocks of the Antarctic krill E. superba. Krill were
perceived as the central key component of the Antarctic marine ecosyslem, but also asamajor
source of protetn for human consumption. The possible impact of the krill fishery on the
Anlarctic maring ecosysiem was therefore a major concem (Hempel 1983). During the
course of BIOMASS, krill tishing developed rapidly into a major fishery with a sustained
yield of approximately 400 000 tonnes per annum in recent years (Nicol 1989, 1991; FAQ
1991). Most of the research during and afier BIOMASS has concentrated on the Atlantic
sector of the Southern Ocean, an area noted for its particularly high abundances of krill (Marr
1962; Mackintosh 1973) and also where most krill fishing now occurs. During BIOMASS,
8 of the 11 parlicipating nations conducted research in thisregion (Figure 1.1). The other main
BIOMASS area was the Indian Ocean Sector, also suspected of high krill biomass (Marr
1962, Mackintosh 1973). This area has in the past been the subject of long term commercial
krill fishing by Japan and the former Soviel Union (Lubimova et ¢/, (1985; Shimadzu 1985,
Ichii 1990).

In addition to studying the biology of krill, the BIOMASS program also provided the
opportunity to improve our knowledge of the ecology of the other zooplankton, necessary for
understanding all aspects of the Antarctic marine ecosyslem. The degree of interaction
between krill and other zooplanklon species, €.g. herbivorous copepads and salps, is of
particular interest, For example, Kawamura (1986, 1987) tentatively suggested there had
been a 10 to 100 fold decrease in the abundances of herbivorous copepads in the areas wesl
and east of Prydz Bay. This decrease was considered a likely consequence of competition for
food between copepods and a surplus 150 million tonnes of unconsumed krill—a product of
declined whale siocks. The salp, Salpa thompsoni, is another species capable of competing
with krill for food but may also consume large numbers of krill larvae (Huntley ef al. (1989).
The degree of interaction between krill and other herbivores has not been fully examined.
Dietary studies of vertebrale predalors have shown that zooplankton form important
alternative pathways in the Prydz Bay food web (Williams 1985, 1989) and also in the
Weddell Sea (Boysen-Ennen ef al. (1991), further highlighting the need lor research into
zooplanklon ecology in addition to krill studies.



There were few studies carried out on krill larvae in the early years. Fraser (1936)
made the first description of the larval developmental stages of E. superba. Marr (1962}
described the geographical distribution of each developmental stage, predominantly in the
Atlantic sector. He also described in detail the vertical distribution of krill larvae and
proposed the model of deepwaler developmental ascent. Apart from those studies, knowledge
of the ecology of krill larvae, as well as that of other Anlarclic euphausiids, was virtually
nonexistent. Serious studies into the ecology of krill larvae commenced in the late 1970s,
prior 10 the first BIOMASS cruises, when Fevolden and the Hempels examined the
geographical and vertical distributions of larvae in the Allantic Sector (Fevolden 1979, 1980;
Hempel 1979, 1981 Hempel and Hempel 1978, 1982; Hempel er al. (1979). Interest in the
distribution and abundance of euphausiid larvae grew during BIOMASS, although most of
the research emphasis was still directed at siudying adultkrill. Detailed knowledge of the fate
of larvae and hence recruitment remains poor (Brinton et al. 1986; Miller and Hampton
1989). Further, most of the information to date is based on studies in the Adanlic sector, as
is the case for the krill adulls and macrozooplankton data.

The Australian Antarctic Division has so far conducted eight major marine science
cruises Lo study the marine ecosystem in the Prydz Bay region of the Indian Ocean Sectlor
(Table 1.1). The first five cruises were part of Australia’s contribution to the BIOMASS
program. Much of the research on the later cruises was conducted in support of CCAMLR
{Convention for the Conservation of Antarctic Marine Living Resources). The main focus
of the research has been consistently directed at understanding the ecology and general
biology of krill, mainly adults, ¢.g. distribution, abundance and populalion structure
(Higginbottom et ai. 1988, Hosie er al. 1988, Higginbotiom and Hosie 1989), metabolic
activity (Ikeda and Bruce 1986), feeding (lkeda and Dixon 1984; Marchant and Nash 1986),
reproduction (Harrington and Ikeda 1986), behaviour (O’ Brien 1987), and growth, moulting
and development (see review by Ikeda 1985).

The purpose of this thesis is o describe both the zooplankion community and
euphausiid larval ecology of the Prydz Bay region, particularly in defining the origin,
dispersal and fate of larvae of Euphausia superba. Zooplankton and euphausiid larvae were
collecied on the cruises between 1984 and 1991, from the end of September 10 the end of
November and from early January 10 the end of March (Table 1.1). The data sets describing
distribution, abundance and compaosition were analysed using a combinalion of multivariate
and univariate techmigues 10 define the zooplankion community struclure and distribution
patterns of larvae and zooplankton in relation to environmental parameters.

The cruises in 1981 and 1982 were carried oul prior 10 the tenure of the present study.
Zooplanklon dala were also collecied on those cruises by Mr R, Williams (Australian
Antarctic Division), during the course of delermining the distribution of adult krill via net
sampling. Zooplankton were identilied, counted and collated for each sampling site (Williams
el gl 1983, 1986), but no further analyses were performed. Mr Williams very kindly
permitied complele access to the data sets for further detailed multivariale analyses.
Although different sampling strate gies were employed to those preferred in this study, useful
comparative and complementary results were obtained, covering mid-November 1o early
March, and therefore have been included in this study,

Much of the work described in this report has been published in Hosie (1991a, 1994),
or in part in Hosie and Kirkwood (1986), Hosie ef af. (1988) and Hosie and Stolp (1989).
Although the latter three papers were co-authored, all the work described in this reportis my
own. In many aspects the data has been re-analysed since original publication, using the
techniques developed during the course of the study. Co-anthorship was given in recognition



of the considerable assistance given in the collection and processing of catch samples. Much
of the raw data has been included in the ANARE Research Notes series of data reports (Tkeda,
Hosie and Kitkwood 1984; Tkeda, Hosie and Siolp 1986; Hosie ez al, 1987, 1991).
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Figure 1.1. Map of the two main study areas during the First International BIOMASS
Experiment (FIBEX)—one in the Scotia Sea and the other in the Indian Ocean sector of
the Southern Ocean (reproduced from O'Sullivan 1981).



2. Hydrography of the Prydz Bay Region

2.1 Introduction

Hydrographic studies have been an integral part of all of the Australian Antarctic marine
science cruises, primarily in support of various studies into the Prydz Bay pelagic ecosystem.
At nearly all biologicat sampling sites, plus a few specific oceanographic sites, continuous
vertical profiles of conductivity/salinily and temperature were obtained using a Neil Brown
Mark 3 CTD (conductivity—temperature—depth) probe (Kerry et al. 19872, 1987b; Kerry and
Woehler 1987, Woehler ¢ al. 1987a 1987b; Woehler and Williams 1988). In addition (o
measuring the immediate physical parameters of individual siles, the data were used (o define
geopotential anomaly contours and hence geostrophic water flow in the region (Smith et al.
1984; Middleton and Humphries 1989). In support of the water circulation studies, 12
moorings with arrays of two, three or four Aanderaa current meters were deployed for
approximately 12 months at a time at various localities on the continental shelf of Prydz Bay
in 1985, 1986 and 1987 (Hodgkinson ef al. 1988, 19914, 1991b). Other independent studies
have produced results usetul in understanding the hydrography of the region and hence the
possible effects on zooplankton distributions. These studies incluge the annual formation and
retreat of pack-ice (Jacka 1983; Streten and Pike 1984), the movement of pack-ice (Allison
1989) and the movement of icebergs (Tchernia and Jeannin 1983). The purpose of this
chapler is to review salient hydrographic data pertinent to the interpretation of zooplankton
and euphausiid larvae distribution patterns. Consequently, salinity has been dealt wilh in less
detail than temperature. It will be shown in subsequent chapters that salinity has little it any
effect on zooplankton distributions.

2.2 Temperature and salinity

Longitudinal profiles of temperaturc isotherms, based on transects of CTD casts, arc
shownin Figures 2.1, 2.2 and 2.3. Examples of individual CTD salinity—temperature profiles
are shown in Figure 2.4 for sites on the continental shelf, Figure 2.5 for sites just north of the
shelf edge (circa 66°8) and Figure 2.6 for sites further north {circa 63°S). The locations of
the ransects and individual sites are shown inFigure 2.7. A noticeable degree of consistency
isevident in the longitudinal profiles in the centre of the region (Figures 2.1 and 2.2), and is
more evidentin the site protiles within each of the three area examples (Figures 2.4, 2.5 and
2.6).

Very cold water —1° to <-1.5°C was found throughout the shelf region. A distinct
thermocline occurs at approxumately 501n, aresult of sunumer warming of the surface layer—
summer surface water (Figure 2.4). Melting ice proddnces a very strong halocline coincident
wilh the thermoclines (Figures 2.4b and ¢). Below the thermo/haloclines temperature and
salinily traces were uniform, The coldest temperatures <-1.8°C were consislently observed
close to the Amery Ice Shelf (Figure 2.4) and also the West Ice Shelf (Figure 2.3b).

Both the longitudinal profiles and the individual casts show the existence of (hree
distinct water masses north of the continental shelf—the sumrner surface water, the Anlarctic
winter water (WW) and the circumpolar deep water (CDW). As with the shelf region, the
sumimer surface water occupies the upper 40 to 50 m producing a pronounced seasonal
thermaocline. Between the summer surface water and the CDW is Lthe winter water. The WW



is characterised by temperature <—1.5°C and salinity in the range of 34.2 10 34.56 §%. (Smith
et al. 1984). The CDW is much warmer (0-2°C) producing a second thermocline. The WW
layer is quite broad (>100 m) near the shelf at circa 66°8 (Figure 2.5), but narrows (o about
50 m thick further north (Figure 2.6). North of63°8S the WW layer again thickens and deepens
(Figures 2. 1c and d; Smith ez 2. 1984). Immediately north of the shelf edge, and below about
100 m, there is a distinct vertical stratification of isotherms between the waters of the shelf
and the CDW (Figures 2.1, 2.2 and 2.3).

Figure 2.8 shows the horizontal geographic pattern of integrated 0-200 m isotherms.
Al each sampling site the mean temperature was determined by integrating 2 m recorded
intervals, consistent with the integration of zooplankton by the main sampling method of
(0-200 m oblique hauls. A mainly latitudinal zonation is shown in Figure 2.8, with water
progressively warmer towards the north, There is, however, adistinet northerly displacement
of isotherms east of 83°E where cool sub-zero waler extends as far north as 61°8. The pattern
of isotherms was relatively consistent amongst the years shown in Figure 2.8, in particalar
the position of the 0°C isotherm in Figures 2.8a and b. Figure 2.8a also shows an apparent
intrusion of +0.5°C water extending from the north-cast well into the centre of the region.
Figure 2.9a shows the integrated 0-200 m isotherms for the January-February 1991 for a
higher sampling resolution for the continental shelf and shelfedge area. Latitudinal zonation
is still evident and the position of the —-1°C isotherm approximates the position of the same
isotherm in Figure 2.8. [sotherms at the 10 m layer for 1991 are shown in Figure 2.9b. The
notable feature is that coldest surface walers were found in the east of Prydz Bay, i.e. north
and south of Davis, and in the west around Cape Darnley in association with pack-ice which
persisted in those areas throughoul that summer.

23 Waler circulation

The same type of waler circulation patterns have been described for the Prydz Bay
region over a number of years by Grigor' yev (1968), Khimitsa (1976), Smith 7 al. (1984)
and Middleton and Humphries {(1989). The horizontal circulation as determined for the
region during January 1985 is shown in Figure 2.10 (R.A. Nupes Vaz and G.W. Lennon,
personal conununication 1990). The Prydz Bay gyre is located in the vicinity of 63° to 80°E
and south of 63°8. The geostrophic water {low of the gyre is shown to move south onto the
continental shelt between 72° and 76°E, before moving cyclonically past the Amery lce Shelf
then exiting west past Cape Darnley and Mawsaon station. The westward transpost of water
along the shelf has been conlirmed by satellite tracking of icebergs (Tchemia and Jeannin
1983) and sea ice (ICEX) buoys (Allison 1989), as well as by current meter moorings
{Hodgkinson et al. 1988, 1991a,b). The easterly moving waters of the Antarctic Circumpolar
Current {ACC) are clearly evident north of 63°S (Figure 2.11).

The current meter moorings west of Davis, e.g. 85/3 recorded a generally southerly
current with mean speeds in February 1985 of 4.3 10 6.3 cm s between 150 to 640 m depth
(Figure 2.11). Another mooring (85/1) deployed on the edge of the continental shelf north-
east of Cape Darnley, recorded a generally south-wesl to westerly current with mean speeds
in February 198501 16.8 to 17.3 cin s between 117 10472 m depth. Later in 1985 the meters
at this site recorded a distinct southerly component, especiatly the meter at 117 m,
commensurate with the southward geostrophic flow, Mooring 85/4 was also deployed on the
shelf edge near Mawson (Figure 2.11). This site was characterised by a consistent very strong
north-westerly water flow with mean speeds in March 1985 for the four meters of 39.4 10 75.1
cm s {range 1.5t0 174.2 ¢m s ) between 178 and 620 m depth. In January 1986 the same



mooring recorded mean speeds 0f42 4 1o 130.2 cm s with the same north-westerly direction.
The much higher speeds off Mawson were allributed o the East Wind Drift (EWD)
converging onto the continental shelf somewhere between the 85/1 and 85/4 mooring sites
and reinforcing the water flow along the shelf (Hodgkinson et al. 1988).

Seaice (ICEX) buoys released on Lhe shelf in Prydz Bay also moved west and out of
Lhe region past Enderby Land proceeding past 30°E while remaining in the EWD (Figure
2.12). leebergs in this region continued further, generally following the continental shelf
edge (Figure 2.13), until eventually wming north around 20 10 30°W . [cebergs enirained by
the EWD averaged speeds along the shelf of 15.4 cm s, Kumagori and Yanagawa (1958)
found thaticebergs did not respond 1o wind but only to currents at speeds that were 65 to 75%
of the velocity of the current. Therefore the actual speed of the EWD, over the distance the
icebergs were followed, was more likely 20.5 10 23.7 cm s, which 1s consistent with the
current meter estimates, Between 1973 and 1980 Tchemia and Jeannin (1983) also tracked
four icebergs from an area north of the Prydz Bay shelf, circa 63°30" 10 65°30°S by 76°3(’
10 83°E (Figure 2.14a). These icebergs drifted north-east until reaching approximately 61°8
before moving east in the Antarctic Circumpolar Current (ACC). The average speeds of the
individual icebergs ranged between 13.9 to 16.2 cm s, Applicalion of Kumagori and
Yanagawa’s (1958) correction gives an actual water flow of 18.5 10 24.9 cm 57!, Notably this
flow closely follows Lhe 010 0.5°C isotherms (Figure 2.8) but is also contrary 10 the perceived
southward course of the gyre (Figure 2.10). Three ICEX buoys released in an area just oft the
Prydz Bay shelf, i.e. 65°30" to 66°S by 70° to 77°30°E, also had a similar north-easterly
trajectory although slightly more variable (Figure 2,12).

24  Summary of data on ocean currents

Figure 2.15 shows a synthesis of the various currents described, in addition to geostrophic
tlow, particularly those currenis moving west along the shelf and north-east which are likely
to influence the distribution of zooplankton and euphausiid larvae in the centre of the region,
Further examination of the Tchemia and Jeannin (1983) iceberg trajectories indicates the
possible existence of another but reversing current between 85° and 95°E that would seem
to originate as a northward deflection from the EWD, which then joins the north-easterly
current (Figure 2.15). Three icebergs studied by Tchernia and Jeannin (1983) were carried
into the region along the shelf edge trom the cast by the EWD, tummed between 85° and 95°E,
and returned (o the eastalong 61°8 via ACC similar to other icebergs described above (Figure
2.14b).

25 Seaice

In the Prydz Bay region, sea ice begins to reform in March and reaches its maximum northem
extentof approximately 58—60°S in September-October (Jacka 1983). The ice then dissipates
more rapidly than it formed, with the ice edge retreating south in a distinct latitudinal pattern
(Figure 2.16). An examination of US Navy-NOAA Joint Ice Center satellite ice maps from
numerous years showed that open water (a polynya} usuaily appears by early December in
the southern part of Prydz Bay near the Amery [ce Shelf. This is at a lime when Lhe area to
the north is still extensively covered by ice and the northern ice edge is slill moving soulh.
The occurrence of a large polynya in this area, or at least light pack-ice, has also been
consistently observed from oceanographic and supply vessels operating in Prydz Bay (Smith

10



et al. 1984; Streten and Pike 1984). Ice then dissipates north towards the shelf edge (o meet
the southward receding ice edge (Figure 2.17). Most of the ice is gone by the end of January,
and Prydz Bay remains generally ice-free through February (Zwally et al. 1983; Streten and
Pike 1984).
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Figure 2.8 Integrated 0-200 m isotherms for the period January to March for three

surveys in 1985, 1981, and nexi page, 1987. Mean iemperaiire was determined by
integrating 2 m recorded intervals. Continued.
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Figure 2.9. Geographic pattern of isotherms for January—February 1991, a) mean
0-200 m isotherms determined by integrating 2 m recorded intervals, b) isotherms at
10 m depth. Contour lines were calculated and drawn by hand,
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geopotential anomaly contours of R.A. Nunes Vaz and G.W. Lennon (personal
communication 1990).
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Figure 2.11. Location of successfully deployed and recovered current meter moorings.

Arrows indicate mean direction of current for February—March of the vear of

deployment. Thickness and length of arrow is indicative of speed. See text for actual

speed. Data from Hodgkinson et al. (1988 and 199]a, b).
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Figure 2.13. Trajectories of icebergs entrained in the East Wind Drift, as tracked by
satellite (redrawn from Tchernia and Jeannin 1983). Date notation is day/month/year.
Iceberg numbers are those of Tchernia and Jeannin. 9 = start position, % = end of
tracking.
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Figure 2.15. Summary of currents likely 10 influence zooplankton distributions and
dispersal of euphausitd larvae from the centre of the region, determined from sea ice
buoy and ice-berg trajectories, current meters and geostrophic flow. Current speeds
shown are determined from ice-berg trajectories.
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Figure 2.16. Pattern of ice edge reireat from Sepiember through to February based on
mean monthly ice concentration contours averaged for the four vears 1973-76
{reproduced from Zwally et al. 1983). Continued.
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Figure 2.16. Continued.
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3. Macrozooplankton Communities 1981-1987

3.1 Introduction

The Antarctic krill, Euphausia superba, 1s perceived as the most important organism in the
Antarctic marine ecosystem, in terms of its high abundance and position in the food web. It
is, however, not the only umportant or dominant axon in that ecosystem. Copepods
collectively can form a significant component of the zooplankton biomass, at times
exceeding that of krill (Everson 1984; Smithand Schnack-Schief 1990; Conover and Huntley
1991). In the Indian and Pacitic Ocean sectors, herbivorous copepods represented 66 o 73%
of the zooplankion biomass (Voronina 1967, Hopkins 1971; Yamada and Kawamura 1986).
In areas of low phytoplankton abundance and high copepoed biomass, copepods consumed
55% of daily primary production (Schnack er af. 1985). Conover and Huntley (1961)
suggested, on the basis of conservative abundance estitnates, thal Antarctic copepods must
consume at least three times, perhaps as much as eight tumes, the primary production eaten
by krill. Experimental studies have confirmed that copepods eat the same phytoplankton
species as krill (Schnack 1985). Moreover, herbivorous copepods form an important
alternative pathway in the food web. The (ish Pleuragramma anturcticum feeds exiensively
on copepods (Kellerinen 1987; Hubold and Ekau 1990; Boysen-Ennen ef al. 1991), In turm
this fish is a conspicuous component in the diet of veriebrate predators (Green and Williams
1986; Williams 1985, 1989). Euphausia crystallorophias is another zooplankter impaortant
in the diet of fish and birds (Williams 1985, 1989; Fosler ¢f af. 1987, Puddicombe and
JTohnstone [988). Numerous other zeoplankton taxa are important dietary compaonents of the
nolotheniid Hish Pugothenia borchgrevinki, e.g. the peropod Limacing helicinag, the hyperiid
Hyperiella dilatata, gammarids, chactognaths, and copepods (Foster er al. 1987). In order o
fully understand the various pathways iu the food web, and the possible interactions between
krill and other zooplankton species, detailed knowledge of the community ecology is
required. This involves defining the number of communities in an area, their composition,
the dorninant species or species indicators, species affinities, distribution patterns and where
possible the factors that control these patterns, There have been few such studies carried oul
in Antarctic waters and mosty in the Atlantic sector. Boysen-Ennen and Piatkowski (1988),
Hubold er al. (1988} and Piatkowski (1989a) primarily focussed on the coastal regions of the
southern and eastern Weddell Sea. Siegel et al. (1992) studied the zooplankton community
structure under the sea ice of the northern Weddell Sea. Piatkowski (1989b) atlernpted to
relate the complex zoopiankton distribution patiems off the Antarctic Peninsula, to the
hydrography of the region which he described as more complex than that of other parts of
Antarctica. Siegel and Piatkowski (1990) studied the seasonal variability in the community
patterns in this area and is one of lew such studies tn the Atlantic sector. The study by
Alkinson ef af. (1990) on seasonal variabilily of zooplankton patterns and oceanographic
processes was the culmination of a number of studies by the British Antarcuic Survey on the
zooplankion in the waters around South Georgia. South Georgia is located close to the Polar
Froot and not surprisingly subantarctic species predominated (Atkinson e al. 1990).

All of the above mentioned studies described a number of comumunities Or species
assemblages within their particular sludy areas by applying inultivariate analylical techniques
(clustering and infrequently ordination) to sone degree. Mullivaniate techniques have also
been used 1o define the Antarclic midwater food webs in (he Alantic sector {Hopkins 19854,
Hopkins and Torres 1989) and McMurdo Sound (Hopkins 1987). In those three studies, the
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diets of zooplankton and micronekton were compared to define groups of organisms with
similar diets, i.e. species of common trophic status, rather than defining species affinitics
amongst herbivores—omnivores—carmivores within a community. Those studies appeared to
have assumed that only one community was involved each time. This assumption was not
tested but was probably valid given he locality and relatively small size of each study area,
particularly the Croker Passage (Hopkins 1985a,b) and McMurdo Sound sites (Hopkins
1987).

A few zooplankton studies have been carried out in the Prydz Bay region. Many were
limited in terms of Lhe taxa examined, the level of identification, the number of study sites
or the levelof community description, i.¢. distribution and abundance only (Zmijewska 1983;
Boden 1985; Yamada and Kawamura 1986: Budnichenko and Khromov 1988; Pakhomov
1989). Yamada and Kawamura (1986) looked at within seasonal variability of the abundance
of some copepod species from six sites in the Prydz Bay region between 62 and 64°8. During
the intemational BIOMASS program, Japan also conducted studies on the distribution and/
or abundance of copepods, chagtognaths and euphausiids o the east of the Prydz Bay region
south of Australia (Kawamura 1986; Terazaki and Wada 1986; Terazaki 1989). Zooplankton
studies were also carried out west of the region in the inshore margins around Syowa station
(e.g. Fukuchi ef al. 1985; Tanimura ¢f ol 1986).

This chapter describes the results of four peographically exiensive surveys of Lhe
Prydz Bay region which were carried out between 1981 and 1987, and covered the months
of November to March (late spring tocarly autumn). The zooplankton data sets derived from
those surveys were analysed by a combination of muli- and univariate analytical lechnigues
to define the zooplankton communities in the region, species composition and affinities,
indicator species characteristic of each community, and variabilily in communily patterns.
These paticrns were compared with various environmental parameters Lo generate hypotheses
as to which factors govern zooplanklon disuibutions. I accepted Mills' (1969) definition of
a community for the purposes of this study: a community is a group of organisms occurring
ina particular environment, presumably interacting with each other and with the environment,
ang separable from other groups by means of ecolopgical surveys.

A smaller survey was also underiaken in January 1984. This survey mainly involved
trawls aimed at krill detected by hydroacoustics (Hosie er al. 1988), and Lherefore the
zooplankton data obtained was dependent on the sampling methodology. The survey was
also limited in the number of samples, and was Lherefore not included in the present analyses.

32 Methods

The Prydz Bay region study area was defincd for the present purpose as being from
58°1093°E and south from 60°8 1o the Antarctic coast. Figure 3.1 shows the station positions
for the four sampling surveys in January to March 1981, November to December 1982,
January 1985, and March 1987, Sampling methods on each cruise, together with sampling
dates and number of sites sampled have been summarised in Table 3.1. Zooplanklon were
collected using a Rectangular Midwaler Trawl (RMT 8) with a nominal mouth area of 8 m?
and mesh size of 4.5 mm (Baker et af. 1973). During the 1981 and 1982 surveys, the volume
filtered by Lhe net was determined by multiplying the etfective moulh area of the net by the
distance travelled, calculated as a function of ship’s speed over the period the net was open.
On subsequent voyages the net was equipped with a flowmeter. In calculating the volume
filtered, the effects of towing speed and trajectory were taken into account {Roe ef al. 1980,
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Pommeranz et al. 1982). Towing speed varied between 0.75 to 2 ms! (1.5 and 4 kn). The
routine sampling method employed on the first two surveys was a horizontal tow. In 1981 this
was primarily to nominal depths of 62 to 75 m, and in 1982 sampling depth varied between
Oand 180 m. During the latter survey there were also five oblique hauls between O and 120 m.
On the remaining surveys the net was towed obliquely between 0 and 200 m. A combined
clectro-mechanical netrelease and real time depth sensor was usually mounted above the net.
Complete details of the sampling programs, e.g. sampling position, time, depth, conditions,
ete, are provided by Williams et al. (1983, 1986); lkeda ef al. (1986) and Hosie ef al. (1991).

Basic sorting of taxa was carried out on board ship. In particular specimens of
E. superba were removed, as were large and fragile zooplankton (jellyfish, salps, etc.). All
specimens were preserved in Steedman’s solution (Steedman 1976) for laler examinalion in
the Anlarctic Division laboratories where specimens were identified to the species level
where possible and counted. For the purposes of this study, zooplankton were defined as all
species collected by the RMT &. This included E. superba and ichthyoplankton, bul not
euphausiid larvae which were collected by other more efficient means, i.e. RMT 1 and bongo
nets (see Chapter 6).

At each sampling site water samples were collected for phytoplankton pigment
analysis, at depths of 0, 10, 25, 35, 50, 75, 100 and 200 m, using a General Oceanics rosette
sampler with twelve 5 L Niskin botties (Wright and Shearer 1984; Wright 1987, Wright e
al. 1991). ANeil Brown Mark 3 CTD was mounted on the rosette which provided continuous
profiles of conductivity/salinity and temperature (Kerry et al. 1987a, 1987b; Kerry and
Woehler 1987; Woehler and Williams 1988. See Chapter 2 for review of oceanography).

Data analyses

Species by sampling site matrices for each cruise, expressed as density values of
number of individuals 1000 m™, were analysed using both cluster analysis and non-metric
multidimensional (NMDS) ordination. Sampling sites were first compared to define areas
with similar species composition (g-type analysis). Multivariate and univariate sfatistical
lests were subsequently applied to test the validity of observed patterns and 10 relate these
patterns 10 environmental paramelers. The inverse comparison analysis of species data (r-
type analysis} was also undertaken to define species associations or affinities. A flow chart
summarising the numerical analyses is shown in Figure 3.2 and is primarily a modification
of the methodology recommended by Field er al. (1982) and Kruskal and Wish (1978).
Multivariate analyses were carried out using BIOY TAT 11 (Pimental, R.A. and Smith, J.D.,
1985 Sigma Soft, Placentia, California).

Prior to the comparison of sampling sites, data were transformed using the logo{X+1)
function Lo reduce the bias of very high abundance species and 10 give more weighting to
species likely to have been undersampled, e.g. copepods. Cluster analysis was carried oul
first using the Bray—Cunis dissimilarity index (Bray and Curtis 1957) coupled with
unweighted pair group average linkage (UPGMA). The Bray—Curlis index was chosen
because of its ability to deal with matrices with a high component of zero data entries, i.¢. it
will not be influenced by joint absences (Field ef al. 1982). In the case of the January 1985
data set, nearly 70% the matrix comprised zero values.

Sampling site ¢lusier groups identified by the cluster analysis were further analysed
to define indicator species which characterised each site group. Two types of indicator
species were defined. The first type consisted of species which distinguished cluster groups
by their frequency of occurrence, i.e. they were nore frequent in one cluster group than
another. These ‘frequency’ type indicators were defined using Field's information statistic
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(241 (Field et al. 1982). Every laxon (species), #, was compared between two cluster groups
by the following formuia;

245 = 2(L; - 1 1) (3.

where [; = total information content of both cluster groups combined, f; = N logh, - A logA,
- (N-Aplog(Ni-Ay); N = number of samples in both cluster groups together (“potential
presences’): Ay = number of samples in which Species i is actually present; (N\-A,;) = number
of samples from which Species ; is absent. Similarly, the information conlent [;; and [y, are
obtained for Clusters 1 and 2 respectively. Field’s mformation statistic basically provides an
index of the degree of difference in the frequency of occurrence of a species between two
cluster groups, in relation to the number of sites. The resulling 24/; values were compared
with chi-square values at 5% and 1% probability levels for 1 degree of freedom, on Lhe
premise that 2Af, approximates a chi-square distribution (Field ¢t al. 1982).

Quite often a species was common to (wo or more site cluster groups, but had a
stgnificantly higher abundance in one parlicular group. Theretore, the second type of species
indicator comprised specics that distinguish a group by their higher abundance. These
‘abundance’ indicator species were defined by analysis of variance and further tested for
significance using the student Newman-Keuls (SNK) multiple range test (Zar 1984). To
avoid spurious low abundance rare indicator species, and also to reduce computing time, only
numerically dominant species were used in the ANOVA. These dominant species were the
same as those defined and used in Lthe comparison of specics (see below). Reliable indicator
species should ideally be abundant,

Following the cluster analyses the data sels were further subjected to non-metric
multidimensional scaling (NMDS) ordination. This analysis provided a view or ‘map’ of the
sampling site simnilarities in two, three or four dimensional space, in addition to the cluster
analysis dendrogram which is fundamentally one dimensional. NMDS is considered to be
one of the most robust ordinalion lechniques available, especially in coping with a large
number of zero counts (Field er al. 1982; Gray et al. 1988). The power of NMDS lies in its
use of rank order information rather than guantilative values in between sample comparisons
of the form ‘sample site 1 is more similar to site 2 than it ts to site 3,” and constructs a ‘map’
of the sites that attempts 1o satisfy all such conditions (Clarke and Green 1988; Gray ef al.
1988). Another advantage of NMDS is that a ‘stress’ value is produced for each ordination
(4, 3, 2 axes), indicating the goodness-of-fit belween the original data and the derived ‘map.’
The lower the value, often expressed between 0 and 1, the better the fit. The stress value is
allied to the sum of squares in a regression analysis (Domanski 1984). Kruskat and Carmore
(1971, in Domanski 1984) produced the following more easily inlerpretabie guidelines:

Stress Goodness-of-fit
0.40 Poor

0.20 Fair

0.10 Good

0.05 Excellent

0.00 Perfect

The stress value was then used, via the graphical method of Kruskal and Wish (1978), to
select the least number of axes which adequately summarised the data set. This method
involves ploting the stress value against the respective number of ordination axes and
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selecuing the ordination at the point of maximum change in direction or ‘elbow’ of the curve.
An example is shown in Figore 3.3. In this study a 2 axes ordination was found to suffice in
all cases.

Prior to ordination, ‘outlier’ sampie sites identified by cluster analysis were removed
from the data set to obviate problems associated with such ontliers, e.g. biasing or dominating
the ordination, often compressing the distribution of the remaining sites (Gauch 1982).
Outliers are sites with a peculiar species composition and thus have a very low similarity with
other sites.

New ordination scores derived from the NMDS were compared by multiple regression
analysis with various environmental parameters to determine which of these parameters may
best explain the zooplankton distributions. The environmental parameters compared were:
integrated lemperature and salinity between 0 and 200 m using 2 m intervals; chlorophyll ¢
integrated for0—100min 1982 and 1985, and surface values in 1981 and 1987; pack-ice cover
in lenths and finally receding ice edge. In January 1985, other known phyloplankton marker
pigments of distinct phyloplankion groups were also included in the analysis (Table 3.2).
There are distinct thermoclines throughout the region and haloclines in the waters of the
continenlal shelf (Figures 2 4 10 2.6). However, there was noknowledge of where zooplankicn
were disiributed in the water column in relation to these structures. Zooplankton abundances
were integrated for the upper 200 m in the oblique trawls, whereas the horizontal trawls
sampled only one depth layer at each site. Instead, mtegrated salinity and temperature values
were used as indicative scores of general oceanographic palterns, €.g. horizontal thermal
gradients and fronts (Brandt and Wadley 1981), for the purpose of comparison with
zooplankton NMDS scores. The receding ice parameter was defined as the time in days from
when the pack-ice was atits most northerly extent, taken as mid-October, to when the ice had
receded or dissipated exposing the sampling site. Pack-ice cover was estimated at the time
of net sampling, and ice recession was measured for each season from the Northern Ice Limit
maps produced weekly by the U.S. Navy-NOA A Joint ice Center (Navy Polar Oceanography
Center, Suitland), as well as by consulting the Antarctic Division Antarctic sea ice extent
database (Jacka 1983). Sampling methodology may cause variation in the zooplankion data.
Hence, sampling day, the time since the start of a survey, duration of the haul and sampling
depth were included in the regression analyses. Time of day was not included in the analysis
because of the limitations of tests to resolve satisfactorily angular-linear correlations (Zar
1984). Latitude and longitude of sampling sites were also compared with the ordination
scores to ascertain the type and degree of zonation in the distributions. The actual multiple
regression analysis involved trealing each parameter as the dependent variable and the
ordination scores for each axis, which are a collective summary of the ecological data, as the
independent variables. The direction of maximum correlation of the regression line is at an
angle 6 with the rth axis. The direction cosine, or regression weight, ¢ of that angle is derived
from Kruskal and Wish’s (1978) formula:

¢,= by bi+by+. b a2

where #,,b,, etc. are the regression coefficients from the mnlliple regression
a+bx+bax+ . byX.,, where m is the number of independent variables x;.

Water circulation is one parameter expecied to have a substantial effect on the
distribution of zooplankton, but cannot be included in the regression analysis. Instead, the
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geographical distribution patierns of station groups, defined by multivariate analysis, were
compared visually with known waiter currents shown in Figures 2.10 and 2.15. Figure 2.10
shows the geostropbic water flow in the Prydz Bay region derived from CTD data by R.A
Nunes Vaz and G.W. Lennon (personal communication 1990). Figure 2.15 shows a synthesis
of other currents, known from sea ice buoy and iceberg wrajectories, current meters, as well
as geostrophic flow (Figure 2.10), which are believed to influence the distribution of
euphausiid larvae (Chapter 6), but may also affect other zooplankton distributions.

The inverse analysis of the data sets (0 define species affinilies, also involved cluster
analysis as the first step, with Bray—Curtis index and UPGMA linkage, followed by NMDS
to map species associations in two-dimensional space. However, prior to analysis a data set
was reduced (o a subset of common dominant species to avoid spurious associations amongst
very low abundance rare species, caused by their chance occurrence at one site. Following
the example of Field et al. (1982), dominant species were defined as those with a >4%
numerical dominance for any given sampling sile, for any sampling cruise, providing that a
species was regularly observed in all surveys. Table 3.3 lists these species along with their
abbreviations used in the NMDS plots. There were 26 main species/taxa so defined, plus two
additional species Thlea racovitzai and larvae of Pagetopsis macropterus. These additional
species were only found in 1981 and 1982, bul both were defined as indicator species of the
inshore area and were therefore included in the analyses. There was also a higher frequency
of sampling on the shelf during those cruises.

The species data were standardised according to Field ef af. (1982), ie.

Y,-j: 100 Xij /JEIX,J (3.3)

n

X..
where X,; = abundance of the i th species in the j th sample; j§1 Y~ summed abundance of

the / th species over all samples; Y; = corresponding standardised score.
33  Results

Analyses for each sampling period are presented in the order of the months sampled,
rather than in historical order. Throughout these descriptions, principal station cluster groups
have been annotated with a number, and where necessary subgroups have a letter suffix, e.g.
station Group 1, Group 2a. Capital letters have been used for species cluster groups, e.g.
Group A, with numeric suffixes for sub-groups.

November-December 1982

Three distinct closter groups were defined at 70% dissimilarity, showing a clear
zonalion between inshore and offshore siatiou groups (Figures 3.4a and 3.5a). The inshore,
continental group of siles was further divided at 65% dissimilarity inlo stations south of 68°8
{Group 3a), which were characterised by Euphausia crystallorophias, Pleuragramma
antarcticum and the larvae of channichthyid fish. Between this group and the continental
shelf edge were stations (Group 3b) also characterised by high abundances of E.
crystallorophias but also by the adult krill £ superba, both in terms of frequency and great
abundance (Tables 3.4 and 3.5).

Cluster Group 1 was primarily an oceanic group of stations, with a few sites just on
the continental shelf. Although there are 23 sites in this group, the spatial coverage is not
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sufficientto determine if there is further offshore zonatuon. There were anumber of frequency
(2A0 indicator species for the oceanic group, many with significantly high abundances
(Tables 3.4 and 3.5).

Group 2 represented a very loose grouping of 4 sites. One site, station 50, is located
in the far north of the Prydz Bay region, while three of the sites are located on the continental
shelf. The cluster was fragmented at 65% dissimilarity, but at §1.3% was grouped with the
other continental shelf stations. The NMDS plots also show the four sites as a distinct group
(Figure 3.6a) more closely aligned with Group 3. There was no unique species distinguishing
this group from the others in ferms of frequency indicators. Group 2 did have a significanily
higher abundance of Salpa thompsoni (Table 3.5), which would be Lhe prime reason why the
northern station is linked with the inshore sites. Andarctomysis maximg was also in high
abundance in this group but only al one site close (o the Amery Ice Shelf.

Much of the region was covered by pack-ice, but Lhe degree of pack-ice cover did not
explain any of the geographic variation (Table 3.6a). Integrated chlorophyll a accounted for
most of the variation in the data a1 38%, while 28% of the variation could be explained by
mean temperature (Table 3.6a, Figure 3.6a). Figure 3.5a shows quite a distinct north-south
pattern, bul latitude explained only 35% of Lhe daia. In the three-axis ordination, latilude
accounted for 65% of the variaton (F = 27,0, DF = 3,39, P <(.0005). Latitude was mainly
associaled with the third axis, and consequently was less evident when the ordination was
reduced to two axes. There was no correlation between sampling parameters and the
ordination scores.

In the inverse analysis, comparison of species, 27 of the taxa listed in Table 3.3 were
analysed. The euphausiid E. trigcantha was not collecled in this particular year, but was
regnlarly observed in other years. Four groups of species were defined at 90%: dissimilarily
(Figure 3.8a). The major group (A) comprised 19 species, with most being indicator species
of the oceanic station Group 1 (Tables 3.4a and 3.5). This assemblage contained all of the
dominant copepods, chaelognaths, siphonophores, appendicularians and the euphausiid
Thysanoessa macrura. Three sub-groups could be further delined at 80% dissimilarity but
the NMDS analysis showed that these sub-groups overlapped considerably (Figure 3.9a).
The split at 90% would therefore appear justified. Group B mainly comprised species
associated with the continental shelf. E. crystallorophias, P.antarcticum and P. macropierus
were identified as indicator species of the southem part of Prydz Bay (Figure 3.5a), while
E. superba was an indicator of the northern part of the shelf. Gammarids, which were also
part of Group B, were identified as indicator species of the shelf region in 1981 (see below),
but not so for 1982, The cluster analyses and NMDS piot both show that E. superba tormed
a sub-group (86% dissimilarity) from the three inner shelf species which reflects the
difference between the shelf sub-groups defined previously (Figure 3.5a). The NMDS plot
also indicates that the hyperiid Hype riella dilatata has perhaps more affinity with the inshore
species group (Figure 3.9a). The salp 8. thompsoni was clearly separale from other species.
As mentioned above Lhis species characierised Lhe station Group 2, particularly Station 50 in
Lhe north where the catch consisted almost entirely of salps, The fourth group (D) comprised
just two species, Euphausia frigida and Themisto gaudichaudu. The latter species was an
indicator of northern waters in January 1985 and March 1987, while the larvae and adults of
E. frigida are usually restricted to waters north of the divergence (John 1936; Chapler 6).

January 1985

Cluster analysis showed two distinct outlier stations; 1 and 59. Station 1 (Figure 3.1b)
was characterised by a very high abundance of S. thompsoni, which represented more Lhan
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98% of the biomass of the catch. Stalion 59 returned the lowest abundance for any sampling
site with very few taxa caught compared 1o the other stations. Subsequent re-analysis, after
removing these stations, produced exactly the same groupings as the first cluster analysis for
the rest of the stauons.

At 38% dissimilarity two main groups were defined with 15 and 25 stations each
respectively, three smaller groups of two stations each, and three sites which were ungrouped
(Figures 3.4b and 3.5b). Group 5, comprising the continental shelf sites 26 and 29, was the
only group distinct from the restof the sites at 64% dissimilarity, This group was characterised
by E. crystallorophias and P. antarcticum, but also by the complete absence of prominent
species such as Haloptilus ocellutus, Sagitta marri and 3. thompsoni (Tables 3.7 and 3.8).
The lack of clear separation amongst the rest of the cluster groups, and the low dissimilarity,
indicates some degree of homogeneity in the zooplanklon composition in the offshore
stations. Nonetheless, the geographic plot of stations shows a further partitioning, mainly
latitudinally, amongst the offshore stations (Figure 3.5b). The boundary between Group 1,
the northern stations, and Group 2 occupying the middle of the Prydz Bay region does
meander to some degree. Further, the NMDS plot (Figure 3.6b) shows that Station 12 in
Group 2 is perhaps more aligned with Group 1. These two groups, as well as Groups 3 and
4, share common abundance indicator species, e.g. Eukrohnia hamaita, and Sagitta gazellae,
which distinguish these groups [rom the inshore stations (Table 3.7). These two species were
also the only indicator species of Group 3, which was closely aligned with Group 2
(Figure 3.6b). Group 2 was also characterised by the higher abundance of a number of other
species compared to theirabundance inGroup 1, e.g. Calanus propinguus and siphonophores
(Table 3.7).

The salp 3. thompsoni also had a wide geographic range, although abundances
decreased southwards, and was not found in Groups 3 and 5. However, this species
dominated the northern stations with its exceptionally high abundances and is thus the most
notable indicator species in Groups 1 and 4. North of 63°8 this species comprised 73% of the
total zooplankion biomass by wet weight, and 90% north of 62°S. The outlier Station 1 was
also noted for a high proportion of salps in the catch and should thus belong to station Group
1. The high abundance of salps undoubtedly would have masked the contribution of other
species as indicators for Group 1.

Apart from the abundance indicators, there were a lew frequency indicator species
that discriminated Groups 1 and 2, these being Vibilia sp. and Electrona antarctica larvae for
Group 1, and appendicularians for Group 2 (Table 3.8). The latter taxon was also an
abundance indicator. The myctophid £, antarctica occurred at all Group 1 stations, but also
at 15 of the 25 sites in Group 2. Consequenly this species had a 2AJ score that was only
significant atthe 5% level, while appendicularians and Vibilia sp. were bothsignificantat 1%.

The northeastern Group 4 was characterised by the high abundance of the two
hyperiids Cyllopus lucasii and T, gaudichaudii, the copepod Euchaeta antarctica and
chaetognath 3. gazellae but also by the absence of the chaetognath S. marri which occurred
in all Group 1 and 2 stations.

The geographic plot of station groups displays a distinet latitudinal zonation. Not
surprisingly then, latitude produced the highest correlation value with ordination scores
explaining 68% of the variation in the 2 axes ordination {Table 3.6b), The receding ice edge
was the bestof the environmemtal variables explaining 60% of the variation. Integrated values
of lemperature, salinity and chlorophyll 4 explained 36%, 28% and 27% of the variation,
respectively. Zeaxanthin (cyanobacleria) was the only phytoplankion marker pigment that
did not correlate with NMDS scores. Four pigments in particular explained a greater amounl
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of the variation than chlorophyll a. These were chlorophyll £ (38%), prasinox (37%),
alloxanthin (32%) and fucox-x (28%) (Table 3.9a, Figure 3.7). These pigments also formed
significant regressions directly with latitude (Table 3.9b), although Figure 3.7 shows that
their respective regression lines against NMDS scores were not as closely aligned with the
lantude regression as were the ice, temperature and chlorophyll a regressions (compare
Figure 3.6b with Figure 3.7). Both chlorophyll & and prasinox are marker pigments for
prasinophytes, e.g. in Prydz Bay walers species of Mantoniella (Marchant er al. 1989).
Dengity and the number of taxa at sampling sites were two community variables weakly
negatively correlated with chlorophyll &: for density F=4.645, Adj. R=0.076, r=-0.312,
P=0.039, DF=1,43; and taxa F=4.297, Adj. R*=0.070, r=-0.301, P=0.047, DF=1,43. There
was no correlation beiween these community parameters and prasinox. None of the sampling
paramelers was correlated with the ordination scores.

Inthe inverse analysis of species, all 26 of the major dominant species were analysed.
The two additional species [. racoviezai and P. macropterus were not observed in this year.
Five groups were defined at 75% dissimilarity—(wo main groups, a minor group of two
species and two singles species groups (Figure 3.8b). In the larger group of 15 species (Group
A}, all three chaetognath species, two of the six copepod species, the siphonophores, and Clio
pyramidaia were indicator species of the main oceanic station Group 2 in the centre of the
region (Figure 3.4b). Group A also contained Metridia gerluchei,Calanoides ucutus,
Rhincalanus gigas, and appendicularians which occurred in higher abundances in the station
Group 2, though this was not considered significant in the SNK multiple range Lest (Table
3.7). 8. pazellue and E. hamaia were also abundance indicator species of the northern station
group (Group 1). The next species group (B) of 7 species contained three species, C. lucasit,
S. thompsoni and T. gaudichaudii which were defined as indicator species tor the northern
station group. [n addition, the two euphausiids have distributions known to be conlined
primarily to waters of the Antarctic Circumpolar Current (ACC) (John 1936; Baker 1966;
Kiltel er al. 1985; Smith and Schnack-Schiel 1990), The NMDS analysis showed a close
association between the two species groups A and B (Figure 3.9b), but also suggests the
larvae of Electrona antarciica, a trequency indicator species of the northern stations, have
as much atfinity with Group B as Group A. Group E comprised the inshore species
assemblage, ie. E crystaflorophias and gammarids. P antarcticun was also a shelf
indicator species, bul was isolated from the other species (Figures 3.8band 3.9b). E. superba
was also classified as a single species group at the 75% dissimilarity level. The NMDS
analysis more clearly shows the dissociation of E. superbg [rom the other species (Figure
3.90).

January-Murch 1981

Three main cluster groups were Jefined at 73% dissunilarity (Figures 3.4c and 3.5¢).
Group 3 comprised 4 continental shelf stations. Inaddition w E. crystallorophius, gammarids
and the larvae of P. antarcticum, a number of other species were defined as indicator species
for shelf stalions, including siphonophores and the copepod C acutus (Tables 3.10and 3.11).
The tatter two taxa were previously described as indicators of the oceanic stations. Station
16 (Figure 3.1¢) west of Davis was defined as an outlier, but distantly grouped with the
inshore sites at 79.9% dissimilarity, This site comprised only 8 taxaand 71 speciumens inotal,
with a density of 2.4 individuals 1000 m-, which is considerably less than the mean density
of Group 3 zooplankton of 63.0£78.6 individuals 1000 m3, The most abundant species at
Siation 16 were E. crystfiorophias, and the larvae ot P. antarcticum and P. macropterus.
This similarity in composition explains the link with Group 3 sites.
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Group 2 represents the main proup of swations lying east-west in the middle of the
region (Figure 3.5¢). This group was distinguished by much the same species, copepad and
chaelognaths (Tables 3.10 and 3.11), that characterised the oceanic groups described above,
i.e. Group 1 in Figure 3.5a and Group 2 in Figure 3.5b. Group 1 separales Group 2 oceanic
stations from the inshore stations but also borders Group 2 to the north. The single indicator
species of this group was E. superba, which represented nearly 80% of Group 1 catches in
terms of density (Table 3.11). Station 48 was an oullier, distanily linked with Groups 1 and
2 at 80.3% dissimilarity (Figure 3 .4c¢). This staton just north of Mawson (Figure 3.1c¢), had
the highest abundance of §. thompsoni for any site, as well as a very high abundance of
C. pyramidata. Atother siations with a high proportion of C. pyramidata there werenosalps,
This coupled with the low abundance of other species would explain the lack of similarity
wilh other sites.

In the NMDS ordination, latitude explained 51% of the variation in the data, while
mean temperalure and surface chlorophyll a values accounted for 38% and 35% of the
variation respectively (Table 3.6¢, Figure 3.6¢). The only other environmental parameter
correlaled with the ordination scores was pack-ice cover which explained «<15% of the
variation. The time in days since the starl of the sampling period explained 26% of the
observed pattern. In addition, the choice of sampling depth, this being a cruise when
horizontal trawls were employed, alse accounted for some 17% of the variation in the data.

Six groups were defined in the comparisen of species cluster analysis at the 90%
dissimilarity level, comprising amajor group of 20 species and a number of single and double
species groups (Figure 3.8¢). The main group (Group A) could be split into two sub-groups
atthe 85% level. The NMDS analysis shows a splitat this level is valid. Group Al is similar
in composition o the main species assemblages discussed above (Groups A in Figures 3.8a
and byand for 1987 (see below). This group also contained the indicator species for the main
oceanic group of stations (Group 2 in Figure 3.5¢). Gammarids were also found in this group
and yet were defined as frequency and abundance indicators of the shelf group of stations
(Figure 3.5¢). The NMDS analysis (Figure 3.9¢) does shows the gammarids more closely
aligned with the Group E shelfl species of E. crystallorophias, P. antarcticum and
P. macropierus. Group A2 eontained species described as being associated with northern
stations in 1985, but also contained three species, Euchaeta antarctica, Electrona antarctica
and T. macrura described in the previous 1982 and 1985 surveys as belanging to the main
species group of copepod/chaetognath/siphonophares (Group A in Figures 3.9a and b), In
turm, 5, thompsoni was included in Group Al, whereas in other years (Figures 3.8a and b} it
waseither isolated or associated withthe £, frigida, E. triacantha, C. lucasiiand T, gaudichaudi
species group (Group B in Figure 3.9b). Nor was E. frigcanthg associaled with these species
in this particular sampling season (Figure 3.9¢). This may well be an anefact of analysis
caused by this species’ low abundance in 1981, Appendicularians were also in very low
abundance and were also a single species cluster group. However, the NMDS analyses does
group appendicularians with Limacina helicina. This latter species was grouped with the salp
I racovizae in the cluster analysis (Figure 3.8c¢), butl in the ordination I racovitzai was
separate from L. Aelicina and grouped with Group Al. E. superba was clearly dissociated
from the other species at 91% dissimilarity. As noicd above, this species occurred in high
abundance in station Group 1 (Figure 3.5¢) and was the only indicator species for that group
of slations.

Overall, there is some disagreement between the cluster and ordination results, spme
interchange of species belween species groups, as well as different and additional indicator
species for the shelf area. These differences may be altributable in part to some degree of
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geographical mixing of species groups detected due to the extended sampling—with
sampling period accounting for 26% of the variation in the comparison of sampling sites, The
interchange of species between Groups Al and A2 could also be due o the lack of sampling
north of 62°8 resulting in the poor representation of northern species and therefore not being
discerned as a distinct group as observed in 1985,

March 1987

The cluster analysis produced two main groups and one outlier Station 83 in the north
(Figure 3.14) at the 55% dissimilarity level (Figure 3.4d). Station 83 was dominated by the
hyperiid T. gaudichaudii, which represented 55% of the catch in terms of wet weight, At53%
dissimilarity, three main groups were defined, plus an additional outlier, Station 65 near
Davis (Figure 3.1d). This stalion was dominated by E. crystallorophias, representing 85%
of the catch by wet weight and yet this site was linked to Group 3 which had no
E. crystallorophias representation (Table 3.12). The NMDS plot (Figure 3.6d) shows tiree
distinct main station groups, and validates the selection at 53%.

The major group (Group 2) comprised most of the stations in the eastern part of the
region and was distinguished from the western sites by very high abundance of the smune
copepod and chaetognath species that characterised the main oceanic groups in other years.
Group 3 stations were characterised by low abundances—the mean total zooplankton density
for the dominant species was nearly 10 times lower than that of Group 2 (Table 3.12). There
were no indicator species for Group 3. The predominant species in Group 1 siles was
E. superba, which comprised 76% o 92% of the catch wet weight. T. macrura was both a
Group 1 and 2 indicator species, i.e. Group 3 was distinguished by the low abundance of this
species (Table 3.12).

There were few frequency indicators. Group 2 was distinguished from the remaining
siles by the chactognath Sagitta marri which occurred in 11 of the 13 Group sites and three
of the remaining 12. Group 2 was specifically separated from Group 1 by the hyperiid Primno
macropa (not a dominant species) which was found in 9 of the Group 2 sites and not in any
of Group 1. The 2A[l information scores for §. marri and P, macropa were only signilicant
at 5%.

Latitudinal zonation was a feature of the previously discussed data sets. The March
1987 data set, however, exhibited a distinct longitudinal zonation. 1n the NMDS ordination,
longitude explained 65% of the variation, while latitude accounted for 24% (Tahle 3.6d,
Figure 3.6d). The time in days since the start of the sampling period also explained a
significant amount of the observed pattern—58%. In the 3-axes ordination, infegrated
temperature and ice recession explained 75% (F=22.9,DF = 3,19, P < 0.0005) and 27% (F
= 4.0, DF 3,21, P = 0.02) of the variation, respectively. However, these paramelers were
mainly correlated with the third axis (regression weight = —0.994) and were not signiticant
variables when the ordination was reduced to two axes (Table 3.6d).

Gammarids, I racovitzai and P. macropterus were not observed in this season and
therefore only 25 species were used in the inverse species analysis, Two major groups were
defined at 82% (Figure 3.8d). Group A comprised the same main species group identitied in
the other three years, ie. all the copeped and chaetognath species, siphonophores,
appendicularians and 7. macrura. Nine of the species were abundance indicators of the main
station Group 2 in the eastern half of the Prydz Bay region (Figure 3.5d). Unlike previous
years, E. superbawas clearly linked with this group of species (Figures 3.8d and 3.9d). Group
B comprised T. gaudichaudii (dominant al Station 83), §. thompsoni, and the two euphausiids
E. frigida and E. triacantha. Tomopteris carpenteriand H. dilaiata were also associaled with
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these species. This species grouping was also defined in the 1985 data set (compare Groups
B inFigures 3.8band d). C. lucasi: previously associated with E. frigida and T. gaudichaudi:
in 1981 and 1985, was linked with the main species Group A. The remaining three species,
E. crystallorophias, P. antarcticum and L. helicina formed single species groups. The
continental shelf group of species was not adistinct group in the comparison of species. This
is mainly due to sampling being restricted to just one site west of Davis where
E. crystallorophias was the dominant species. Although P. antarcticum was also collected
at this site, the two species did have different distributions. P. antarcticum was also found at
stations 70 and 71, while E. crystatlorophias was found at stations 66 and 96 (Figure 3.1d).

34  Discussion

Species assemblages

There was considerable consislency in the species associations defined for each year,
despite different sampling methodology and sampling at different times of the year. Further,
there was good comespondence between the species groups and the indicator species defined
for the station groups. Consequently, the various species associations shown in Figures 3.8
and 3.9, can be combined into four principal species assemblages or communities that can
be related back to specific geographical areas where these assemblages are dominant. These
communities are the neritic, the main oceanic community, anorthern oceanic community and
an E. superba dominated community (Figure 3.10}. Each assemblage is coded with a colour
corresponding to the areas in Figure 5 where that assemblage predominated.

Neritic Community. The neriticor shelf groupwas characterised by E. crystallorophias.
‘When present, gammarids and the larvae of P. macropterus tormed a close association with
this euphaunsiid. This assemblage dominaled the inshore region of Prydz Bay south of
67°30’S, although these species were found elsewhere onthe shelf. Pleuragramma antarcticum
is also a neritic species but only formed a partial association with the other three species.
Differences in the respective distributions of P. antarcticum and E. crystallorophias are
probably the main reason why there is a slight dissociation, The larvae of P. antarcticum,
especially those <25 mm in length, are readily carried offshore. Their disribution closely
follows the western boundary of the Prydz Bay gyre (Figure 2.1{)). Williams and Duhamel
1994 describe this in more detail. The larvae of E, crystallorophias are also carried offshore
by the gyre, whereas the adult E. crystallorophias are confined to the shelf (Chapter 6). Both
the larvae of P. antarcticum and E. crystullorophias are useful indicators of water of Prydz
Bay/shelf origin moving offshore.

Main Oceanic Convmunity. The main oceanic assemblage comprised the bulk of the
numerically dominant species found in the region. This inciuded all the abundant copepod
species, particularly the herbivores C. propinguus, C. acutus and R. gigas, as well as the
associated carnivores such as chaetognaths. Chaelognaths are one of the principal predators
of copepods, with E. hamata alone responsible for reducing the copepod biomass by as much
as 12% (Bresland 1990). Included in this assemblage are the euphausiid T. macrura, the
pleroped C. pyramidata, appendiculanians and siphonophores collectively. Allspecies inthis
assemblage are notable for having wide circumpolar distribulions. Forexample, the copepods
{(Vervoort 1951), the three chaetognaths (O’ Sullivan 1982) and T. macrura (Mauchline and
Fisher 1969) have distributions that extend south from the Antarctic Convergence onto or
near the continemtal shelf. The copepod H. ocellatus is usually found south of 60°S (Vervoort
1951). Doring this study, members of this assemblage were at times collected ai shelf
stations, and hence overlapped the distribution of the neritic assemblage. In 1981 (Figure
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3.5c), siphonophores and C. acutus were also abundance indicator species of the shelf region.
A Polish survey in 1969, where a much finer plankton mesh (50 pum) was used than that of
the present study, found copepodites of C. acutus, C. propinguus and M. gerlachei widely
distributed over the shelf region of Prydz Bay (Zmijewska 1983). While the species of the
main oceanic community have extensive geographic distributions, the present study has
shown they were generally more abundant in, and thus dominated, Lhe region between the
continental shelf edge and 62-63°S. The northern limit approxunates the southern boundary
of the Antarctic Circompolar Current (ACC). Pakhomov (1989) also found pteropods and
siphonophores to be major abundant groups in the area south of the Antarctic Divergence in
the Prydz Bay region, but not north of the divergence, nor in shelf waters. The oceanic and
neritic zones were distinguished both by the differences in species compaosition as revealed
by the information statistic, and also by the differences in abundances of species common in
bolh areas.

The salp 1. racovitzas and the pteropod L. helicina were lwo species that were not
distinctly associated with either the neritic or oceanic communities. Both species were
associated primarily with the main oceanic community but were also abundance indicators
of the neritic zone in 1981. L. helicina has been described as a typical inhabitant of the shelf
regions in the Weddell and Ross Seas (Smith and Schnack-Schiel 1990), but also as being a
member of both the neritic and oceanic communities around the Antarctic Peninsula
{Piatkowska 1989b; Siegel and Piatkowski 1990). Litle is known of the detailed distribution
and ecology of 1. racovitza: other than it has a wide circumpolar distribution south of the
convergence but may prefer waters colder than 0°C (Foxton 1971). Neither [. racovitzai or
L. helicina can be considered as reliable indicator species.

Northern Oceanic Community. Differences in species abundances was perhaps the
main feature distinguishing the northern oceanic and main oceanic communities, rather than
differences in species composition. The northern assemblage comprised four main species,
the euphausiids £. frigida, E. iriacantha, \he hypenid T, gaudichaudiiand thesalp S. thompsoni.
These species have been described previously as being confined to or more abundant in the
walers of the West Wind Drift (Baker 1966; Foxton 1966; Kane 1966; Smith and Schnack-
Schiel 1990). Both §. thompsoni and T. paudichaudii were collected at most stations north
of the shelf, but had significantly higher abundances in the northern waters, generally north
of 62°§, where they were abundance indicator species of thal region. The exceptionally high
abundance of salps in January 1985 would have concealed the imporniance of some of Lthe
species of the main oceanic assemblage which were also found in northern waters. Pakhomov
(1989) also observed higher abundances of S. thompsoni and T. gaudichaudii in waters north
of the Antarcuc Divergence in Prydz Bay inboth February/March 1985 and 1986. Pakhomov
reporled that £, frigida was also more abundant north of the divergence, In the present study,
neither E. frigida or E. triacantha was found 1o be an indicator of northern waters. Both
species were sparsely distributed through most of the oceanic area. E. frigida was more
abundant in the two north-eastern stations in January 1985 (Group 4 in Table 3.7, Figure
3.5b), but this was not significant in terms of SNK, nor did the two species have significantly
high abundances in any other station group. Nonetheless, these species did form associations
with S. thompson! and T. gaudichaudii (Figure 3.9b.d), although this is less evident in
January—March 1981 when northermn waters were not sampled in detail. The larvae of
E. frigida are conlined 10 walers of the ACC (Chapter 6), and are perhaps better indicators
than the adults.

Electrona antarctica, C. lucasii, H. dilatata and T. carpenteriformed an inlermediate
oceanic sub-group of species (thal were, at ditferent times, associated either with the northem
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assemblage or the main oceanic assemblage. Species of Cyllopits and Vibilia are obligate
symbionts of salps (Madin and Harrison 1977}, and Ainley ef al. (1988) reported the close
association of these taxa with §. thompsoni in the Weddell Sea. Similarly in January 1985,
C. lucasii and Vibiliasp. were commonly distributed in the northern waters where 8. thompsoni
was most abundant. All three species were indicators of the northern sites (Figure 3.5b).
Moreover, both the cluster (Figure 3.8b) and NMDS analyses (Figure 3.9b) show a very close
affinity between C. lucasii and S. thompsoni in January 1985. The NMDS analyses also
showed that in November 1982 the hyperiid H. dilatiia had a closer affinity to the neritic
species than with the main oceanic assemblage (Figure 3.9a). In January (1985) H. dilatata
had a near equidistant affinity with the main oceanic and northemn species$ comanunities
(Figure 3.9b), while in March 1987 this species was clearly associated with the northern
species group (Figure 8d). Siegel and Piatkowski (1990) described the same situation in the
Antarctic Peninsula region, with H. dilatata moving from the neritic comumunity in spring
(November) to the oceanic in summer (February). They concluded that this species was not
a reliable indicator species. Although the polychaete T. carpenteri and the larvae of the
myctophid Elecirona antarctica are members of the intermediate sub-group, their oceanic
distributions are notin dispute. The myctophid was never found on the shelf during this study,
while T, carpenteri was only found at two shelf siles, once each in 1981 and 1982,

Krill Dominated Community. Euphausia superba was, for most of the time, dissociated
from all other species. Krill did form a distant association with the neritic species in 1982 and
amore substantial association with the main eceanic assemblage in 1987, However, in those
surveys plus 1981, krill were imporlant abundance indicators of geographic areas distinct
from the main oceanic anl neritic distributions. In 1985, krill were not indicators of any
station group, but were mest abundant in station Group 3 near the shelf edge between the
oceanic and neritic zones (Table 3.7). Hydroacoustc studies in that season also indicaied a
higher biomass of krill in the shelf edge area (Higginbottom et af. 1988). Studies by
Pakhomov (1989), Bibik and Yakolev (1991) and Ichii (199)) have also shown that krill are
more abundant near the continental shelf edge between 60° and 80°E in Prydz Bay. The shelf
region was proposed as a major spawning region tor krill (Chapter 6). The results from 1981,
1982 and 1985 of the present study have also shown that krill were primarily localised and
are dominant near the continenlal shell edge in a transition zone between the neritic and
oceanic assemblages. In the krill dominated areas the non-krill zooplankton abundance is
consistently lower (Figure 3.11). In tumn, the areas of high zooplankton abundance, generally
dominated by the oceanic assemblages, are areas where krill were in very low abundance.

The low zooplankion abundances in the krill dominated areas may be a result of
E. superba excluding other species from these areas via competition. Figure 3.12 shows that
the combined mean abundances of the herbivorous copepods C. acutus, C. propinguus and
R. gigas in the krill dominated areas decrease in refation to increases in krill abundance for
the four surveys. Decreases in copepod numbers would also resullin associated decreases in
camnivores such as chaectognaths which depend on copepods. The reverse situation of
herbiverous zooplankton excluding krill from the main oceanic community is possible,
althoughatalocalised level, krill would be expected to exclude other species from their living
space as krill formed dense aggregations. A super swarm sampled in Prydz Bay was devoid
of other species of zooplankton (Higginbotiom and Hosie 1989),

An altemative to the ‘exclusion’ theory, is that krill may simply dominale a region
which is unsuitable foreither the neritic or oceanic species. Neritic species would presumably
avoid an oceanic exislence, whereas the shelf edge is either the southern limit of oceanic
species distributions or their abundance decreases towards and onto the shelf. In this study
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a number of species were consistently in very low abundance or more often absent from the
shelf or near the shelf area, i.e. appendicularians, Electrona antarctica, H. ocellatus, §. marri,
C. lucasiiand T. carpenteri, as well as all inembers of the northern oceanic cormununity. In
addition, a number of widely distributed species had abundances that dirninished toward the
continent, 1.e.R. gigas, S. gazellue, E hamata, C. pyramidata and siphonophores (Table 3.7).
Budnichenko and Khromov (1988) observed a similar north-south decrease in abundance of
R. gigas in Prydz Bay in 1984. Figure 3.11 shows a clear trend of decreasing non-krill
zooplankton abundance from the northern station groups towards and onto the shelf in
January 1985.Figure 3.11 isalso consistent with the theory of exclusion through competition.
The exclusion theory could account for the distribution of the krill dominated community to
the north of the main oceanic community in 1981, as well as the western distribution of the
krill community away from the shelf edge in 1987, whereas the ‘unfavourable conditions’
theory could not. On the other hand, the creation of large discrele areas of few zooplankion
through exclusion alone is difficul( to imagine and would perhaps be betler explained by the
‘unfavourable conditions’ altermative. Both theories have merit and there is no reason why
both situations could nol be combined insofar as the exclusion of the zooplankton from an
arca is facilitated by their initial diminished numbers, Regardless of which theory prevails,
it would appear that competition for resources is minimised through geographical separation
of the main herbivorous groups—E. crystallorophias in the inner shelfarea, copepods turther
offshore, and krill primarily in between with almoest no overlap with salps in the far north.

There was much speculation and discussion during the Final BIOMASS Colloguinm
in Bremerhaven, September 1991, whether E. superba is really as important in Prydz Bay,
and in other areas, as originally perceived. Certainly, a greater part of the oceanic region is
dominated by copepods and salps, while the inner shelf is dominated by E. crystallorophias,
an important dietary componeit of various vertebrales (Puddicoinbe and Johnstone 1988,
Williams 1985, 1989). This study has shown, without doubt, that E, superba is the principal
dominant species of large areas of the southem Prydz Bay region. These areas overlap the
summer distribution of minke whales (Ichii 1990), and also various fish and birds that al times
feed extensively on krill (Montague 1984; Williams 1985, 1989; Green 1986; Green and
Johnstone 1988; Ichii 1990; Ammstrong and Siegfried 1991}, Krill should still be viewed as
the most important single species in the Prydz Bay area.

Geographical variability and controlling factors

Sampling resolution of the shelfl region was perhaps not ideal for an area of rapid
transition between two communities. The amount of sampling that was carried cut suggesls
little variability in the northem boundary of the neritie group, with this community
consistently dominating the region south of 67°S. It is more difficult 10 comment on the
geographical variability in the northermn oceanic communily because this area was only
covered in detail in 1985. There is no evidence to suggesi much variability in the geography
of the West Wind Drift, especially in relation 1o the southern boundary. Indeed there is
evidence of consistency in the northern zooplankton, with Pakhomov (1989) describing near
identical distributions and relative abundances of salps and hyperiids in the West Wind Drift
in Prydz Bay for the January-February period ot 1985 and 1986.

The greatest amount of variability was displayed by the main oceanic and krill
dominated communities. For three of the years there was strong latitudinal zonation,
although the north-south width varied somewhat, while there was a distinct longitudinal
zonation between the two communities in March 1987. There are species that will favour or
live in cerlain tlemperature and salinity regimes, e.g. E. crystallorophias lives in waters of
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predominantly <—1°C, while §. thompsoni is restricted to the warmer waters of the West
Wind Drift. Temperature did account for much of the zooplankton data variation in three of
the four years (Table 3.6). In January 1985 all four community zones were well represented
and, along with temperature, salinity did explain some of the variation in the zooplankton
distributions. The main oceanic and krill communities dominated the regression analyses in
the other three years, and it would seem that horizontal salinity gradients have less or no effect
on the collective zooplankton distributions between and within these communities. It also
remains to be delermined what effect vertical stratification of the water column has on
community distributions.

The presence and duration of pack-ice cover is an important factor affecting the
structure of the pelagic food web (Smith and Schnack-Schiel 1990). This influence comes
firsdy from the rotting early sumumner ice providing a favourable substrate facilitating high
production of ice algae, and thus an important and nch food source for krill and zooplankton
(Smetacek er al. 1990). Secondly, as the ice recedes the melt water stabilises the surface water
layers where phytoplankton blooms rapidly develop (Hart 1942; Smetacek ef al. 1990). The
effects of ice recession could not be determined in November-December 1982, as much of
the region was still covered by ice. Neither did the degree of pack-ice cover explam any of
the data variation. Ice usually dissipates by the beginning of January in Prydz Bay (Jacka
1983). In January 1985, ice recession did account for a substantial amount of the variation,
more so than chlorophylt a. Ice recession and phyloplankton were also proposed as a factor
influencing the distribution pattern of T. macrura developmental stages during the same
period (Chapter 6). The zooplankton and ice recession correlation may also be coincidental,
since the two parameters both have a latiludinal pattern. Figure 3.6b shows the close
alignment in ice and latitude regressions. There was no similar correlation between ice
recession and zooplankton observed in the later months of 1981 and 1987, but then this may
not be expected 2 to 3 months after the ice has gone.

Smith et al. (1988) cautioned that the ‘snapshot’ approach of comparing biological
and enviroumental events from the same point in lime, as described above, may not
adequately reveal true relationships because different rates of environmental processes and
community responses are involved. Despite such differences belween the phyto- and
zooplankton, chlorophyll a was another variable, along with lemperature, that accounted for
much of the varation in three of the four years. Presumnably at the start of summer, the
plankton interactions are driven by the receding ice. However, the exactrelationship or nature
by which chlorophyil affects zooplankton distributions, particufarly in later months, is not
clear and still needs o be established. For example, in this study, no significant relationship
was found between chlorophyll ¢ and any zooplankton community parameter, e.g. abundance
or number of taxa at a site. Nonetheless, by the end of summer, as shown by the March 1987
patterns, chlorophyll a no longer bas an intluence on the distribution pattems of the
zooplankton and instead the north-easterly current became the single important controlling
factor (Figure 2.15).

Various studies bave demonstrated consistency in the horizontal water circulation
paiterns in the Prydz Bay region between years, with litile intra-annual variation (Khimitsa
1976; Tchernia and Jeannin 1983; Smith e7 af. 1984; Allison 1989; Hodgkinson er af. 1988,
1991a, 1991b; Middleton and Humphries 1989; see Figures 2.10 to 2,15). Currents were
expected 10 have a major influence on the distribution of the zeopiankton throughout the
summer sampling period. The currents near the shelf, as shown in Figure 2.15, are behieved
10 be responsible for the dispersion of euphausiid larvae (Chapter 6), Apart from the West
Wind Drift, the north-easlerly currentout of Prydz Bay (Figure 2.15) was the only other major
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current that would appear to have had an effect on zooplankwon disuibutions at the
community level. There was some indication in Janvary 1985, that the main oceanic
community was carried north-easterly, following the dispersal route of euphausiid larvae
(Chapter 6). This patlern may also be an arlefact of the analyses, as the boundary between Lhe
main and northern oceanic communtilies was based on a relatively low level of dissimilarity
(38%). The likely effects of the north-easterly current were more pronounced in March 1987
when the main oceanic community was concentrated in the eastern part of Lthe Prydz Bay
region. No effect of Lhis current was evident in 1981 or 1982, Neither would it seem that the
Prydz Bay gyre orthe East Wind Driflthad any appreciable effect on community distributions,
although both currents have been identified as transporting euphausiid larvae and larvae of
neritic fish species offshore (Chapter 6; Williams and Duhamel 1994).

Sampling methods

The comrelation between erdination scores and sampling day in the January-March
1981 dataindicates thata significant (ime component was introduced into the data set by the
protracted sampling pericd (Table 3.6¢). More than likely, during the course of the 48 day
sampling period, the very communities being sampled and defined had undergone a
substantial change, possibly in distribution or composition. This complicated the analyses
and interpretation of the data, especially in relation to defining possible causal elfects. A
sampling period of this duration is therelore not recommended. Instead, sampling surveys
like the present study, should notextend beyond approximaltely 30 days, which was the lengih
of the 1982 survey where no time component was detected.

The length of the sampling period was also correlaled with ordination scores in March
1987 (Table 3.6d). This relationship, however, was probably nota valid result, buta statistical
artefact caused by the sampling progressing from west to east coupled with a longitudinal
zonation in the zooplankton. Sampling day, was swongly correlated with longitude (r=0.78,
F=35.83, P<0.001, DF=24) and Figure 3.6d shows the close aligmunent of the sampling day
and longitude regressions.

Analysis of the 1981 data was turther complicated by the horizontal tows at fixed
depths explaining some of the variation in the dawa. Different vertical migration paiterns
exhibited by zooplankton passing through a fixed sampling layer will most likely produce a
bias in the data. Some species may not be adequately sampled at ail. Obligue sampling over
a greater depth range, e.g. 200 m, will mask the vertical migration bias, and is thus a belter
method in order to delermine large scale community structures and patierns.
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Table 3.2. Known phyloplankton marker pigments, with their sources, used in the
January 1985 multiple regression analysis. Daia from Wright 1987,

Pigment Source

Chlorophyll a alf photosynthetic algae
Fucexanthin diatoms, chrysophyltes
Hexfucox some prymnesiophytes

{19' - hexanoyloxyfucoxanthin) e.g. Phasocystis
Fucox-x chrysophytes, prymnesiophytes
Peridinin dinoflagellates

Alloxanthin cryptophytes

Zeaxanthin cyanobacteria

Chlorophyll & prasinophytes, chlorophytes
Prasinaxanthin prasinophytes
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Table 3.3. Dominant species used in inverse clusier analyses and ordination of species,
and also in the ANOVA/SNK analyses 1o define species indicators. Dominant species
were defined as those with a >4% numerical dominance for any given sampling site, for
any sampling cruise. Species abreviations used in the NMDS plots (Figure 3.9) are
shown.

Taxa Abbreviation
Appendicularia Ap
Calanoidss aculus Ca
Calanus propinquus Cp
Clio pyramidata Clp
Cyllopus lucasii Cl
Elactrona antarctica Ela
Euchasta antarctica Ea
Eukrohnia hamata Eh
Euphausia crystaliorophias Ec
Euphausia frigida Ef
Euphausia superba Es
Euphausia triacantha Et
Gammaridae Ga
Haloptilus ocelfatus Ho
Hyperislia dilatata Hd
thisa racovitzai Ir
Limacina helicina Lh
Metridia gerlachei Mg
Pagetopsis macropterus Pm
Pleuragramma antarcticum Pa
Rhincalanus gigas Rg
Sagitta gazellae Sg
Sagitta marri Sm
Salpa thompsoni St
Siphonophora (Nectophores) SN
Themisto gaudichaudii Tg
Thysanoessa macrura Tm
Tomopteris carpenteri _ Tc
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Table 3.4. November—December 1982, Freguencies of occurrence of indicator species
distinguishing cluster groups defined in Figure 3.4a. Species in each sub-table are
ranked according to information statistic. Species above the dotted line in each subr-tuble
have a 2Al > 6.63 (P=0.01), and those below the line have 24l >3.84 (P=0.05).
Maximum possible occurrences are; Group 1 = 25, Group 2+3 = 20, Group 3a = 8 and
Group 3b = 6. * not dominant species and not used in SNK or inverse species analyses.

a. Group 1 (oceanic) indicalors species

Species Group 1 (Group 2+3)
Calanus propinquus 25 5
Calanoidas aculus 25 5
*Vanadis antarctica 20 1
*Primno macropa 21 2
*Clione limacina 20 3
Tomoptens carpenter 16 1
Rhincalanus gigas 18 2
*Tomopteris seplentrionalis 12 0
Sagitta gazefiae 24 8
T T
*Spongiobranchaea australis 18 3
*Calycopsis borchgrevinki 9 0
Haloptilus ocellatus 9 0
Thysanoessa macrura 24 10
Sagifta marn a 0
Clio pyramidata 21 7
Appendiculana 1 1

b. Group 2+3 (inshore) indicator species

Species Group 243 Group 1
Euphausia crystallorophias 15 8
"Hypenel‘lamacmnyx L
*Cryodraco antarcticus larvae 7 0
*Channichthyidae larvae 6 o]
Pleuragramma anfarcticum 12 5
*Chionodraco sp. larvae 10 3

¢. Group 3aindicator species from Group 3b _

Species Group 3a Group 3b
None

* Hypenalla macronyx 8 2
Salpa thompsoni 8 2

d. Group 3b indicator species from Group 3a

Species Group 3b Group 3a
None

Euphausrasuperbas e
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Table 3.5 November-December 1982. Mean abundances, analysis of variance (F) and

SNK multiple range tests of dominani species in cluster groups defined in Figure 3. 4a.
Analyses were carried out on log,o{x+1) transformed abundances (Zar 1984)—values

shown are number of individuals 1000 73, Species with significant differences in mean

abundance are shown in bold text, while those with significantly higher abundances in a
cluster group according 1o SNK analysis are underlined. For ANOVA P values; * < 0.05,
*¥* < 0.005 **+* < 0.0005, - = not significant. DF = 3,39,

Species Group 1 Group2 Group 3a Group 3b - F P
Mean Mean Mean Mean

Appendiculana 0.07 0.00 0.00 0.001 1.41 -
Calanocides acutus 339.04 1.09 0.68 2.01 21.30 ik
Calanus propinguus 43.47 0.70 0.02 0.07 25.03 b
Clio pyramidata 237 0.04 0.08 0.02 £.81 -
Cyllopus lucasii 0.49 0.08 0.03 0.04 2.88 *
Electrona antarctica 0.02 0.00 0.00 0.00 0.43 -
Euchaeta aniarctica 1.44 0.04 0.00 0.001 1.60 -
Eukrohnia hamalta 1.52 0.29 0.01 0.37 2.82 -
Euphausia crystallorophias 4.92 0.70 938.02 407.79 33.54 B
Euphausia frigida 0.001 0.00 0.00 0.00 0.23 -
Euphausia superba 82.23 0.07 1.07 B59.44 24.97 .
Gammaridaa 0.03 0.10 0.02 0.10 1.71 -
Haloptilus ocellatus 0.65 0.00 0.00 0.00 219 -
Hyperislla dilatata 0.19 .15 0.30 0.07 1.43 -
thiea racovitzai 0.21 0.00 0.00 0.00 0.45 -
Limacina heficina 1.16 0.08 1.59 0.07 1.25 -
Melndia gerachei 17.41 0.12 0.08 0.10 2.41 -
Pagelopsis macropterus Q.00 0.01 0.02 0.00 2.91 "
Plsuragramma antarcticum 0.186 0.01 1.63 1.11 4.74 -
Rhincalanus gigas 39.53 0.45 0.00 0.07 4.05 N
Sagita gazeilae 4.74 0.32 0.06 0.12 1017 b
Sagitta marri Q.07 0.00 0.00 0.00 1.12 -
Salpa thompsoni 3.30 103.92 3.86 1.68 8.03 e
Siphonophore nectophore 1.95 0.22 0.01 0.11 2.68 -
Themisto gaudichaudii 0.01 0.00 0.00 0.00 0.40 -
Thysanoessa macrura 6549 025 0.1 1.56 10.07 e
Tomoptens carpentan 0.44 0.00 0.01 0.00 2.42 -
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Table 3.6. Multiple regression analyses between environmental parameters and NMDS
scores for two-axis ordination of comparison of sampling sites. Regression weights are
derived from Equation 3.2. Adj.R? = Adjusied coefficient of determination which gives the
Jfraction of the variance accounted for by the explanatory variable (Jongman et al. J987).
For ANOVA P values; * < 0.05, ¥* < 0.005, *** < 0.0005, ns = not significant.

a, November—-December 1982

Direction Cosines
(Regression Waights)

VARIABLE X Y Adj. R? F DF P
Chlorophyll a -0.819 —0.573 0.378 6.785 2,17 *
Latitude —0.897 0.442 0.347 12.151 2,40 i
Temperature 0.906 0.424 0.284 7.136 229 e
Salinity —_ — 0.040 1.623 2,28 ns
Sampling Day — — 0.014 1.294 2,40 ns
Longitude — — -0.007 0.848 2,40 ns
Sampling Depth — — -0.010 0.798 2,40 ns
Duration Haul — — -0.028 0.435 2,40 ns
Pack ice Cover — — -0.040 0.198 2,40 ns

b. January 1985

Direction Cosines

(Regression Weights)
VARIABLE X Y Adj. ¢ F DF P
Latitude —0.595 0.804 0.684 52,924 2,46 i
Ice Recassion —0.617 0.787 0.604 37.653 2,46 e
Temperature 0.735 —0.678 0.355 11.725 237 e
Salinity —0.234 0.972 0.279 8.559 2,37 b
Chlorophyll a —0.652 0.759 0.2714 8.805 2,40 b
Duraticn Haul — — 0.065 2.660 246 ns
Sampling Depth — — 0.062 2.590 2,46 ns
Longitude — — 0.002 1.044 2,46 ns
Sampling Day — — <0.015 0.644 2,45 ns
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Tabla 3.6c and d.

c¢. January—March 1981

Direction Cosines
{Regression Weights)

VARIABLE X Y Adj. A? F DF P
Latitude 0.047 —0.999 0.509 22.257 2,39 b
Temperature —0.113 0.994 0.381 11.788 2,33 e
Chl a at surf. 0,199 —0.980 0,349 9.582 2,30 b
Sampling Day —0.431 0.902 0.263 8.334 2,39 .
Sampling Depth —0.760 0.650 0.173 5.282 2,39 .
Ice cover 0.077 -0.997 0.146 4514 2,39 *
lce recassion — — 0.034 1.719 2,39 ns
Longitude — — -0.028 0.437 2,39 ns
Duration Haul — —_ -0.031 0.382 2,39 ns
Salinity - — -0.035 0.402 2,33 ns
d. March 1987

Direction Cosines
{Regression Weights)

VARIABLE X 14 Adj. A2 F OF P
Longitude 0.877 0.480 0.649 23.161 2,22 bk
Sampling Day 0.828 0.560 0.584 17.873 2,22 b
Latitude -1.000 —0.016 0.237 4.737 2,22 *
Duration Haul — — 0.132 2.824 2,22 ns
Surface Chl a — — 0.070 1.756 2,18 ns
Sampling Depth — — -0.021 0.750 2,22 ns
Temperature - — -0.037 0.609 2,20 ns
Pack lce Cover — — -0.053 0.397 2,22 ns
lce Recession — — -0.085 0.062 2,22 ns
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Table 3.7. January 1985. Mean abundances, analysis of variance (F) and SNK multiple
range tests of dominant species in cluster groups defined in Figure 3.4b. Analyses were
carried out on log ol x+1) transformed abundances (Zar 1984)—values shown are
number of individuals 1000 n’, Species with significant differences in mean abundance
are shown in bold text, while those with significantly higher abundunces in a cluster
group according to SNK analysis are underlined. For ANOVA P values; * < (1.05,

¥ < 0005, *** < 0.0005, — = not significant. DF = 4,41,

Species Group 1 Group2 Group3 Groupd4 Group s F P
Mean Mean Mean Mean Mean
Appendicularia 0.19 0.83 1.64 0.00 0.00 4.84 b
Calanoides acutus 5.51 15.97 9.93 2.28 3,57 9.01 ***
Cslanus propinqtius 538 2413 10.16 6.60 278 1370 ***
Clio pryamidata 549 18390 2.15 7.09 191 623 *
Cyllopus lucasii 1.21 0.22 0.00 11.48 0.00 1952 ***
Electrona antarctica 0.69 0.45 0.00 1.10 0.00 2.22 -
Euchaeta antarctica 0.85 3.47 1.16 6.27 1.05 1089 **
Eukrohnia hamata 26.75 41.11 15.41 1.07 2.04 1141 **
Euphausia crystallorophias 0.00 0.88 0.31 0.00 1448 1332 ***
Euphausia frigida 2.25 1.91 0.00 15.75 0.00 2.66 *
Euphausia superba 3.61 8.20 14.49 172 6.06 1.20 -
Euphausia tnacantha 0.22 0.53 0.00 3.09 0.00 2.38 -
Gammaridae 0.00 0.01 0.05 0.00 062 817
Haloplilus ocellatus 0.97 353 0.71 0.60 000 1177 **
Hyperielia dilatala 0.20 0.08 0.086 0.61 0.00 2.89 *
Limacina helicina 0.19 1.03 0.06 0.10 0.00 1.30 -
Metridia gerlachei 0.17 4.54 453 0.06 2.29 871
Pleurogramma antarclicum 0.01 0.17 0.00 0.00 0.12 0.19 -
Rhincalanus gigas 40.87 38.54 7.51 2,35 1.17 7.02
Sagitta gazellae 17.84 17.38 4.65 6.21 0.56 9.35 ***
Sagitta marri 125 304 0.89 0.00 000 12898 **
Salpa thempsoni 113.46 6.86 0.00 489.68 0.00 2564 ***
Siphonophore nectophore 9.42 19.27 5.68 2.41 1.60 17.04 ***
Themisto gaudicaudii 0.42 0.07 0.00 9.99 0,00 2622 ***
Thysanoassa macrura 4.70 8.16 4.88 11.75 0.68 1.83 -
Tomopteris carpenteri 0.47 0.38 0.00 5.81 0.00 2.80 *
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Table 3.8. January 1985. Frequencies of occurrence of indicator species distinguishing
cluster groups defined in Figure 3.4b. Species in each sub-table are ranked according 1o
information statistic. Species above the dotted line in each sub-table have a 2Al > 6.63
(P=0.01), and those below the line have 2Al >3.84 (P=0.05). Maximum possible
occurrences are; Group I = 15, Group 2 = 25, Group 5 = 2 and total number of sites =
49. * not dominant species and were not used in SNK or inverse species analyses.

a. Group 1 {northem oceanic) indicators species

Species Group 1 Remaining Sites
*Vibilia sp. 13 7
Electrona antarclica 15 17
NE)ne . P,

b. Group 2 (southem oceanic) indicator species

Species Group 2 Remaining Sites
Appendicularia 21 7
'Tomoptensseptsntnonahs 18 ....... S

c. Group 5 {neritic) indicator spacies

Spacies Group 5 Remaining Sites
Nona

Euphaus.;«;;r);;taﬂordgmias e e
Fleuragramma anfarcticum 2 3
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Table 3.9 a) Multiple regression analyses between phytoplankton pigments and NMDS
scores for two-axis ordination of comparison of sampling sites in January 1985
Regression weights are derived from Equation 3.2. b) Linear regression of phytoplankion
pigments and latitude. Adj. R? = Adjusted coefficient of determination which gives the
Jraction of the variance accounted for by the explanatory variable (Jongman et al. 1987).
For ANOVA P values; * <0.05, ** <0.005, *** <0.0005, ns = not significant.

a. January 1985 Multiple Regression— phytoplankton pigmants and zooplankton

Direction Cosines
{Regression Weights)

VARIABLE X Y Adj. A2 F DF P
Chlorophyil b —0.848 0.529 0.375 13.586 2,40 b
Prasinox —0.333 0.943 0.372 13.440 2,40 ok
Alloxanthin —0.925 0.381 0.321 10.944 2,40 bbb
Fucox-x -0.814 0.581 0.275 8.956 2,40 .
Chlarophyll a —0.652 0.759 0.271 8.805 2,40 .
Hexfucox —0.880 0.476 0.260 8.382 2,40 .-
Fucoxanthin —0.599 0,801 0.219 6.891 2,40 e
Pandinin —0.892 0.452 0.163 5.083 2,40 *
Zeaxanthin — — -0.001 0.980 2,40 ns

b. January 1985 Linear Hegression—phytoplankton pigments and latitude

VARIABLE Adj. A¢ r F DF P
Prasinox 0.422 0.660 31.651 1,41 At
Chlarophyll a 0.321 0.581 20.887 1,41 hiad
Fucox-x 0.312 0.573 20.056 1,41 o
Chlorophyll & 0.311 0.572 19538 1,41 e
Fucox 0.310 0.571 19.861 1,41 o
Alloxanthin 0.243 0511 14.484 1.41 e
Hexfucox 0,224 0.492 13.107 1,41 .
Pendinin 0.159 0.423 8.941 1,41 .
Zoaxanthin 0.139 0.399 7.78 1,41 *
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Table 3.10. January-Muarch 1981. Frequencies of occurrence of indicator species
distinguishing cluster groups defined in Figure 3.4c. Species in each sub-table are
ranked according 1o information statistic. Species above the dotted line in each sub-table
have a 2A1 > 6.63 (P=0.01), and those below the line have 2Al >3.84 (P=0.05).
Maximum possible occurrences are; Group 1 = 18, Group 2 = 20, Group 3 = 4. * not
dominant species and were not used in SNK or inverse species analyses.

a. Group 2 indicators species from Group 1

Specios Group 2 Group 1
Eukrohnia hamata 19 3
Haloptﬁusoceﬂah;s T
Calanoides acutus 19 8
*Vanadis antarctica 16 5
Rhincalanus gigas 20 12
Tomoptans carpenieri 20 12

b. Group 3 (inshare) indicator species from Group 1

Species Group 3 Group 1
Pagetopsis macropterus 4 1
L
* Hippolytidae larvas 3 o]
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Table 3.11. January-March 1981. Mean abundances, analysis of variance (V') and SNK

mulliple range tests of dominant species in cluster groups defined in Figure 3.4c.
Analyses were carried out on log o+ i) transformed abundances (Zar 1984)—values

shown are number of individuals 1000 m”. Species with significant differences in mean
abundance are shown in bold text, while those with significantly higher abundances in a
cluster group according to SNK analysis are underlined. For ANOVA P values; * < 0.05,

** < 0005, ¥+ < 0.0005, — = not significant. DF =2,39.

Species Group 1 Group 2 Group 3 F P
Mean Mean Mean

Appendiculara 0.03 0.00 0.00 215 -
Calanoides acutus 2.08 9.24 21.35 7.88 b
Calanus propinquus 4.40 E E 2.03 -
Clio pryamidata 0.97 636 0.05 6.49 -
Cyilopus Iucasii 0.36 0.66 0.03 0.43 -
Elactrona antarctica 0.33 0.29 0.00 0.43 -
Euchasta antarclica 0.13 1.69 0.66 2.28 -
Eukrohpia hamata 0.02 1.12 0.16 4.54 *
Euphausia crystalforophias 0.002 0,004 7.92 14.62 i
Euphausia fngida 0.82 0.32 0.05 0.32 -
Euphausia superba 168.46 3.20 0.86 62.44 e
Euphausia tnacantha 0.00 G.01 0.00 0.54 -
Gammaridae 0.01 0.03 0.10 3.48 ¢
Haloptilus ocellatus 0.002 0.13 E 5.99 *
Hypedella dilatata 0.01 0.09 0.02 3.04 -
Ihlea racovitzai 0.01 0.37 1.00 4.03 *
Limacina helicina 0.05 0.02 _TSQ 4.05 ‘
Melndia gerlachef 0.06 0.84 _ﬁ 253 -
Pagetopsis macropterus 0,002 0.001 0.91 23.19 i
Pleuragramma anltarcticum 0.03 0.02 2282 35.64 -
Rhincalanus gigas 0.20 13.86 0.31 20.29 i
Sagitia gazeifae Q.21 2.68 0.07 10.22 o
Sagitta marri 0.001 0.03 0.00 0.97 —
Salpa thompsoni 0.62 0.55 0.53 0.01 -
Siphonophore nectophore 0.05 0.33 _o61 3.29 *
Themisto gaudichaudii 2.69 4.31 0.02 0.63 -
Thysanoessa macrura 28.30 15.84 0.84 1.31 -
Tomoplans carpentan 0.23 0.58 0.01 2.54 -
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Table 3.12. March 1987. Mean abundances, analysis of variance (F) and SNK multiple
range tests of dominant species in cluster groups defined in Figure 3.4d. Analyses were

carried out on log, (x+1) transformed abundances (Zar 1984)—values shown are

number of individuals 1000 m>. Species with significant differences in mean abundance

are shown in bold text, while those with significantly higher abundances in a cluster

group according to SNK analysis are underlined. For ANOVA P values; * < 0.05, ¥* <
0.005, ¥*¥* < 0.0005, — = not significant. DF =2,22.

Specias Group 1 Group 2 Group 3 F P
Mean Mean Mean
Appendiculana 0.00 0.55 0.04 2.10 -
Calanoides acutus 4.75 141.45 12.30 19,22 -
Calanus propinquus 1.54 67.61 3.80 19.93 v
Clio pyramidala 2.35 30.44 0.89 1.74 ~
Cyllopus lucasii 0.87 2.07 0.11 1.30 -
Electrona antarctica 0.03 0.40 0.00 2.49 -
Euchaeta antarctica 0.45 6.11 0.18 4.87 *
Eukrohnia hamata 1.79 13.28 4.39 4.50 *
Euphausia crystaliorophias 0.15 0.05 0.00 0.90 -
Euphausia fngida 0.43 511 0.00 2,13 -
Euphausia superba 44.95 11.44 0.23 12.84 i
Euphausia tnacantha 0.55 0.95 0.00 1.09 -
Haloptilus ocellatus 0.56 230 0.61 5.34 *
Hypenella dilatata 0.09 0.09 0.10 0.00 -
timacina helicina 0.00 0.00 0.01 1.32 -
Metridia gerlachei 1.12 7.40 0.06 5.05 *
Pleuragramma antarcticum 0.50 0.00 0.03 2.00 -
Rhincafanus gigas 3.34 _40.05 B.84 8,73 .
Sagitia gazelfae 1.88 514 1.61 5.35 *
Sagitta marni 0.04 1.81 0.08 4.96 *
Salpa thompsoni 2.23 27.09 0.13 1.47 -
Siphonophore nectophore 2.60 4.21 3.36 0.25 -
Themisto gaudichaudij 3.01 10.88 1.62 0.72 -
Thysanoessa macrura 5.40 77 078 11.41 e
Tomoptaris carpenterf 0.05 0.01 0.61 -

0.02
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Figure 3.1. Zooplankion sampling sites for the four surveys between 1981 and 1987. The

1000 m contour is shown. Continued.
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Figure 3.3. The graphical method of Kruskal and Wish (1978) for selecting the
appropriate level of NMDS ordination, i.e. the least number of axes, that adeguately
sumrmarises the ecological daia set. The example shown is the January 1985 comparison
of species associations. A two axes ordination was selected in this case.
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a. November-December 1982
Statioqin No,

60

b. January 1985

Station No.

70 80 30

3o 40 50
Percentage Dissimilarity

72

Figure 3.4. Dendrograms of cluster analyses comparing sampling sites for each survey.
The Bray—Curtis dissimilarity index was used for the comparison with UPGMA linkage,
after log o (X+1) transformation of species abundance data. Selection of station groups
was arbitrary for each survey. Continued.
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c. January-March 1981

d. March 1987

0 10 20 30 40
Percentage Dissimilarity

Figure 3.4c) and d). Continued.
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a November-December 1982

Latitude 35%

T°C 28%i

Gp 3a

Chl a38%

Gp 2

b January 1985

Salinity 28%

Figure 3.6. Ordination plots of sampling sites for each survey using non-metric
multidimensional scaling and Bray—Curtis dissimilarity index. Respective cluster groups
indentified in Figure 3.4 are superimposed. Significant multiple regressions between
ordination scores and environmental parameters are shown, as well as the fraction (%)
of variance in the zooplankton data explained by the parameter (see Table 3.6). Direction
of regression line was determined from Equation 3.2. Axis scales are relative in NMDS,
based on non-metric ranking of dissimilariry, and therefore are not shown. Stress values
are a) 0.15; b) 0.14, and next page, ¢) 0.18; d) 0.18.
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c January-March 1981
Temperature 38%
Sample day 26%

Sample depth 17%

Gpz2

Surace Chl 2 35%
\_aﬁ\\-\da ‘ee cay,
o /5 o 15y,

d March 1987

Sample day 58%

Gp 1

Figure 3.6c) and d). Continued.
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January 1885

Prasinox 37%

Laniude 68%

Fucnx-x 28%
Chl b 37%

Aliox 32%

January 1985

Latitude 68% &
Fucox 22%

Chl 2 27%

HexfLcox 26%,

Figure 3.7. Additional NMDS ordination plois of sampling sites for January 1985
{Figure 3.6b), with significant multiple regressions between ordination scores and
phytoplankton pigments (Table 3.9). Cluster groups indentified in Figure 3.4b are
superimposed.
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a November-December 1982
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b January 1985

endicularia
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E. superba

G P antar acum

E crystallorophias
o Gamrﬁe\and ;

Group B

1 | L 1 1 t 1 1 1

L 1
0 20 40 60 80 100

Percentage Dissimilarity

Figure 3.8. Dendrograms of inverse cluster analyses comparing dominant species,
defined as those with a >4% numerical dominance for any given sampling site, for any
sampling cruise (Table 3.3). The Bray—Curtis dissimilarity index was used for the
comparison with UPGMA linkage, after standardising species abundance (Equation 3.3).
Selection of species groups were arbitrary for each survey, Continued.
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€  January-March 1981
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Figure 3.8c) and d). Continued.
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a November-December 1982 b January 1985
E
®- Ho, Sm, SN
c January-March 1981 d March 1987
B
@E
E°
&D°
L _ | ~

Figure 3.9. NMDS inverse ordination plots comparing dominant species. Respective
cluster groups indentified in Figure 3.8 are superimposed. Species abbreviations used in
the plots are shown in Table 3.3. Axis scales are relative in NMDS and therefore are not
shown. Stress values are a) 0.17; b) 0.14; ¢) 0.22; d) 0.16.
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January 1985

Non-krill Zooplankton Density (No. 1000 m-3) e—e

Euphausia superba Density {No. 1000 m-3) 0 —O

Cluster Group Cluster Group

Figure 3.11. Comparison of mean krill, E. superba, density with remaining mean non-
krill zooplankton densiry for each station group for the four surveys (Tables 3.5, 3.7, 3.11
and 3.12). Station groups are ordered according to increasing krill abundances. Note:
station group order for January 1985 (b) is near to north—south.
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1000 30

Euphausia superba Density (No. 1000 m =) @—@
Herbivorous Copepod Density (No. 1000 m-3)0O -O

Figure 3.12. Comparison of mean E. superba density with combined mean abundance of
the herbivorous copepods C. aculus, C. propinquus and R. gigas in the krill dominaied
community areas for the four surveys. Survey vears are ordered by increasing krill
abundance.
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4. Mesoscale Zooplankton Community Distribution
Patterns—January—February 1991

41 Introduction

The four large scale surveys described in the previons chapieridentified the existence of three
zooplankton communities in the continental shelf edge area of Prydz Bay. A neritic
community was located in the southern part of the Prydz Bay continental shelf, dominated
by Euphausia crystallorophias, gammarids and larvac of Pleurugramma antarcticum. A
main aceanic community was prevalent in the region north of the shelf edge to approximately
62-63°5, with the major components being copepods, chaetognaths, siphonophores and the
euphausiid Thysanoessa macrura. The hird community was characterised by the high
abundance and dominance of the Antarctic krill E. superba and also by the paucity of
zooplankton. This community was mainly localed along the outer shelf edge, usually
between the main oceanic and neriticcommunities. Higher abundances of krill along the shelf
edge have been observed in other studies using hydroacousiic techniques (Higginbottom ef
al 1988; Bibik and Yakolev 1991), research scale nets (Pakhomov 1989) and commerciat
trawls (Ichii 1990).

The continental shelf edge of Prydz Bay was thus identified as an area of particular
interest because of the dominance of krill but also as an area of rapid transition between three
major communities. [t was also noted in the previous chapter that the sampling resolution of
the shelf region in the earlier surveys was perhaps not ideal for accurately defining the
distributions of these communities. In addition Lo describing the overall distributon and
composition of zooplankton, the previous large scale surveys were designed for the purpose
of studying the then suspected larger scale distributions of adult kil (Marr 1962; Mackintosh
1973: Lubimova et al. 1985; Hosie ef al. 1988), and later in 1985 and 1987 the distribution
of the larvae of krill and other euphausiids (Chapter 6). In January to March 1991, the Prydz
Bay—continental shelf area was the subject of a more intensive mesoscale survey (as defined
by Haury et al. 1977), with the prime objective of more accuraiely defining the distributions
and boundaries of the three main zooplankton communities in that area. The species
composition and affinities, and distribution patterns of the communities were defined by the
same multi- and uni-variate analytical techniques used in Chapier 3. The pauemns defined in
the present study were compared with various environmental parameters to delermine which
factors govern the zooplankion distributions at the mesoscale level, as compared to those
paramelers {Table 3.6) that explained macroscale distribution patterns, The distribution of
the krill dominated community in relation to the shelf edge was of particular interest,

472  Methods

The Prydz Bay—continental shelf study area was defined for the present purpose as being from
67°30' 1o 78°E and south from 65°8 10 the Anlarciic coast or Amery Ice Shelf. Sampling sites
were located at 30 nautical mile intervals along eight longitudinal transects which were 1.5°
of longitude apart (Figure 4.1). Sampling commenced on 19 January in the south of Prydz
Bay at station 11, then progressed eastward to station 52 in the north-east. Sampling
continued from station 53, again in the south of the bay, betore progressing westward and
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finishing at station 72 on 14 February 1991, Sampling was originally planned (o start along
the western transect 67°30'E, then continuing easiward. However, heavy pack-ice (9-10/10
cover) extended from Mawson, through the western part of the study area, to at least 71°E.
Sampling therefore started turther easton the firstrelatively ice free transect 72°E, The pack-
ice around Cape Damley persisted throughoul the sampling period and was the reason for the
course deviation along transect 70°30", between stations 53 and 57. Zooplankton were
collected at each sampling site in a 0~200 m downward oblique haul using a Rectangular
Midwaler Trawl (RMT 8)—the same net system used in the macroscate studies and described
in Chapler 3. An electro-mechanical net release and real ime depth sensor was mounted
above the net. The net was thus opened just below the surface and then closed at 200 m prior
to retrieval. The net was equipped with a flowmeler and in calculating the volume filtered,
the effects of wowing speed and trajeclory were taken into account (Roe et al. 1980;
Pommeranz ¢t al. 1982). Coinplete details of the sampling program, e.g. sampling position,
time, depth, conditions, ete, are provided in Appendix 1.

Shipboard and post-cruise processing of specimens was the same as described in
Chapter 3. Unlike the macroscale surveys, ichthyoplankton were not included in the present
analyses. Ichthyoplankion are the subject of another more detailed study on fish ecology in
Prydz Bay (Williams 1992).

At each sampling sile water samples were collected for phytoplankion pigment
analysis, at depths of 0, 15, 30, 45, 60, 75, 90, 105, 120, 135 and 150 m, using a General
Oceanics rosetle sampler with twelve 5 L Niskin bottles (Wright 1987), The chlorophyll a
level in each bottle was deterinined on board using a Tumer Designs TIX10 fluorometer. A
Neil Brown Mark 3 CTD> was mouated on the rosetie which provided continuous profiles of
conduclivity/salinity and temperature.

Daia analyses

Cluster, non-metric muliidimensional scaling (NMDS) and multiple regression
analyses of the zooplankton data set, for both the comparison of sampling sites and species
associations, were essentially the same as described in Chapter 3 and summarised in Figure
3.2. The only difference from the previous macroscale surveys was that dominant species
used in the ANOV A and speciesassociations analysis were redetined. The reasoning was thal
the present study focussed more on the shelt area of Prydz Bay than in previous years and a
different dominant species composition was anticipated. Inaddition, the mesoscale sampling
survey did not cover the distribulion of the northern oceanic community (NOC), which was
generally found north of 63°S. Seventeen species were subsequently defined as >4%
numerically dominant in the sampling area and these are shown in Table 4.1. The ctenophore
Pleurobrachia pileus was the one new specics that was not detined previously as a dominant
species in the region (Chapter 3). Another five taxa were defined in the 1981 10 1987 surveys
as numerically dominant in the southern part of the Prydz Bay region (Table 4.1} and were
therefore included in the analysis o determine if species affinities had changed.
Appendicularians were also described in the previous chapter as dominant in Lthe southern
partof the region. Few specimens were collected and trom only two sites in the present study
and hence this taxon was not included. Dominant species of the NOC were also not included,
ie. Euphausia frigida, E. tnacantha, Saipa thompsoni and Themisio gaudichaudii.
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43 Results

Throughout these descriptions, principal station cluster groups have been annotated
with a number, and where necessary subgroups have a letter suffix, ¢.g. station Group 1,
Group 2a. Capital letters have been used for species cluster groups, e.g. Group A.

Comparison of sampling sites

An initial cluster analysis of sampling sites showed thai there were three distinct
oullier stations. Station 42 north-west of Davis (Figure 4.1) had an exceptonally high
abundance of E. crystatiorophias, 1816 individuals 1000 m?, which represented approximately
98% of the catch both in numbers and wet weight biomass. Station 57 recorded the highest
density of E. superba, 429 individuals 1000'm~, which represented 97% of the catch numbers
and nearly 99% of the catch weight. Station 66 near Cape Darnley was the shallowest
sampling site at 148 m. The RMT wawl only sampied down to 120 m. This site was
characierised by low numbers of animals, 96 individuals for 2.34 grams, the lowest return for
any sampling site.

Removal of the cutlier sites from the data set and re-analysis produced two distincl
cluster groups at the 50% dissimilarity level and two additional sub-groups at 48% (Figure
4.2). The NMDS ordination showed that the three groups were quite distinct (Figure 4.3).
Group 1 comprised the majority of continental shelf stations, while Groups 2a and 2b were
predominantly off-shelf sites separated east-west respectively (Figure 4.4). The nentic sites
were characierised by (he euphausiid E. crystallorophias and by gammarids, both in terms
of frequency of occurrence and high abundance (Tables 4.2a and 4.3). Euchaela antarctica,
Limacina helicina and Hyperiella dilatara were also abundance species indicators of the
shelf area (Table 4.3). Group 2a was distinguished by the high abundance of several species
of copepond and chaetognaths, as well as siphonophores, the euphauvsiid Thysanoessa
macrurg and by Clio pyramidata (Table 4.3). Many of these species were also frequency
species mdicators along with a further eight numerically minor species (Table 4.2b). Group
2b shared a number of species indicators with Group 2a which also discriminated 2b oceanic
sites from Group 1 neritic (Table 4.3). Groups 2a and 2b did have similar species composition
but there was notably lower abundances of (hese specics in Group 2b (Table 4.3). However,
these two sub groups were distinguished by the higher frequency of E. superba and
Haloptius ocellatus in Group 2a (Table 4.2d). The 2A[ scores for these species were only
significant at the 5% level. Table 4.3 shows higher abundances of £. superba in Groups 2a
and 2b but (hese were not considered significant, i.e. £, superba was not an abundances
species indicator. However, if the lwo oceanic groups are treated together in the ANOV A and
SNK analyses then E. superba was an abundance indicator discriminating the oceanic region
from (he neritic (F=5.96, P=0.017, DF = 1,57). There were noadditional species indicators
revealed in this treatment from those shown in Table 4.3,

Multiple regression

Figure 4.4 shows a clear north-south separation of sampling sites. Latitude, not
surprisingly, explained 67% of the variation of the dala in the NMDS ordination (Table 4.4,
Figure 4.3). The oceanic groups displayed an east-west separation, and longilude explained
20% of the data vaation (Figure 4.3). The environmental variable (hat explained most of the
variation was lemperature (52%}), and salinity the least (20%) (Table 4.4). Figure 4.3 shows
temperature closely aligned with latitude and salinity withlongitude. Chlorophyll ¢ explained
30% of the variation in the data, and ice a sunilar amount. There would seem to he no affect
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of haul duration or sampling depth on the data, but the time since the start of the sampling
(Sampling Day) did explain 20% of the data variation,

Species associations

Twenty-two species were included in the inverse cluster analysis of species. Stations
42, 57 and 66, identified as outliers in the cluster analysis of sampling siles, were removed
as the extremely high abundances or unusual catch composition as described above were
expecled Lo cause a bias (Gauch 1982). One major group. and a number of single or double
species groups were defined at the 70% dissimitarity level (Figure 4.5).

Group A comprised 15 species, of which 14 were species indicators of the oceanic
Station Group 2a (Tables 4.2b and 4.3, Figure 4 4). Decapod larvae was Lthe one taxon that
was not an indicator, In March 1981 decapod larvae of the family Hippolylidae were
frequency indicators of the neritic area (Table 3.10b). Decapxl larvae in the present study
were only numerically abundant in the southern Station 44 where they comprised 6.7% of the
catch. These larvae could not be identitied. The larvae were difficult to identify at many sites,
but those that could be identifted showed that the larvae of the Nemaltocarcinidae were found
mainly off the shelf, while those on the shelf were of the family Hippolytidae. Given the likely
inshore/offshore differences, the grouping of decapod larvae in Group A was probably
spurious. Group B consisted of 2 species, L. helicina and H. dilatata. The NMDS plot(Figure
4.6) shows that this group has a close affinity with the oceanic Group A. In the cluster
analysis, these groups were linked at 74% dissimilarity. However, L. helicinaand H. dilatata
were abundance indicators of the neritic Station Group 1, and hence the division of groups
at 70% dissimilarily would seem warranted. Euphausia crystullorophias and gammarids
were also species indicators of the neritic group of stations (Table 4.2a and 4.3) and thus
would be expected w have a closer altinity with Group B than is shown in Figure 4.6.

The NMDS plot shows that the ctenophore P. pilens was dissociated from all other
species (Figure 4.6). It was loosely grouped with E. crysiallorophias and gammarids at 86%
in the cluster analysis (Figure 4.5). This species was confined to the continental shelf waters
where it occurred at 8 of the Group [ stations and 2 of the oceanic Group 2b sites. Although
this species’ higher frequency of occurrence inshore was not considered significantin the 2A7
analysis, it would still seem to be primarily associaled with the neritic zone.

Ihlea racovitzal was not an indicator of any particular area, although it was identified
previously as aneritic species in 1981, it would appear to be more abundant in the nerilic zone
in this study but was not considered significant (Table 4.3).

Both the cluster analysis and the NMDS show that £. superba was clearly dissociated
from all other species, despite the fact it was an abundance indicator species of offshore sites
in general and specifically a frequency indicator of Station Group 2b,

4.4  Discussion

Species ussemblages

There was good correspondence between the species associations shown in Figures
4.5 and 4.6, and indicalor species of the station groups. In wum, there was little in the way of
any difference in these associations and the composition of zooplanklon communities
previously described from the macroscale surveys (Figure 3.10). For example, Species
Group A in Figure 4.5 contains afl of the species that comprise the assemblage defined as the
main oceanic communily. Station Group 2a was dominaled by these species in significantly
high abundances, and clearly represents the inain oceanic community. Species Group A also
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contains C. lucasii and T. carpenterithat were defined as a transition group between the main
oceanic and tie northern oceanic communities; the iauer group was generally confined Lo
walers north of 62°5.

Appendicularians were also defined as amember of the main oceanic community, bul
were of course excluded from the present analyses because of their extremely low abundances.
The other minor differences in the compositionof the main oceanic species affinities between
this study and those of the previous macroscale surveys, involved decapod larvae and the
hyperiid H. dilatara. Hyperiella dilatata was originally classified as a member of both main
oceanic and northern oceanic communities. Some affinity was indicated with the neritic
species in November-December 1982. In the present study, H. dilatara displayed a more
substantial association with the neritic zone where it was a species indicator. Siegel and
Piatkowski (1990) also noted that this species was indicative of either neritic or oceanic
walers depending on the time of year. The result of the Prydz Bay surveys support Siegel and
Piatkowski’s observation thal H. dilatara is not a reliable indicator species.

Decapod larvae, specifically those of the family Hippolytidae, were defined as
indicators of nerilic waters in the January—March 1981 survey of the Prydz Bay region. The
inclusion of decapod larvae with the oceanic species in Group A may be a spurious
association caused by the grouping of all decapod larvae as one taxon, despite possible
differences in species distributions. For example, the larvae of the Nematocarcinidae, one
group that could be identified with confidence, primarily had an oceanic distribution. The
decapod larvae were generally low in abundance, and were thus grouped to produce one
substantial taxon for analysis. This treatment may not have been valid.

By comparison with the main oceanic community, the neritic community had amuch
lower diversity of dominantspecies, with £, crystallorophias being the one species occurring
persistently in high abundance in all surveys. Gammarids generally occurred in low
abundance, but still regularly formed a close association with E. erystallorophias as seen in
Figure 4.5 and 4.6 and also in the previous surveys. While it may not be valid 1o treat all
decapod larvae as one taxon, the same is not twe for gammarids which always have a
primarily neritic distribution. The other species previously shown to have close associations
with E. crystallorophias and gammarids are the larvae of Pleuragramma antarcticum and
Pagetopsis macropterus. Ichthyoplankion were not included in the present study as they will
be the subject of a separate study (Williams 1992).

The pteropkxd Limacina helicinag and the salp [hlea racoviizai were identified
previously as species associated with either the neritic or main oceanic communities. In this
study, L. helicina was distributed widely throughout the study area, but was more abundant
in the shelf waters where it was an abundance species indicator. Siegel and Piatkowski (1990)
also reported neritic and oceanic disuibutions for this species. 1. racovitzai was dissociated
from all other species. It was also widely distributed with no significantly higher abundances
in any partcular area. Neither species can be considered as a reliable indicater species.

Pleurobrachia pileus was the first species of ctenophore to be included in an analysis
of Prydz Bay species associations. Past abundances of ctenophores have been very low, i.c.
<4% numerical deminance for any site. This species primarily had a neritic distribution
occurring at nine of the on-shelf sites and only al one oceanic sile immediately off the shelf.
P. pileus was dissociated from other species but did exhibit a closer atfinity with the neritic
groups than with oceanic species (Figure 4.6). This species, however, has been described as
having a cosmopolitan distribution (Moser 1909; O’Sullivan 1986).

Euphausia superba exhibiled a dislinct dissociation from all other species (Figure
4.6). In 1981 and 1985, krili were also clearly dissocialed trom other zooplankton, whereas
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in 1982 krill formed a distant association with neritic species and a more substantial
association with the main oceanic commmunity species in 1987, However, in Lthose latter two
surveys, and alse in 1981, E. superba was a significant abundance species indicator of
geographic areas distinct from those dominated by neritic and oceanic zooplankion
communitics, The krill dominated communily was subsequently defined on the basis of this
species’ demonstrated dissoctation and geographic dominance.

Geographic variability

While there is clear conststency in the species associations between the present and
past surveys in Prydz Bay, the same cannot be said of the geographic distributions of the
communities, Mosl notable was the apparent absence of the krill dominated community,
despite the clear dissociation exhibited by this species in Figure 4.6. This community is
usually located along the continental sheif edge, between the oceanic and neritic communilies,
extending into shell waters as Far south as 67°30°8 as seen in 1982 (Figure 3.5a). In this study
adult krill were primarily confined to the waters north of the continental shelf edge. The few
krill found on the shelf were predominantly juvenile (Appendix II). As mentioned above, a
characteristic of the krill dominated community is the significant high abundance of krill, but
an additional characleristic is the very low abundance of non-krill zooplankton compared
with other areas. Krill thus {orin the majority component of caiches, In 1981, 1982 and 1987,
when the krill dominated community was evident, mean krill abundances represented 80, 68
and 57% of the mean 1otal zooplanklon abundance respectively. E. superbe was in higher
abundance in Station Group 2a, where itwas also a {requency species indicator distinguishing
Group 2a trom 2b. However, the non-krill species composilion and associated high
abundances clearly identfied Group 2a as the main oceanic community. Further, krill
represented only 10% of the total zooptankton abundance and the ANOVA/SNK analyses
showed that the higher abundance of keill in that area was not significant.

The staton group with both the towest zooplankton abundance compared with the
otherareas, and of course the highest proportion of krill, was Group Zb. Krill represented 35%
of the mean total zooplanklon abundance, which is much lower than other years when the krill
dominated community was prominent. By definition then Group 2b should represent the krill
dominated community, even though krill abundance was not significantly high. This being
the case, the krill dominated comnmunity which normally separates the neritic and oceanic
comununities was apparently displaced 1o the wesL.

Priddle et al. (1988) provided evidence that long periods of low krill abundances often
occurred two o three times a decade in the Scotia Sea —Branstieid Strait area. These decreases
in abundance were considered (o be a result of changes in distribution rather than due to
mortality. The January 1985 survey was similar to the present study with low krill
abundances, albeil based on a much lower sanpling resolution, and the krill dominated
community was not obvious. Assuming that the krill community distribution observed in the
present study and 1985 were anomalous, there are insufficient dala (o indicate whether this
is a regular phenomenon as observed in the Atlanlic sector.

Controlling fuctors

A number of parameters were identified {Table 4.4) which may control the observed
zooplankion communily distribuuons. However, it needs to be borne In mind when
interpreting these results, that a significant tune compenent was introduced mlo the data set,
indicated by Sampling Day explaining 19% of the dala varation. During the course of
sampling some characteristic of the communities had probably changed, e.g. distribution or

92



composition. A lime coinponent was also evident in the distribution patterns of krill maturity
stages in 1991 (Appendix II). This further highlights the need for brevily in the sampling
period when studying zooplankton communities and causal effects (Chapter 3).

Strong latitudinal zonation was evident in the distribution pattems which is a
consistent feature of all of the previous surveys in Prydz Bay. Some longiludinal zonation
was also exhibited in the two offshore station groups. Longitudinal zonation was observed
in only one previous survey in March 1987 (Figure 3.5d) when the main oceanic community
was concentrated in the eastem part of the Prydz Bay region, probably by the north-easterly
current shown in Figure 2.15. The result was an east-west separation of the main oceanic and
krill dominated communilies, similar to that seen in the present study. There is no clear
indication that a similar north-¢asterly current caused the 1991 zonation, i.e. concentrating
the main oceanic community in the east, or that another current {m Figure 2.15) could be
responsible for displacing the apparent krill community (Group 2b) west. The observed
distributions of Groups 2a and 2b do have some correspondence with the geostrophic water
flow shown in Figure 2.10. Station group 2b as shown in Figure 4 4 was positioned in the
centre of the Prydz Bay gyre, although there is no knowledge of how far west or north Group
2b extended. The distribution of the main oceanic community corresponds with the eastern
part of the gyre (Figure 2.10}. The southward water flow would explain this communilies’
distribution extending into shelf waters between 73° and 77°E, although there appears to be
litle evidence of this in the wemperature profiles (Figure 2.2). This in turn may have
contributed to the displacement of the krill community. It would also suggest that the north-
easterly current was either not present or was nol influeniial in the dispersion of plankion.

The north-easterly current was proposed as a major dispersal route for K. superba
larvae {Chapter 6). Afler the completion of the present grid survey, a Hardy continuous
plankton recorder (CPR) was deployed to cotlecL £, superba larvae along that dispersal route,
TwoRMT 1 (1 m?, 300 um mesh) trawls were carried out to supplement the CPR survey. The
trawl sites (64°10°S, 83°59°E; 64°01°S, 84°34°E) were centred in an area where very high
abundances were observed in March 1987 (Figure 6.16¢). The two RMT 1 hauls produced
very few larvae, and only seven calyptopis stage larvae were collecled by the CPR {own
unpublished data}). The paucity of krill further suggests that there was no effective north-
easterly current in 1991,

Temperature was a faclor thal explained some of the varialion in other seasons,
January-March 1981, November—December 1982 and January 1985, These were the larger
geographic surveys encompassing the distributions of all four zooplanklon communities
(Figure 3.10) and large temperature gradients. In the 1991 study, lemperature explained a
much more substantial amount of the variation in the data (52%), suggesting temperature has
agreater influence in controiling zooplankion at the mesoscale level. Numerous species have
known temperature ranges (Foxton 1971; Everson 1984; Lomakina 1966; Kittel and Siepnik
1983). In the case of £. crystallorophias and E. superba, their reported lemperalure ranges
are wider than the ranges of mean temperature observed in this study (Lomakina 1966; Kitlel
and Stepnik 1983). It could be argued that temperature was only correlaled with the
zooplankion NMDS scores, ie. there was no causal relatonship. Both the zooplankion
community distributions and temperature had obvious latitudinal patterns. Figure 4.3 shows
the close alignment between Lhe temperature and latitudinal regressions,

Salinity was one parameter not particularty consistent in explaining zooplankion
patterns—only once in the previous four macroscale surveys, in January 1985 (28%%), and
now in this study (20%). It rernains to be determined if salinity has anything other than a
minimal effect on community distributions.
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Phytoplankton would naturally be expecied to have some influence on the distribution
of the zooplankton. In this study chlorophyll a explained a reasonable amount of the data
variation (30%), which is commensurale with the previous macroscale surveys where
chlorophylla also explained much of the zooplankton pattemns (27 to 38%) observed between
November and March (Table 3.6). The exceplion was the end of surnmer, March 1987, when
chlorophyll @ appeared o have no influence on zooplankton distributions and instead water
circulation was the single important controlling factor. Overall, chlorophyll a would seem to
be the one environmental parameter that consistently explains zooplankton distributions for
most of the summer period,

There is obvious consistency through all of the surveys in relation (o the amount of
variation in the zooplankton patterns explained by chlorophyll 4. There is also consisiency
in the general geographicdistribution of phytopiankton with the highest chlorophyll a values
always found in the waters of the continental shelf, The 1991 season was different in that
chlorophyll a levels south of the shelf edge were higher than previously recorded, and
concentrated in a much shallower mixed layer of 30 to 50 m depth than the usually observed
60 to 100 m (Dr S.W. Wright, personal communication). This immediately begs the question,
were the anomalous zooplankton distributions, specifically the displacement of the krill
dominated communily, a result ol the equally unusual phytoplankton abundances? The
manner by which phytoplankton influences zooplankton distribulions is yel to be estabhished,
especially the role that phytoplankton might play in the geographic separation of E. superba
and £, crystallorophias and their respective communities,

Ice recession exhibits a distinct latitudinal pattemn and, like temperature mentioned
above, ice recession may only be correlaled with zooplankton distributions, 1.¢. no direct
causal effect. Notably, the patlern of ice recession observed in 1991 was quite different from
that usually seen. A large polynya usually appears by early December in the southern part of
Prydz Bay near the Amery Ice Shelf (Figure 2.17). This patlern was observed in the 1984/85
summer when ice recession explained 60% of the zooplanklon data. In 1991, ice dissipated
only from north {o south—no polynya formed in the south and there was no northward
dissipation of ice. Much of the pack-ice then remained in the bay throughout the summer
period. Light pack of 2 to 4/10 cover extended north and south-west of Davis. A more
substantial cover of ice remained in the west of the bay, extending around Cape Damiey Lo
the west and north of the cape Lo the sheif edge. Ice in Lhis area was sufficiently dense, up Lo
9 10 10/10 cover, to necessitate a deviation in the 70°30'E transect (Figure 4.1, stalions 54,
55, 56).

The persislent pack-ice, the absence of ice break out Irom the south, and the shallow
mixed layer are all indicative of the generally calm weather conditions experienced during
the survey period. There is however, no proof that the ice or oceanographic/phytoplanklon
events prodduced the unexpected zooplankton communily patterns, but they provide further
evidence, albeit circumstantial, that 1991 was perhaps an anomalous season. The challenge
for future research will be 10 actually establish the causal eftecis,
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Table 4.1. Dominant species used in the inverse cluster analysis and ordination of

species, and also in the ANOVA/SNK analyses fo define species indicators. Dominant
species were defined as those with a >4% numerical dominance for any given sampling

sute in 1991, or previously defined as dominant in the area in 1981 to 1987 surveys

(Chapter 3).

Taxa with >4% numerical dominance in 1991

Calanoides aculus
Calanus propinquus

Clio pyramidala

Cyllopus lucasii

Decapod larvae

Euchaeta antarctica
Eukrohnia hamata
Euphausia crystallorophias
Euphaysia superba

ihlea racovitzai

Limacina helicina

Metridia gerfachei
Pleurobrachia pileus
Rhincalanus gigas

Sagitta gazeflas
Siphonophora (Nectophores)
Thysanoessa macrura

Taxa defined as dominant 1981 to 19687

Gammaridae
Haloptilus ocellatus
Hyperiella dilatata
Sagitta marn
Tomoptarns campenieri

95



Table 4.2. Frequencies of occurrence of indicator species distinguishing cluster groups
defined in Figure 4.2. Species in each sub-table are ranked according 1o information
Statistic. Species above the dotted line in each sub-table have a 241 > 6.63 (P=0.01), and
those below the line have 241 >3.84 (P=0.05). Maximum possible occurrences are;
Group 1 = 24, Group 2a = 25 and Group 2b = 10. * were not considered as dominant
species and not used in SNK or inverse species analyses.

a. Group 1 (nentic) indicators species

Species Group 1 Group 2
Euphausia cryslallorophias 23 2
Gammardaa 12 3

b. Group 2a (oceanic) indicator species from Group 1

Specias Group 2a B Group 1
Haloptilus ocalfatus 20 0
Sagitta marri 22 1
Rhincalanus gigas 25 5
“Halerorhabdus austrinus 19 0
*Calycopsis borchgrevinki 19 1
*Haloptilus oxycephalus 19 1

" Euchirelfa rostromagna 18 1
Cyfllopus lucasii 16 1
*Primno macropa 16 1
*Cephalopoda 11 0
Tomoptens carpanier 10 0
Thysanoessamacrura i
*Ostracoda 24 14
*Vanadis antarclica 7 0
*Travisiopsis fevinseni € 0

¢. Group 2b {oceanic) indicator species from Group 1 B )
Species Group 2b B Group 1
*Caphalopoda 9 0
*Calycopsis borchgrevink 9 1
Cyflopus lucasil g 1
*Hetarorhabdus auslrinus 7 0
Rhincalanus gigas 10 5
Halopn!usoxycephalus e e
* Euchirelfa rostromagna 5 1

d. Group 2a indicator species from Gioup 2b

Species Group 2a Group 2b
None

Euphausrasupema L
Haloptilus ocellatus

19 6
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Table 4.3. Mean abundances, analysis of variance (F) and SNK multiple range 1ests of
dominant species in cluster groups defined in Figure 4,2. Analyses were carried our on
log (x+1) transformed abundances (Zar 1984) - values shown are number of individuals
1000 m?. Species with significant differences in mean abundance are shown in bold text,
while those with significantly higher abundances in a cluster group according to SNK
analysis are underlined. For ANOVA P values; * < 0.05, ¥* < 0.005, *** < 0.0005, - =
not significant. DF =2, 56.

Specias Group 1 Grmoup2a  Group2b F s
Mean Mean Mean

Calanoides acutus 9.66 71.51 5.88 62.40 b
Calanus propinquus 417 3660 2.00 7226 b
Clio pyramidata 1.23 _2.05 0.70 8.70 -
Cyllopuse lucasii 0.004 _0.33 031 9.30 e
Decapoda larvae 0.20 0.24 0.08 1.16 -
Euchaeta antarctica 2.78 3.64 0.38 14.78 e
Eukrohnia hamata 1.21 918 1.36 48.81 i
Euphausia crystallorophias 35.02 0.20 0.00 54,81 rae
Euphausia superba 0.86 19.10 12.26 293 -
Gammaridae 017 0.01 0.03 6.78 b
Haloptilus ocellatus E 0.20 0.01 27.76 it
Hyperielia dilatata _0.1¢ 0.05 0.04 6.96 .
thiea racovitzai 0.78 0.30 0.12 1.11 -
Limacina helicina 0.44 0.20 0.13 4.97 *
Metridia gerlachei 8.02 16.30 0.56 28,52 b
Pieurabrachia pileus 0.14 0.0t 0.00 274 -
Rhincalanus gigas 0.06 B.30 1.62 132.81 i
Sagita gazellae 1.12 _7.30 2.98 76.44 b
Sagitta marri 0.01 087 0.07 3232 b
Siphonophore nectophore 1.14 _6.os 4.42 71.64 b
Thysanoessa macrura 0.39 _4.69 2.29 15.89 i
Tomopteris carpenteri 0.00 _0.06 0.01 7.74 b
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Table 4.4. Multiple regression analyses between environmental parameters and NMDS
scores for two-axis ordination of comparison of sampling sites. Regression weights are
derived from Equation 2. Adj. R? = Adjusted coefficient of determination which gives the
Sfraction of the variance accounted for by the explanatory variable (fongman et al. 1987).
For ANOVA P values; * < 0.05, ¥% < 1.005, *¥* < 0.0005, ns = not significant.

Direction Cosines
(Regression Weights)

VARIABLE X Y Adj. A7 F DF P
Latitude —0.875 —-0.484 .669 59.655 2,56 b
Temperature 0.966 0.257 0.520 32.366 2,56 bk
lce Recession —0.908 —0.418 0.299 13.348 2,56 b
Chlorophyll a -0.781 -0.625 0.299 12.958 2,54 b
Pack |ce Cover —0.955 —0.297 0.245 10.420 2,56 e
Salinity 0.174 0.985 0.200 8.250 2,56 b

Longitude -0.079 0.997 0.200 8.249 2,56 A

Sampling Day —0.064 0.998 0.194 7.977 2,56 bl

Duration Haul - — 0.059 2.813 2,56 ns

Sample Depth — — 0.051 2.567 2,56 ns
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Figure 4.1. Cruise frack of the RSV Aurora Australis, /9 January to 14 February 1991,
showing net sampling sites and the 1000 m contour.
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Figure 4.2. Dendrogram of cluster analysis comparing zooplankton species composition
at each sampling site. The Bray—Curtis dissimilarity index was used for the comparison
with UPGMA linkage, after log ol X+ 1) transformation of species abundance data.
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January-February 1991

Salinty

Longitude
20%

Figure 4.3. Ordination plots of the comparison of sampling sites using non-metric
multidimensional scaling and Bray—Curtis dissimilarity index. Respective cluster groups
identified in Figure 4.2 are superimposed. Significant multiple regressions between
ordination scores and environmental parameters are shown, as well as the fraction (%)
of variance in the zooplankton data explained by the parameter (see Table 4.4). Direction
of the regression line was determined from Equation 3.2. Axis scales are relative in
NMDS, based on non-metric ranking of dissimilarity, and therefore are not shown. Stress

value = 0.14. Continued.
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Figure 4.5. Dendrogram of inverse cluster analysis comparing dominant species for
January—February 1991. The Bray—Curtis dissimilarity index was used for the
comparison with UPGMA linkage, after standardising species abundance (Equation 3.3).
Six groups were defined at 70% dissimilarity.
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January-February 1991

Group E
@ - Sg, SN

Ca Calanoides acutus Hd Hyperielia diaitata
Cp Calanus propinquus ir  Ihlea racovitzai
Clp Clio pyramidata Lh Limacina helicina
Cl Cyllopus lucasii Mg Metridia gerlachei
DL Decapod Larvae Pp Pleurobrachia pileus
Ea CEuchaeta antarctica Rg Rhincalanus gigas
Eh Eukrohnia hamata Sg Sagitta gazellae
Ec Euphausia crystallorophias Sm Sagitta marri
Es CEuphausia superba SN Siphonophore
Ga Gammarid Tm Thysanoessa macrura
Ho Haloptilus ocellatus Tc Tomopteris carpenteri

Figure 4.6. NMDS inverse ordination plot comparing dominant species. Respective
cluster groups identified in Figure 4.5 are superimposed. Axis scales are relative in
NMDS and therefore are not shown. Stress value = 0.16.
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5. Zooplankton and Euphausiid Larvae in
Late Winter/Spring 1985

5.1 Introduction

The majority of ecologieal studies on Antarctic krill, adults and larvae, and zooplankton have
primarily occurred during the austral summer—earty autumn period, December 1o March and
occasionally April. This is a period of minimal ice cover, or at Lhe least at the start of summer
iLis a period of rapid ice mell or retreat. There have been few studies carmed out in the pack-
ice zone during winter (June to August), e.g. Daly (1990) and Lancraft et al. (1991), or during
the period of maximum ice cover in October (Jacka 1983; Zwally 1983). Daly (1990) studied
the winter development, growth and feeding of krill larvae and juveniles in the marginal ice
zone of the Weddell-Scotia Seas area. Lancraft ef al. (1991) siudied the distribution,
abundance and community compbsition of zooplankton during the same study as Daly
(1990). There has not been a similar study in the Prydz Bay region.

1n Sepiember-November 1985 (austral late winter-spring), a marine science research
cruise was undertaken in the western Prydz Bay region, wilh (he prime purpose of studying
the ecology of the Crabealer seal Lobodon carcinophagus. In addition, there was an
opporiunity W carry outastudy of the compaosition, distrihution and abundance of euphausiids
and other zooplankton in the post-winter pack-ice zone, when the sea ice was near L0 ils
maximum northem extent (Jacka 1983). The distribution of krill in relation to the ice edge
was of particular interest. The net sampling was supplemenled with a diving program Lo
observe and collectkrill from under the pack-ice. The pack-ice conditions and the limilations
of the vessel, M.S. Nella Dan, restricled the number of sampling sites, the area surveyed and
methods of sampling. Despile the limitations, this chapter provides vuseful background
information that complements the more delailed summer—early antumn studies in the
previous and subsequent chapters.

52  Methods

The survey area and sampling siles are shown in Figure 5.1, Sainpling commenced on
27 September and finished on 25 November 1985. A combined Rectangular Midwater Trawl
RMT 148 net (Baker ¢r al. 1973), and an Ocean Research Institule conical net (OR1-2000,
Omori 1965) were the two main net systems used for sampling krill Euphawsia superba and
other zooplankton.

The RMT 8 had 1 mesh of 4.5 mm and a nominal mouth area 8 m?; corresponding sizes
were 300 uum mesh and 1 m? for the RMT 1. The RMT 148 net had an electro-mechanical
opening-closing mechanism, a real-time depth recorder and both nels were equipped with
flowmeters. The effects of towing speed and rajectory were considered in catculating the
volume filtered {Roe et ¢l 1980; Pommeranz et al. 1982). Aleach station, a shallow oblique
haul {0200 m) was made. This was often in a lead or a polynya. When ice conditons
permitied an addidonal deep oblique haul (200-1000 m) was also made. One aimed
horizontal tow was also made in a polynya at a larget located by a Simrad EK 120 echo
sounder.
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The ORI-2000 net had a mouth area of 2 m? and 2 mm mesh, This net was used when
it was unsafe 10 tow the RMT 1+8 net due to ice, or when the ship had stopped for the night.
Vertical hauls were made nsually from 1000 m, although occasional hauls varied between 10
and 2000 m. The cod end was weighted to facilitate deployment to the required depth.
Hauling speed varied between 0.7 and 1.3 ms”. The volume of water fillered was determined
by multiplying the mouth area by the amount of wire oul.

Uuder-ice diving was carried outeither from the ship or through two ice-holes nearby.
During this study the ship was beselolf Enderby Land (S$tation 43, Figure 5.1) and constantly
drifting. Krill were collected by hand nels carried by the diver. These nels were difticult to
move through the water with any speed but proved 1o be the most successful method at hand.
Observations on the behavicur of krill were also achieved by means of underwater video and
16 mm cine-camera (O’ Brien 1987).

Complete details of the sampling program, e.g. sampling positon, tme, depth,
conditions, elc., as well as detailed catch compositions are provided in Hosie ef al. (1987).

On board the ship, large and fragile zooplankion (jeliyfish, salps, etc.) were sorted
from the rest of the specimens. All specimens were preserved in Steedman’s solution
(Steedman 1976) for later examination at the Antarctic Division. Zooplankton in the RMT 8
samples were identified to species, weighed and counted. Euphausiid larvae were extracled
from the RMT 1, identilied, classified o0 developmental stages and counted under a
dissecting microscope.

Although different nels and sampling mcthods were nsed in this study, an attempt was
made to compare sampling sites by cluster analysis (o define areas with similar zooplankton
composition. Data from RMT 8 and ORI-200 nets were used. The Bray—Curtis dissimilarity
index (Bray—Curtis 1957) was used for the comparisen, coupled with unweighled-pairs
group average linkage (UPGMA). Prior (o analysis, data were transformed using the
log;o(X+1) tunction to reduce the bias of bigh abundance species (Field ef af. 1982). A full
description of the analytical methodology is presented in Chapter 3.

5.3  Results

Most of the E, superba (156 specimens) were observed and collecled by scuba divers
at station 43, during the besetment of Nella Dan near the Enderby Land coast. Only 17
individuals were collected by the RMT & and ORI-2000 nets from the other sampling sites
including one furcilia V and iwo furcilia VI at station 27 on 27 October (Figure 5.1}. In
addition, 3 specimens (1 juvenile and 2 furcilia VI) were collected on 27 September 1985 by
means of a small conical net, 1 m? mouth area and SO0 wm mesh, dritted trom the ship near
the ice edge at 57°29.4’°S, 085°07.0’E,

Figure 5.2 shows the frequency distributions of the larval stages of the two euphausiids
Thysanoessa macrura and Euphausiu frigida, for the upper 200 m. Only calyplopis larvae
of these two species were collected ineither the shallow or deep hauls. Forboth species, more
advanced calyplopis IT and Il stages were only found al sites north of 62°8, ie. only
calyptopis 1 larvae were found between 62°8 and the southemn limit of RMT 1 sampiing at
Station 31 (63°18°S). Gravid and spent T. mucrura females were only collected at sites
north of 63°S. The frequency distributions of developmental stages were the same in the
200-1000 m layer as in the upper 200 m for both species, although the overall abundances
were much lower in the deeper layer (Table 5.1). The larvae of the other euphausiids E.
superba, E. crystallorophias and E. triacantha were not collected by the RMT 1 net.
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Three main groups were identified in the cluster analysisat the 43% dissimilarity level
(Figure 5.3). These groups corresponded with net type and sampling method, i.e. RMT 8
shallow, RMT 8 deep and vertical ORI-2000 hauls. This resull was anticipated to some
degree and therefore no further analysis was carried out on the data such as a comparison of
species associations. The remaining sampling sites, mainly vertical ORI-2000 hauls, were
ungrouped at 43% dissimilarity. The numerically most abundant species are shown in Figure
5.4 for shallow, deep RMT 8 hauls and ORI-2000 vertical hauls. These were species
comprising >4% of the total zooplankion abundance for any sampling site for either RMT 8
or ORI-2000 hauls.

The copepod Rhinculunus pigas was the most abundant zooplankter at most sampling
sites and for any sampling method. Calanoides acutus was the next most abundant copepod.
Thysanoessa macrura was the mostabundant euphausiid and next most abundant zooplankion
species. The two chaetognaths Segitta gazellue and Eukrofinia hamata were the predominant
carnivores. Higher abundances tended 10 be recorded in the ORI-2000 net principally due to
the finer mesh. However, the upper 200 m hauls had higherabundances of R, gigas, C. acutus,
8. gazellae, siphonophores, Salpa thompsoni and T. macrura, while Euchaeta antarciica,
E. hamata, Sagitta maxima and §. marri were more abundant in the deeper layers. The rest
of the species occurred too infrequently or only in substantial numbers in the 0—~1000 m
verticals, to allow any comument on their vertical distribution.

Most of the species shown in Figure 5.4 are members of the main oceanic community.
S. thompsoni is a dominant species of the northem oceanic community and the clenophore
Calliunira cristata, collected closer to the coast at stations 41 and 43, was not described in
the previous chapter as adominant species. The total mean abundance of the abundant species
shown in Figure 5.4 for the RMT 8 upper 200 m hauls was 124.2 individuals 1000 m~. This
estimate is within the range of mcan abundance estimales for the main oceanic community
observed in Prydz Bay during the months of November to March, but notably higher than the
estimate from January-March 1981 (Table 5.2).

The copepod Calanus propinguus generally occurred in very low numbers. However,
at station 23, in a polynya, an opening-closing RMT 8 haul aimed at a hydro-acoustic targek
located at45-55 m depth produced a large number of C. propinguus, representing a density
of 1492 individuals 1000 m. This is probably a considerable underestimation because of the
4.5 mm mesh used on the RMT & net relative to the size ol the copepod.

54  Discussion

In the Prydz Bay region, sea ice begins Lo reforin in March and reaches its maximum
northern exient in October (Jacka 1983). Comparison of the abundances in Table 5.2 shows
that the zooplankton community were apparently well established under the sea ice in
October. For example, R. gigas, the most abundant zooplankter in October 1985 al 58.9
individuals 1000 m in the upper 200 m, had mean abundances of 39.5 individuals
1000 m~ in November-December 1982, 40.9 in January 1985, 13.9 in January-March 1981
and 4.1 for March 1987 for the same depth and latitude ranges (Tables 3.5,3.6,3.11,3.12).
The consistency of abundance estimates between Oclober and other months for dominant
zooplankton implies that zooplankton growth and development continues during winter,

The higher abundance of R. gigas in the upper 200 m, compared with 200-1000 m,
is inconsistent with the life history model described by Voronina (1970). Voronina proposed
that in waters south of the Antarclic Convergence, R. gigas lived below 500 m during winter

107



and spring, with ascent Lo the upper 500 m occurring in summer, However, Ommaney (1936)
and Mackintosh (1937) also observed numerous R. gigas in the upper 250 m water layer south
of the Antarctic Convergence, during October and November. Their resulis are more
consislent with those of the present study. Some seasonal and geographical vaniation in the
onset of the ascending migration is to be expected and is most likely linked to food
availability. The higher densities of R. gigas, as well as other species, in the upper 200 m
suggests that sufficient food was available in the surface waters. Phytoplankion in the 050 m
layer under the pack-ice {59-66°S) in October 1985 were almost entirely diatoms, with a
mean cell count of 15.1 £ 10.5 x 10%cells I'' (range 3.2-54.9 x 10 cells I'', n=78) (Mr A.T.
Davidson, Antarctic Division, unpublished data). This value is approximately 6 umes lower
than the mean cell count of 80.1 £ 59.2 x 10%cells 17 {range 6.8-259 x 107 cells 1!, n=54) for
January 1985 for the same latitude in Prydz Bay (Dr H.J. Marchant, Antarctic Division,
unpublished data). Daly (1990) also observed very low phytoplankton abundance (Chl a ) in
the water column in winter, but chlorophyll levels were an order of magnitude higher in the
sea ice. Daly (1990) considered the abundance of sea ice biota was sufficient to support the
observed growth and development of krill furcilia larvae during winter. One could presume
that the sea ice biota would also support zooplankion, particutarly the herbivorous copepods
which are similar in size o furcilia.

The occurrence of T. macrura and E. frigida larvae was resiricted to calyplopis stages
in October, with no advanced furcilia, indicating that the onset of spawniong of both
T. macruraand E. frigida was very recenl. Makarov (1979) previously noted that spawning
of these Lwo species began in September in the Scotia Sea. No detailed data on larval
development limes exists at present for these species. However, comparison with development
times for the larvae of £. superba (Ikeda 1984) and E. crysiallorophius (Ikeda 1986) based
on laboratory observations, suggesls that larvae at the calyptopis I stage were spawned in
early September, with calyptopis I11 larvae of E. frigida resulting from early to mid August
spawning. Therefore, spawning in E. frigicla either precedes that of T. macrura or, if both
species spawn at the same time, the larvae of E. frigidu have a faster development time.
Makarov ¢ al. (1990) also suggested thal E. frigida spawned first, while Menshenina and
Spiridonov (1988, in Makarov et al. 1990) claimed that, in fact, . frigida developed slower
than the larvae of T. macrura.

Inorder that spawning can occur in late winter, gonads must mature duning winter. The
spawning period of T macrura exlends at leastto December possibly mid-January (Chapter 6).
Therefore, it is not unlikely that, in addition to later spawners, females having released eggs
in September may produce eggs during the next4 inonths. The ability to produce more than
one brood per season has been reported for E. superba (Denys and MacWhinnie 1982; Ross
and Quetin 1983; Harington and Ikeda 1986) and for E. pacifica (Ross er al. 1982). Repeated
maturation has been observed in other species of Fuphausia and Thysanoessa (Makarov
1975). 1f spawning as early as Seplember is Lo be a viable reproductive sirategy, for either 7.
macrura of E. frigida, then sufficient food must be available during winter for egg
production, as well as later for continued spawning (with possible rematuration) and survival
of the larvae. As noted above, Daly (1990) found that the abundance of sea ice biota in the
Weddell-Scotia Sea area was sufticient for growth of krill {urcilia larvae. The alternative
situation of insufficient food would result in egg production occurring at the expense of the
individual’s own body tissue and also a much higher larval mortality.

Despite the recent start 10 spawning and presence of gravid female T. macrura, no
eggs or any naupliar stage were collected, Nor have these stages been collected in substantial
numbers, at any depth, during surveys in January 1985 and March 1987 when 300 LLm mesh
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was used (Chapter 6). This is a clear indication of the unsuitability of this mesh size for
collecting these early stages, of either species, which measure between 0.42 and 0.55 mm in
length (Kirkwood 1982).

The net sampling was not very extensive but the large number of krill observed under
the ice at station 43 near the continental shelf edge (O’ Brien 1987) shows that krill remain
inshore during pack-ice development. Similarly, Kawaguchi et al. (1986) observed krill
overwinlering under the coastal fast-ice in Liitzow-Holm Bay to the west of the present study
area.

Spawning by E. superba commences at the end of December beginning of January in
Prydz Bay and by the end of March of 1987 E. superba larvae in general had only progressed
as far as the calyptopis stages (Chapter 6). Although few in number, the late stage furcilia
larvae present in lale September—carly October would have over-wintered, Further, the
existence of a number of small juveniles of 8-16 mm in length in the October 1985 catches
(Hosieeral. 1987) shows growth and development continued during winter. This represents
an approximate growth rate of 0. 047 mm J"' between March and October, which is half the
daily rate recorded by Tkeda (1985) in laboratory studies for this age group. Since the present
study was undertaken, Daly (1990) also observed development in krill larvae during winter
in the Atlantic sector. In June, larvae were at the furcilia 11I-V stage and by August they had
developed to the furcilia V1 at the rale of 0.07 mm d', which is closer to the 0.047 mm d-'
estimale of the present study.

Various field and laboratory based studies have shown that post-larval krill either
cease growing (lkeda 1985; Siegel 1987) or shrink in body size (Ikeda and Dixon 1982,
Stepnik 1982; Kawaguchi et al. 1986) during winter, when there is supposedly a paucity of
food. The results of this study, however, indicate that zooplanklon, smaller euphausiids and
larvae may not find food limiting, or at least only partially limiting, in winter and later during
the pericd of maximum ice cover.
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Table 5.1, Estimated mean densities (No. individuals 1000 m™*) for euphausiid larvae
collected in the RMT 1 net integrated for all sampling sites. n = number of RMT 1
sampling sites.

Thysanoassa macrura Euphausia frigida
Depth (m} n Mean sD Range Mean SD Range
0—200 8 183.20 274 .81 6.77--799.28 49.87 110.86 0-322.13
200—1000 [} 20.76 19.03 0.81-52.95 312 6.46 0—-16.27

Table 5.2. Comparison of combined mean abundance of numerically dominant species
shown in Figure 5.4, for the three sampling methods, with those of the main oceanic
community (MOC) from Tables 3.5, 3.7, 3.11, 3.12 and 4.3, n = number of samplings
sites in sample group.

Sample Group n Density
No. 1000 m™>
Shallow RMT 8, October 1985 <] 124.2
Deep RMT 8, October 1985 6 495
ORI-2000, October-November 1985 12 436.5
MOC November-December 1982 25 608.9
MOC January 1985 25 219.7
MOC January—March 1981 20 75.2
MOGC March 1987 13 380.6
MOGC January—February 1991 25 1881
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Figure 5.1. Cruise track and net samnpling stations. The cruise track shown is only for the
duration of the net sampling program. The approximate northern limit of the sea ice as
observed during the cruise is shown, together with stations where krifl were collected.
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Figure 5.3. Dendrogram of cluster analysis comparing zooplankton species composition
at each sampling site. The Bray—-Curtis dissimilarity index was used for the comparison
with UPGMA linkage, after log, (X +1) transformation of species abundance data. § =
shallow 0=200 m RMT 8 hauls, D = deep 2001000 m RMT 8 hauls, V = ORI-2000
vertical haul, T = RMT 8 horizontal target trawl.
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Figure 5.4. Mean densities of numerically dominant adult zooplankton species for a)
shallow RMT 8, b) deep RMT 8 oblique hauls, and next page, c} ORI-2000 vertical hauls.
Dorminant species were defined as those comprising >4% of the total zooplankton
abundance at any sampling site for either RMT 8 or ORI-2000 hauls. Densities are
number of individuals 1000 m.
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Figure 5.4c). Continued.
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6. Euphausiid Larvae

6.1 Introduction

Since the mid 1970s, the Antarctic krill Euphausia superba has been the principal fishery
around Antarctica with catches exceeding the total Antarctic finfish catch. Current statistics
rank the krll fishery thirticth amongst world fisheries and it is the largest single species
crustacean fishery (FAQO 1991). While this fishery is stll in its infancy, but growing,
implementation of management policies as part of the Convention for the Conservation of
Antarctic Marine Living Resources is also in its mfancy, with much of the data needed to
make sound decisions still lacking (Nicol 1989). Fundamental 10 the successful management
and protection of £. superba will be a thorough understanding of the population dynamics,
notably the responses of the population to changes in the fishery and natural factors
influencing abundance. Key components atfecting stock size are the number of larvae
produced annoally, their survival/mortality, dispersion and their subsequent recruitment.

Much emphasis has been placed on studying the ecology of the post-larval and adult
krili, and this bias is reflected in the literature. The adults after all, are the focus of the krill
fishery. Determining the distribution and abundance of krill has been an important part of this
work and most of this information has emanated from the Atlantic sector (Miller and
Hampton 1989), despite the occurrence of extensive krill fishing in the Indian ocean sector
(I.ubimova et al. 1985; [chii 1990). As for the adults, most of the information on the ecology
of the larvae comes from the Aldantic sector, but by comparison larval ecology is still poorly
understood (Hempel 1985; Brinton ¢7 al. 1986; Millerand Hamplon 1989). Few studies have
atlempted to study the factors controlliug the distributions and fate of the larvae, e.g. Brinton
(1985) and Daly {1990). Daly’s (1990) study was primarily focussed on the development,
growth and feeding rates of larval and juvenile krill in association with ice in the austral
winter. Brinton (1985) showed that the highest abundances of krill larvae in the Scotia Sea
were located along a frontal zone between Weddell Sea waler and the Antarctic Circumpolar
Current via Drake Passage. He also found these high densities were near, but not coincident
with high chlorophyll 2 concentrations. Other studies have found high abundances of larvae
correlated with high concentrations of chlorophyll a (Schnack ef af. 1985) or with levels of
phytoplankton described as moderately abundant (Kiitel and Jazdzewski 1982), The paucity
of successful studies comparing krill larval distribution patterns and environmental data may
welil be a function of interpreting the complex hydrographic patterns in the vicinity of the
Antarctic Peninsulaand Scotia Sea (Amos 1984; Pialkowski 1985b). While such field studies
on the ecology of krill larvae are few, valuat:le laboralory based studies have shown that there
are cntical levels of temperature and chlorophyll a necessary for the successful development
and survival of larvae (Ross et al. 1988; Ross and Quetin 1989, 1991).

The ecology of larvae of other Antarctic euphausiid species have also been studied,
predominantly distribution and abundance of larvae in the Auaniic sector (e.g. Makarov
1979, 1983; Fevolden 1980; Hempel 1981; Hempel and Hempel 1982; Brinton 1985,
Makarov et af. 1990; Kittel e al. 1985), A few studies attempted an ¢xamination of
distribution patterns and cbserved geographic difterences, usually north—south, in the
developmental stages or “age’ composition of Euphausia frigida (Brinton 1985) and larvae
of Thysanoessa macrura{Makarov 1983; Makarov eral. 1990; Menshenina 1988). Makarov
and Menshenina (1992} suggested that different distribution patterns of T. macrura larval
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stages were governed by Lhe distribution of different water types. In the case of abundance,
both high and low densities of larvae have been observed in association with frontal zones
{Makarov et al. 1990). The various studies comparing distribution patterns of euphausiid
larvae wilh environmental data were ofien not comprehensive and certainly not definitive.

Sampling for larvae was not included in the January—March 1981 and November—
December 1982 surveys described in Chapter 3. The research program in those early years
centred on establishing the distribution and biomass of adult krill in the Prydz Bay region by
hydroacoustics and net sampling (Higginbottom ef al. 1988; Hosie ef al, 1988). Net sampling
for larvae was carried out in mid-sumrmer January 1984, January 1985 and in the start of the
austral automn March 1987. The 1984 study was unfortunately limited to some degree in
geographic area and number of sampling sites due to logistic constraints. The January 1985
and March 1987 surveys were geographically more extensive and were carried out in
conjunction with the sampling of adult krill and zooplankton (Chapter 3). There was also
limited sampling for larvac in Sepiember—October 1985 and this has been discussed in
Chapter 5.

The prime objectives of the larval ecology components of the 1984, 1985 and 1987
surveys were to study the abundance and distribution pattemns of E. superbalarvae. The Prydz
Bay gyre is thought to be permanent (Smith e al. 1984), and of particular interest was the
influence of water circulation on the distribution of the larvae. The ecology of other common
euphausiids in the region was also studied, partly because of their own intrinsic importance
as larvae of dominant zooplankters but also in their value in possibly defining factorsorevents
that may also affect larvae of E. superba (Makarov 1983).

62 Methods

The Prydz Bay region knll larvae study area was the same as that defined in Chapter
3, i.e. from 58° 10 93°E and south from 60°S to the Antarctic coast. Sampling sites in January
1984 were located along three longitudinal transects (58°, 60°, 73°E) between 63° and
67°40' S (Figure 6.1a). Larvae were collected using a bongonet, 0.5 m? combined mouth area
and 300 pm mesh, towed obliquely from 200 m 10 the surface. A TSK flowmeter was mounted
in the mouth of one net to estimate the volume of water fillered, while a TSK depth—distance
meter was mounted in the other net to confirm the depth and course of Lhe net.

In January 1985, sampling sites were located along eight longitudinal transects,
between 58° and 93°E, atintervals of one degree latitude from 60°8S to the coast (Figure 6.1b).
This grid of sampling sites was meanl 1o be repeated in the March 1987 survey, but logistic
constraints coupled with deteriorating weather conditions reduced the sampling program.
Instead, sampling sites were located at intervals of approximately 50° of latitude south from
61°50' 5, along the same longitudinal transects between 63° and 88°E that were sampled in
1985 (Figure 6.1c). In both 1985 and 1987, larvae were collecled using a Rectangular
Midwater Trawl RMT 1 net, 300 jum mesh and nominal 1 m? mouth area, as part of an RMT
1+8 system (Baker ef al. 1973). At each site a shallow 0—200 m obligue haul was made. In
1985, an additional deep 0—1000 in oblique haul was made at every third station. In 1987, there
were five additional deep oblique trawls from 200-1000 m carried out on an opportunistic
basis when weather conditions permitied. The main purpose of the deep haul was 1o collect
the early developmental stages of £. superba (Marr 1962, Hempel et al. 1979). The RMT 1
was equipped wilh a flowmeter and Lthe effects of towing speed and trajectory were taken into
account when calculating the volume filiered (Roe et of. 1980; Pommeranz ef al. 1982).
Sampling methods on each cruise, together with sampling dates have been summarised in
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Table 6.1. Complete sampling details, e.g. sampling position, ime, depth, conditions, etc.,
are provided in Tkeda et af. (1984, 1986) and Hosie ef af. (1991).

All catches were preserved in Steedman’s solution (Steedman 1976). After each
cruise the euphausiid larvae were identified to species, classified into their various
developmental stages under a dissecting microscope, and counted. The larvae of E. superba
and E. crystallorophias raised from eggs in the laboratory (Tkeda 1984, 1986) were used as
areference. This facilitated the identification of the early developmental stages of these two
species which closely resemble each other.

For the purpose of mapping the distribution of larvae, each stage was numbered
sequentally from youngest Lo oldest. Thus the labels 1, 2, 3 were assigned for the threg
naupliar stages (nauplius I, nauplius II, metanauplius), 4, 5, 6 for the three calyptopis stages
[ to I, and 7 1o 12 for the furcilia stages I to VI. This scheme replaces the conventional
developmental stage nomenclature with a numerical value, hence facilitating comparison of
development within and between species. Al each sampling site a weighted mean value,
mean stage index, was calculated for each species present, by mulliplying the assigned
number of a developmental stage by its relative abundance. The mean stage index (MSI),
however, may have been derived from either a uni- or multi-maodal frequency distribution of
developmental stages. Cluster analysis was also used 10 compare the actual frequency
distribution of developmental stages between sampling siles. The Bray—Curtis dissimilarity
index (Bray and Curlis 1957) was used for this comparison, coupled with unweighted-pairs
gronp average linkage (UPGMA). Analysis was carried out using BIOYXTAT LI (Pimental,
R.A. and Smith, ].D., 1985 Sigma Sofl, Placentia, California). Since the purpose of the
analysis was to compare patterns in the frequency distribuuion of stages, data were standardised
as percentage frequency of abundance within the site. Cluster analysis was only used on
T. macrura data (1984, 1985 and 1987) and E. superba data from 1987, as the low number
of sile occurrences or the general paucity of specimens in some years made this analysis
unrealistic for the other species. Non-metric multidimensional scaling (NMDS) ordination
was also performed and the derived ordination scores were then used in multiple regression
analyses with the same environmental parameters as described and used in Chapter 3. This
included a number of phytoplankton pigments, in addition to chlorophyll a, integrated for O-
100 m in 1985, and surface chlorophyll ¢ values in 1987. Unfortunately no phytoplankton
data were collecled in 1984. A flow chart summarising the numerical analyses is shown in
Figure 6.2 and is a modification of Figure 3.2,

6.3  Results

The larvae of live euphausiid species were collecied, Euphausia superba, E. crystallorophias,
E. frigidu, E.triacanthaand T. macrura. Estimaies of mean abundances are provided in Table
6.2 for 1984, 1985 and 1987 respectively, for all species. Only sites where a species was
collected were used for estimating the mean, 1.e. stations where a species was absent were not
included. Although this may result in a positive bias, the alternative of including ‘absent’
sampling sites in the mean esumale would resultin a negative bias if such siles are not within
a species’ distribution range. E. {riacantha was only collected in 1985 and then at only five
0-200 m sites (Stauons 14, 16, 53, 57, 58) in very low abundance ranging from 3.14 t0 9.43
individuals 1000 m*. In addition, larvae of this species were found in only one deep trawl at
Station 57. Because of the infrequent occurrence and low abundance of this species, it will
not be considered further.
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Thysanoessa macrura

T. macrura was consisiently the second most abundant species overall, but was the
most widespread abundant species throughout the region. This species was collected at all
but two sampling sites, shallow and deep. This species was not collected at Station 7 in 1984
and Station 70 in 1987 (Figures 6.1a, c and 6.3a and c). Al sites of paired sampling in 1985,
the number of larvae collected in shallow and deep hauls were compared to determine if
larvae were more abundant in a particular layer. Overall, more larvae were collected in the
shallow hauls at these sites, 7134 in total compared with 6428 in deep hauls, but statistically,
shallow and deep abundances were not significandy different [Mann-Whimey U7 -test (Zar
1984); U7 =209.5, n=19, P >0.2]. All developmental stages from calyplepis I to furcilia VI
were well represented in both deep and shallow hauls. Although not clearly shown in
Figure 6.4, a few specimens of nauplius I and metanauplius were collected. Metanauplii were
collected at Stations 12, 20 and 25 in 1984, In 1985, naupliar stages were collected at Stations
19, (0~200 m) and in deep hauls (0—1000 m) at Stations 7 and 38. No nauplivs or metanauplius
stages were observed in 1987 and no nauplii 1t were collected in any vear.

1985 Mean stage index (MSI) and multivariate analysis (MVA).
The 1985 survey was more comprehensive in lerms of sampling sites and environmental
parameters measured, and hence will be dealt with first, Analysis of geographic distribution
of the MSt shows a clear trend of stage development in the upper 200 m proceeding from
south to north, and o a lesser extent from west to east in the lower latitudes (Figure 6.5b).
At the 19 sites of joint shallow and deep hauls, there was no signiticant difference in the MS1
between the two depths (¢ = —0.200, DF=36). Six groups of MS1 were chosen, from
5 (calyptopis IT) to 10+ (furcilia IV +), and consequently six groups were also selected from
the dendrogram (Figure 6.6b), at 32% dissimilarity, in order to determine if there was
correspondence befween the geographic distribution patterns for the modal frequencies and
that of the MS1s. Comparison of Figures 6.5b and 6.7b shows considerable similarity in the
two distribution pattems, e.g. the close fit of cluster group 2 and larvae less than MSI 6.

The six cluster groups, ranging in size from 1 to 17 stations showed distinct frequency
distributions of developmental stages (Figure 6.8). Early developmental calyptopis stages
were observed in group 1 just north of Mawson. Group 2 occupied most of the inshore region,
except for two sites in (he north west, and comprised calyptopis stages with many early
furcilia stages. Group 3, further to the north, comprised more furcilial stages with the furcilia
I stage most abundant. Group4 of the outer middle region of Prydz Bay comprised sites with
increasing amounts of later furcilia stages. Group 5 comprised only 3 sites in the north-east,
but these are distinct in having fewer calyptopis stages and two modal peaks, one of early
furcilial stages, the second peak of later stages. Group 6 composed of one station in the north-
easl, bad an exceptionally high abundance of the last developmental stage turcilia VI.

Both the MST and cluster group pattems exhibited a distinct latitudinal zonation
{Figures 6.5b and 6.7b). In the multiple regression with NMDS scores, latitude explained
33% of he data vanation, whereas ice recession (38%) and mean temperature (37%)
explained more of the variation (Table 6.3, Figure 6.9). Linear regression of ice, temperature
and latitude against MSI explained almost an identical amount of variation in the data (Table
6.3b). Six of the nine phytoplankton pigments explained some of the variation. Fucox-x
(chrysophytes, prymnesiophyles-Wright 1987) had (he most significant regression with
NMDS scores (20%), amoengst the pigments, at a distinctly different direction to the other
pigments and latitude (Figure 6.9), Zeaxanthin (cyanobacleria) was the pigment wilh the
highest correlation with MSI (13%). Cyanobacteria have an extremely low abundance and
patchy distribution in Prydz Bay, with zeaxanthin levels ranging from 0 to 0.032 pg 17,
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whereas much higher levels are found in lower latitudes especially north of the convergence
(Marchant et ai. 1987; Wright 1987). The correlation between MSI and zeaxanthin could be
a statistical artefact, but further studies inlo a possible relationships between T. macrura
larvae and cyanobacteria should not be dismissed. As well as there being a latitudinal
zonation, longitude also explained some variation in both NMDS$ and MSI partems. Time in
days since the start of sampling also explained mnch of the observed patterns (Table 6.3).

1984 M5! and MVA,
Although not as extensive in 1984, a distinct north—south pattern was observed with early
developmental stages south and more advanced stages towards the north. There was also very
good correspondence between the MSI pattern (Figure 6.5a) and the distribution of cluster
groups (Figure 6.7a). Cluster Group 1, in the south along the shelf edge, was dominated by
calypiopis stages with very few furciliae (Figure 6.10). Cluster Group 2 in the north
comprised a greater proportion of advanced furciliae larvae. This cluster group, originally
defined at 57% dissimilarity, could be further divided at 45% inlo two subgroups (Figure
6.6a), which further highlights the pattern of more advanced stages occurring towards the
north. Group 2a comprised 4 siles and partly separated Group 2b from Group 1 geographically
{Figure 6.7a). Group 2a also had a composition of developmental stages intermediate in
characler o Groups 1 and 2b (Figure 6.10). This intermediate position is also seen in the
NMDS plot (Figure 6.11a).

The latitudinal zonation was more distinct in 1984 as indicated by latitude explaining
46% of the data variation, as compared to 33% in 1985. Temperalure, however, explained a
much more significant amount of the data variation at 80% for NMDS and also 66% of the
MSI pattern (Figure 6.11a, Table 6.4). Ice recession also explained much of the varialion in
NMDS and MSI. Unforunately there were no chlorophyll ¢ daa collected during 1984,
Sampling day did notexplain a significant amount of the NM DS data variation butdid explain
28% of the MSI pattem. This may be due o the higher MST value at Station 33 polarising the
correlation. This site was sampled 11 days after the rest of the sites were completed. Sampling
day was not significamt after removal of Station 33 from the data set (F=1.846, P=0.143,
DF=1,19). Sampling depth also explained some of the variation in the MSI pattern but not
the NMDS plot.

1987 MST and MVA.
In March 1987, the larvae throughout the region were predominandy more advanced
furciliae. ‘The MSI mainly ranged from 9.3 to 12 representing stages furcilia 3 w 6 (Figure
6.5¢). Staton 65, justnorth of Davis, was the one exception with earlier stages furcilia 1 and
2 (Figures 6.6¢ and 6.12). Unlike the previous January 1984 and 1985 surveys, there was no
north-south zonation evident in either the MSI pattern or the distribution of station cluster
groups (Figures 6.5¢ and 6.7¢). Neither latitude nor longilude explained a significant level
of variation in the data (Figure 6.11b, Table 6.5). There was parlial agreement between the
MSI and station clusler group patterns. There were three main MSI groups, 9-10, 10-11,
11-12 (Figure 6.5¢). In the cluster analysis, only 2 main groups could be defined (52%
dissimilarity). Both the MSI and cluster analysis show that the more advanced developmental
stages were found in the middle of the survey area. Earlier developmental stages were found
to the souh and north (Figures 6.5¢ and 6.7¢). Station Group 3 represents those sites in the
centre of the region which were dominated by the last developmental stage, furcilia 6. Group
2 of nine stations were mainly located in the south, but two sites were in the north (Figure
6.7¢). This group had a refatively more even frequency distribution of all six furcilia stages
(Figure 6.12). Single station Group 1 comprised lurcilia 1 and 2 stages as noted above. The
other single station Group 4 in the west comprised (wo furcilia 5 larvae.
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Surface chlorophyll ¢ abundances explained some 61% of the variation in the data.
Pack-ice cover and ice recession also explained significant level; 31 and 16% respectively
{Table 6.5). The duration of the sample haul also explained 26% of the variation in the data.
Together with sampling day, these parameters were also correlated with MSI. However,
these significant correlations are a function of the much higher parameter values recorded at
Station 65. This station had the highest chlorophyll a level at 2.84 pg I'! compared with the
nexthighestlevels of 0,97 at Station 66 and 0.63 pg I at Station 88, Station 65 was eventually
the last of the sites to be relatively free of pack-ice, although most of the pack-ice remained
inthe vicinity of the station at 3/10 cover. The longest haul also occurred at Station 65. When
Station 65 was removed from the data seL none of the above parameters explained signiftcant
amounts of variation in the observed patterns (Table 6.5). In other words, no parameter
explained the distribution patterns of either the two main cluster groups or the three main MSI
groups.

Euphausia crystallorophias

1985,
E. crysiallorophias was found only in the south of the area surveyed, mainly on the
continental shelf (Figure 6.13b). In the region north of Mawson a number of specimens were
found well north beyond the continental shelf. In the Limited area where this species occurred,
it was the most abundant species, slightly more so than 7. macrura. More larvae were caught
in deep trawls al the paired sampling sites, 798 total in shaliow and 1568 in deep hauls, but
differences in the numbers of larvae between shallow and deep hauls were not significant (U
=18.5, n=6, P >(.2). All naupliar and calyptopis stages were collected, but no furciliae. The
main components in the upper 200 m were metanauplius and calyptopis I, and in 0-1000 m
calyptopis I and calyptopis 1I (Figure 6.14b). Most of the youngest naupliar stages (nauplius
[) were found at Stations 26 and 29 in the Amery Basin, and it was at these stations that the
highest abundances were observed, 2786 and 4688 individuals 1000 m?, respectively. Much
lower abundances of nauplius [T and metanauplius were caught at Stations 7, 8, 9,23 and 31.
There was a tendency for later stages (o occur more in the north, particularly at the 3 most
northerly sites off Mawson (Figure 6.15b), although caution is required since the MSI
estimates at these sites are based on only a few specimens.

1984.
Larvae were confined to the waters of the continental shelf or extending more than 40 miles
north of the shelf edge (Figure 6.13a), i.¢. notas far north as seen in January 1985, The highest
concentrations of larvae north-west of Mawson (Stations 16, 17) were dominated by
calyptopis I, and this deominance is reflected in the overall trequency distribution of stages
from all sites (Figure 6.14a). The majority of nauplius stages occurred in the centre of Prydz
Bay al Station 7, where at a density of 93.04 individuals 1000 m? they represented 45% of
the composition of developmental stages at that site. The MS1 score at this site was the highest
{4.4), but this is due to the presence of the only furcilia stages collected in 1984, These were
four specimens of furcitia V and 9 specimens of furcilia VI. Removal of these stages from
the MSI calculation reduces the score to 3.2, which is then the lowest value. Lower
abundances of nauplius and metanauplius stages were also collecled at Stations 8, 17,27 and
31

1987.
Larvae were collected atonly four of the southern sampling sites, although sampling was not
as exlensive on the shelf or in the west because of poor weather conditions (Figure 6.13c¢).
No larvae were collected in deep trawls. Mean abundance for the 4 sites was considerably
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lower than those observed in 1984, 1985 (Table 6.2). The larvae collected in March 1987
were more advanced stages, calypiopis 1T o turcilia 1I1. The dominant stage was furcilia IT
(Figure 6.14c).

Euphausia superba

1985,

E. superba had a distincl diagoual south-wesl 10 north-east distribution (Figure 6.16b).
Calyptopis [ larvae were dominant in the upper 200 m, with fewer calyptopis 11, calyptopis
I11, and furcilia T also present (Fig 6.17b). However, collectively they had a very low
abundance, only marginally more than E. triacantha (Table 6.2b). The greater part of the
larval abundance was observed in the 0-1000 m wawls at Stauons 7, 9 and 22 just nonh of
the shelf break near Mawson. Station 7 in particular returned the highest abundance of 748.56
individuals 1000 m-*, with no larvae in the shatlow trawl. Similarly, no larvae were collecled
in the npper 200 m at Station 9. Deep trawls in the middle of the region and in the north-east
caught very few specimens. Overall, Lhere were significantly more larvae caught in the deep
hauls at paired sampling siles, 44 in shallow and 3430total in deephauls (=92, n=11,0.02<
P <0.05).

The deep trawls at 7, 9 and 22 were dominated by the youngest larval stages, nauplius
L, nauplius II and especially metanauplius (Figure 6.17b). A few calyplopis stages also
occurred but no furcilia were collected in any deep trawl. Along meridians 63° and 73°E
(Figure 6.18b} Lthere was a trend of later stages occurring further offshore as seen in
T. macrura. However, there was no clear distribution pattern of MSI overall, Many of the
offshore MSI are based on very low abundances, hence it is unlikely that any inherent pattern
would be displayed.

1984,

Very few larvae were collected in 1984, The mean density was the lowesl [or any species in
1984, but similar to the 1985 estimale for £. superba in the upper 200 m (Tables 6.2a,b).
Larvae were mainly distribuled along the 60°E merdian. The majority of stages were
calyplopis, particularly calyptopis 1 (Figure 6.17a). Two specimens of furcilia 11 were
collected at Station 24. No naupliar stages were caught. Little can be said about any pattern
in the MSI considering the paucity of larvae and sampling sites where they were collected.

1987,

Extremely high abundances of E. superba larvae were observed in March 1987, The mean
density estimate of 14,829 individuals 1000 m3 for 0-200m was more than (wenty -live Limes
higher than the highest mean abundance estimalte for any species in Prydz Bay in any year
{cf Tables 6.2a, b with ¢}. The maxunum recorded density, at Stauon 95 0-200 m, was nearly
8 times higher than the mean. The highest abundances of larvae were abserved in the eastern
two transects (Statons 90 10 96) and also at Station 88. The calyptopis stage dominated the
upper 200 m, particulariy the calyptopis I. Metanauplii, furcilia 1, II and IV were also
collecied (Figure 6.17¢). The mean and maximum densities of larvae in the three deep
2001000 m wawls were also higher than corresponding values for olher species in deep
rawls. All stages {rom nauplius to furcilia 11 were collected in the deep trawls. The
metanauplius was dominant (Figure 6.17¢).

The majority of sampling sites had a narrow range of MSI, approximately 4 to 5. Many
of the other MS81 scores outside this range, notably 3.5 at Station 72 and 8 at Station 84, were
based on few specimens. There was good correspondence belween MSI score and cluster
analysis patlerns (Figures 6. 18c and 6.19b). The cluster analysis produced four groups at 58%
dissimilarity (Figure 6.19b). One of these, Group 1, was Station 84 comprising four
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spectmens of furcilia I1. This outlier stalion was nol incinded in the NMDS analysis. Group
2of two stations in the west was dominated by metanauplii (Figure 6.20). Group 3 comprising
most of the sites was dominated by the calyptopis T stage. Group 4 was dominated by
calyptopis II larvae and most of these sites were in the eastern transects, A slight rend is
indicated of larval stage development from west to east. Longitude was the one and only
parameter that explained any of the variation in the NMDS scores (27%, Table 6.6, Figure
6.21). No comrelations were found between MSI and any parameter. The lack of any
correlation with recorded parameter is perhaps not surprising given the narrow range of MSI
scores and also the similarity in stage composition amongst cluster groups.

Fuphausia frigida

F. frigida had a predominantly northerly distribution, norih of 64°S (Figure 6.22).
Two larvae were collected at 65° and 66°8 in Lthe western part of Prydz Bay in 1984, Within
its distributional range E. frigida was moderately abundant in 1985 compared with the other
species. Abundances were very low in 1984 and only 6 specimens were caughtin 1987; two
each of calyptopis I, Il and furcilia II. Most of the larvae at paired sampling sites in 1985
were caught in the upper 200 m, 462 in wtal compared with 198 in deep hauls, but as with
T. macrura and E. crysiallorophias, the number of larvae collected in shallow hauls was not
significantly different from the number caught in deep hauls (U =55, n=9, P >0.2). No
naupliar stages were collecled in any vear. All other stages were represenied with furciliae
prominent in 1985, mainly late developmental stages, and calyplopis in 1984 (Figure 6.23).
There was no clear distribution pattern tor MSI (Figure 6.24).

64  Discussion

Abundance

The results of this study, and those described in Chapler 5, have shown that 7. macrura
larvae are consistenly the most abundant euphausiid larvae in the greater Prydz Bay region
from September to January. Comparable abundance estimates of T. macrura have been
reported from the Atlanlic sector (Makarov 1979; Brinton 1985; Kittel e al. 1985),
somelimes numerically dominating the other euphausiid larvae (Hempel 1981; Pires 1986).
Yet, very little is known aboul this species and its role in the Anlarclic marine ecosyslem,
especially since it is well established in the water column, with advanced developmental
stages, at the time E. superba commences spawning. Equally, E, crystaliorophias is also
very abundant within the confines of its distributional range in Prydz Bay, which overlaps
those of F. superba and T. macrura.

Miller and Hampton (1989) suggested that the Prydz Bay region was an area of
generally low abundances of E, superbalarvae. The abundance estimates from Prydz Bay for
January 1984 and 19835 are considerably lower than the circa 107 to 10° individuals 1000 m-?
esumates often reported [rom the Atlantic sector for the period January to March (Kittel and
Jazdzewski 1982; Mujica and Asencio 1983; Brinton and Townsend 1984, Hempel 1985;
Brinton ef al. 1986). Furthermore, very low estimates of adult krill abundance were recorded
during January 1985 and represenied only 3.4% of the wotal zooplankton biomass in Prydz
Bay (Hosie e al. 1988). However, the very high abundances observed in Prydz Bay in March
1987, which are comparable to abundance estimates from the Allanlic sector, proves thal
realistic estimates and comparison of abundance are not possible until after the inain peak of
spawning,

123



Despite the inability to sample the shallow and deep walers discretely in 1985, due 1o
both methods sampling the upper 200 m, E. superba was the only species observed with the
greater proportion of larvae in the deep (0—1000 m trawls, This deep distribution of larvae,
notably nauplius and metanauplius, wasexpected due (o Lthisspecies’ deep water developmental
ascent of early stages (Marr 1962; Hempel et o). 1979; Hempel and Hempel 1986). E. frigida
and T. macrura also exhibil deep water developmental ascent (Makarov 1979, 1983), butno
naupliar stages of L. frigida were observed in this study and only 26 T. macrura naoplii in
1985, despite numerous deep hauls within their respective geographic ranges. Spawning may
have ceased at the time of sampling, or the 300 wm mesh of the RMT 1 was too large (o sample
nauplii. Sampling in October 1985 in the western Prydz Bay region also tailed 1o collect
naupliar stages using the same net (Chapler 5). Marschall and Hirclie (1984) reported that
E. superba eggs are easily damaged and lost during the sampling process. Itis possible that
the smaller nauplii of E. frigida and T. macrura could be lost for the same reason.

In addition to the developmental ascent, the results of Pires (1986) and Montd ef al.
(1990) have shown that calyplopis and furcilia larvae of both E. superba and T, macrura can
occur in significant numbers below 200 m. On the other hand, E. crystallorophias may
exhibit sinking during larval developiment (Makarov 1983). This would suggest that the
standard 0-200 m oblique hauls were perhaps not deep enough for efficient sampling of
calyptopis and furcilia larvae at all sites. In 1985, E. superba (id have a large nutnber of
larvae below 200 m but these were predominantly nauplii and metanauplii. For the other three
species, there were no significant differences in the number of larvae collected in the 0-200 m
hauls compared with the number froin the 0-1000 m hauls at the sites of paired sampling.
Hence, one can conclude that almaost all of the larvae were in factin the upper 200 m water
layer and that the =200 m oblique hauls were adequate. This being the case, then the
abundanceof T, macrura, E. frigidaand E. crystallorophias larvae in the deeper waler layers
below 200 m will be considerably less than indicated by the 0-1000 m hauls in Table 6.2b,
Alsothe differences in the developmental stage composition between shallow and deep hauls
(Figure 6.4b, 6.14b, 6.23b) are more likely a result of geographical variation between all
shallow sampling sites rather than genuine vertical ditferences. For example, considerable
spatial varialion in the developmenial stages ol T. macrura was observed in the shallow hauls
(Figures 6.7, 6.8, 6.10 and 6.12).

Spawning and distribution patterns of developmenial stages

Some E. superba females are capable of spawning as early as the end of November,
as mndicated by the presence of a few advanced developiental stages in the January samples,
e.g. calyptopis Il The very high proportion of melanaupliiin 1985 suggests the commencement
of the main period of spawning was more lowards the end of December, based on a
comparison with the known laboratory development times for Prydz Bay larvae (lkeda
1984). This sequence of events is similar (o the patiern observed in knill from west of the
Antarctic Peninsula (Ross and Quetin 1986). Hosie et af. (1988) noted a high proportion of
enlarged gravid females in Prydz Bay in March 1981 indicating that spawning extends 1o at
least March. E. crystallorophias has suntlar laboratory development times 10 £, superba
(Ikeda 1984, 1986) and the higher number of calyptopis larvae in 1984 and 1985 suggests that
spawning in E. crystaliorophias commenced earlier in November. Spawning females have
previously been collected off Enderby Land in November (Harringion and Thomas 1987).
This sequence of spawning of these two species agrees wilh previous observations by
Fevolden (1979, 1980) and Hempel and Hempel (1982). On the other hand E. frigicfa and
T. macrura start spawning as early as the beginning of Seplember in the Prydz Bay region
(Chapter 5), with an associated protracted spawning season (Makarov 1979).
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The ditferences in the observed January age structure of T, macrura can be attributed
woasouthward progression of spawning as evidenced by the different frequency distributions
of T. macrura developmenlal stages identified by the cluster analysis (Figures 6.7a,b, 6.8 and
6.10). Large numbers of calyptopis I, and some calyptopis F, were collecled in October north
of Mawson, circa 59°to 62°8 and 55° 10 64°E. and were considered tobe the result of an early
September spawning in this area (Chapter 5). A few calyptopis [ were also caught a litle
further south towards 63°3('S. At the same tune, gravid and spent T. macrura females were
only collected north of 63°S, i.e. in the same area as the larvae, although net sampling had
extended to the coast. Thus, the distribution of 1985 Groups 4, 5 and 6 in the northern waters
are a resuit of this early September spawning, coupled with a prolracted spawning $€ason
(Makarov 1979) producing a wide range of developmental stages from calyplopis I o furcilia
V1. The onset of spawning then progressed southward with time. The 1985 Group 1 larvae
would then be the most recentty spawned and consequently only calyptopis stages were
observed. No detailed data on larval development imes are presentty available for T macrura,
but comparison with times for E, superba and E. crystallorophias larvae (Ikeda 1984, 1986)
would suggest that 1985 Group 1 were a resull of a late November to early December
spawning. Similarly, in 1984 Group 1 would have been a result of an end of November
spawning, whereas the dominant furcilia stages in Group 2b further oftshore were aresult of
mid-Seplember to early November spawning,

The observed north—south distribution patterns of T. macrura developmental stages
and MST could also result from spawning being restricted to coastal waters, with larvae then
being ransported nonhward, extending their distribution with growth. Offshore currents are
evident in the Prydz Bay region, as discussed below, and undoubtedly have an effect on the
distribution of T. macrura larvae. 1L is unlikely that these currents would account for the
observed distribution patlerns n toto. As mentioned above, gravid and spent females have
been found in the nonh of the Prydz Bay region, while adult T~ sracrura, in general, occurred
throughout the region. Although T, macrura was a dominant species in the main oceanic
community, the adulls were found in all cluster groups of sampling sites defined in the
zooplankton community studies (Chapters 3 and 4). Further, T. macrura has a widespread
circumpolar distribution extending south from 50°S (Mauchline and Fisher 1969). There is
noevidence as yetw suggest that 77 nacrura is capable of migrating long distances 0 inshore
walers in order to spawn. Hence, it is more plausible that the observed distribution patterns
ofdevelopmental stages are primarily a result of spawning progressing southward with time.

North—south ‘phenological waves’ in the onsel of spawning and larval development
have previously been described lor Antarcic euphausiids (Makarov 1979, 1983; Brinton
1985) and also for phytoplankton development (Hart 1942). Brinton (1985) observed north-
south distribution of old to young larvae of E. frigida in the Atlanlic sector. No clear patlern
was observed in the present study for E. frigida, although young larvae were observed along
the southern edge of this species’ range in 1985 (Figure €.24b) and the oldest larvae in the
far north-east, as seen in T, macrura, where there is a southward flow of water (Figure 2.10).
The lack of a clear pattern is primarily due to this study only sampling a small part of the
southern limit of E. frigida.

The factors controlling the onset of spawning are yet 1o be properly defined, atthough,
the multiple regression analyses have indicated ice, phyloplankion and temperature as
possible factors. Daly and Macaulay (1988) proposed thal the southward progress of
spawning by T. macrura follows the receding ice edge. The MS1 contours and cluster groups
of T. macrura observed in this study closely parallel the southward receding ice edge
observed annually between 1973 and 1982 in the Prydz Bay region (Figure 2.16; Zwally et
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al. 1982 figures 4.2 1o 4.7 and 5.1 10 5.12; Jacka 1983 figures 4.1 to 4.12). The receding ice
edge did form significanl regressions with MSI and NMDS score in 1984 and 1985,
explaining up to 38% and 40% of the variation in NMDS and MST patterns respectively, in
1985. Incontrast, substantial numbers af early calyplopis larvae of T, macruraand E. frigida,
as well as gravid T. macrura lemales, have been collecled from under the pack-ice up o
220 n miles from the ice edge located along 59°30°S (Chapter 5). This indicates Lhat
spawning by T. macrura and E. frigida can occor well south into the pack-ice zone.
Southward ‘waves’ of phytoplankion blooms have also been linked to the retreat of ice (Harl
1942). In addition, the rotting ice provides a [avourable substrate for high production of ice
algae, an important food source {or krill and zooplankton (Smetacek ef al. 1990; Daly and
Macaulay 1991). Hence, the influence of ice on the onset of spawning may be indireet through
increased algal production. There were no phytoplanklon dala available for 1984, but a
number of phytoplankton pigments were identified in 1985 which expiained some of the
variation in the NMDS and MSI palterns.

Temperature also explained a significant amount of the developmenial patleros,
especially in 1984 where temperature explained 66% and 80% ot the MS1 and NMDS
patterns. How temperature would trigger the start of spawning is not clear, but there is no
doubt that temperature will affectthe growthrate of T macruralarvae. Ross eral. (1988) have
demonstraled a clear link between lemperature and growth rates of E. superba larvae, with
higher temperatures producing fasier development. A similar, bul as yet undefined, effect
would be expected for other euphausiid larvae. The overall result would be that 1. macrura
larvae produced earlier in the warmer norlhiern walers will also be expected o grow [asler
than larvae spawned later in the cooler southern waters, exaggerating the differences in the
geographic distribution of developmental stages. Regardless of which factor controls the
onsel of spawning and subsequent development, the facl remains that different groups of
development stages of T. snacrura exist within the region. Therefore, attempis to estimate
mortality or growth by following cohorts is difficull, unless consideraton is given to the
spawning and developmental history of the group of larvae studied.

[t is worth noting, at this point, the close similarily in regression results with NMDS
scores and those using MSI, particularly in relation to the amount of variation explained. The
distribution patterns were also very similar, both in 1984 and 1985. Cluster analysis and an
ordination method such as NMDS are powerful (cchniques for describing and analysing
distribution patterns. However, such lechniques can often be expensive or consuming in
lerms of computer processing ume, depending on the computer system. Compuler lime
increases with the square of the number of samples (or individuals) being compared (Field
et al. 1982). While MSI may not be wuly representative of the developmental stage
composition at a sile, because of multimodal frequency distributions of stages, MSI would
seem Lo be guicker and simpler technique for mapping and comparing larval pattems with
environmental gradients.

There was no clear zonation of T. macrura larvae in March 1987, either lautudinal or
longitdinal. Further, it would seem that the environmental parameters linked (o Janvary
patterms had no apparent effect on oceanic distribution patterns in March. Nor can the
geographic patterns of cluster groups, MSI scores and abundances be relaled to any of the
currents that affected the distibution of other species (see below). The factors that influence
T macrura distributous in the late Antarctic summer/early autumn remain 10 be establisbhed.
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Dispersal routes and survival

Sampling in 1984 and 1985 was apparently 100 close o the start of spawning of
E. superba 1o be useful for estimating abundance of larvae. There were, however, sufficient
numbers in the water column along with the more abundant E. crystallorophias larvae (o see
the influence of waier circulalion, as described in Chapter 2, on the initial distribution of the
larvae. The influence of the East Wind Dritt (EWD) on Lhe dispersal of larvae can be seen
in the westward distribution, along the continental shelf and slope, of E. superba and
especially £. crystallorophias larvae, in January 1985 and to some degree in 1984, The
youngest and most abundant larvae of E. crystafiorophias are found in the southern part of
Prydz Bay, at Stations 26 and 29 (1985), an area of the highest concenwralion of adults within
the region (Chapter 3). Slightly older iarvae occur (o the west, as would be expected, with
most larvae originating in Prydz Bay and then being carnied west by the EWD. Accepting this
as the case. current speeds can be calculated by using the development times of
E. crystallorophias larvae reported by Ikeda (1986), i.e. of 27d 1o the metanauplius, 34 d o
the calyptopis I stage and 54 d to calyplopis ITat —1°C. These can be related to the estimated
MSI at sampling sites. If 68°30°S by 74°E is laken as Lhe arbitracy starting point then
estimates 0f27.1, 19.5 and 15.3 cm s are obtained for 1985 Stations 7, 8, and 9 respectively.
In 1984, very similar estimales of current speeds ranged from 17.6 1o 28 cm s (mean 22.3
+ 3.4 cm s}, n=8) for the sampling sites north and west of Mawson. These values are not
inconsistent with those estimates from the icebergs (Figure 6.25) and are within the ranges
obtained from current meter moorings (Chapter 2; Hodgkinson ef af. 1988). The fewer but
older larvae observed north and northeast of Mawson in 1985 are well outside the observed
distribution range of adults which are confined to the shelf (Chapters 3 and 4). The
distribution of these larvae lends to follow (he western part of the Prydz Bay gyre. This
suggests that some larvae in the upper 200 m may be returmed to Prydz Bay, rather than being
carried west past Enderby Land and out of the region as indicated by the ICEX buoys and
icebergs.

The adults of E. superba generally are widespread throughout the region, although
infrequenty north of 62°S (Hosie et al. 1988) or south of 68°S (Chapter 3). In Chapter 3,
significantly higher concentralions of adult krill, including gravid females (Appendix II),
were shown to be mainly located along the shelf edge west of 78°E, i.e. the krill dominated
community. Further, other studies have shown that krill are more abundant near the shelf edge
(Pakhomov 1989; Bibik and Yakolev 1991). In particular, the shelf edge between 55° and
70°E has been the focus of Japanese krill fishing activities in the Prydz Bay region (Ichii
1690). Marr (1962) had postulaled that spawning in K, superba wasa phenomenon associated
with the shelf and slope water of the high latitndes. Kanda et al. (1982) went further providing
evidence that adult krill in the Prydz Bay region migrale south lowards the shelf in order to
spawn. The site at which spawning occurs in relation (o the shelf, will determine by which
of the two apparent major dispersal routes the larvae will be carried (Figure 6.25). Ttmay also
determine the survival of the larvae. Larvae produced on the shelf will undoubtedly follow
the same route as E. crystallorophias in moving west along the sheif edge. For example, the
large numbers of metanauplii at the western Station 7 (1985) can be traced back (o a likely
release site between 67°30"E and 69°F on or near the shelf, assuming a 24 d development time
to the metanauplivs stage at—1°C (Ross er al. 1988) and EWD current speeds of 20.5 to 23.7
cm s1. The other larvae observed along longitudes 58°, 63° and 68°E in 1985, and 60°E in
1984, most likely originated further east in Prydz Bay. Unlike the egps of E. crystallorophias
which remain in surface waters (Makarov 1983; lkeda 1986), embryos of E. superba sink
during development (Hempel and Hempel 1986). To complete development, larvae must
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reach the surface and commence feeding within 10-14 d of becoming a calyptlopis F{Ross and
Quetin 1989). Where the larvae reach the surface waiers will govern whether the larvae
continue west past Enderby Land or return o Prydz Bay as indicated by E. crystallorophias
larvae, It is not clear, from the observed distribution of E. superba whether they follow the
northern route of E. crystallorophias.

Regardless of whether the larvae move westor nol, it is quile likely that many of these
larvae will perish, Ross et al. (1988) reported that larvae, produced by females in the Atlantic
sector, will not survive if they encounter —1°C during a cold sensitive period of early
development. They found that 3 out of 4 baiches of Iarvae died within 3 days of becoming
calyptopis 1 if reared at ~1°C. The waler lemperatures on the shelf of Prydz Bay and to the
west are —1° to <-1,5°C throughout most of the waiter column, which is consistent between
years (Fignres 2.1, 2.2 and 2.4). Unless Prydz Bay larvae have a higher tolerance of cold
temperatures than that of the more northerly distributed Atlantic larvae, then the <-1.5°C
temperatures along the shelf are likely Lo cause a substantial drop in larval recruitment,
despite the high phytoplankton abundance in this area (Figure 6.26). Such a loss would
explain the low abundances of larvae observed by Miller (1986) off Enderby and Kemp Land
in April 1984, Eggs released on the shelf east of about 72°E should be swept south as part of
the cyclonic flow of water in Prydz Bay and past the Amery lce Shelf (Figure 6.25).
Consequently, these larvae will experence colder water (<—1.8°C, Figure 2.4) tor a longer
period than larvae released wesl of Cape Daruley.

The second major dispersal roule is 1o the north-east, confirmed again by iceberg and
1CEX buoy trajectories (Figure 6.25). The 1985 E. superba larvae in the eastern part of the
Prydz Bay region had a distinct north-eastem distribution, consistent with this water flow,
In March 1987, E. superba larvae were also concentrated in the eastern part of Lthe region, as
were the copepod/chaetognath dominated main oceanic zooplankion community (Chapter
3). Examination of the Tchemia and Jeannin (1983) iceberg trajectories indicated the
possible existence of another but reversing current between 85° and 95°E that would seem
to originate as a northward deflection from the EWD, which then joins the north-easterly
current (Figures 2.14b and 6.25). [t is possible that some of the 1987 krill larvae in the castern
partof the region may have originated from somewhere further east and had been concentrated
along the eastern {ransects by this reversing current, However, the NMDS regression with
longimde suggests a slight west to cast trend in the distribution pauern (Figure 6.21) and the
following calculations are made in relation (o the northeasterly currentonty. Using the speeds
of 18.5 10 24.9 cm ! and the development times from lkeda (1984) for 0°C, then the larvae
can be tracked back Lo an approximate area of 63° 10 66°30°8 by 70° to 83°E. Most of these
larvae are distributed in warmer walers, e.g. up 1o +1.8°C (Figwres 2.1d, 2.3b and 2.6d), than
the larvae along the shelf, and therefore a higher lemperature related survival rate would be
expecled as well as faster growth (Ross ef al. 1988). The survival of these larvae is still
doubtful in relation 0 food availability. Al the time of sampling in January 1985 the
concentrations of chlorophyll ¢ east of Prydz Bay (Wright 1987) were much lower Lhan the
minimum food cancentration of 0.5 pg Chl a 1" necessary tor the continued development of
larvae through the calyptopis 1 stage (Ross and Quetin 1989). At the chlorophytt «
concentrations shown in (Figure 6.26), the north-east larvae would have suffered partial
starvation eventually depleting their lipid reserves. According to Ross and Quetin (1989)
calyptopis I larvae that exhaust their lipid reserves will have passed the point-of-no-return
(PNR} and will die even if sufficient food is then encountered. In addition, the salp Salpa
thompsoni was exceptionally abundant in January 19835, representing 39.4% of (he total
zooplankion biomass by wet weight throughout the Prydz Bay region, and 46.9% in Lhe
northern waters dominated by the northern oceanic zooplankion community (Table 3.7).
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North of 63°8 this species comprised 73% of the total zooplankton biomass by wel weight,
and 90% north of 62°S. 8. thompsoni is notonly capable of competing with E. superbalarvae
for food resources but is also capable of eating large numbers of krill larvae (Huntley er al.
1989).

S. thompsont was much less abundant in March 1987 and represented only 7% of the
toral zooplanklon biomass in the eastern Prydz Bay region (Table 3.12). It would seem that
salps were less important in terms of competition with or predation of larvae. However, the
arca of high krill larval abundance was also dominated by very high abundances of copepods,
chaetognaths and other zooplankton of the main oceanic zooplankton commuuity, which are
likely additional sources of food competition and possibly predation pressure. Knll larvae
have been found in the guts of a number of zooplanklon species (Hopkins and Torres 1989).
The herbivorous copepods Calanoides acutus, Calanis propinguus and Rhincalanus gigas,
at a combined abundance of 386 individuals 1000 m?, represented 65% of Lhe total
abundance of the main oceanic community. Antarctic copepads are repuled {o consume at
least a threefold, perhaps more than eighttimes, the amountof primary production than adult
krill (Conover and Huntley 1991). Phytoplankion data in March 1987 was limited to surface
chlorophyll values only. In the easlemn two transects, where abundances of both copepods and
krill larvae were high, surface chlorophyll ¢ values ranged from 0.123 10 0.498 pg Chl o I?
(Dr §. W. Wrighi, Antarctic Division unpublished data) which are below the 0.5 pg Chl g 1
limit of the starvaion/PNR model of Ross and Quetn (1989), Tt is quite possible that
sufficient chlorophylllevels occurred deeper in the water column. Krill larvae may also have
afaster filtration rate than assumed by Ross and Quetin (1989), which would allow the larvae
10 survive on lower phytoplankton abundances. In addition, faster growth in the warmer
offshore waters may have resulted in larvae reaching the surface layer before metamorphosis
to the feeding calyplopis T stage. They would then have had more tiune to {ind food before
reaching the PNR, but would have also used much iess bady reserves during the naupliar
development, delaying the PNR (Ross and Quetn 1991). The very high abundances of
calyptopis larvae, including stages 11 and HI, in the region in March 1987 is clear evidence
that the larvae were surviving.

The combined evidence of larval distribution and waler movement indicates that most
larvae, providing they survive the <—1°C water temperatures and food deprivation, will leave
the Prydz Bay region to the west or via the north-east. Hence, the Prydz Bay krill may notbe
a self-maintaining group but a result of recruitment from other areas, e.g. from the east via
the EWD. This is consistent with the resulis of Macdonald et al. (1986) and Fevolden and
Schneppenheim (1989) who found no genelic separation in the Antarctic krill, thuy indicating
that krill belong to one interbreeding population.

The ubiquitous distribution of 7. macrura within the region to some degree masks any
movement of larvae of this species by the perceived currents. However, some northerly
movement of the young larvae is seen in the west along lengitude S8°E and over to 63°E at
Station 11 m 1985, a possible result of the gyre. A more distinct northerly movement is seen
in the easl along longitde 88°E in 1985, commensurale with the north-easterly movement
of the icebergs. As discussed above, the observed distribution patterns of . macrura
developmental stages are most likely the resultof a north-south difterence in the commence-
menl of spawning, rather than due totally 1o offshore transport of larvae from localised
spawning sites along the coast. Nevertheless, the currents do have an apparent effect on the
distribution patterns of 7. macrura larvae, but secondary to the southward progression of
spawning. The distribution of E. frigida was consistent with previous studies (John 1036;
Hempel and Hempel 1982; Makarov 1983) in being confined o Lthe waters of the ACC.

129



Table 6.1. Summary of euphausiid larvae sampling surveys. ADBEX = Antarctic Division
BIOMASS Experiment, AAMBER = Australian Antarctic Marine Biological Ecosystem
Research, SIBEX = Second International BIOMASS Experiment phases 1 and 2.

Net

Sampling Period Cruise Name No. Sites Sample Depth  Full Cruise Details
(m) )

14 January to ADBEX 2 23 Bongo 0-200 Ikeda ef al. 1983

6 February 1984 {SIBEX 1)

4-26 January 1985 SIBEX 2 50 AMT 1 o200 lkeda et al. 1986
19 AMT1 01000

7-23 March 1987 AAMBER 1 27 RMT 1 0200 Hosie et al. 1991
5 RMT 1 200-1000
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Table 6.2. Estimated mean densities for larvae of all species for a) January 1984,
b) January 1985 und ¢) March 1987. Only sites where a particular species was collected
were used for estimating the mean. n = number of sampling sites.

a) January 1984—0-200 m trawis

Species n Mean SD Range
ne. 1000 m=3
Thysanoessa macrura 22 258.85 314.30 4.5-1402.64
Euphausia cryslalfarophias 10 439.13 776 .46 4.13-2471.75
Euphausia stiperba 7 7.47 2.93 2.36—10.94
Euphausia fngida 6 10.05 16.14 0.99-42 41
b). January 1985—shallow (0—200 m} and deep (0—1000 m) trawls e
Species Depth n Mean 5D Range
- (m) na. 1000 m3
Thysanoaessa macrura 0-200 50 471.76 361.77 27.72-1488.56
0—1000 19 121.28 138.02 1.4-507.39
Euphausia crystalforophias 0200 16 564.34 1302.87 1.83—4687.91
0—1000 4 127.75 151.73 0.88-324.36
Euphausia superba 0200 23 9.80 12.04 0.98-56.83
0—1000 10 97.30 235.06 0.44-748.56
Euphausia frigida 0—200 20 74.33 96.85 1.70-339.63
0—1000 7 10.17 15.36 0.65—40.87
Euphausia triacantha 0200 5 5.68 3.01 3.14-5.43
0-1000 1 4.71 — —
¢). March 1987—shallow {0—200 m) and deep (200—1000 m) trawls
Species Depth n Mean SD Range
(m) no. 1000 m-?
Thysanoessa macrura 0200 26 259.92 404 .30 3.48-1622.12
200-1000 3 86.97 140.43 5.16—249.19
Euphausia crystaliorophias 0-200 4 74.65 91.25 8.24-205.56
200-1000 — — — —
Euphausia suparba 0-200 23 14829.38 28897 .56 0.9-115365.1
200-1000 3 4297.95 577232 643.08-109525
Euphausia frgida 0-200 3 2.45 1.05 1.73-3.66
200--1000 —_ — —_ —_

131



Table 6.3. Thysanoessa macrura January 1985. a) Multiple regression analyses between
environmental parameters and NMDS scores for two-uxis ordination of comparison of
sampling sites in January 1985, Regression weights are derived from Equation 3.2. b)
Linear regression between environmental parameters and MSI scores. Adj. R? = Adjusted
coefficient of determination which gives the fraction of the variance accounted for by the
explanatory variable (Jongman et al. 1987). For ANOVA P values; * <005, ¥* <0.005,
wkk < 0.0005, ns = not significant.

a, January 1985 Multiple Regression—NMDS scores

Direction Cosinas

(Regression Weights)
VARIABLE X Y Adj. R? F DF P
lce Recession —0.928 -0.372 0.376 15.774 2.47 b
Temperature 0,881 0.472 0.369 12.700 2,38 Hhb
Latitude 0914 —0.406 0.325 12.817 2,47 i
Fucox-x —0.519 —0.855 0,198 6.297 2,41 b
Fucoxanthin —0.812 —0.584 0.155 4.940 2,41 .
Sampling Day 0.797 0.604 0.154 5.463 2,47 *
Chlorophyll a —0.781 -0.624 0.143 4.588 2,41 *
Zeaxanthin -0.884 —0.468 0.122 3.985 2,41 *
Chiorophyll & -0.978 —0.209 0.121 3.966 2,41 *
Prasinox 911 —0.412 0.120 3.920 2.41 *
Longitude 0.825 0.565 0.122 4.099 2,47 '
Alloxanthin —_ — 0.082 2.910 2,41 ns
Hexfucox —_ — 0.067 2.552 2,41 ns
Pendinin — — 0.058 2.327 2,41 ns
Duration Haul — — 0.021 1.514 2,47 ns
Depth Haul — — -0.021 0.497 2,47 ns
Salinity — — —0.028 0.472 2,38 ns

b. January 1985 Linear Ragression—MSI scores

VARIABLE Adj. /2 r F DF P
lee Recession 0.400 -0.642 33611 1,48 e
Temperature 0.335 0.593 21172 1,39 e
Latitude 0.319 —0.577 23.944 1,48 e
Sampling Day 0.165 0.427 10.707 1,48 i
Longitude 0.136 0.392 B.717 1,48 b
Zaaxanthin 0,130 —0.388 7.430 1,42 *
Chlorophyll b 0.125 —0.381 7.142 1,42 *
Prasinox 0.113 —0.366 6.489 1.42 *
Fucoxanthin 0.102 —0.351 5.892 1,42 *
Fucox-x 0.058 —0.344 5.649 1,42 *
Chlorophyll a 0.088 —0.331 5.164 1,42 *
Pendinin 0.034 —0.238 2.518 1,42 ns
Duration Haut 0.028 —-0.220 2.429 1,48 ns
Alloxanthin 0.027 —0.223 2.207 1,42 ns
Hexfucox 0.023 —0.214 2.007 1,42 ns
Salinity —0.005 —0.142 0.801 1,39 ns
Depth Haul —0,009 0106 0.548 1,48 ns
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Table 6.4. Thysanoessa macrura Junuary 1984. a) Multiple regression analyses between
environmental parameters and NMDS scores for two-axis ordination of comparison of
sampling sites. Regression weighis are derived from Equation 3.2. b) Linear regression
between environmental parameters and MSI scores. Adj. R? = Adjusted coefficient of
determination which gives the fraction of the variance accounted for by the explanatory
variable (Jongman et al. 1987). For ANOVA P values; * <0.05, ** <0.005, *¥* <0.0003,
ns = not significant.

a. January 1984 Multiple Regression—NMDS scores

Direction Cosines
{Regression Weights})

VARIABLE X Y Adj. F# F DF P
Temperature 0.994 —0.114 0.800 32.982 2,14 ree
Latitude —0.975 0.221 0.458 9.886 2,19 .
lce Recession —0.970 0.243 0.273 4.938 2,19 *
Salinity — — 0.189 2.868 2,14 ns
Depth Haul — — 0.087 2.002 2,19 ns
Sampling Day — — 0.051 1.560 2,19 ns
Duration Haul — — -0.002 0.975 2,19 ns
Longitude — — -0.028 0.718 2,19 ns

b. January 1984 Linear Regression—MSI scores

VARIABLE Adj. F# r F DF F
Temperature 0.657 0.824 31.690 1,15 i
Latitude 0.360 —0.625 12.823 1,20 .
Sampling Day 0.276 0.557 8.998 1,20 .
Ice Recession 0.238 —0.524 7.564 1,20 .
Depth Haul 0.151 0.437 4.428 1,20 *
Salinity 0.182 0.483 4.554 1,15 ns
Longitude -0.039 0.104 0.218 1,20 ns
Duration Haul —0.048 —£.042 0.036 1,20 ns
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Table 6.5. Thysanoessa macrura March 1987. a) Multiple regression analyses between
environmental parameters and NMDS scores for rwo-axis ordination of comparison of
sampling sites. Regression weights are derived from Equation 3.2. b) Linear regression
between environmental parameters and MSI scores. Adj. R? = Adjusted coefficient of
determination which gives the fraction of the variance accounted for by the explanatory
variable (Jongman et al. 1987). For ANOVA P values; ¥ <0.05, ¥* <0.005, *** <0.0005,
ns = not significant, + = non-significant variables when statiorn 65 was removed from
data set.

a. March 1987 Multiple Regression~-NMDS scores

Direction Cosines
(Regression Weights)

VARIABLE X Y Ad). R? F DF P
Surface Chl a —0.498 —0.867 0.609 17.324 2,19 e
lce cover —0.743 —0.669 0.309 9.007 2,23 .
Duration Haul —0.428 —0.904 0.257 5317 2,23 *
Ice recession —0.882 —0.471 0.163 3.431 2,23 *
Sampling Day — — 0.100 2.386 2,23 ns
tlce cover — — 0.036 1.450 2,22 ns
1 Duration Haul — — 0.030 1.372 2,22 ns
Latitude — — 0.012 1.157 2,23 ns
Temperature — — 0.012 1.135 2,20 ns
tSurface Chl a — — —0.005 0.953 2,18 ns
tlce recessicn — — —0.021 0.752 2,22 ns
Depth of Haul — — —0.047 0.439 2,23 ns
Longitude — — —0.065 0.242 2,23 ns

b. March 1987 Linear Regression-MSI scores

VARIABLE Adj. R r F DF P
Surface Chl a 0.466 —0.701 19.316 1,20 ik
Ice cover 0.354 —0.616 t4.718 1,24 .
Duration Haul 0.262 —0.540 9.852 1,24 e
Sampling Day 0.260 0.538 9,796 1,24 -
lce recession 0.161 —0.441 5.780 1,24 *
tSampling Day 0.119 0.294 4.230 1,23 ns
tDuration Haul 0.064 -0.321 2.644 1,23 ns
Latitude 0.051 —0.298 2.355 1,24 ns
tice cover 0.046 —0.283 2.167 1,23 ns
Temperature 0.037 0.284 1.848 1,21 ns
1Surface Chl a 0.016 -0.256 1.332 1,19 ns
tlce recassion —0.022 —0.143 0.479 1,23 ns
Depth of Haul —0.028 —0.114 0313 1,24 ns
Longitude —0.038 0.059 0.083 1,24 ns
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Table 6.6. Euphausia superba March 1987. a) Multiple regression analyses between
environmenial parameters and NMDS scores for two-qxis ordination of comparison of
sampling sites. Regression weights are derived from Equation 3.2, b) Linear regression
between environmental parameters and MSI scores. Adj. R? = Adjusted coefficient of
deternunation which gives the fraction of the variance accounted for by the explanatory
variable (Jongman et al. 1987). For ANOVA P values; * <0.05, ** <0.003, *** <0.0005,
ns = not significant.

a. March 1987 Multiple Regression—-NMDS scares

Direction Cosines
(Regression Weights)

VARIABLE X Y Adj. & F DF P
Longitude —-0.213 -0.977 0.266 4.988 2,20 *
Sampling Day — — 0.159 3.074 2,20 ns
Duration Haul —_ — 0.028 1,322 2,20 ns
Depth ot Haul — — 0.013 1.147 220 ns
Ice recession — — —0.042 0.561 2,20 ns
Latitude — — —0.068 0.305 2,20 ns
lca Cover — — —0.070 0.279 2,20 ns
Surface Chl a — - —0.097 0.157 2,17 ns
Temperature — — -0.110 0.008 2,18 ns

b. March 1987 Linear Regression—MS!| scores

VARIABLE Adj. R? r F DF P
Latitude 0.075 —0.340 2.873 1,22 ns
Temperaturs 0.069 0.338 2.877 1,20 ns
Sampling Day —0.025 0.141 0.447 1,22 ns
Depth of Haul —0.032 0.115 0.294 1,22 ns
Duration Haul -0.036 —0.093 0.193 1,22 ns
Surface Chl & -0.037 -0.121 0.281 1,19 ns
lee recession —0.037 —0.088 0.173 1.22 ns
Longitude —0.040 0.076 0.126 1,22 ns
lce cover —0.045 0.007 0.001 1,22 ns
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Figure 6.1, Cruise track and net sampling sites for the three euphausiid larvae surveys in
1984, 1985, and next page, 1987. The 1000 m contour is shown.
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Density No. 1000 m-3

0-1000 m 1985
0-200m 200-1000 m 1987
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Figure 6.3. Distribution and abundance of Thysanoessa macrura larvae for shallow
(0200 m, circles) and deep trawls (0-1000 m 1985, 2001000 m 1987, squares).

Abundances are expressed as individuals 1000 m™. Continued.
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Thysanoessa macrura
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Figure 6.4, Thysanoessa macrura. Percentage frequency distribution of developmental
stages for a) January 1984, b) January 1985 shallow (0-200 m) and deep (0-1000 m)
trawls, and ¢) March 1987 shallow (0-200 m) and deep (200-1000 m) trawls. NI, NIf =
nauplius Fand I, MN = metauplivs; CI, Cl, Clll = calyptopis 1, I, I, Flio FVI =
Sfurcilia 1 1o VI; n = 1o1al number of individuals identified. Note: Nf and Nif stages in
1987 combined as nauplius (N).
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Figure 6.6. Dendrogram of cluster analyses comparing the frequency distribution of

T. macrura developmentral stages at each sampling site, for each of the three surveys. The
Bray—Curtis dissimilarity index was used for the comparison coupled with UPGMA
linkage, after transformation to percentage frequency of abundance. Continued.
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Thysanoessa macrura January 1985
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Figure 6.8. Percentage frequency distribution of developmental stages of T. macrura in
January 1985, for each of the six cluster groups identified (Figure 6.5b). n = number of
sampling sites; CI, CHf, CIIf = calyptopis I, I{, II; Fl to FVI = furcilia I to VI.
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Thysanoessa macrura January 1985
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Leagitude 11%
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Figure 6.9. Ordination plots of sampling sites for January (985 comparing the frequency
distribution of T. macrura developmental stages using non-metric multidimensional
scaling and Bray—Curltis dissimilarity index. Respective cluster groups indentified in
Figure 6.6b are superimposed. Significant multiple regressions between ordination
scores and environmenial parameters are shown, as well as the fraction (%) of variance
in the zooplankton data explained by the parameter (see Table 6.3). Direction of
regression line was determined from Equation 3.2. Axis scales are relative in NMDS.
based on non-metric rarking of dissimilarity, and therefore are not shown. Stress value is

0.1
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Thysanoessa macrura January 1984
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Figure 6.10. Percentage frequency distribution of developmental stages of T. macrura in
January 1984, for each of the three cluster groups identified (Figure 6.5a}. n = number
of sampling sites; CI, CH, CHI = calyptopis I. I, I1I; Flto FVI = furcilia I'to VI.
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a. Thysancessa macrura January 1984
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b. Thysanoessa macrura March 1987
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Figure 6.11. Ordination plots of sampling sites for a) January 1984 and b} March 1987
comparing the frequency distribution of T. macrura developmental stages using non-
metric multidimensional scaling and Bray—Curtis dissimilarity index. Respective cluster
groups indentified in Figure 6.6 are superinposed. Significant multiple regressions
between ordination scores and environmental parameters are shown, as well as the
Sraction (%) of variance in the zooplankion data explained by the parameter (see Tables
6.4 and 6.5). Direction of regression line was delermined from Equation 3.2. Axis scales
are relative in NMDS, based on non-metric ranking of dissimilarity, and therefore are
nof shown. Stress values are a) 0.11 and b} 0.13.
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Thysanoessa macrura March 1987
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Figure 6.12. Perceniage frequency disiribution of developmental stages of T. macrura in
March 1987 for three of the four cluster groups identified (Figure 6.6c). Group 4
comprised 2 specimens of furcilia V and is not shown. n = number of sampling sites; CI,
CHl, CHI = calvptopis 1, 11, Hi; Fl 1o FVI = furcilial 1o VI
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Density No. 1000 m-3

0-1000 m 1985
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Figure 6.13. Distribution and abundance of Euphausia crystallorophias larvae for
shallow (0-200 m, circles) and deep trawls (0-1000 m 1985, 200-1000 m 1957,
squares). Abundances are expressed as individuals 1000 m. Continued.
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Euphausia crystallorophias
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Figure 6.14. Buphausia crystallorophias. Percentage frequency distribution of
developmental stages for a) January 1984, b) January 1985 shallow (0-200 m) and deep
(0-1000 m) trawls, and c) March 1987 shallow (0-200 m). Larvae were not caught in
deep (200-1000 m) trawls in March 1987. NI, NIl = nauplius | and II; MN =
metanauphilius; CI, ClI, CH = calyptopis I, I, 11 Flto FVI = furcilia I to VI, n = total
nmunber of individuals identified. Note: NI and NIT siages in 1987 combined as nauplius
(N).
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Figure 6.15. Distribution of the mean stage index for E. crystallorophias larvae in the
upper 200 m for the three surveys. Decimal points approximate sample site. For clarity,
sites where larvae were not collected are not shown. 3 = metanauplius; 4, 5, 6 =
calyptopis I, If, Il respectively; 7 to 12 = furcilia [ to VI. Continued.
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Figure 6.16. Distribution and abundance of Euphausia superba larvae for shallow
(0200 m, circles) and deep trawls (0=1000 m 1985, 200-1000 m 1987, squares).
Abundances are expressed as individuals 1000 w3, Continued.
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Figure 6.17. Euphausia superba. Percentage frequency distribution of developmental
stages for a) January 1984, b) January 1985 shalfow (0-200 m) and deep (0-1000 m)
trawls, and c) March 1987 shallow (0-200 m) and deep (200-1000 m) trawls. NI, NIl =
nauplius and II; MN = metanauplius: CI, Cl, Clli = calypiopis I, 1, HHI; Fl o FVI =
SJurcilia [ 1o VI; n = total number of individuals identified. Note: NI and NII stages in
1987 combines as nauplius (N).
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Figure 6.18. Distribution of the mean stage index for E. superba larvae in the upper

200 m for the three surveys. In c) the thin line surrounds sites with MSI > 4, while the
thick thin encloses sites with MSI > 5. These lines are not contour lines. Decimal points
approximate sample site. For clariry, sites where larvae were not collected are not
shown. 2 = nauplius II; 3 = metanauplius; 4, 5, 6 = calypropis I I, 1l respectively; 7 to
12 = furcilia I to VI. Continued.
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Figure 0.19. Euphausia superba larvae March 1987. a} Dendrogram of cluster analysis

comparing the frequency distribution of developmental stages af each sampling site. The
Bray—Curtis dissimilarity index was used for the comparison coupled with UPGMA
linkage, after transformation o % frequency of abundance. b) Distribution of cluster

groups identified in a).
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Euphausia superba March 1987
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Figure 6.20. Percentage frequency distribution of developmenial stages of E. superba in
Muarch 1987 for three of the four cluster groups identified (Figure 6.19a). Group {
comprised 4 specimens of furcilia il ond is not shown. n = nwnber of sampling sites; N =
nauplius I and 1; MN = metanauplius; CI, Cll, Cill = calyptopis I, If, 111; Fl 10 FVI =
Sfurcilia I to VL.
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Euphausia superba -1987
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27%

Figure 6.21. NMDS ordination comparing the frequency disiribution of E. superba
developmental stages at each sampling site. Respective cluster groups identified in
Figure 6.19a are superimposed. Group | was an extreme outlier and was removed prior
to analysis. Longitude was the only parameter with a significant multiple regression with
ordination scores. The fraction {%) of variance in the larval data explained by longitude
is shown along with the regression line (see Table 6.6). Direction of regression line was
determined from Equation 3.2, Axis scales are relative in MNDS, based on non-metric
ranking of dissimilarity, and therefore are not shown. Stress value = 0.078.
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Figure 6.22. Distribution and abundance of Euphausia frigida larvae for shallow
{0-200 m, circles) and deep trawls (0-1000 m 1985, 200-1000 m 1987, squares).
Abundances are expressed as individuals 1000 m3. Continued.
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Euphausia frigida
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Figure 6.23. Euphausia frigida. Percentage frequency distribution of developmental
stages for a) January 1984, b) January 1985 shallow (0-200 m} and deep (0-1000 m)
trawls. In March 1987 only six specimens were caught in the shallow {(0-200 m) trawls
and no larvae were caught in the deep (200-1000 m) trawls. NI, NI = nauplivs | and 11,
MN = metanauplius; CI, ClI, CUHI = calypropis I I, 1H; Fl to FVI = furcilia { to VI; n =
total number of individuals identified.
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Figure 6.24. Distribution of the mean stage index for E. frigida larvae in the upper 200 m
Jfor the three surveys. Decimal points approximate sample site. For clariry, sites where
larvae were not collected are not shown. 4, 5 and 6 = calypiopis I, 1l and HI respectively;
7 te I2 = furcitia I'io Vi, Continued.
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trajectories, current meters and geosirophic flow. Current speeds shown were
determined from ice-berg trajeciories.
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calypiopis 1 stage {Ross and Quetin 1989).
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7. Conclusions

Perhaps one of the most important messages of this study is that for the grealer part of the
Prydz Bay region, E. superba was not widely distributed in great abundance. Insiead, there
were a number of assemblages dominated by zooplankters other than krill. £, superba would
appear 1o be associated more with the shelf edge, rather than with any other feature such as
ice, but within that area where various predators feed, E. superba is the predominant species,
almost 1o the exclusion of other zooplankton. Despite the dominance of other species in other
areas, F. superba s sull the most important single species in Prydz Bay.

Kawamura’s (1986, 1987) suggestion that the zooplankton composition of Antarctic
waters may have changed over a 5060 year period, was based on a few samplings over a wide
geographical range, west and east of the Prydz Bay region, Given the degree of variability
in the distribution of the krill and especially the main oceanic/copepod dominated commmunities
displayed in this study, it is quite possible that Kawamura may not have so much detected a
change in composilion, buta change in community distributions. Nonetheless, any indication
of changes in zooplankion composilion warranis further investgation. While there i1s some
geographical variation in community distributions, the species asseinblages themselves
appear to be reasonably constant between years. Similarly, there is a remarkable consistency
in the occanography of the Prydz Bay region in terms of temperature and salinity profiles
(Figures 2.1 10 2.6 and 2 8), descriplion of the gyre lor various years (Khimitsa 1976; Smith
etal. 1984; Middleton and Humphrigs 1989, and R.A. Nunes Vaz and G.W. Lennon, personal
communication 1990; see Figure 2.10), and other currents identified by current meler
moorings, seaice buoy and iceberg drifts (Figures 2.11 102.15). Therefore, it is quite possible
thal the various communily disitribution palterns observed may in fact be repeatable
phenomena. At the very least, discrete areas can be idenlified where each of the four
communities are persistent, thus facilitating future research inte the dynamics of each
communily.

There were fewer surveys of euphausiid larval distribution but there was some
evidence of consistency in their distribution patierns between years. Like the zooplankton,
there are distincl areas where larvae of each euphausiid species would be expected. More
interestingly, the larvae were influenced more by currenls, than were the zooplankton
communities, and therefore are betier indicators of movement of water masses. The larvae
of E. frigida were confined to and are indicative of the waters of the ACC. E. crystallorophias
adults are confined o the waters of the continental shelf, with the larvae dispersed wesl by
the EWD coastal current. The presence of larvae of this species north of the shelf” was
indicative of offshore transportation of neritic waters via the gyre. E. superba larvae were
similarly dispersed by the EWD bhut were also carried north-east against the apparent
geostrophic flow. Apari from the fact that krill larvae generated in Prydz Bay would seem to
leave the region, krill larvae can encounler two totally different environmental regimes in
terms of food availability (quaniity and competition), predation and temperature in particular
because of the two dispersal roules. Further research is required to determine any differences
in growth, development, survival rates and strategies of the larvae along the coastal and
oceanic dispersal roules. Different rates of development and survival are also anticipated for
T. macrura tarvae because of the geographically extensive north o south differences in the
start of spawning over a wide range of environmental conditions. Overall, the Prydz Bay
region would seem o be an ideal locality for studying the ecology of larvae m relation to
hydrography, e.g. spawning, developmeni, distribution and mortality, as compared to the
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Atlantic sector where the hydrographic patterns are most complex (Amos 1984) but where
moslt research has so far been conducied.

Somewhat surprisingly, there was litlle association between zooplankion communily
patiems and horizontal salinity gradients. More work will be required (o determine the
influence of salinity on community patterns, pasticularly at smaller scales and vertical
stratification, e.g. the haloclines produced through ice melt. The patlern of sea ice rewreat and
also the degree of ice cover explained much of the community patterns in the January-
February period of summer. This is more likely through the role of ice in early season
phytoplankion producton. Chlorophyll a and temperature were the two paraneters that
consistently explained zooplanklon community paliems, as well as the distribution patlerns
of T. macrura larvae. Temperature, and (0 some degree chlorophyll in January—March, have
distinct latitudinal pauerns with lemperature decreasing and chlorophyll abundance increasing
southwards. Zooplankion and 7. macrura larval distribution patterns were also predominantly
latiludinal. The exact interactions between tlemperature and phytoplankion with euphausiid
larvae and zcoplankton patterns still needs 10 be established, if in fact cause-and-effects
between environmental parameters and pelagic communities can be proved adequalely.

CCAMLR (Commission for the Conservation of Marine Antarctic Living Resources)
has developed an Ecosystem Monitoring Program (C-EMP) with the aims ‘lo delect and
record significant changes in critical components of the ecosystem, (0 serve as the basis for
the conservation of Antarclic Marine Living Resources. The monitoring system should be
designed Lo distinguish between changes due Lo the harvesting of commnercial species and
changes due 10 environmental variability, both physical and biological.” (CCAMLR 1985,
paragraph 7.2). C-EMP al present is focussed on selected seal and bird species that
specifically prey on krill (Croxall 1990). The monitoring of predators is more suiled to
detecting the effects of over-harvesting of knill, rather than climatic change. Time series
surveys of zooplankton would be a valuable addition to any marine ecosystem monitoring,
especially in relaton 1o the studies of natural and climatic induced variability. Zooplankton
have much shorter lives, often ane or two years (Kane 1966; Everson 1984; Marin 1988), and
faster population turnover than vertebrate predators. They are of course also closer to the start
of the food chain, and hence expected 1o respond more rapidly Lo change. The value of titne-
series studies of zooplankton for monitoring the health of the oceans is well recognised
(Colebrock 1979, 1982a, 1982b, 1991; Robinson and Hunt 1986; IOC and SAHFOS 1991).

This study has established the composition, structure and distribution patterms of
zooplankton, as well as thatof euphausiid larvae, in the Prydz Bay region and identified some
paramelers that may influence these pattems. This type of information is fundamenial to any
long teym time series research/inonitoring program. On the basis of the results of this study,
such a research program has commenced in Prydz Bay nsing Hardy continuous plankton
recorders (CPR) (Hardy 1939). The principal objectives of the new program are (o study
regional, seasonal, annual and long \erm variability in the abundance of krill larvae produced
annually, zooplankton abundance and species composition (Hosie 1991b). That program is
being carried out in association with an intermational cooperative CPR survey to monitor
ocean systems (10C and SAHFOS 1991),
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Appendix II. Mesoscale distribution of maturity stages of
Antarctic krill (Euphausia superba) in Prydz Bay, January-
March 1991

Studies by Pakhomov (1989}, Bibik and Yakolev (1991) and Ichii (1990} indicaled that the
Antarctickrill, Euphausia superba, are abundant near Lhe continental shelf edge between 60°
and 80°E in the Prydz Bay region. These resulls were based on a research scale net,
hydroacoustics and krill commercial trawls, respectively. An Australian hydroacoustic
survey in January 1985 also indicated a higher biomass of krill in the shelt edge area
{Higginbottom et af. (1988). The resulls of multivariaie analysis on the Australian data from
1981, 1982 and 1985 (Chapter 3) turther showed that krill were primarily localised and were
dominant near the conlinental shelf edge in a transition zone between the nerilic and oceanic
assemblages. This was an area proposed as a major spawning area on the basis of
backtracking the dispersion of krill larvae (Chapter 6). Between January and March 1991, a
more inlensive mesoscale survey was carried out in Prydz Bay with the prime objective of
more accurately defining the distribulions and boundaries of the three main zooplankton
communities in thal area, the main oceanic, neritic and krill dominated communities (Chapter
4). Another important objective was the study of the distribution of snb-adult and adult kriil
in the area, in relation to the shelf edge and oceanographic features. Of particular interest was
the distribution o spawning temales and thus the description of any localised spawning areas.

Krill were collected during the routine 0-200 m oblique RMT 8 trawls, at 53 of the
62 sites of the grid survey described in Chapter 4. Sampling occurred between 19 January
{(Station 11) and 14 February 1991 (Station 72). Specimens were also collected in eight aimed
horizontal RMT 8 trawls at hydroacoustically detected krillaggregations at4 addilional sites.
These sites were sampled before (station 10) and after the grid survey (stations 88, 98 and
101) (Figure A2.1), on 15 January, 24 and 27 February and 1 March respectively, The RMT §
net was opened and closed inside the detected aggregations. During the grid survey an
intemational young gadoid pelagic trawl (IYGPT) was deployed at selected sites for the
specific purpose of collecing adult and juvenile Pleuragramma antarcticum (Williams
1992). This net was towed horizontally at the required depth for 30 minutes at 3knots. At 12
of the grid sites, substantial amounts of krill were also collected; 2.7 1029.5 kg (stations 16,
17, 18, 32, 33, 34, 35, 61, 62, 64, 67 and 68-Figure A2.1). The much larger mouth area,
~100 m?, compared to the RMT 8 and the extended trawl distance, ~2800 m, at times
produced large catches of krill when the RMT 8 collecled few or none (i.e. stations 16, 17,
33,34,35,61, 64 and 67). Specimens were classified to a maturity stage following the system
of Makarov and Denys (1981):

Slage Description

1 Juvenile—no extemal sexual features

2M Immaturs male

3AM Mature male—no spematophore in ampullae

3BM Mature male—spermatophore in ampullas, ready to mate
2F Immature female

3AF Mature female—thelycum develaped, no spermataphore attached
3BF Mature female—spermatophares attached to thelycum
3CF Gravid female—ovary fills tharacic space

3DF Gravid female-avary very enlarged, near spawning

AEF Post-spawn (spent) female
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No spent females (3EF) were collected during the survey. For all IYGPT catches and those
RMT caiches with large amounts of krill, a minimum of 200 krill were sub-sampied and
classified. Each maturity stage was expressed and plotted as percentage portion of the haul
catch, thus taking into account the ditferent net types and sampling methods—horizontal
versus oblique. No attempt was made 1o integrate the percentage scores amongst hauls
commoen te one site because of the different sampling methods, and no statistical comparison
was therefore warranted. Each catch was plotted individually—hence the multiple plots at
some sites. This does demonstrale some degree of vaniabilily,

Figure A2.2 shows the distribution of krill abundance expressed as the number of
individuals 1000 m. This figure includes both the RMT 8 routine trawls and aimed rawls.
No density plots are shown for the IYGPT trawls as the exact mouth area of the net, and hence
volume filtered could not be reliably delermined. Figures A2.3 to 11 show the distribution
of each maturity stage expressed as a percentage portion of each catch for both RMT § and
IYGPT trawls. Very tew krill were collected in the waters of the continental shelf in Prydz
Bay itself (Figure A2.2). Two large swarms were found in nerilic waters west of Cape
Damley at Stations 10 and 101. Most of the krill were predominandy found north of the
continental shelf edge (Figure A2.2). The few specimens collected in the bay, south of the
shelf edge were almostentirely juveniles (Figure A2.3). The mature male 3AM stage showed
noclear distributional panemn (Figure A2.5), while for some of the other stages, 1.e. 2M, 3BM,
2F and 3BF (Figures A2.4, 6, 7 and 9), the apparent distribution patterns were based on very
few specimens from RMT 8 hauls, especially at Stations 15, 16, 17, 19, 20, 21, 22, 59 and
60. Consequently their percentage portion of the calch values were often exaggerated. The
two advanced maturity stages with distinet distributional patierms were the 3AF females,
dominating the north-west, and the gravid 3DF stage which were found predominandy in the
north-east (Figures A2.8 and 11}. The gravid 3CF stage had a simifar distribution to that of
the 3DF slage (Figure A2.10).

Initial inspection of the distcibutions suggest a distinct geographical separation of the
3AF and 3DF stages, and thatspawning mainly occurred in the north-east region off the shelf.
Mean temperauwre, safinity and chlorophyll a explained much of the distribution patterns of
the zooplankton communities discussed in Chapter 3. Simpie regression comparisons with
the percentage score of 3DF stages, in 39 of the hauls in which that stage was present, showed
that none of these environmental paramelers explained the distribution of 3DF stages (Table
A2.1). A significant me component was also demonstrated in the 1991 zooplankton
communily data, inasmuch as the time since the start of sampling explained 19% of the
community patterns (Table 4.4). Time since the start of the sampling survey also explained
asignificant amount of the 3DF distribution paitem, i.e. 16.5% (Table A2.1). 1t is most likely
that the perceived separate distributions for the 3AF and 3DF stages are nol a genuine
geographical separation but a function of time.

Final maturation of the ovaries is quite rapid (Denys and McWhinnie 1982).
Shipboard observations have shown that Prydz Bay 3CF and 3DF stages usually spawn
within 3 (0 14 days alter capture (Harrington and Ikeda 1986). Females after spawning will
appear briefly as a 3EF (spent) stage before mouling back Lo the 3AF stage (Denys and
McWhinnie 1982; Thomas and lkeda 1987). Sampling of the grid commenced at Station 11
and then progressed eastward to station 52 (Figure A2.1). During the course of the eastern
sampling, the females seen as 3AF later in the west, were most likely gravid, as seen at Station
10(Figure A2.11). By the time sampling commenced a1 Station 53, and progressed westward,
the females in the north-west had spawned and moulted back 10 3AF. This can be seen more
clearly in Figure A2.12 which shows the comparison of percentage 3DF, sorted in decreasing
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value, and percentage 3AT, for each haul where either 3DF or 3AF stages were presenl. As
the percentage of the 3DF stages decreased to 0%, the overall percentage of the 3AF stages
increased. The phenomenon can also be seen by comparing the composition of the two
swarms found at Stations 10 and 101 (Figures A2.8 and 11). These sites were 11 nautical
miles apart. Station 10 had a high percentage of 3DF (39.5, 9.1 and 31.0%) for three
conseculive hauls at the site, and fewer 3AF (2.1, 18.7 and 17.2%). Forty-five days later the
proportions of 3DF in the two hauls at Station 101 were 6.5 and 1.0% and the corresponding
proportions of 3AF were 46.5 and 19.6%. Stations 22 and 23 and &8 in (he centre of the
sampling grid (Figure A2.1) displayed the same effect (Figures A2.8 and 11). S1ation 88 was
sampled 31 days after Stations 22 and 23. In Chapters 3 and 4, I suggested thal the duration
of sampling surveys to study zooplankton community patierns need to be kept as brief as
possible to overcome the problem of characleristics of the communilies changing with time.
This study of krill maturity stages has indicated that a similar brevily in sampling period is
necessary when studying distribution patterns of maturity stages and also defining localised
Spawning areas.

Previows studies have shown that spawning in Prydz Bay often extends to at least the
end of March (Hosic et al. (1988; Chapter 6). In 1991 spawning would seem to have finished
by early to mid February——the time of sampling of the western three transects. Rematuration
of the 3AF stages was unlikely, There were few mature males, especially 3BM, observed at
the same time as the high abundance of 3AF (Figures A2.5, 6 and 8). Alterspawning the ovary
reorganises and reverts (0 a juvenile stage in a six weeks period, i.e. this would be to the end
of March in 1991, before rematuration can occur (Denys and McWhinnie 1982). This
reorganisation is usually followed by a prolonged reproduclive diapause. Harringlon and
Ikeda (1986} believed thal females may only spawn once in Prydz Bay, The females in 1991
were also in generally poor nutritional condition (Nicol ef al, 1992), further suggesting that
rematuration was unlikely. In addition to no rematuration, Figures A2.9 and A2.10 show that
there were few gravid 3BF and 3CF females in the western area or at station 88, indicative
of Iitlle further substantive spawning after any 3DF stages had spawned. An early cessation
of spawning, coupled with the apparent paucity of krill in the area, would naturally limit the
number of larvae produced and hence future potential recruitment. This would also explain
the lack of larvae along the north-easterly dispersal roule mentioned in the Discussion of
Chapter 4.

Table A2.1. Simple regression analyses between environmental parameters and
percentage portion of 3DF stage females Adj. R? = Adjusted coefficient of determination
which gives the fraction of the variance accounted for by the explanatory variable
{Jongman et al. (1987). ns = not significant..

VARIABLE Adj. A? F DF P

Sampling Day 0.165 8.530 1,37 0.006
Temperature 0.036 2.199 1,31 ns
Salinity —0.004 0.879 1,31 ns
Chlorophyll a -0.014 0.583 1,30 ns
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