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Abstract

Several questions pertaining to the marine commﬁnities at the Prince Edward Islands are
addressed. Firstly, the nature of the ‘island-mass effect’, and the cause of the frequently
.rec'orded-diatom blooms in the area are examined. It had been suggested that the cause of the
blooms is related to the presence of a Taylor 'Column-induéed, low density, stationary eddy
which stabilises the water column. On a cruise in April/May 1989, temperature, salinity,
nutrients, chlorophyll and primary production were measured at 90 stations in a large grid
centred on the islands. These, together with data collected on previous cruises, are used to
show that the repeated occurrence of diatom blooms was not a result of nutrient enhancement.
No evidence for light-limitation of phytoplankton was found. The evidence and theoretical
basis which was used to predict the existence of a Taylor Column is questioned. An alternative
~ hypothesis for explaining the blooms is presented. It is argued that these local blooms are
simply the result of séeding By a dormant sto;:k of diatom resting spores from the shallow
sediments arouﬁd the islands. This hypothesis hinges on three observations: (1) the blooms
oécur only over shallow sediments and are not a feature of the open ocean, (2) the species
 Chaetoceros radicans has been responsible for the bloom each time the cells were identified,
and (3) C. radicans forms a rapidly sinking, heavily silicified, resting spore.

A conceptual framework of how zooplankton lipid composition is affected by diet,
latitude and seasonal feeding strategies is introduced as a means for ascertaining, by lipid
assays, these aspects of the biology of sub-Antarctic zooplankton. The lipid content, class
composition and fatty acid composition of 8 euphausiid and 2 copepod species were assayed.
The lipid 'contents of the euphausiids were low for late summer compared to congeners from
higher latitudes. Th.e‘ copepods were, however, richer in lipids. Surface chlorophyll-a in the
sub-Antarctic is low when compared to the oceanic fronts to the north and south, suggesting
that this region is not a productive feeding environment for zooplankton. Most species in this

region occur here at the extreme of their known ranges. Thysanoessa vicina, T. macrura. and



Metridia spp. were found to contain wax esters in abundance, whereas Euphausia spp.,
’Ne'mat'os"cel» is megalops and T. gregaria stored no wax ester. The fatty acid composition points
to a herbivorous diet for all specimens examined, though it is likely that those lipid-poor species
which do not store wax ester will switch to an alternative winter diet. Furthefmore, the sub-
tropical Thysanoessa gregaria and Metridia lucens contained little or less wax ester compared to
their congeners of the Antarctic, which presumably reflects the different feeding strategies
associated with latitudinal differences. |

A description of the distribution of the recently described kelp, Macrocystis laevis, which
occurs only at these islands, is presented. The standing stock is estimated from measurements
taken on three occasions. Net production is estimated at 7.7 gC.m?2d!and 11.5 gC.m24d’*
during the months of April and August respectively. Based on calculations for M. laevis énd
Durvillea antarctica (the two species making up most of the macrophyte biomass) macrophytes
are more productive per unit area than the phytoplankton but contribute less to thé seas around
the Prince Edward Islands by virtue of their small spatial coverage. The contribution of M.
laevis production to the nearshore ecology of the islands seems limited, as it is suspected that
almost all of its production is exported to the open ocean pelagic system.

The patterns in the benthic community of the archipelago are described from an extensive
qualitative survey at 57 stations. The benthos was sampled with an épi-benthic sled. In
addition, underwater photographs were taken at most stations. Macrofauﬁal species diversity
. was found to be impoverished compared to Antarctic communities. This is ascribed to the
extreme isolation and geological youth Vof the archipelago. A cluster-analysis based on species
abundance alone aggregated most stations into 8 recognisable communities. Each of these
- communities had a unique depth and substratum combination. Indicator species ére listed for
each of the groups. Deep, rocky substrata were dominated by Porifera, bryozoans and
cnidarians, while soft-substrata were dominated by pblychaetes, bivalves. and brachiopods.
Errant forms cinsisted predominantly of echinoderms, with crustaceans being important in

shallower habitats. Filter-feeders dominate the islands benthos. The shrimp Nauticaris



mdri_orlz’s was found to be abundant eQerywhere_. The li_kely influence of thevislands'
,OCéanographic processes on the benthos is discussed.

" The major findings are drawn together in terms of the trophic dynamiés of the seas
surrounding the islands.  Proposed future research directions include: ocean current
measurements,'.quantiﬁcatio_nbof diatom resting spore densities and sinking fluxes, zoépla'nkton

abunidance measurements, and quantification of the benthic biomass.
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Introduction

Marion Island and Prince Edward Island, collectively known as the Prince Edward Islands,
occur in the sub-Antarctic sector of the Indian Oéea.n (46°50'S, 37°50'E). Together they rise
abruptly from the ocean floor at 3000 m to form a shallow plateau, referred to as an archipelago
for convenience.

Since the first comprehensive monograph on the Prince Edward Islands, which covered
aspects of its climatology, geology, biogeography and systematics, edited by E.M.Van Zinderen
Bakker, J.M. Winterbottom and R.A. Dyer (1971), there has occurred a marked increase in
scientific interest in these islands and adjacent waters. This started with a thorough examination
of the systematics and ecology of the rocky intertidal community (De Villiers 1976). The
voyage of the French vessel 'Man'oh Dufresne' in 1976, which called at the Prince Edward .
Islands, was an important initial expedition to describe the oceanographic environment.
Subsequently, oceanographers and biologists gained access to the islands and adjacent waters
on supply and relief cruises on the ships 'M.V. S.A. Agulhas' and 'R.S. Africana’. By 1988
notable advances had been made by oceanographers studying physical aspects of the water,
plankton ecology and plankton systematics and biogeography. An extensive survéy of the
benthic fauna was near completion, while the feeding habits and behaviour of the resident
marine mammals and avifauna had been infently studied. I intend to briefly introduce the
specific points of interest relating to the marine environment of the Prince Edward Islands at the
time, such that this work might be placed into some perspective.

| The central theme, though one seldom expressed explicitly, towards which the marine
scientific investigations were being directed was gaining knowledge on the principal sources of
food sustaining the largé biomass of avifauna in particular, but also the lesser known rich
benthic community. Is the Prince Edward Island archipelago an oasis in an oceanographic
desért? Various scientists were interested by specific problems, and several hypothesis had
been, or could be, tested. I will discuss those which pertain to this work below, giving some

treatment to the theory and rationale for each.



Wha»t' is the physical effect of the interaction of the Antarctic Ciréumpolar Current (ACC)
'u‘)ith the Prince Edward Island archipelago on the structure of the water-mass? From
measurements taken in 1976 it was appareﬁt that some kind of ‘island-mass effect' left a
signature in the chlorophyll distribution in the lee of the Prince Edward Islands and the Crozet
Islands. The nature of this effect was unclear. Grindley and David (1985) proposed that
upwelling in the lee of Marion Island would account for the surface distribution of temperature,
- salinity, nutrients and chlorophyll; Allanson et al. (1985) disputed this interpretation from
' current measurements in addition to measurements of temperature, saiin,ity, nutrients and
chlorophyll taken a few years later. They suggested, after some theoretical considerations, that
a ;Von Karman Street' - a wake embedded with eddies - develops in the lee of the islands. In
this tfai_n of eddies, nutrient-rich water would be sequestered to the surface. Perissinotto and
Duncombe-Rae (1990) remained with the concept of eddies, but p~ointed out that a mechanism
other than nutrient-enrichment was responsible for persistent phytoplankton blooms which recur
in the lee of the islands and over the plateau. A more complex oceanographic feature was
'proposed, supported from a dimensional analysis and from physical data. A “Taylor Column' -
a disturbance of flow above a bump on the ocean floor - might force a stationary anticyclonic
(warm core) eddy above the archipelago, and periodically shed a éyclonic (cold core) eddy
downstream. Duncombe-Rae (1990) calculated thaf a stationary eddy would account for
decreased salinity over the plateau by entrapping fresh-water runoff from the islands, and
provided further support for the theory. The existence of a stationary eddy would hold
appreciable consequences for the plankton community, in particular the phytoplankton.

' What is the cause of recurrent phytoplankton blooms in the vicinity of the Prince Edward
Isléznd&? While this is a separate question from that raised in the previous paragraph, one being
biological theh other physical, the answer to either one should, in part at least, provide the answer
to the other. This rationale meant that the two questions were rarely treated seperately. El
Sayed et al. (1979) first reported the occurrence of a rich diatom bloom in the lee of the islénds,
whereas the oécanic water wés poor in chlorophyll content. Scientists on subsequent cruises
réborted the same pheriorﬁenon. As described in the previous paragraph, hypothesgs were

erected and replaced, some from particular data sets (Grindley and David 1985; Allanson et al.
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i 1985; Perissinotto et al. 1990) and others from general, theoretical considerations (Boden 1988;
_Perissinotto and Duncombe Rae 1990). Boden. (1988) suggested how a disturbance in the
current pattern might account for observed species distribution patterns.  Perissinotto and
Duncombe Rae (1990) used the ‘Taylor Column' theory and >a1ga1 physiological evidence to
explain the 'island-maSs effect. An anticyclonic, warm core eddy traps buoyant water at the
surface which increases the stability of the water column. | To understand how a stable water
column might favouf phytoplankton growth, one should be familiar with the anomaly of (sub)-
~ Antarctic water being simultaneously rich in nutrients but poor in chlorophyll. One explanation
currently favoured is that »high rates of surface-water turnover prevent a phytoplankton
' cdmmunity from developing in the light-field, and froni stripping nutrients (Holm-Hansen
: 1985)‘ Phytoplankton in these waters are thus believed to be Tlight-limited’. It can be
appreciated that, should a stationary eddy exist, this would adequately explain the reéunent
phytoplankton blooms.

Does the sub-Antarctic Mzter-mass have an indigenous plankton community, or is it -
characten’sed by vagrant sub-tropical and Antarctic elemehts? The narrow band of sub-
Antarctic water in the Indian ocean lacks clear definition. Sir Deacon (1983) suggested that this
was a result of the ACC flowing over an irregular bottom topography. Boden (1988) found
both sub-tropical and Antarctic phytoplankton at the Prince Edward Islands. Miller (1985):
found a dissimilarity between zooplankton samples from the Prince Edward Islands and from
Gough Island, on the Sub-tropical convergence, although most species occurred ai both sites
and no indicator Species could be isoloated. Grindley and Lane (1979) noted a strong
répresentafion of Antarctic zooéplankton at Marion Island. Indeed, they used this as evidence
for the possible upwelling of Antarctic water at the islands. Sub-Antarctic oceanic water is not
rich in plankton. Nonetheless, sitting between two productive oceanic fronts, the avifauna at
the Prince Edward Islands is in a position to overcome this apparent local food scarcity.
Whether a sufficiently large herbivorous zooplankton community exists to make the locally rich
diatom production available to sea-birds merits investigation. The gut contents from penguins
and pe;:rels from the islands do cohtain zooplankton which occur at the islands and at the fronts.

As the foraging range of these birds could be enormous, there was little indication of where they
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fed.» Nigel Adams, of the Percy Fitz-Patrick Institute for African Ornithology (UCT), is
currently addressing this issue. |
| Is the sub-Antarctic marine environment strongly seasonal? The bi—annualv relief voyages
w.hich provide the only access to these islands have not allowed séasonal comparisons. Mid-
Summer and mid-winter extremes in production have not been measured. The day-length varies
from 16 hours in December to 8 hours |in June, which suggests that a strong sea_sonél pattern in
production is likely.  How will the herbi._vorousAzooplankton species overcome a winter
‘'shortage of food? Two hypotheses Ppresent themselves: (1) herbivores store lipid from which
- they subsist-during winter, and (2) herbivores switch to an alternative food source in winter. Iﬁ
the Iess seasonal Agulhas Bank water, I'OOO rhiles to the north, herbivores have a life-history
which corres_bonds to shprt-term fluctuations in food évailability. Their breeding cycles are
- opportunistic and do not occur during specific seasons, whereas A1:1tarctic herbivores spawn at
.regular times during the year. |
| Of what significance is the contribution of kelp to the economy of the island’s marine
"~ communities? Notable features of the shallow waters around the islands are extensive forests
of the kelp Macrocystis laevis, which wés only very recently described and appears to be
:endemic to the Prince Edward Islands.‘ Another species, Durvillaea antarctica, forms a
continuous band at the intertidal zone around both islands. The presence of a shallow
| subman'né shelf and a terrestrial environment provides a purchase for a rich benthic community
. and a large sea-bird community respectively. Is this convenience alone sufficient to explain
their presence? The hypothesisto be festéd was that the island-énn’ched production supports
this lérge biomass. Macrocystis, known to bc highly produétive in other paﬁs of the world,
| was identified as a likely méjor sburce of production which might form an integr'ai part of thé ‘

energy flow through the island's marine food webs.

In this thesis I address most of the above issues to some extent in four chapters, each dealing
with a specific and quite different aspect of the marine ecosystem. Chapter I is a re-
examination, based on some additional data collected on the second cruise of the 'Marion

Offshore Ecological Survey' (MOES II) during April/May 1989, of the cause of the
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phy_toplz;hkton blooms and the associated oceanographié processes. In this chapter, I propose a
new explainationvfor the recurrent blooms Qf the diatdrh Chaetoceros radicans at the Prince
Edward Islands. Chapter II concerhs the lipid COmposifion of several of the abundant
zooplankton species in the area. A conceptual framework for the synthesis and storage of lipids
. as related to the mode of feeding is introduced as a possible technique vfovr understanding some
of the basic fe_eding strategies of the zooplanktdn of the sub-Antarctic, and to tie this to aspects
of their écology( The questions dealing with seannaiity and biogeography' are touched upon in
this chapter. In chapter III, I describe and quantify the standing stocks, growth and production
of Macrocystis laevis, and estimate its relative importance to the marine food webs of the
_ archlipelagb. | Chapter IV provides a desériptive account of tﬁe patterns iﬁ the benthic
, communities based on statistical aﬁalyses of a large data set of species-abundanée and physical
vaﬁébles sampled at 57 sites on the island plateau. Finally, in a brief conclusion the principal

* findings of this thesis are drawn together



Chapter 1

The role of diatom resting spores in a sub-Antarctic island-mass

effect

' Abstract-Massive diatom blooirié dominated by Chaetoceros radicans have been often
recorded over the Prince Edward Island plateau, but never at adjacent open ocean stations.
Séveral hypotheses have been advanced to explain this 'island-mass effect, the latest being
 that a low density core eddy over the plateau traps low salinity water, and possibly reduced
nitrogen from the islands, to create a shallower mixed depth and a fai/ourable light
environment for phytoplankton growth in otherwise unstable water. | Physical, chemical and
production measurements were taken on an extensive sampling grid around the Prince
Edward Islands during April 1989 to test this hypothesis. In contrast to previous cruises
(March 1976, April 1982, April and November 1983, April 1987); no phytoplankton bloom
was observed during the 1989 survey. Chlorophyll-a concentrations were low (< 0.5 mg
" Chl-a m**)'and dominated by pico-planktonic cells. At all stations, nutrient concentrations
were high. Although the high chlorophyll concentrations recorded on previous cruises
depleted nutrients, blooms evidently were not stimulated by an input of nutrient-rich water.
Direct evidence for light-limitation was absent. The oceanographic evidence for a stationary
low density core eddy at these islands is scant and open to alternative exﬁl'anations. The
- theoretical basis for predicting an anticyclonic low density eddy at the Prince Edward Islands
by a Taylor column mechanism is unfounded since: (1) it is unclear whether a low or a high
density eddy is to be expected above the feature, (2) the horizontal s_cales typical of the
Prince Edward Islands environment are far sinaller than those used in theoretical predictions,
and (3) the archipelago is 93% of the height of the water column and surfaces in places,
whereas Taylor columns aré predicted for shallow topographic features. The repeated
positioning of the bloom at this and other sub-Antarctic islands could be explained as a

seeding phenomenon. Chaetoceros radicans has been responsible for the inter-island
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.blooms in March 1976, May 1983, November 1983 and April/May 1987. Chaetoceros
radicans forms a heavily silicified spore. I will provide arguments which SUggest that the
chlorophyll maxima observed over the archipelago are due to seeding of Chaetoceros

radicans from shallow sediments.



Introduction )
The Prince Edward archipelavgo (46°50'S, 37°50°E) cohsists of two volcanic islands which
6utcrop from a relatively shallow submarine plateau in the sub-Antgrétic, south of the
4 Subtropical Front (STF), but north of the Antarctic Polar Front (APF) (figure 1)
. Phytoplankton blooms have often been encountered in the inter-island i'egion and over the
island plateau, whereas chlorophyll concentrations in the adjacent open ocean is persistenﬂy
- low. " El-Sayed et al. (1979a) recorded a bloom of the diatom Chaetoceros radicans in March
.1976 to the east of the islands. .Parker (1984) gave details of local chlofophyll maxima
‘ betwéen the islands recorded during April 1982, May 1983 and November 1983. On the
November 1983 voyage of the 'M.V. S.A. Agulhas', Boden (1988) recognised two blooms,
~ one of C. radicans, the other of the Antarcfic silicoﬂagéllate Dictyocha speculum, in spatially
distinct patches around Marion and Prince Edward Islands.  Cell counts were in the order
“of 109 cells.m3 (> 2 mg Chl-a m-3, with production up to 190 mg C m-2 h-1), forming dense
“mats which obscured other species under microscopy. | Again, in 1987, Boden (1988)
reported a similar bloom of C. radicans,‘but noted that away from the islands this species
- was absent, where counts of other species were in the range of 103 to 104 ceils.m-3.

Plancke (1977) and El-Sayed et al. (1979a,b) found high chlorophyll concentrations in
the lee of the Crozet Islands and the Kerguelen-Heard plateau, in addition to the Prince
Edward Islands, and deduced that production was influenced by an ‘island-mass effect".
The complex nature of this effect Plancke (1977) ascribed to a system of upwelling, while
El-Sayed et al. (1979a,b) prefered not to advance an explanation on thé meghanism of thé
effect until more data were 'éf/ailable. Deacon (1983) coﬁcl_}lded,tha_t there is more

_interchange and less clear gradation between Antarctic and squAntarctic waters in the
vicinity of Marion, Crozet, Kerguelen and Heard Islands (40-’./'0°'E) than in most longitudes.
The irregular bottom topography of this region, together with the Antarctic Circumpolar
Current, is expected to cause such complex features as eddies, wakes and Taylor columns.
o Several explanations have been advanced to explain the Ob'served elevation of

* chlorophyll in the Pn'née Edward Island waters. Allanson et al. (1985) hypothesised fhat

" the shallow oblique platéau', on which the Prince Edward Islands rest, interacts with the west
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Figure 1: The Prince Edward Island plateau. Isobath measurements are in meters. The
transect linés refere to data presented in figure 9 and 10. The four north-south transects,
with stations represented by open circles, were undertaken in March 1976, May 1983,
March 1984 and May 1987, the two east-west transects represented by open triangles were

undertaken in April/May 1987 (from Perissinotto & Duncombe Rae 1990).



wind drift so as to set up a vortex field (a wake characterised by contra-rotatating eddies) in
the lee of the archipelago. In these eddies nutrient sequestration into surface waters might be
enhanced. Perissinotto et al. (1990) pointed out that the extraordinarily high surface nutrient
concentrations in the sub- Antarctic could not be limiting phytoplankton growth, and ascribed
the recurrent blooms to increased stability and shallower mixing in the inter-island region.
Indeed, light limitation has been a recurrent theme as an explanation for the low rates of
primary production generally observed in the southern ocean (Holm-Hansen 1985; Priddle et
al. 1986).

The mechanism for increased stabilization at the islands was suggested to be due to the
presence of a stationary low density core eddy analagous to a Taylor column, and the
retainment of freshwater runoff from the islands in the éddy (Perissinotto and Duncombe Rae
1990). The Prince Edward Islands receive in excess of 2000 mm precipitation annually.
Duncombe Rae (1989a) calculated that the quantity of freshwater drained from Marion Island
over a 20 day period could account for the surface salinity minimum observed during
April/May 1987, assuming the existence of an eddy with a water retention time of this order.

As part of the Marion Island Off-shore Ecosystem Study (MOES II), the track of the
'ML.V. S.A. Agulhas' during April-May 1989 was planned to test these hypotheses. Eighty-
nine stations were occupied, arranged along grid lines extending 600 km east and west and
300 km north and south of the islands, with greater resolution near the island plateau (figure
. 2). Measurements included CTD, XBT, nutrient and chlorophyll analyses, continuous light
recordings and post size-fractionated 14C incubations. The MOES II cruise is the ninth

collection of bio-oceanographic ‘data from this region; the dates of the previous cruises were
March 1976 (R.V. Marion Dufresne'), April 1982 (‘M.V. S.A. Agulhas’_), September 1982
(R.S. Africana'), May 1983 ('M.V. S.A. Agulhas’), March 1984 ('M.V. S.A. Agulhas)
April/May 1985 (‘M.V. S.A. Agulhés’), April/May 1986 (M.V. S.A. Agulhas') and
April/May 1987 (M.V. S.A. Agulhas'i. The Prince Edward Islands have received
| considerable interest from oceanographers, this paper being the fifteenth in a decade to report
on phytoplankton and related matters following Grindley (1978), El-Sayed et al. (1979a,b),
Grindley and Lane (1979), Parker (1984), Miller et al. (1984), Allanson et al. (1985),
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Figure 2: The position of stations occupied during April/May 1989. At all these

stations CTD measurements, nutrient measurements, and chlogophyll-a
measurements were undertaken. At stations denoted by triangles 14C incubations

were done.



Grindley and David (1985), Boden and Parker (1986), Boden (1988), Duncombe Rae
(1989a), Perissinotto and Boden (1989), Perissinotto et al. (1990) and I.’erissivnotto and
Duncombe Rae (1990). The present work draws on nutrient and physical data, chlorophyll
distribution and primary production rates recorded on the April/May 1989 and previous

Acruis'es to discuss the most likely cause of blooms around these islands.

Methods

The methods used on Cruisés prior to 1989 are reported elsewhere; viz. El-Sayed et al.
(1979a,b) [March 1976], Parker (1984) [April 1982, September 1982,‘ May 1983,
November 1983, March 1984], Perissinotto and Boden (1989) [Apﬁl/May 1985 and 1986],
Duncombe Rae (1989b) [this latter publication includes a full listing of the data collected
- during April/May 1987], while the methods employed during 1989 are reported below, and
those pertaining to the collection of physical and chexﬁical data can be found in Van
Ballegooyen .et'al. (1989) which includes a full listing of the data. | |

Water samples Were drawn from five depths at which the irradiance corresponded' to
100, 75, 50, 30 10 or 1% of surface irradiance. The light extinction coefficient was ‘
determined by submerged light measurements. Water éamples were collected with S-i PVC
Niskin bottles and transferred to the laboratory in plastic buckets shaded in black plastic
bags.

Chlorophyll concentrations at depths within the euphotic zone were determined‘from
sea-water fractionated into three size classes, viz (1) < 200 um (mesh filter), (2) < 15 um
(mesh filter), and (3) < 2 pm (Nuclepore filter). The ﬂuorescencé of the samples was
‘mg:asured in vivo and this value converted to chlorophyll-a concentration from the equation,

mg Chl-a m3 = 0.024 (fluorescence) - 0.039, ' ¢))
which was calibrated from standard chlorophyll extractions.

The rate of primary production was measuted using the 14C technique of Steenman
Nielsen (1952), as modified by Strickland and Parsons (1972). .Three replicate 300 ml light
samples and one 300 m] dark sample were innoculated with 20 - 25 uCi of NaH'*CO;. The

bottles were incubated on deck at sea surface temperatures and shaded with precalibrated
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shade cloth which was tested for its capacity to exclude light. Light intensities were
recorded throughout the day on deck at two-minute intervals with a Dirmkirn Star
Pyronometer. Incubations lasted for four-and-a-half daylight hours, after which the bottles
were fetrieved and shaded in black plastic bags. The incubated samples were fractionated
' into the three size classes described éarlier, using 200 pm and 15 pm mesh filters and 2 um
Nuclepore filters. Phytoplankton was finally filtered onto Whatman GFJF filters and rinsed
three times with 0.2 um filtered sea-water. Filters were placed in iiquid scintillation vials, to

.which 10 ml of the scintillation cocktail Insta-gel (Packard Instrument International) was

- added. Radio-activity was measured on-board using a Beckman Scintillation counter, and

cprrécted for the counting efficiency as determined by external standardisation. The precise
14C activity of the added N. aH14CO3 was determined for each experiment. |
Water column stability (E) was estimated as the ratio of the buoyancy (upward
accelcration) ofa water parcel to gravitional acceleration: |
E =  a/s | @

E is measured in m!

, a, is the upward acceleratidn per unit of length dz, 10 m in this case
(units, s'z), and g is the acceleration due to gravity (units, m 5'2). From equation 17 of
Millard et al. (1970), not repeated here because of its complexity, N? was computed, where
N is the Brunt-Vaissala frequency, the natural period of oscillatidn for a water parcel
displaced adiabatically from its rest position (units, s'l). E was calculated from the relation:
E =  N?/g (3) (Millard et al. 1990).

The depth of the upper mixed layer was.estimated' to extend to the depth at which the

potential dénsify changed by 0.03 kg m-3 within 10 m, although often this criterion was

satisfied several times within the water column. Always the first densiiy change exceeding

- this value was taken to be the depth of mixing (Z,,).

Results -

. The data used in the'analy'se's to be presented are too extensive to list, but appear in two

_ published volumes: Duncombe Rae 1989b and Van Ballegooyen et al. 1989. The surface
chlorophyll distributions around the Prince Edward Islands during April 1987 and 1989 are
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presented in figures 3 and 4 respectively. The mean and standard deviation of the surface
temperature, and of the concentrations of NOs;, NO,, NHy, Urea, PO, and SiO, during
these cruises are listed in table _1 to provide an‘ indicétion of how rich the sub-Antarctic water
is in the rhajor inorganic nutﬁeﬁts. In order to check for relationships between fhe spatial
~ distributions of the nutrients, physical variables and chlorophyil-g, lineéir regression analyses
Were applied to abseries of fiaried Qariables. The results of these regressions for the 1987
and 1989 data are listed in table 2. | |

During the 1987 cruise the pico-plankton (< 2{im), nano-plankton (2-20 pm) and net-
: plénk_ton (> 20 um) size fractions accounted for < 3% (p <0.1), 40% (p <0.01) and 99% (p
< 0.001) of the variétion of primary pro.duction5 During April/May 1989 (p > 0.05), the
trend was re\}efsed; on average, the pico-plankton accounted for > 60% of the surface
chlorophyll-é 'a'nd was.th_e only size fraction to explain variation in total chlordphyllja
concentration (p <0.005). The pico-phytoplanktdn concentrations dﬁring this cruise were
 ubiquitous, ranging between 0.05 é.nd 0.35 mg Chl-a m™ within the upper mixed layer.

pB m Tatios (thé maximum hourly production rate normalised by chlorophyll-a
chccntration, for each station) ranged between betWeen 0.47 and 14.59 mgFC h! (mg Chl-
a)"! during 1987 and between 0.56 and 4.29 mg C h'! (mg Chl-a)! during 1989. The light
- intensity which yields PBm (Ix) was nbf calculated as the product of PBm and the slope of the -
P-I. curve (récommendcd by Platt and Jassby 1976), since observations from only five
© depths provided little confidence in the parameters of the fitted P-I curve. Instead, a more _'
robust but less precise method was used by equating Iy to the light intensity at whichever of
 the five depths yielded PB . Iy values calculated from the 1987 and 1989 data were similar,
averaging ai 1924 mmol PvAR.h'l, where the incident surface radiation avcfaged at 2436
‘mmol PAR.h!. The results of correlations of PBm'and Ix againsf the mixed layer depth,
mean water column stability integrated over 100 m ahd reduced nitrogen concentrations are

given in table 3.
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:i:_.'Table 1 The means and standard dev1at10ns of suface temperature sahmty, and major[_ o

(Ap nl/May 1987) and MOES II (Apnl/May 1989) crurses -

Temperature Sahnrty No UREA NH4 PO, 3102 a

o%Cc i Upsu - mmo]m3 3

mmol m mmol m” 3 mmol m mmol'm™ - -

SO0 Mem 5 663 31154 16048 - .. 0843 1284
o oSDT 2021 C9d21 4509 0 1066 1128

. 'Mean . 6367 32526 19248 0778 0307 1613 3.017
. SD . 1078 - 5274 - 4726 0315 0210 0463 1119 -

_'_'-"A'_;}nutrrent concentratlons measured at the Prrnce Edward Islands dunng the MOES I i



Table 2: Results of regression analyses between surface chlorophyll-a, and'physicgl and
. nutrient measurements. Data were fitted to a linear model, y =a + b x. Slopes are given

‘where there is greater than 95% confidence in the relationship.

Dependant variable  Independant variable o p Slope
‘MOES 1 Chl-g concentration ~ Latitude - 0.13  0.041 -2.30
Apri/May  Chl-g concentraion ~ Temperature - 0.01 0.531
1987  + Chl-aconcentration  NO; 0.00 0.770 ’
o Chl-a concentration ~ SiO, 0.39  0.000 -0.43
Chl-g concentration POy, ‘ 0.09 0.105
Stability within 50m  Surface salinity 0.02 0.486
Stability within 75m  Surface salinity 0.02  0.492
- Stability within 100m  Surface salinity 0.02 0.503
MOES II Chl-a concentration Latitude ' 0.05 0.512 :
ApriyMay  Chl-a concentration =~ Temperature - 0.15  0.000 0.041
- 1989 Chl-a concentration ~ NO; 0.04 0.056
o In(Chl-a concentration) NHy 0.27 0.000 -0.121
Chl-g concentraion =~ UREA 000 0.734
Chl-a concentration =~ SiO, : 0.02 0.245
Chl-a concentration PO, 0.00 0.679
Stability within 50m  Surface salinity 0.00 0.845
‘Stability within 75Sm  Surface salinity 0.00 0.877

Stability within 100m Surface salinity - 0.02 0.254
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- Table 3: Results of regression analyses between maximum photosynthetic capacity (PBm)

‘and average water column stability integ_rated over the upper 100 m (E) and the.depth of the

upper mixed layer (Z,), and between the light level which yields PBm(IK) and water

column stability and the depth of the upper mixed layer, for data collected in 1987 and

1989. Data WCre fitted to a linear model, y=a+bx. The sign of the slope is given if p <

1989

0.2.
Dependant variable  Independant variable r? p Slope
~ MOESI PB_ E 0.08  0.47
April/May P2, Zun 0.00.  0.83" .
1987 Ix E 0.66  0.01 -
I Z, 0.00  0.83
MOEST P8 E 0.04  0.51
April/May P8 Z 0.00  0.79
PB NH, 0.07  0.38
PB_ Urea - 020 0.15 -
Ix E 001  0.78
Ix Zn 0.01

0.75
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Discussion

Sub-Antarctic water shares with Antarctic water the anomaly of being simultaneously rich in
nutrients but poor in chlorophyll. Nitrate, phosphate and silicate concentrations for the sub-
Antarctic are typically 15-25 mg m>, 0.5-2.0 mg m>, and 1-4 mg m> respectively (table 1,
Allanson et al. 1981). The low productivity of this region is well illustrated by a synthesis
of underway surface chlorophyll-a measurements taken on 11 cruises by Japanese vessels
from Freemantle, Australia, south-west across the Indian Ocean to SYOWA (69°20'S;
39°35'E) and on the return voyage's north-west to Cape Town during early- and mid-
summer respectively (figure 5). The 1.5° running mean (i.e. each data point is the mean of _
the chlorophyll-a determined within 0.75° latitude of that point) between the STF and the
APF is low (0.2 - 0.3 mg Chl-a m-3) and invariant (SD = ~ 0.1 mg Chl-a m-3). The higher
chlorophyll-a concentrations at the ice-edge is due to the stabilising effect of ice-melt fresh
water, whereas higher chlorophyll-a concentrations at the APF in early summer and STF
south of Africa are more than likely an expression of the strong frontal activity in this region.
Lutjeharms et al. (1985) have discussed some of the likely causes of higher production at the
front. These include (1) inclined isopycnals at the front leading to greater water column
stability and (2) the development of cross-frontal eddies which introduce either nutrients or a
thermally stratified surface layer across the front.

The Japanese results confirm observations made on French expeditions that the
incidence of high chlorophyll concentrations (> 1.0 mg.Chl-a m™®) in the sub-Antarctic
(between 40° and 50°S) is island related (Plancke 1977, El-Sayed et al. 1979a, Treguer
1985), and is not a feature of the open ocean. The occurrence of massive diatom blooms
observed on five cruises to the Prince Edward Islands (March 1976, April 1982, May 1983,
November 1983 and May 1987) have been attributed to an 'island-mass effect' (El-Sayed et
al. 1979a, Allanson et al. 1985, Boden 1988), as have the blooms recorded at Crozet,
Kerguelen and Heard Islands in the sub-Antarctic Indian Ocean (El-Sayed and Jitts 1973;
Plancke 1977; El-Sayed et al. 1979 a, b; jacques et al. 1982; Tregruer 1985). The

mechanism of this 'island-mass effect' is the subject of the ensuing discussion.
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Figure 5: A synthesis of surface chlorophyll-a measurements taken on 11 cruises from
Fremantle to Syowa (68°22'S; 44°08'E) in the months December and January, and again
from Syowa to Cape Town in the months February and March. The data points are means
for each half degree, but smoothed with a running mean spanning 1.5°. Data comes from
Tominaga (1971), Nishiwaki (1972), Hoshino (1974), Ohyama and Mayama (1976), Ohno
(1976), Fukuchi (1977), Kuroda (1978), Tanimura (1981), Yamagata and Fukui (1981),
Fukuchi and Tamura (1982) and Watanabe and Nakajima (1983).



Nutrient enhancement
- The absence of a correlation between chlorophyll-a concentration and either nitrate or
'phc‘)sphate during ApriI/May 1987 and 1989 suggests that thése major nutrients are non-
- limiting. Throughout April/May 1989 chlorophyll-a did not exceed 0.5 mg Chl-a m?,
_ -.despite high nitrate and phosphate concentrations.. ~Parker (1984), however, did find a
negative correlation between chlorophyll-a and nitrate concentration (p < 0.002, % = 0.19)
| and between chlorophyll-a and phosphate concentration (p < 0.001, r? = 0.54) for data
~ pooled from March 1976, April 1982, September 1982 and May 1983. When chlorophyll
concentrations are high, a depletionr of nitrate and phosphate is evident. Sixﬁjlarly, a
_negative correlation between chlorophyll-a and silicate for the March 1976, April 1982,
, SeptemBer 1982 and May 1983 data sets combined (p < 0.001; 2 = 0.30) and for April/May
1987 (p < 0.001; = 0.39) implies that this nutrient can be limiting, although no correlation
between chlorophyll-a and silicate fof April/May 1989, when chlorophyll was low and
silicate high at every station, implies that blooms are not induced by an elevation of silicate.
o levels. From this evidence I conclude that the mechanism of the ‘island-mass effect is noe a
sequestration of deep, nutrient-ifich water by either mixing, upwelling or advection
processes. |
When the reduced forms of nitrogen, ammonia and urea; were measured, negative
correlations were obtained between these and chlorophyll-a (NHy vs Chl,-a,_April 1983,
Perissinotto and Duhcombe Rae 1990; NHy4 vs Chl-a and urea vs Chl-a, May 1987, NH4
- vs Chl-a, April 1989, table 2), even for the 1989 data with low chlorophyll concentrations.
Generally, the negative correlation between the f-ratio (NO; uptake : total N uptake) and
NH, concentration observed in the southern ocean (Olson 19'80) is a result of preferential
uptake of nitrogen in its reduced form (Probyn and Painting 1985). Thus during high N
'upta.ke NH, is depleted rapidly, resulting in a negative correlation with chlorophyll. On the
1989 cruise, stations with high NH; (> 0.7 mmol m™>) and urea (> 1.0 mmol m?)
' concentratiohs (see averages in table 1) were not associated with high chlorophylll"
| concentrations. An alternative, potentially significant source of reduced nitrogen is urea,

- which reaches very high concentrations close inshore adjacent to massive sea-bird colonies,
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and may contribute up to 20% of total nitrogen uptake by phytoplankton in near-shore waters
(Lucas and Probyn, in prep.). The surface distribution of NH4 during 1987 suggests that

its influence is very local, not extending to the centre of the inter-island region.

Light-limitation considered
Perissinotto et al. (1990) have argued that the incidence of high chlorophyll concentrations at
the Prince Edward Islands is attributable to the stabilising effect of low-salinity water trapped
in an eddy over the island plateau. At the Prince Edward Islands no correlation between
chlorophyll concentration and sigma-t, stability, or the depth of the upper mixed layer has yet
been found, either for the 1987 and 1989 data (table 2), or for data coliected previously
(Parker 1984). The absence of such correlations does, however, not négate the causal role
that water column stability and mixing might play in regulating primary production, as the
daily variation in these parameters is high and is unlikely to be matched by the response-time
Qf the phytoplankton population in these cold waters. |

The effect of unstable water and deep mixing is to decrease the average insolation of
cells, and so light-limit the photosynthetic pathway. If production is light-limited, some
indicator of photo-adaptation should correlate with the time that the phytoplankton spend in
the light field. The maximum photosynthetic rate normalised by chlorophyll-a (PBm), or the
light intensity (I,) which yields PBm are measurable indices of photo-adaptation (Yentsch and
Lee 1966, Prezelin 1981, Beardall and Morris 1981). The proportion of time spent in the
light field (or the average insolation of phytoplankton) can be approximated, very roughly,
by the depth of the upper mixed layer or water columh stability within 100 m of the surface.
Neither of these physical variables explained any variation of the physiological parameters
'PBm and I;. A noticable exception here is the negative correlation between I and stability
during 1989 (p < 0.01, 2 = 0.66). 1 have no way of explaining this statistic, other than to
ignore it as a Type Il error, as a positive correlation was expected.

The use of physiological parameters as an index of photo-adaption in the wild is
confounded by the natural assemblage of phytoplankton which spans two orders of

magnitude in size, and eight in mass. As P rates are size dependent, variation in the
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'physiovlogical pafameters_ between natural phytoplankton as_scmblages can largely be
accounted for by the size-st_r'ucture of thc'communiﬁes, apart from adaptive changes of the
| photosynthetic mechanism (Harris 1986). Moreover, different species and sizes of
‘phytoplankton, each adapted to, and selected by, a unique set of physical conditions, should
A_colAlccAtivcly presént_ a conservative physiological response to environmental change by
' aitering the species-structure, and so mask thc‘lcffcct.of substantial changes in the ligh't
history. Eithcrv(l) through error in the measurement of carbon uptake, or (2) through the
inappfopriatc use of physiological and oceano’graphic’ indices or (3) as a true reflection of the |
_algal physiology, direct evidence for Iight-lirnitation of phytoplankton growth at the Prince
‘Edward Islands is not forthcoming, despite adequate measurements taken oh s'cvcrai cruises.
By this I do not imply that phytoplankton in the sub-Antarctic is not light-limited. On the ﬂ
éontrary, light-limitation appcérs to be the most likely explanation for the low chiorophyll
concentrations in the sub-Antarctic ocean, given that these waters are unstable. 1 do,
however, imply that the variations measured in chldrophyll concentrations, photosynthetic

rates and other physiological paramctérs; particularly those associated with diatom blooms a

}

. the Prince Edward Islands, is not accounted for by the light environment. ,

Size-structure variations
. The size-structure of the phytoplankton community at the Prince Edward Islands seems to
indicate that the 'island-mass cffcctf is operating principally on cells larger than 2 um.
v Contrasting the bloom and non-bloom situations of 1987 and 1989 respectively, the nef-

plankton (> 20 pum), nano;plankton (2-20 um)'and picq-plankton (< 2 um) size fractions

" were found to account for 99%, 40% and 3% of the variation of prirhary production during

1987. During 1989, only the pico-plankton size fraction accounted for chlorophyll-a

Variation = 0.56). Pico-plankton chlorophyll-a in the sub-Antarctic is typically between
0.05 and 0.4 mg Chl-a m?3. - | |

I suggest that the size-structure difference between the 1987 and 1989 phytoplankton

- communities accounts a conspicuous discrepency between these data sets. Silicate was

negatively correlated with chlorophyll-a during 1987, as this nutrient was dcpleted by
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diatoms, but not during 1989.. Another difference is that temperature explained 15% of the
variation of chlorophyll_-ﬁ measured in 1989 but did not correlate with that of 1987. This
difference is aécounted for by the massive localised diatom bloom in 1987 whfch was not
induced by temperature effects. The morc\ subtle variation in pico-plankton chlorophyll-a
measured ovér a large latitudinal range during 1989 was partially explained by temperature,
thé mechanism possibly being tcmperaturc-c;)ntrolled growth rates. Thevpositive’ correlation
between chlorophyll-a and temperature reported by Parker (1984) for data pooled from four
cruises between 1976 and 1983 (p < 0.001, r? = 0.62) is difficult to interpret since his

analysis includes 239 data points, 77 of which were collected at stations which he. mapped,

the remainder being collected underway at undisclosed localities.

Evidence for island-associafed eddies
- A considerable effort has been expended in searching for evidence for an island-trapped eddy
which might explain the consistent loction 6f phytopla.nktdn blooms over the shallow island
plateau. Direct evidence for island-associated eddies is scant and theoretical considerations
are frequently pursued. Here I briefly review the evidence and theory available in an effort
to reach a conclusion on the island-éssociated ed"dics and how these might retain
phytqplanktoﬁ and enhance their productivity through the control of water column stability.
Allanson et al. (1985), on the basis of finding a circumferential arrangement of surface
isopycnals in the lee of Marion I_slahd in November 1983 (figure 6) deduced that the currents |
(which would flow parallel to the isopycnals through a geostrophic effect) would thus form
. an eddy. Oﬁ the November 1983 cruise a series of semi-synoptic readings of current
velocity and direction were taken at 5 m intervals to a depth of 50 m (Parker 1984). 1
Allanson et al. (1985) noted that the readings at 25 m depth weré in‘_ closest agreement with
that predicated by the isopycnals. The direction of flow in a low dehsity core eddy is
~ anticyclonic (anticlockwise in the southern hemisphere). Four of the 25 m depth current
meter readings (reproduced on figure 6) followed the isopycnals in an anticyclonic direction,
and only one of these differed in direction (by more than 30°) from the surface measurement,

where wind stress would play a major role. -Although the average wind speed was 37 km
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h'! from the north-west, daily wind vectors were not compared with current speeds. Since

the influence of wind on these currents is uncertain and the deeper measurements did not

comply with the isopycnal predictions, this evidence for the eddy is not convincing. These

authors suggested 'as an initial hypothesis that, where wind shear is of sufficient magnitude,

and when coupled with thé effects of the island on the structure of the west wind dﬁ'ft, it
| causes vortex fields to be set up in the lee of Marion Island.

The interaction of the Prince Edward Island archipelago with the fast flowing Antarctic
Circumpolar Current (ACC) does create a disturbance of flow downstream. Strong cyclonic
and anticyclonic meanders in the current about 150 km to the east of the archepelago are
evident from a plot of geopotentials at 1000 m depth over the large-grid occupied during
April/May 1989 (figure 7).

Perissinotto and Duncombe Rae (1990) estimated that both the initial and frictional
terms, as given by the Rossby number (6.6 x 102) and Ekman number (2.6 x 107)
respectively, in the equation of motion describing the passage of the ACC past the
archipelago are sufficiently small to imply that the flow regime is dominated by geostrophic
effects. It was further argued that a Taylor column (a closed streamline anticyclonic vortex
that is trapped above a bump under certain conditions of current speed, stratification and
topography), could exist as the criteria as set out by Huppert (1975) for current speed and
minimum bﬁmp_ height are realiéed at the Prince Edward archipelago. From further
dimensional analysis these authors suggested that the most likely nature of the Taylor column
will be such that an anticyclonié eddy is trapped above the plateau, while a cyclonic eddy is

“shed downstream.

Huppert and Bryan (1976) describe the first effect of an isolated bump on the flow of a
non-viscid, stratified fluid. Refering to figure 8, the column of fluid at A is advected to A'.
The relatively heavy fluid at the base of A is advected to the top of the topographic feature,
which gives rise to a cold (or high density) anomély trapped above the feature. The doming
of the isopycnals at the feature is the uplifting of the dense bottom water toward the surface
as the flow follows the bathymetry. This doming causes the high density anomaly and is

evident from vertical density profiles at the Prince Edward archipelago (figure 9 - from
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Figure 8. A graphical representation of the effect of an isolated
bump on an ocean current. The current flows from left to right.
See text for explanation (taken from Huppert & Bryan 1976).
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Perissinotto and Duncombe Rae 1990, also Duncombe Rae 1989). Likewise, relatively
lighter fluid at B (refering back to figure 8), initially above the feature, sinks as it advects
downstream to B' to create a warm (or lo§v density) anomaly. Under conditions of
sufficiently strong flow the low density eddy which is shed drifts downstream, otherwise
both the cyclonic and anticyclonic eddies remain above the feature. On the basis of their
estimate of the Froude number, Perissinotto and Duncombe Rae (1990), argue that, if a
Taylor column does exist, this eddy will be shed downstream in the manner described by
Huppert and Bryan. Contrary to the statements of Perissinotto and Duncombe Rae (1990),
it is the cold anomaly which is retained. 'The cold anomaly remains trapped over the
topographic feature, while the shed warm anomaly drifts off downstream for sufficiently
large mean flow velocities' (Huppert and Bryan 1976, p 675). Genin and Boehlert (1985)
demonstrated the presence of a cold-dome, similar to a Taylor column, above Minami-
kasuga Seamount (21°36'N; 143°38'E) in the Pacific. This did result in a subsurface
chlorophyll maximum by uplifting nutrients to within the oligotrophic, euphotic zone.
McCartney (1976) describes an analytical model of an isolated flat-topped bump in the
southern hemisphere in a stratified, moving fluid, analogous to the Antarctic circumpolar
current (ACC). His solution (figure 5 in McCartney 1976, and redrawn but inverted for the
southern hemisphere in figure 7 in Perissonotto et al. 1990) is contrary to that of Huppert
and Bryan (1976). An anticyclonic, low density closed streamline develops on the
equatorward upstream quadrant above the feature. Above a certain bump-height a closed
cyclonic, high density streamline is pinched off downstream on the poleward side of the
feature. This prediction is consistent with the theory of Perissinotto and Duncombe Rae
(1990).
_ To apply these models to the Prince Edward archipelago, it is necessary first to
compare the physical properties of the system being modelled to that of the archipelago.

McCartney's model had the following characteristics:
‘ 1

U, = Scms™,
fo = 10 57,
£ < 5 x 10'3,
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£ = U,/ (L), @)
where U, is the root-mean-square of the current velocity through the water column, L is the
horizontal length scale, f, is thé coriolis parameter and € is a dimensionless parameter.
. McCartney's model deals with large L, specifically L > 100 km. From thé values used by

McCartney in his solution described above, L can be solved for as follows:

L5 x107° > U,/ f,, ‘ (5)
L > 5% 10° x 10°/5, (6)
L > 108 cm, or 10 km. (7

As the Prince Edward archipelago measures only about 50 km in the east-west direction,
Taylor column theory should be applied very cautibusly, and the predictions of McCartney's
model cannot be expectéd to hold at this mesoscale level. |

An equally pertinent objection to applying these models to the Prince Edward Islands,
one which Duncombe Rae (1989) points out, is that the model describes the effect of a sea-

mount, where the height of the sea mount (hy’) relative to the maximum water depth (H),

is small, viz. ,
hy = O(e) ~0.01 (McCartney 1976). » 9

For the Prince Edward archipelago
hy = om. ) (10)

Huppert and Bryan (1976) were dealing with a topographic feature between 75 and 800 m in
vertical extent,v where the maximum water column was 4000 m deep, viz. hy ~ 0.2. The
behaviour of the ACC at the Prince Edward archipelago can adequately be described by an
extention of either of these models for hy = O(1), though no such work could be found.
Some theoretical work has treated the effect of a circular cylinder in a flow in a rotating
system, representing an island (eg. Hogg 1972, Gordon and Hughes 1981). Typically, an
eddy and doming of isopycnals develop in a wake downstream. In oligotrophic waters this
leads to the development of a chlorophyll maximum - eg. Doty and Oguri (1956)
documented enrichment around Oahu, Gilmartin and Revelante (1974) noted the same at the

Hawaiian Islands and reviewed several other cases, Heywood et al. (1990), using an
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acoustic doppler currént profiler (ADCP), matched predicted and observed flows for two
tropical Indian Ocean islands, one of which supported a chlorophyll maximum in an eddy.
In cold nutrient-rich waters, however, isopycnal doming does not enhance phytoplankton
growth if nutrients are already in non-limiting concentrations.

If low salinity water is indeed trapped over the Prince Edward Island plateau, it is
unlikely to be a consequence of a Taylor column mechanism. Duncombe Rae (1989) and
Perissinotto and Duncombe Rae (1990) point oﬁt that the density minima (evident on three
but possibly five occasions) are evident as depressions in the centre of the domed isopycnals
and isotherms in figure's 9 and 10 respectively (from Perissinotto and Duncombe Rae
1990). In the first transect in figure 9 the depressiqn is most clearly seen in the density
structure, and follows the bathymetry. No depression is visible from the second transect in
figure 9, nor is there a depression in the bathymetry. The four N-S transects in figure 10,
seen from the eastern side facing the current, each have a dip in the isotherms which could be
~explained by the uplifting of isotherms on the edges of the transects as water flows from >
1000 m depth over the 200 m isobath around each island (ﬁgﬁre 1). These depressions of
isopycnals and isotherms are less likely to be the centre of an anticyclonic low density eddy
in the centre of domed isopycnals,

The topographical complexity of the archipelago, and of this region of the southern
Indian Ocean as a whole (Deacon 1983), mighf create eddies of turbulent origin (eg.
- Lutjeharms and Baker 1980) which could be trapped above the island plateau. However,
until such time as either.consistent evidence for an eddy is forthcoming, or a sound
theoretical argument thatl predicts such a phenomenon can be formulated, it would be better
to regard thé island-trapped eddy as a possibility rather than as a working-hypothesis which
is used to explain biological phenomen_a. I might for instance adopt Boden's (1988) more
relaxéd viewpoint: 'The indications seem to be that the circulation is largely wind-driven and
consists of a field of sporadic eddies or a backwater of random vorticity that entrains island
run-off nutrients and plankton...'. But, as there is no correlation between surface salinity
and stability integrated over 50, 75 nor 100 m for either the April/May 1987 or April/May

1989 data, the 'island-mass effect’ is unlikely to be an eddy entrapping low density water.
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The role of seeding |
The species principally responsible for the blooms at the Prince Edward Islands is the diatom
| Chaetoceros radicans, though the diatom Rhizosolena curvata, and the silicoflagellate
Dichtyocha speculum each have been recorded here once in bloom stage. | The dominant
species (> 10% of total cells) found by El-Sayed et al. (1979a) at Kerguelen Island were the
diatoms Chaetoceros cancavicofnis and Thalassionema nitzschiodes, while at the Crozet
Islands Nitschia spp. were collectively dominant (45% of total cells).

The genus Chaetoceros, the richest and most variable genus of truly planktonic
diatoms, often is divided into two subgenera, viz. Phaeoceros and Hyalochaete, the former
being oceanic and the latter neritic (Boden and Reid 1989). Only Hayloch‘ae‘te. species,

| which include C. radicans, commonly form resting spores. This Statement must be accepted

with some caution, however, as the distinction between oceanic and neritic species is not V
well defined. Furthermore, the presence of resting spores has long been assumed to
characterize a species as neritic (Hargraves and French 1983). The resting sporé of C.
radicans from the Prince Edward Islands is heavily silicified (Fryxeli vet al. 1981). Boden
and Reid (1989) comment that the formation of resting spores is probably the reason why
this species blooms so easily. The genus Rhizosolenia is known to form resting spores,
though it is not known specifically whether R. cufvaia does so. Many of the Nitschia
diatoms have been noted to be littoral (Boderi and Reid 1989).

The two vélves of the resting spofe are each formed by a mitotic divisibn.
Chaetoceros didymum accomplishes the formation of both valves by two 'acytokinetic'
mitoses' (von Stosch et al. 1973, taken from Hargraves and French 1983), i.e. daughter
nuclei are seperated but the cell remains undivided. When the spore of this species
regerminates, two vegetative cells are.producéd. The volpme of C. lauderi was estimated to
increase approximately 7-fold during spore-formation (Smayda and Boleyn 1966b).v
Because of a concomitant reduction in the area/volume ratio, the resting spores of
Chaetoceros lauderi and of Rhizosolenia setigera have been observed to sink faster than their
vegetative phases (Smayda and Boleyn 1966a,b). It is believed that the selective advantage

of spore formation represents a means by which the cell is able to reach the sea-bed or
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thefmocline rapidly, where it might survive unfavourable periods and from where it is
aVailable for resuspension into surface waters (Smetacek 1985). The formation of spores is
known to be triggered by nitrogen deficiency in almost all cases (Hargraves and French
1983). Doucette and Fryxell (1983) have implicated low-light stress as the causal factor in
resting spore formation in Antarctic water where nutrient-stress is not believed to occur,
though it must be added that this mode of spore formation has yet to be demonstrated in the
laboratory for any diatom species.

Bodungen et al. (1986) investigated thé fate of diatom blooms in the Bransfield Slrait
region, Antarctica, particularly with repect to biomass. Four possible reasons for the
suddén disappearence of Antarctic phytoplan_kton stocks were considered: (1) dispersal by
mixing and advection, (2) zooplankton grazing, (3) natural mortality/senescence and (4)
s'inking out of the surface layers. Of these the last explanation seemed most reasonable on
account of the occurrence of large numbers of spores in sediment traps deployed at the time.
Mixing processes .could not have dispersed the bloom to the observed extent and
zooplankton populations were patchy and peaked too late in the season for grazing to be a
- likely explanation. The role of cell senescence was poorly understood and deemed not to be

important. Bodungen et al. (1986) argued, as did Smetacek (1985), that the disappearence
of the bloom is not to be equated with mortality, but rather with the onset of a dormant
resting phase. This hypothesis sheds light on some intriguing inﬂuenceé of bottom
topography on surface chlorophyll distributions which cannot be explained by nutrient
upwelling (eg. Hayes et al. 1984). .Plancke (1977) noted that increases in biomass and
productivity, encountered in the vicinity of the Crozet Islands, correspond, to a first
approximation, to the extent of the submarine plateau. At Kerguelen he found high biomass
and productivity above the 200 m shelf in the northeast, north, and southeast regions and up
to the 1000 m contour on the eastern side, but never to the west.
I suggest that the repeated position of a éhlorophyll maximum over the Prince Edward
and other sub—Antarcﬁc island-shelves can be ascribed to the proximity of the sea bed to the
. surface waters, and the consequent rapidity with which diatoms can be reseeded into the

euphiotic zone. The comparative paucity of chlorophyll in the adjacent open ocean may not
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be aresult of the oceé.nographic regime being less favourable there than over the island-shelf.
Rather, there is not a source for recolonizgtion by diatoms in the open ocean to take
advantage of favourable conditions when they do occur as the sediments lie too deep.

This hypothesis is difficult to test at present, and the argument may initially seem
somewhat tautologiéal, i.e. blooms of diatoms occur at the Prince Edward Islands because
there are many diatoms present. This difficulty could be dismissed by three arguments:

(1) Although the origin of the seeding stock may never be ascertained by direct
observational techniques, the flux of resting spores to the sediments can be measured and the
-occurrence of spores on the sediments can be verified. Unfortunately, the few sediment
traps which were deployed during the 1989 cruise of the 'M.V. S.A. Agulhas' to measure
downward carbon flux were not successfully recovered, and did not coincide with high
chlorophyll concentrations. Results from elsewhere, however, provide proof of a sediment
seeding system. Pitcher (1986) showed the vertical profile of resting spore and vegetative
cell abundances of six Chaetoceros species for the southern Benguela shelf region. The
surface layers contained entirely vegetative cells, whereas at the sediment-water interface
only resting spores occurred, but with the same proportion of each species. Downward flux
of phytOplankton was predominantly in the form of resting spores. Similarly, at one station
in the Bransfield Strait Bodungen et al. (1986) found a large number of resting spore
frustules of Thalassiosira spp- and also sand grains in their sediment traps at 50 and 100 m
from the bottom, providing evidence for a turbulent process which can resuspend dormant
resting spores.
(2) The diatom species which bloom at the Prince Edward Islands have a potent mechanism
fof sinking to the sediment. In this way they are able to maintain an endemic population.
The repeateci occurrence of C. radicans over the Prince Edward Island plateau is suggestive
of this; each time phytoplankters were identified (March 1976, May 1983, November 1983,
April/May 1987) C. radicans was found to dominate the bloom.

A similar recurrence of a diatom bloom has been recorded in the waters overlying the

edge of the continental shelf in Prydz Bay, Antarctica. In this region the diatom

Thalassiothrix longissima formed a subsurface bloom on three separate occasions (8 and 14
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February 1982 and 2 March 1983) within 00°06' latitude and 01°26' longitude of each other
(Quilty et al. 1985). On each occassion the bloom registered on the ship's echo-sounder; on
the first encounter it measured 4.6 nautical miles long. What is of even more interest is that
Adrrﬁralty Chart 3171, compiled prior to 1974, recorded a shéaling in the topography at this
exact locality (where none exists), marked 'existence doubtful'. Appafently this subsurfacé
bloom had been mistakenly recorded many years before.

(3) From numerical argurhents it is easy to demonstrate that at a finite time after an episodic
event (eg. deep mixing or upwelling) the strength of net-plankton ‘populations is sensitive to
its starting biomass. Moloney and Field (1991) describe the results of a size-structured
simulation model, and discuss the importance of initial values of net-plankton for subsequent
outcomes. As Bodungen et al. (1986) rightly pointed.out, the magnitude of a given
phytoplankton bloom is a function of the specific growth rate and the initial seed population.
An interesting extention of this idea would be to model primary productioh, taking into
consideration phytoplankton recruitment into surface waters as a determinant of carbon
fixation.

- The existence of an endemic phytoplankton population (i.e. one with some degree of -
genetic integrity) at the Prince Edward Islands might seem unlikely. ~ An equivalent problem
confronts biologists with respect to the high degree of endemism émong the benthic
community on the shallow sea-bed at the Prince Edward Islands. The enigma is that many

-of the endemic species are broadcast spawners with pelagic larvae (G.M. Branch, Zoology
Department, University of Cape Town, personal _cpmmunication). In this Scnse these
endemic benthic invcrtebrates. are similar to the spore-forming diatoms, both maintaining
localised populations in spite of having pelagic life stages. Planktonic fofms' at the Prince
Edward Islands apparently are not swept away as rapidly as one would expect if there were
no retention mechanism. However, until the results of a drogue-study in this region can

~ consider , it is‘impossible to be dogmatic. I contend that the Prince Edward ‘island-mass
éffcct‘ is simply due to the resuspension of dormant diatom spores and that it is unnecessary

to invoke complex oceanographic processes.
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Chapter 2

- Ecological indications of the lipid content and composition of |
sub-Antarctic euphausiids and copepods

. Abstract-The lipid content, class compoSitioh and fatty acid composition. of 8 euphausiid
“and 2 large copepbd species were investigated from samples of | the sub-A_ntaIctic Indian
| ocean. The lipid contents of the euphausiids were low compared to congeners from highcf
lvatitudes, especially considering .that the samples were takeh in late ,sﬁmrher. The copepods
were, howcver, richér in lipids. Surface chlorophyil-a in the sub-Antarctic is low when
- compared to the oceanic fronts to the north and south', suggesting that this region is not a
' productiVe"feeding environment for zooplankton. Most species in this region occur here at
- the extreme of their known ranges. Thysanoessa vicina, T. macrura. and Metridia spp. were
founci to contain wax esters in abundanée, whereas Euphausia spp. and Nematoscelis
megalops and T. gregaria stored no wax ester. The fatty acid compdsition points to a
| herb.i\-'orous diet for all specimcns examined, though it i‘s likely that those lipid-poor speciés '
which do not store wax ester will switch to an alternative winter diet. Furthermore, the sub- |
tropical Thysanoessa gregaria and Metridia lucens éontained little or less wax ester Compared
to their congeners of the Antarctic, which presumably reflects the differen; feeding s_trategiés
associated with latitudinal differences. A herbiyorous diet of sub-Antarctic euphausiids
~ would imply that the large sea-bird populations of this region, which feed principally on
euphausiids,‘end a very short Qcéanic food chain, though the role _Of microzooplankton in

- this food chain remains unknown.
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Introduction

Variation in the quantity and composition of neutral (storage) lipids Within copepod and
euphausiid species can be explained in terms of their life cycle (eg. Kattner and Krause
v1987), breeding condition (eg Clarke 1980), and integrated feeding history (eg. Ohman
1988; Willason et al. 1986). Variation in the neutral lipid composition between species, and
in some cases between populations which are geographically separated, concerns most
notably the presence or absence of wex ester. It has been hypothesised (Lee et al. 1971) that
the synthesis of wax ester as a long-term storage medium can be coupled to a particular life
history strategy of herbivorous zooplankton in strongly seasonal (i.e. polar) environments.
The explanation advanced by Sargent and Mclntosch (1974) for this long-term storage
medium being wax ester, _rather than the conventional triacylglycerol, involves the rate-
limiting step in the biosynthesis of fatty acids from,monosaccharides of photdsynthetic
origin.’ During periods of food availability, the rapid and prolonged synthesis of fatty acids
is inhibited by an accumulation of the reducing agents, NADH and NADPH. This end-
product inhibition can be removed by the simultaneous conversion of fatty acid into fatty
‘alcohol which reduces NADH and NADPH. The so formed fatty alcohols esterify with fatty
acids to form wax esters. The synthesis of triacylglycerol (which includes no fatty alcohol)
cannot proceed at a rate fast enough to create a large lipid storage required for overwintering
from short periods of high food concentration. Planktonic herbivores which do not store
‘wax esters are presumably switching to altemativevvvinter food sources (zooplankton or
detritus) or do not experience a short supply of phytoplankton in winter.

Certainly all copepod species seem to synthesise wax esters. Sargent and Henderson
(1986) list 27 species from ten genera, of which all contained wax esters. They did however
pornt out the trend that polar copepods contain a greater proportion of their lipids as wax

~ esters than those of temperate and subtropical waters. In the genus Calanus for instance wax
esters reach up to 92% of total lipid. The hypothesis of Lee et al. (1971) seems to hold for
euphausiids also. Thysanoessa inermis of the Arctic is richer in wax ester than its con geher
T. raschii of more southerly distribution. In the Antarctic Euphausr'a crystallorophias,

whose distribution extends to the ice-edge, is rich in wax ester, but of the sympatric E.
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superba it can be said that this species entirely lacks wax esters (Clarke 1980). E. superba
apparently is omnivoroﬁs (Price et al. 1988). The carnivorous Meganctyphanes norvegica
~-also lacks wax ester (Sargent and Falk-Peterson 1981).

The fatty acids of phytoplankton are present predominantly in glycolipids, the major
constituent of the thylakoid membrane of chloroplasts (Harwood and Russell 1984). Fatty
acids of Arctic phytoplankton communities, including a mixture of Phaeocystis pouchetii and
diatoms (Chaetoceros spp. and Nitzschia grunowi), were found to contain 14:0 and 16:0
chains (tbgether about 30%), monounsaturates (both ®7 and ®9) and a variety of long chain
o3 polyunsaturates which constitute some 40% of the fatty acid composition (Sargent et al.
| 1985). Schofield et al. (1982) identified a Type I fatfy acid synthetase (present in all animals
thus far studied) in Calanus finmarchicus, with the major in vitro end produ;:ts being 16:0,
18:0 and 20:0. The presence in calanoids of a A’ desaturase enzyme implies that
‘monounsaturates, in particular 18:1(®w9), 20:1(w9) and 22:1(w1l), can also be
biosynthesised, the latter two being chain lengthened in addition (Sargent and Henderson
1986). These authors then discussed the evidence, in particular the high occurrence of @3
polyunsaturates, to suggest that the fatty acids of wax ester of C. finmarchicus were,
nonetheless, predominantly of phytoplanktonic origin. The phospholipid fatty acids of

calanoids are also rich in @3 polyunsaturates.

The fatty alcohols of wax esters of Calanus tend to be predominantly long chain
saturates and monounsaturates, notably C‘ls, Cyo and C,, chains (Lee 1974, 1975, Prahl et
al. 1984). These are converted from the equivalent fatty acids, which are synthesised de
novo. The alcohols are then esterified with short chain saturated and long chain unsaturated
fatty acids of phytoplanktonic origin. It hasthus been suggested that wax ester formation is
a means for allowing lipogenesis to proceed in a continuing input of dietery lipid (Sargent
;clnd Henderson 1986).

Whereas the fatty acid and alcohol composition described above applies to herbivorous
calanoids, car‘nivorousv zooplankton are noticably different (i.e. krill, Sargent and Falk-
Peterson 1981; copepods, Falk Peterson et al. 1987). Here the dominant neutral lipid is

triacylglycerol, the fatty acids of which are rich in long chain monounsaturates, 18:1, 20:1
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a‘pd 22:1. These would have been converted from the fatty alcohols of their herbivorous
‘prey, for as fatty acids, these precursors afe ébsent in phytoplankton and are only an
intermediate step in the synthesis of fatty alcohols in herbivores. |
Other indicators of trophic position include the monounsaturates, 16:1(®w7) and
18:1(w7). Both fhesé, molecules rhust have their origin as 16:0 found in phytoplankton 1f the
desaturase enzyme operates with a A® Specificity (Sargent and Falk-Peterson 1981). Their
stfong presence would indicate a phytoplanktonic rather than an animal die‘tary oﬁgin.' Falk-
Peterson et al. (1981) showed that for Metridia longa, an omnivorous copepod, the le\)els of
16:'1(0)7) fatty acids decreased through winter, coinciding with a lower phytoplanktonic
fraCtibn in the diet. The carnivorous eﬁphausiid, Meganyctiphanes norvegica, on the other
hand, has more of 18:1(®w9) formed by the desatura.tion of 18:0 of-animal orgin, than the
sympatric herbivofous euphausiids Thysanoe&sa inermis and T. raschii (Sargent énd Falk-
| Peterson 1981). The ratio of these isomers of 18:1 is belie?ed to be an indication of the diet.
Although we cannot take these trends to be general principles, the lipid composition
might tell us something about zooplankton life histéry strategies and trophic dynamics which
are otherwise difficult to 'resolve. This paper presents the results of lipid analyses, including
estimation of lipid frac_tions by densitometry and gas chromatography of the constituent fatty
acids, performed on specimens of eight species of euphausiids, Euphausia vallentini
Stebbing, E. similis v. armata Hansen, E. hemigiba Hansen, E. longirostris Hansen,
* Nematoscelis megalops G.O. Sars, Thysanoessa vicina Hansen, T. gregaria G.O. Sars and
T. macrura G.O. Sars, and two copepod species, Metridid gerlachei Giesbrecht and M.
lucens Boeck, caught in the vicinity of the Prince Edward Islands in the southern Indian
Ocean between the latitudes of 45° and 49°S. The specimens were collected in April/May
(late sumrher-early winter) when it is to be eXpected that zooplankton are replete with lipids.
Of particular interest was how a large and diverse zooplankton community could exist
in sub-Antarctic water, which is nutrient rich but, uﬁlike Antarctic water, is unstable
perenially, with low chlorophyll concentration. This zooplankton community supports a vast
~ biomass of oceanic avian predators. The adaptations of these sea-birds' gut enzymes to lipid

rich diets have already been investigated (Jackson and Place, in press). It was envisaged that
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' a detailed analysis of the lipids of the dominant macro-zooplankton might give some further

iﬁdication of the trophic dynamics of this sub-Antarctic pelagic ecosystem.

Material and Methods

This study is based on vmaterial collected on the second Marion Island Off-shore Ecological
Study (MOES II) cruisé of the M.V. S.A. Agulhas, dated 30/03/1989 to 09/05/1989,
befwegn the latitudes of 45°17'S and 48°14'S, ahd the longitudes of 46°38'E andr 40°30'E.

'Zooplankton was. collected with a bongo net with mesh sizes of 300pm and SOOum. “The
times of collection varied.v Day;time oblique hauls were extended to a depth of 300m; night-
time hauls were extended to a depth of 100m. Aqimals were carefully removed and
identified in a petri-dish under a light rﬁicrbscope. Once identified the specimens weré sealed
in plastic vials and frozen at -25°C. Upon return to Cape Town the samples were transfered
to a -80°C ffeezer. The procedures outlined below Were completed in the ensuing 12

~ months. |

Prior to analysis, specimens were thawed and wet-wéighed collectively for each
species. I thus have no measure of variability of mass or lipid content within species'. No
aftempt was made to differentiate the sexes. Total lipid was ¢xtracted by the method of Bligh
and Dyer (1959) in chloroform-methanol. The final solution contained a 40ml chloroform-

Hpid layer, 20ml of which was pipetted into a pre-weighed flask and. evaporated under

- vacuum in a water bath at 70°C. The flask with lipid was weighed again and the increase in

mass was taken to be half the mass 6f the total extracted lipid. }

‘ Lipid classes were separated by thin layer chromatography (TLC) using pre-coated
~ TLC plates (Silica gel 60/ Kieselguhr F254) and identified from standards. The solvent was
a mixture of hexane '(85 parts), diethyl ether (15 parts) and acetic acid (1 part). After
develc;ment, the plates were immerséd in a charring agent consisting of cupric acetate (3 |

‘.parts), phosphoric acid (8 parts) and water (89 parts), and heated at 130°C for 15 minutes.
The plates were scanned by a densitometer with an oscillating light beam and the output
plotted graphically. The relative area under each peak represented the proportion of each

lipid class.
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Samples of each lipid class Were scraped from 2-dimensional TLC plates for gas

chrdmatography. Lipids were eluted into a flask with chloroform, filtered through a
‘Whatman 41 filter to remove the silica and then the chloroform was evaporated. To the lipid
residue Sml 0.5 M NaOH in methanpl was added. The solution was heated under reflux for
5 - 10 minutes to saponify the fétty acids. Thereavfter, Sml Boron trifluoride-methanol
complex (20% in methanol) was added and the sdlution was refluxed for a further 5 minutes
to prepare methyl esters. Hexane AR (5 ml) was finally added and the solution refluxed for a
further 5 minutes and then allowed to cool before filling with saturated aqueous NaCl. The
hexéne layer was alloweld to separate and this was transfered with a Pasteur pipette intd aSml
sample bottle. The solvent was completely evaporated under a s&eam of nitrogen gas. 0.5
ml Hexane was added. From this final solution 2ul was injected into a 5710A Hewlett
- Packard gas chromatograph with hydrogen as the carrier gas. The injection port temperature
was 250°C, detector temperature 300°C and the temperature gradient 150°C - 280°C at 4°C
| per minute. The column was a 40m open tubular OV 73 capillary column. Peaks were
integrated on a Spectra-Physics SP 4290 Integrator.. The analytical precision of this
particular instrument is gbod, the coefficient of variaﬁqn of replicate samples beng less thn

5% (Wagener et al. 1984)

Results
The Wet masses and percentage lipid of each species are listed in table 4; Studies on other
species of euphausiids (Sargent and Falk-Peterson 1981, Clarke 1980) have shown no
marked differences with respect to these parameters between the sexes, provided females
have not recently spawned. Being constrained by small sample sizes for at least five of the
species, it was decided not to. attempt separating sexes, but rather to pool individuals. The
values listed are thus the mean of the sample. |
Table 5 lists the total lipid composition as estimated by densitometry. For each plate
there were five samples, the central of which was the zooplankton safnple, the other four
were standards. These standards were respectively cholesterol, free fatty acid, orange |

roughy (Hoplostethus atlanticus) oil rich in wax ester and anchovy (Engraulis capensis) oil
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rich in triacylglycerol. The origin zone was taken as phospholipids, thereafter occurred
mono- and diacylglycerol (the two were indistinguishable), cholesterol, free fatty acid,
alcohol (these last two being indistinguishable on the plates), triacylglyceroi and finally wax
ester.

Little or nothing is known of the timing of the breeding cycle for any of the species |
examined in this study. The Euphausia species of Antarctic water display a strongly seasonal
pattern in the development of their ovaries, whereas E. lucens and E. hanseni of the cool
Benguela current, north of the sub-Antarctic, spawn year round (Pillar and Stuart 1988,
Barange and Stuart, ip prep.). None of the female Euphausia spp. nor Thysanoessa gregdria
spécimens examined were obviously gravid. Although the ovaries weré visible through the
- cuticle in the live animals, they did not extend into the first abdominal segment and caused no
marked sweIling of the thorax. The ovaries of Nematoscelis megalops were not clearly
visible. |

Because the total lipid and fatty acid composition is similar within each of the four

genera, the results with respect to each genus will be presented separately.

Euphausia spp.

None of the four species contained wax ester, except for a trace amount in E. similis v.
armata. Triacylglycerol content ranged from 1.1% wet mass in E. longirostris to 19.9% in
. E. similis v. armata. Free fatty acids were major components (20-40% wet mass). The
mono- and diacylglycerol levels were substantial and similar to those of some euphausiids
(Sargent and F a]k-Petersén 1981), but far greater than that reported for E. superba (Clarke
1980). Phospholipids ranged between 25% and 40%, whilé free sterols were genefally
less than half this value. Of the four species E. longirostris had the lowest triacylglycerol
content, but a high partial glyceride coritent. It also contained the least lipid of the four
Euphausia species. Although a comparisﬁn between species is not strictly valid, there

appears to be a positive relationship between percentage lipid and triacylglycerol.
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Table 4. Individual wet mass and lipid content (percent of wet mass) of pooled samples of '

.' euphausiid and cépepod species from the sub-Antarctic.

" Species Wetmass (mg) % Lipid n . Date and location of capture
| Euphausia vallentini 53.6 2.39 10 10-04-89;46°53°S,37°07’E
' - 5 - 15-04-89;45°17°S,37°48’E

17 - 24-04-89;46°49°S,38°01’E

15 02-05-89;46°40°S,37°42°E

E. similis v. armata 41.4 2.81 4 19-04-89;46°05°S,40°28°E
| 15 24-04-89:46°49°S,37°55°E

35 28-04-89;46°38°S,37°37’E

10 29-04-89;46°53’S,37°07°E

_ 10 03-05-89;46°40°S,37°42’E
E. hemigibba . 44.8 2.04 9 08-04-89;47°26’S,35°48’E

‘ - 3 10-04-89;46°22°S,37°07’E

" . E.longirostris 214.6 1.33 4 17-04-89;46°38°S,39°48’E

| | 2 28-04-89:46°38°S,37°3TE
- Nematoscelis megalops  86.9 1.50 10 08-04-89;46°22°S,35°48’E

: 3. 16-04-89;47°10°S,38°10’E
7 09-04-89:46°38’S,40°28’E

~ Thysanoessa vicina’ 6.5 3.19 20 16-04-89;46°54°S,39°07°E
, . : 13 17-04-89;46°38°S,39°48’E
T. gregaria 32.7 340 4. - 15-04-89;45°17°S,37°48’E
* T. macrura . 5.8 2.80 8 - 11-04-89;48°14'S,37°48’E
2 10-04-89;46°53°S,37°07’E

Metridia gerlachei 0.76 14.09 15 08-04-89;46°26’S,35%°48’E

‘ ' 15 15-04-89;46°22°S,38°27°E

20 24-04-89;46°48°S,37°59°E
25 28-04-89;46°38°S,37°37°E
o 15 02-04-89;46°40°S,37°42°E
M. lucens - 0.46 6.70 15 09-04-89:47°10°S,36°28E -
10 10-04-89;46°53'S,37°07°E
20 24-04-89:46°49°S,37°59’E

42



Table 5. The Iipid compositionv (expressed as a percentage of total lipid) of euphausiids

- and copepods from the sub-Antarctic, April/May 1989. PL = phospholipid, FFA = free

fatty acids and alcohol, MGandDG = mono- and diacylglycerol, CL = choles'terol, TG =

triacylglycerol, WE = wax ester. tr = trace amount undetected by the oScilating

densitometer scanner, but faintly visible.

Species - PL FFA CL MG &DG TG WE

- Euphausia vallentini 252 42.0 129 1.7 18.2 0.0
E. similis v. armata 12.8 20.1 6.7 3.88 19.9 tr

E. hemigibba 29.7 41.9 214 tr 7.0 0.0

E. longirostris 41.9 32.8 14.8 9.4 1.1 0.0

Nematoscelis megalops 59.8 10.8 11.9 17.5 tr 0.0

. Thysanoessa vicina - 17.7 38.0 10.8 1.5 2.2 29.8
. T. gregaria 41.4 34.1 10.1 8.1 6.3 tr

- T. macrura 25.9 32.6 229 5.4 5.2 8.0

Metridia gerlachei - 8.7 11.9 7.3 4.4 18.0 . 49.7

M. lucens - 10.1 tr 13.5 2.7 47.9 25.8

43



Table 6 1ists the fatty acid composition of the phospholipid, free fatty acid and
tx'iacylglyéerol fractions of E. vallentini and E. similis v armata. The small sample sizes of
E. hemigibba and E. longirostris did not proQide sufficient of each of the lipid classes to
analyse the: fatty acid composition of these two species. 14:0 and in parﬁcular 16:0 fatty
acids were well represented in all lipid classes of Both E. vallentini and E. similis v. armata.
Of the long-chain saturates, 18:0 was more strongly represented in the phospholipids (>6%)
of both species, and so too is 22:0 and 24:0 in E. vallentini and E. similis v. armata
respectively. |
| The dominant monounsaturated fatty acids in both spécies are 16:1(w7), 18:1(w9) and
18:1(w7). The ratio 18:1(co9)/18:1(co7) is < 1 for E. similis, but >1 for E. vallentini. This
~ ratiois believed to be an indication of thevbalance between exogenous and de novo sources of
lipid. Long-chain monounsaturates, 20:1, 22:1 and 24:1, occurred only in very low
éoncentrations, as they do in E. superba (Clarke 1980). Polyunsaturates were represented
by 20:4(w6), 20:5(w3), and 22:6(w3). E. vallentini was richer in these polyunsaturates than
E. siﬁilis V. arﬁata. '

Differences in the fatty acid composition of phospholipid and triacylglycerol are not
_‘substa'ntial. For both species the unusual polyunsaturate 21:5(®2) occurred only in the
phospholipids, though in small amounts. Free fatty acid composition, however, did differ
from that of phospholipid and triacylglycerol in E. vallentini by having more saturates, but in
E. similis v. armata by having more polyunsaturates, in particular 22:5(«3) and 22:6(®3).

The stomachs of 7 specimens of E. vallentini were dissected out and opened to estimate
-stomach fullness and gut contents. Table 7 lists these findings. Finely partictilate

unfdentiﬁed matter was interpreted as detritus.

Nematoscelis megalops
- About 60% of the lipid of this species consisted of phospholipids, and only a trace of
 triacylglycerol was present. Correspondingly, the total lipid content was only 1.5% of wet

_ ‘mass. Partial glycerides constituted 17% of total lipid.
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Téble 6. Fétty acid composition of the lipid classes of Euphausia vallentini and E. similis
a _éaught at the Prince Edward“Islands, Ap‘riI./May-19‘90; Only those fatty acids which

constitute >1% of the total are listed. Blanks indicate absence.

R Phospholipid Free Fatty Acid Triacylglycerol
Euphausia vallentini
140 a1 13.6 4.9
- 150 - ; 2.9 1.2
16:1 : 3.6 - 6.5 2.8
16:0 ' 234 350 21.7
- 184 3.2
1182 2.7
18:1(w9) 12.2 A 9.6 _ 9.7
- 18:1(w7) ’ ' 1.9 \ 4.6
18:0 11.6 9.9 : 1.7
- 204w6) , 2.2 1.6
- 20:5(w3) 10.3 2.8 19.5
2155 1.7 :
1 22:6(03) 12.4 2.0 17.9
- 22:.0 2.8 4.9 0.4
‘Total unknown '
of >1% occurrence 24
Euphausia similis
14:0 4.8 2.9 14.2
15:0 1.3 0.8 2.0
16:1 0.8 1.9 2.4
16:0 17.7 14.4 24.5
18:4 1.0 2.5 2.0
18:2 9.8 2.4 3.7
18:1(w9) 5.3 6.8 6.1
18:1(w7) 6.6 35 10.9
- 18:0 6.4 0.7 2.9
20:4(w6) 2.3 1.8
20:5(w3) 2.2 21.7 0.2
21:5 1.2:
22:6(w3) 3.1 24.7 1.5
24:1 1.1
24:0 1.6
Total unknown
16.0 6.9 11.6

of >1% occurrence
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»'Table kR Stomach fullness and gut contents of Euphausza vallentzm Stomach fullness

A

_ 1n dex O — empty, 1 = 1/4 fu11 2 = 1/2 full 3= 3/4 full 4 full Stomach content 1ndex

e 5".*:::,b1ank = absent 1= present 2 = abundant 3= very abundant S

.Date t1me posmon Slze _ Stomach C o] Stomach composmon . :
omm- fullness_ Dlatoms Foramlmfera Tmtmmds Radlolanans Detntus

CU93.0411989, 0 | 185
©.ocaom30, | 2020 30 | 2 S R
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- 46%49'S38°01E]
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Table 8 lists the fatty acid composition of the phospholipid and free fatty acid fractions.

. Again the saturates of phospholipid are repr'es_ented most strongly by 16:0, but also 14:0 and

18:0. The w7 monounsaturate hﬁve_ls are loW (<5%) compared to that of the 18:1(®9) isomer

(14%). The presence of the unusual 22:1(w11) isomer is more than likely of copepod origin

(Pascall and Ackman 1976, Sarggnf and Henderson 1986). ,~Polyunsatufates were dominated
by long-chain ,6)3 isomers. " ‘ |

- The free fatty acid composition differed in having p.r‘oportionatevly more saturated than

polyunsatufated fatty acids. The strong presence of 12:0 (30%) in the free fatty acids is

“unusual, and might be due to a contaminant. A large number of unidentified substances

" accounted for 28.2% of the free fatty acids.

Thysanoessa spp.

T. vicina and T. macrura specimens were late juveﬁiles. T. gregaria.spccimens were

all adults. Significant ffactions of the lipid of T. vicina’ and T. macrura (30% and 8%.
respectively) were in the form of wax ester, whilé only a trace of wax ester was found in 7.

E gregaria. Triacylglycerols were less impoﬁant, except in T, gregaria. Free fatty acids

(including, perhaps, fatty alcohols) were major compone:nts in all three species. None of the

species were particularly rich in’ total lipids (2.8-3.4% wet mass).

The fatty acid composition of the phoépholipid, free fatty acid and wax ester fractions
df T. vicina are listed in table 9. These fatty acids were principally the saturates, 14:0 and
16:0, the monounsaturates 16:1(w7),.18:1(®w7) and 18:1(®9), and w3 polyunsaturates. The
ratio of 18:1(6)7):18:1((09) exceeded 1 in bbth the phospholipid and the wax ester. Longer-

chained saturated and monounsaturated fatty acids were absent.

Metridia spp.

M. gerlachei and M. lucens were ﬁch in wax ester (50% and 26% total lipid respectively) and
triacylglycerol (18% and 48% totalr lipid respectively). The 12% free fatty acid content of M .

gerlachei might include fatty alcohols -as these two substances did not separatev clearly. The

relatively low phospholipid content is a reflection of the higher total lipid content of these two
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‘Table 8: Fatty acid composition of the phospholipids and free fatty acids of Nematoscelis
megalops caught at the Prince Edward Islands, April/May 1990. Only those fatty acids
 which constitute >1% of the total are listed. Blanks indicate absence.

Phospholipid Free fatty acid
12:0 0.5 30.8
- 14:0 3.2 1.6
15:0 1.0
- 16:1 4.0 2.5
16:0 25.2 4.1
18:4 0.6
18:2 1.8
18:1(®9) 13.6 2.9
18:1(w7) 3.2
18:0 33" 1.3
- 20:4(w6) 1.3
20:5(w3) : 12.2
21:5 , v : 0.2
22:6(®w3) 16.5
- 22:1(wl1) - 2.0
_Total unknown
of >1% occurrence ' 1.6 4 28.2
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Table 9: Fatty acid composition of the lipid classes of Thysanoessa vicina caught at the
Prince Edward Islands, Apﬁl/Mély 1990. Onfy those fatty acids which constitute >1% of

- the total are listed. Blanks indicate absence.

Phospholipid + Free Fatty Acid - Wax Ester
14:0 : 6.3 | 2.1 6.2
15:0 0.2 1.0
16:1(w7) ' 11.8 1.0- 8.5
16:0 262 18.2 | 23.8
18:4(m3) 1.2 1.0 _ 0.8
18:2(06) 2.0 _ 2.1 3.1
18:1(@9) 13 7.1 - 8.2
18:1(w7) . 10.4 2.5 11.1
18:0 _ 1.1 2.0 2.2
20:5(w3) 12.9 17.3 14.9
22:6(03) 167 - 20.8 0.5
Total unknown 3.6 19.5 0.9

of >1% occurrence
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‘copepods; M. ger.lachei contained 14% lipid (wet mass) wheras M. lucens contained 6.7%
lipid.

The fatty acid composition of the free fatty acids, triacylglycerols and wax esters of M.
: gerlachei are listed in table 10. Due to thé low levels of phospholipids, and the smali sample
of oil available for analysis, the phospholipid content could not be analysed with confidence.
.__'[‘he neutral lipids were rich in saturates, again 16:0 dominating. The monounsaturates Werc
dominated by the w9 isomer in all three lipid classes. Long-chain monounsaturates,
20: 1(w9), '22: I(w1l) and 24:1(w13), were present, but in low conccntrétions.

Polyunsaturates were dominated in the neutral lipid by the w3 isomer of 20:5 and 22:6.

Discussion '

" The strong presence of free fatty acids in many of the species examined could be due to
deterioration of lipids after death (autolysis) or due to metabolic break down of lipids prior
to death. Acéording to temperature dependent rates of hydrolysis of phospholipids and
neutral lipids in hake (Merluccius capensis) (De Koning and Mol 1989), at -80°C free fatty
~ acid is formed at a rate ‘of 0.00023 mmoles kg'! day™! from phospholipid and 0.0073
mmoles kg day'1 from neutral lipid. For a mixture of 60% phospholipid and 40% neutral
lipi.d, 0.00BImmoles free fatty acid are formed per kg lipid per day (or 0.87 oleic acid kg'!
day‘l). In 1000 days this amounts to < 0.01% autolysis. As this rate decreases
eprnéntially with temperatulre, at -80°C the rate of free fatty acid formation while in
storage should have been negligible. Some autolysis might have occurred in the freshly
caught animals while these were being identified, as autolysis in freshly caught krill can
proceed rapidly (Eddie 1977). Nonetheless, the possibility that an absence of wax ester,
or of triacylglycerol, in certain species is due to deterioration cén be discounted, since some
species contained an abundance of these lipid classes, and all specimensvwere treated in the
sarhe way. The high free fatty ac.ids in some species might simply reflect a paucity of

neutral lipid, and it is likely that this result reflects a condition prior to death. As with the
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Table 10. Fatty acid composition of the lipid classes of Metridia princeps caught at the
" Prince Edward Islands, April/May 1990. Only those fatty acids which constitute >1% of

the total are listed. Blanks indicate absence.

Free Fatty Acid Triécylglycerol Wax Ester

14:0 _ 4.2 6.4 29
15:0 ‘ 0.6 0.3
. 16:4 1.1 0.7
- 16:1(07) » 4.4 5.0 10.6
16:0 18.2 S - 21.2 9.3
18:4 1.9 1.5 2.6
182 ' 2.1 1.1 1.4
18:1(w9) 10.4 7.0 24.9
18:1(w7) 2.2 : 4.4 1.6
18:0 4.2 4.2 2.0
20:4(w6) : 0.6 0.5 0.6
20:5(w3) 15.1 11.7 v 13.0
20:1 - 1.6 2.2 7 1.1
22:6(w3) 16.6 . 7.3 9.0
.22:5 1.6 1.7 '1 S
22:1(w11) : 1.1 3.7 0.6
24:1 , 1.7 0.8 0.5

Total unknown '

-of >1% occurrence 11.3 4.9 1.3
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free ‘fatty acids, the intérpretation of high levelsvof parﬁal glycerides might be ambiguous,
thbugh the concentrations are greatest for the lipid poor pecies. |
The fatty acid composition of phospholipid is understood to be less variable than that of
neutral lipid, which might be attributable to the specific' functibnal role of phbspholipid asa
structural element (Clarke 1980). Indicat.c)rs of diet should thus be sought‘ambng the fatty
acids of neutral lipid. Phytoplankton is known to be rich in 14:0, 16:0, 16:1(®7) and ®3
polyunsaturates (S argent et a.lT 1985). Theée featured strongly in the triacylglycerols and free

fatty acids of the four Euphausia species and particularly in the wax ’ester and triacylglycerol

- of Thysanoessa vicina and Metridia ger_lachei_, suggesting a phytoplanktonic diet for these

species. Considering the paucity of long-chain saturated or monounsaturated fatty acids,
likely to have been derived from the alcohol moiety of crustacean prey wax ester, the four
species examined (E. vallentini, E. similis v. armata, T. vicina and M. gerlachei) were likely
to have been herbivorous in the preéeeding summer months. Of these, it might be expected
that the E uphausia species at least, being rather poor in lipid, would turn to an alternative
winter diet. Given a lack of neutral lipid in Nematoscelis megalops, nothing can be
interpretatied of its diet, though the phytoplankton fafty acids are abundant in the
B phospholipids. | .

In all the specimens examined, except E. similis v. armata and T. vicina, the @9 isomer
Qf 18:1 predorr_linatéd, suggesting that carnivory may be an imertant source of this isomer.
- Alternatively, domination of the ®9 isomer could be a result of considerable de novo
_ synthesis of 'lipid despite a phytoplanktbnic input of the @7 isomer. This interpretatation is
thus ambiguous. | | |

Mauchline’s (1980) review of the biology of the euphausiids lists the known dietery
items of several species. T. gregaria is listed as a filter-feeder/omnivore; Nemat(_)scelis‘
'megalops is listed as an omnivore/preddtor; E. similis is known to eat coccolithophores and
tintinids, though this list is surely incompléte. Nothing has b¢en documentéd on the diet of
other sub-Antarcﬁc Species. Diétoms, foraminifera, tintinids and radiolarians were fqund in

the stomachs of the 7 specimens of E. vallentini examined. M. gérlachei shows great
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efficiency at handling large size diatoms (46pm) (Schnack 1983). Based on 'edge-indices'
of the mandibles, this species is a potential omnivore. | |
Compared to records from the Antarctic, the lipid content of the Euphausia spp.
examined in this study (1.3 - 2.8%) was low. For mature E. superba, E. frigida and E.
triancantha the known lipid contents are 5-8%, 19.4% and 4% respectively (Clarke 1980).
Howévér, cqmpared to tropical and warm-temperate species these low levels are normal; E.
americana and E. kfohni from 20°N had 0.8% and 1.0% lipid (Morris 1971), E. pacifica |
had 3.1% lipid off southern California (Childress and Nygaard 1974), E. gibboides from
22°N and 28°N had 1.2% lipid (Morris 1971) and E. similis off Japan had 2.1% lipid
(compared to 2.8 for E. similis v. armata from this study). The mature T. gregaria (3.4%
lipid) can be compared to its north Atlantic congeners T. inermis (7-8% lipid) and T. raschii
(18% lipid) (Hopkins et al. 1984) and the north Paciﬁc congener T. longiceps (1.7%)
' (S»amecb)to et al. 1975). The equally low. lipid contents of \T. vicina and T. macritra late
juveniles might, however, be more typical of immature Thysanoessa specimens (Hopkins et

al. 1984). Metfidia gerlachei had 14.1% lipid, and M. lucens 6.7%, which is similar to

- autumn values for M. longa from the Arctic 11.5% (assuming that dry mass = 0.2 wet mass)

(Lee 1975) and to R. gigas from the Antarctic 13.8% (Lee and Hirota 1973).

Figure 11 shows the known latitudinal distributions of the species in .this study. No
species occurs at both the Sub-tropical Convergence (STC) and the Antarctic Polar Front
(APF), as might be expected from the strong temperature gradient. E. vallentini can be

| considefed as a sub-Antarctic speciés which occurs over the APF. E. similis v. drmata and
E. longirostris are also common in the sub-Antarctic, but their distributions clearly overlap'-
the STC. N. megalops is common between 30° and 45° in both hemispheres. The
Thysanoessa spp. show a clear geographical seperatioh; T. gregaria is subtropical, T. vicina
is Antarctic/sub-Antarctic, T. macrura is high Antarctic (Nemoto 1966). M. lucens is
abundant in sub-Antarctic water between Marion and Crozet islands, and also appears in the
cold upwelled water of the Benguela current in the south east Atlantic (De Decker 1984). M.
gerlachei is a common Antarctic species (Ra&mont 1983). The presence of Amnrctié and

subtropical elements in sub-Antarctic water can be explained by the interaction of the west
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Figure 11: The known distribution of the ten zooplankton species in the southern Indian
ocean considered in this study. The information comes from Boden (1954), Mauchline
and Fischer (1964), Nemoto (1966), Raymont (1983), De Decker (1984).



wind drift with the irregular bottom topography in these longitudes, which ¢au§és a mixing
, of surface_ waters across the circumpolar fronts (Deacon 1983). -

The low lipid content observed in many of the sub-Antarctic species may perhaps be-
ekplained by the poor feeding conditions encountere‘d in this biogeographic region. |
Chlorophyll a measured at. 89 stations on fhe same cfuise of the M.V. S.A. Agulhas
- (April/May) did not exceed 0.4 mg Chl a .m> over five weeks (mean 0.19 mg Chl a m> )'ét
least 50% of which was in the picoplankton size fraction (< 2.0 {m). | Though the mid-
summer éhlorophyll-a values might be expected to be higher, é synthesis of data collected on
117 apanese Antarctic Research Expedition (JARE) voyages from Fremantle to the J apanesé
- Antarctic base (Syowa) in early summer and the return voyages to Cape Town in mid/late
summer (figure 12) show that the average Chlorophyll-a concentration in the sub-Antarctic
fegion, 45-49°S ,> of the Indian ocean in summer is low and invariable when compared to the
- STC and to the APF. The weak and pooriy understood sub-Ahtarbtic Front (SAF)
- (Lutjeharms et al. 1985) is seldom associated with elevated chlorophyll concentrations. No

data are avaﬂable to compare the winter situation. I would presume howéver that in winter
chlorophyll is scarce due to low light levels south of the APF, and both poor light and
unstable Wate_r between the STC arid APF. Both sub-Antarctic and Antarctic zooplankton are
5-6 times fnore abundant, measured volumetrically, in summer than in winter (Foxton 1956).
A moderate winter north of the STC would afford this region some winter production. The
_sﬁb-Antarctic region, integrated over a period of one year, is perhaps the least productive _
area within the respective ranges of the species under cohrs’ideration. The frontal zones either
side of the sub-Antarctic are far more productive. Correspondingly, the zooplankton
bidmass in the sub-Antafctic is 2-3 times lower than that of the APF and further south, but
not less than ihe tropical water to the north (Foxton 19>56, Vladimirskéya 1976).

- Although a low lipid content (1-3% wet weight) might be normal for (sub)tropical
euphausiids, the sub-Antarctic is not subtropical but strongly seasonal. Such low values for
the end of summer would suggest that the speciés ‘exar,nined in this study. would feed

: 'carnivorously oh organisms with a long generation time which persist during wjnter.

Alternatively, the subtropical species were too far south to maintain a herbivorous diet in
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Figure 12: A synthesis of surface chlorophyll-a measurements taken on 11 cruises from
Fremantle to Syowa (68°22'S; 44°08'E) in the months December and T anuary, and again
from Syowa to Cape Town in the months February and March. The data points are means
for each half degree, but smoothed with a running mean spanning 1.5°. Data comes from
Tominaga (1971), Nishiwaki (1972), Hoshino (1974), Ohyama and Mayama (1976), Ohno
(1976), Fukuchi (1977), Kuroda (1978), Tanimura (1981), Yamagata and Fukui (1981),
Fukuchi and Tamura (1982) and Watanabe and Nakajima (1983).



winter. In the case of the Antarctic species, T. vicina and T. macrura, these specimens might -
ha\}e been too far north to accumulate a large lipid store for winter, as other ipolar
herbivorous species generaly have >10% of wet weight as lipid at the close of summer. The
two copepod species were richer in lipid and it is possible that these harvest the available
phytoplankton more efficiently, perhaps by selecting smaller algae. | Coccolithophores,
radiolarians and tintinnids do seem to constitute a significant fraction of euphausiid diet.
Microzooplankton might provide a better food source where phytoplankton are dorninatéd by
the pico-size fraction as many 'euphausiids cannot filter small particles (< 5 pm) éfficiently,
(Boyd et al. 1984; Quetin and Ross 1985, Stuart 1989). Unfortunately the seasonal
availability, nutritional contibution and lipid characteristics of these protozoans are unknown.

- The lack of wax ester in fhe Euphausia spp., Nematoscelis megalops and T. gregaria
indicat_es that no rapid synthesis of neutral lipid occurréd in preparatiori for a nbn-feeding
~ winter in these species. This situation is the same as thét for E. superba, which is
omnivorous. T. vicina and T. macrura both stored wax esters in contrast to T. gregaria
which is a subtropical species. Similarly M. gerlc.z‘chei of Antarctic affinity stofed more wax
estér than M. lucens of a.more temperate distribution.. These latitudinal differences fit the
_ hypothesis of Lee et al. (1971), and these wax ester storing species could be entirely
herbivorous. | |

Thysanoessa vicina and T macrura are the dominant prey items of penguins from
Méﬁon Island and Gough Island (Williams and Laycock 1981). Three representative species
of the sea-bird community at Marion, a penguin, an albatross ahd a petrel, are able to rapidly
digest wax ester and triacylglycerols (Jackson and Place, in press). If the Thysanoessa prey
species are indeed herbivorous, then these tertiary predators end a rather short food chain
(plant - herbivofe - bird) in an oceanic environment which is traditionally expected to be
- characterised by long food chains (Ryther 1969). 1 acknowledge, however, that the role of
miérozooplankton és an intermediate step between pico-phytoplanktoh and zooplankton may

be critically important in the chlorophyll-poor waters of the sub-Antarctic.

55



References
Bligh, E.G.and W.J. Dyer (1959) A rapid method of total lipid extraction and purification.

" Can. J. Biochem. Physiol., 37, 911-917. | |

Boden, BP (1954) Thé euphausiid crustaceans of southern African waters. Trans. R.Soc;

5. Afr., 34, 181-243. - o

: Bottino, N.R. (1974) The fatty acids of Antarctic phytoplankton and Euphausiids. Fatty acid
‘exchange amo.ng trophic levels of the Ross Sea. Mar. Biol., 27, 197-204.

Boyd C.M;, M. Heyraud and C.N. Boyd (1984) Feedmg of the Antarctlc krill Euphausia |
superba. J. Crust Biol., 4(1) 123-141. '

o Chlldress J.J. and M. Nygaard (1974) Chemical composmon and buoyancy of midwater

| crustaceans as function of depth of occurrence off southern California. Mar. Biol., 27,

225-238.° | | | |

| , Clarke, A. (1980) The biochemical compdsitioh of krill, Euphqusia superba Dana, from

South Georgia. J. Exp. Mar. Biol. Ecol., 43, 221-236. | |

' Deaéon, G E.R. (1983) Kerguelen, Antarctic and subAntarctic. Deep-Sea Res., 30(15, 71- i

| v_ o _ v _

De Decker, A HB (1984) Near-surface copepod distribution in the south—wéstem Indian

~ and south-eastern Atlantic ocean. Ann. S. Afr. Mus., 93(5), 303-370. v

- De Konihg, AJ.and T.H. Mol (1990) Ratés of free fatty acid formation from
phospholipids and neutral lipids in frozeh cape haké (Merluccius spp) mince at varioué
temperatures. J. Sci. Food Agric., 50, 391-398.

Eddie, G.O. (1977) The harvésting of krill. Rome, Food and Agriculture Organisation of
;hé United Nations, United_’ Nations DeQelopment programme, Southernlvocean» Fisheries
SﬁrVey Programme GLO/SO/77/1. | ‘

- Falk-Peterson, S., R.R. Gatten, J.R. Sargent and C.C.E. Hopkiné (1981) Ecological
investigations on the zooplankton conimunity of Balsfjorden, northern Norway.

Seasonal changes in the lipid class composivtion of Meganyctiphanes norvegica

56



(M.Sars), Thysanoessa raschii (M. Sars) and T. inermis (Kﬂbyer) J _exp. mar. Biol.

Ecol 54, 209-224.

| 'Falk—Petersen, S., J.R. Sargent and.‘K.S. Tande (1987) Lipid compositiori of Zooplankton

| in relation to the Sub-Arctic food web. Pol. Biol., 8, 115-120. |

Foxton, p. (195_6) The distribution of the standing crop of zooplankton in the Southern
Ocean Disc. Rep., 28, 193-258. -

| - Fukuchi, M. (1977) Chlorophyll-a content in the surface water along the course of the Fuji to
and from Antarctica in 1976-1977. Polar Rec., 60, 57-69. | |

Fukuchi M. and S.Tamura (1982) Chlorophyll-a distribution in the Indian sector of the
Antarctic Ocean in 1978- 1979 Polar Rec., 74, 143-162.

Harwood, J.L. and N.J. Russell (1984) Lipids in plant and microbes. George Allen and
Unwin, London. |

| Hopkins, C.C.E., K.S. Tande and S. Gronvik (1984) Ecological investigations of the '
zooplankton éommunity of Balsfjorden, Northern Norway: An analy.sis of growth and
overwintering tactics in relation to niche and environment in Metridia longa (Lubbock),
Calanus finmarchicus (Gunnerus), Thysanoessa inermis (Kroyer) and T', raschi (M.
Sars). J. exp. mar. Biol. Ecol., 82, 77-99. .

Hoshino, T. (1974) Surface water Chlorophyll-a contents observed during the cruise of the
Fuji to Antarctica, November 1973-April 1974. Polar Rec., 51 29-38. |

Jackson, S., and A. R. Place (in press) Gastrointestinal transit and lipid assimilation
efficiencies in three species of sub-Antarctic seabird. J. Exp. Zool.

Kattner, G., and M. Krause (1987) Changes in lipids during the development of Calanus
Sfinmarchicus 's.l. from copeppdjd I'to adult. Mar. Biol., 96, 511-518.

Kuroda, K. (1978) Distribution of chlorophyll-a contents in the surface water along the
course of the Fuji to and from Antaréﬁca in 1972-1973. Polar Rec., 61, 65-74.

- Lee, R.F., J. Hirota and A.M. Barnett (1971) Distribution and importance of wax esters in
marine copepods and other zooplankton. Deep-Sea Res., 18, 1147-1165. »

Lee, R.F. (1974) Lipid composition of the copepod Calanus hyperboreus frorri the Arctic

ocean. Changes wit_h depth and season. Mar. Bio!., 26, 313-318.

57



~

Lee, R.F. (1975) Lipids of arctic zdo'plankton'. Comp. Biochem. Physiol., 52B, 263-266.
_Lee, R.F. and J. Hirota (1973) Wax esters in tropical zooplankton and nekton and the
| geographical distribution of wax esters in rﬁaﬁne copepods. Limnol. Oceanogr., 18,

227-239.

:Lﬁtjehmns, J RE, N.M. Walters and B.R. Allanson (1985). Oceanic frontal systems and
biological enhancement. In: Antarctic nutrient cycles and fobd webs, W.R. Siegfried,

- P.R. Condy and R.M. Laws, editors, Springer—Vérlag, Berlin, pp. 11-21.

Mauc_hlinc, J. and R. Fisher (1964) The bidlogy of the euphausiids. Adv. Mar. Biol., 7, 1-
454. _ _ |

_ Mauchline, J. (1980) The biology of mysids and euphausiids. Adv. Mar. Biol., 18, 1-681.

Morris, R.J. (1971) Variations in the fatty acid composition of oceanic euphausiids. Deep-
Sea Res., 18, 525-529.

Nemoto, T. (1966) Thysanoessa euphausiids, comparative morphology, allomorphosis and

| ecology. Scient. Rep. Whales Res. Inst, Tokyo, 20, 109-155. |

o Nishiwaki, S. (1972) Chlorbphyll-a content in the sea surface water observed in 1970-1971
during the cruise of Fuji to Antarctica. Pol. Record, 44, 93-99.

Ohman, M.D. (1988) Sources of variability in measurements of copepod lipids and gut
fluorescence in the California current coastal zone. Mar. Ecol. Prog Ser., 42, 143-153.

Ohno, M. (1976) Chlorophyll-a content in the surface water observed during the cruise of

_ t.he Fuji to Antarctica in 1974-1975. Polar. Rec., 57, 106-114.
Ohyama, Y. and T. Mayafha (1976) Chlorophyll-a contents in the surface water observed
‘ during the relief voyage of Fuji td Syowa Station, Antarctica, in 1975-1976. Polar Rec.,
57115122,

Pascéll, J.C. and R.G. Ackman (1976) Loﬁg chain monoethylenic alcohol and acid isdmers

‘ in lipids of copepods and capelin. Chem. Phys. Lipids., 16, 219-223.

Pillar, S.C. and V. Stuart (1988) Population structure, reproductive biology and
maintenance of Euphausia lucens in the southern Benguela current. J. Plank. Res.,

10(6), 1083-1098

58



Prahl, F.G., G. Eglinton, E.D.S. Corner, S.C.M. O'Hara, and T.E.V. Forsberg (1984)

. Changes in the plant lipids during tpassage through the gut of Calanus. J. mar. biol.
Assoc. UK., 64, 317-334. |

Price, H.J., K.R. ded and C.M. Boyd‘ (1988) Omnivorous feeding behaviour of the |

' Antarctic krill Euphausia superba. Mar. Biol., 97, 61-17.

Quetin, L.B. and R. M. Ross (1985) Feeding by Antarctic krill, Euphausia supeba: doeé
size matter? In: Antarctic nutrient cycles and food webs, W.R. Siegfried, P.R. Condy
and R.M.Laws, Springer-Verlag, Berlin, 372-377. |

Réymont; J.E.G. (1983) Plankton and Productivity in the VOceans. Volume 2 Zooplankton.
Pergamon Press, Oxford.

- Ryther, J.H. (1969) Photosynthesis and fish production in the sea. Science 166, 72-76.

Sameoto, D.D., D.C. Darrow and S.Guildford (1975) DDT residues in the upper estuary of
the Gulf of St. Lawrence. J. Fish. Res. Bd Can., 32, 310-314.

Sargent, J.R., H.C. Eilertsen, S. Falk-Petcrseri, and J.P. Taasen (1985) Carbon
assimilation and lipid production in phytoplankton in northern Norwegian fjords. Mér. '
Biol., 85, 109-116. _

Sargent, J.R. énd S. Falk-Petersen (1981) Ecolbgica_l investigations on the zooplankton
'éommunity in Balsfjorden, Northern Norway: Lipids and fatty acids in Meganyctiphanes
norvegica, Thysanéessa raschi and T. inermis during mid-winter. Mar: Biol., 62, 131-

- 137, . v

Sargent, JR. and R.J. Héndefson (1986) Lipids. In: The biological chemistry of Marine

* copepods, E.D.S. Corner and S.C. O’Hara, editors, Clarendon Press, Oxford.

Sa.rgent,' J.R. and R. MclIntosh (1974) Studies on the mechanism of biosynthésis of wax
esters in Euchaeta norvegica. Mar. Biol., 25, 271-277.

Schnack, S.B. (1983) Feeding of two Antarctic copepod species (Calanus propinquus and

| Metrridia gerlachéi) on a mixture of centric diatoms. Polar Biol., 2, 63-68.

- Smith, A.E. and I. Morris (1980) Synthesis of lipid during photosynthesis by phytoplankton

of the Southern Ocean. Science, 207, 197-199. "

59



Stuart, V. (1989) Observations on the feeding of Euphausia lucens on natural phytoplankton
suspensions in the soufhern Benguela upwelling region. Cont. Shelf. Sci., 9(11),
1017-1028. | | |

'Tanimura, A. (1981) Distribution of the surface chlorophyll-a along the course of the Fuji to
-and from Antarctica in 1979-1980. Polar Rec., 72, 35-42.

| Tominaga, H. (1971) Chlorophyll-a aﬁd Phaeophytin contents in the surface water of the

: Aﬂtarctic ocean through the Indian Ocean. Polar Rec., 42, 124-134. 7

Wagéner, W.W.D., C.K. Simmonds and M. Stemmet (1984) Teﬁ individual analyses by
gas chromatography of a fish oil for fatty acid content: establishng the repeatability of

results. Fishing Industry research Institute, Thirty-eighth annual report of the director,
University of Cape Town. |

Watanabe, K. énd Y. Nakajima (1983) Surface distribution of Chlorophyll-a along the
course of the Fuji (1980/81) in the Southém Ocean. Polar Rec., 77, 33-39.

Willason, S.W., J. .Favuz_zi and J.L.Cox (1986) Patchiness and nutritional condition of

| zooplankton in the California Curent. Fish. Bull., 84(1), 157-176.

Williams, A.J. and P.A.' Laycock (19815 Euphausiids in the diet of some sub-Antarctic
Eudyptes penguins. S. Afr. J. Antarct. Res., 10/11, 27-28. |

Vladimirskaya, Ye. V. (1976) Distribution of zooplankton in Scotia Sea in fall and winter.
Oceanology, 15, 359-362.

Yamagata, K. and F. Fukui (1981) Chlorophyll-a content in the Indian sector of the

Antarctic Ocean. Polar. Rec., 73, 72-81.

60



Chapter 3 |

Production and standing stocks of the kelp Macrocyctis laevis

- Hay

Abstract-The recently described species Macrocystis laevis Hay is endemic té the ‘PArince
: ‘E'dward. Islands. Aerial photdgraphs of Marion Island were used to outline the distribution
c_)f the kelp 'and to assess its cover. M. laevis occurs along the lee shore of the island,
between the 5 and 20m isobaths. vPlantvdensities and gross plant morphology were measured
by divers during April/May 1988. Net production was éstimated from growth measurements
~ taken in April/May 1988 and 1989 and again during August 1989. The mean biomass of
kelp was 0.67 kgC.m2 within the kelp beds. Net production is estimated’.a't 7.7 gC._m'z.d'l.
-and il.S gC.m'2.df1 during the months of April and August respectively. -M. laevis had a
" uniform frond-length frequency distribution, which suggests that only the oldest ffonds are
‘lost by wave action or senescence. Based on calculations for M. laevis and Durvillea
antarctica (the two species making up most of the macrophyte biomass) macrophytes are
more productive per unit area than the phytoplankton but contribute less to the seas around
-the Prince Edward Islands by virtue of their small spatial coverage. Neither of the kelpS lose
- much ﬁéteﬁal as particulate or dissolved' organic carbon through fragmentation. The extent
- of gfazing on live M. laevis fronds is unknown, aﬁd only D. antafctica contributes to a
~macrofaurial detrital community. The contributibn of M. laevis production t()' the nearshore
eco'lc')‘gy of the islands seems limited, as I suspect that almost all of its prodﬁction is exported

- to thé open ocean pelagic system.
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Introduction
The sub-Antarctic Marion and Prince Edward Islands (46°54'S; 37°45'E) harbour the
| recehtly described species Macrocystis laevis Hay, whiéh as yet has not been fecorded

elsewhere. This makes M. [aevis the most localised of the four species of Macrocystis. M.

» laevi's had previbusly been confused with the giant kelp M. pyrifera, bu_t differs in having'
entirely smooth vesiculate blades. M. pyrifera is widespread, occurring on the westéfn
seaboard of north America, in south America beyond 44°S, and on the shores of the sub-

“Antarctic islands of Gough, Tristan da Cufiha, Kerguelen and Crozet, New Zealand and
Tasmania (Mann 1973). Hay (1986) discussed the possibility that M. laevis arﬁved ét the
Princé Edward Islands via the west wind drift from a smooth-bladed population at South
‘America, now extinct or unlocated. Such a population was recorded early this century‘ at the
Falkland Islands (Skottsberg 1921). |

Like M. pyrifera, M. laevis grows to a length of < 20m in dense forests in sheltered
~ water of less than 20m depth. At present nothing is known of the ecology of M. laevis,

though we could reasonably expect a strong similarity with that of the more cosmopolitan M .

pyrifera. ' | '

The ecology of several populations of M. pyrifera has been investigated with respect
to the key biotic and physical structuring processes. The most notable description of biotic
interactions >with M. pyrifera, namely the ability of Sea urchins to ‘errgraze' kelp forests
and the role of keystone predators in controlling urchin densities, came from the Californian
kelp forests (Leighton et al. 1966, Chapman 1981). A search for a parallel in the south
Arﬁericah populations has proven largely unsuccessful (Castilla and Moreno 1982, Santelices
- and Ojeda 1984a), though Dayton (1985) does describe severe grazing pressure by the
~ urchin Loxechinus albus-in certain areas. Castilla's (1985) hypothesis predicts that in the |
" absence of considerable predati.on on urchins or other herbivores, herbivory is unlikely to be
a significant factor if the kelp forests are to persist in time. The simplistic nature of the

southern American kelp communities, by comparison with those of the northern hemisphere,
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is ascribed to the effect of ice scouring the coast during the Pleistocene, with recolonization
occurring oniy since that period (Dayton 1985). |

| Delépine (1976) provided a description of M. pyrifera from Kerguelen Island and more
recently Van Tussenbroek (1989) has described the seasonal growth of M. pyrifera fronds
from the Falkland Islands. It is these southem ocean populati'ons of Macrocystis pyrifera
with which can be compared M. laevis, as they both occur in the sub-Antarctic water mass
and are biogeographically linked by the west wind drift. |

The dominant biotic interaction of the south Afnerican populations seems to be with
other macrophytic species, resulting in clearly defined algal zonation. The criterion
determining the replacement of Macrocystis at the shallow extenf is its intolerance to wave
‘action, whjlst at the deeper extent diminished light availability favours other species.
Nonetheless, differences in algal‘ communities at various locations where Macrocystis occurs

.mea,ns that this species does not always occupy the same depth zone. At South America

alone the shallow limits of the zonation of M. pyrifera vary from 1 to 5 m depth, whilst the
- deep extremeS vary from 5 to 25 m (Santelices and Ojeda 1984b, Dayton 1985). The
simulation model developed by Jackson (1987) predicts that the production and the number
of fronds pef planf is, at least in part, a function of the water depth.

The other important forcing function altering growthfis the photoperiod. At extreme
latitudes (>60°) the shortened .photoperiod during winter results in a negative growth rate and
the plants fail to survive the winter, despite extended light availability in the summer. A
strong seasonal trend in the growth of M. pyrifera fronds has been described at the Falkland
| Islands (52°S). At 47°S the Prince Edward Islands appear to be well v;_/ithin the latitudinal
range of Macrocystis, though seasonal differences in the pfoduction of M. laevis are to be
‘expected. |

The Pn'nce.Edward Islahds support a large bioméss of birds (+2.0 x 107kg, Adams
1990). It has been suggested that this is supported by enriched production in the Prince
Edward Islandb Seas, a phenomenon described as an island mass effect (El Sayed et al. 1976,
Boden 1988, Perissinotto et al., 1990). Certainly as 'regards,phytoplankton production,

there does appear to be considerable local enhancement, though the exact mechanism is still
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unclear. The sheif around the islands is covered with a rich, predominantly filter-feeding,
benthic community. Of some interest are the sources of food to these communities and the
- relative importa_née of phytoplankton, kelp (both Macro’cystz's and Durvillaea) and introduced
material. | | |
This paper is a synthesis of the first measurements made on M. laevis, 6n three cruises
" to thg Prince Edward Islands during April/May 1988, April/Mziy 1989 and August 1989.
 The aim of thi.s work is to investigafe aspects of the ecology and production of M. laevis, and
to assess the r_ole of kelp in the ecology of the islands. Measurements included growth rates,

forest density and cover, and gross plant morphology.

Methods
The rate of frond growth was determined by measuring the length increment in the apical 2
- m. Each frond consists 6f a rope-like stipe with blades attached along its length. Individual
frbnds were marked by loosely clamping 10 mm diameter plaétic and aluminium bird rings to
frohds at either 1 m or both .1 m émd 2 m from the growing tip. Only fronds With intact
 terminal blades were selected for growth 'experiments. After a period of 8 to 30 da);s,
- depending on weather conditions and logistic constraints, the marked plants were again
located and rémoved from below the bird ring for measurement. The terminal ends of a
further 20 fresh fronds were removed, measured, weighed, dried and reweighed to obtain
length-wet mass and length-dry mass regressions for the apical 3 m of the frond. These
regressions were used for growth rate calculations. The conversion 6f dry mass to cérbon
was obtained by combusting off the carbon of five finely ground 0.5 g (dry mass) frond
sections in a bomb calorimeter. The élementai composition (carbon, hydrpgen and nitrogen)
- of growing tips and»the stipe of the frond of material collectéd during April 1988 was
determined using an elemental analyser (CHN - O - Rapid). | |

- Scuba dives were performed to assess holdfast densities in quadrats measuring 4m x
4m and the numbers of fronds per holdfast. For these counts, frohds were separated into
canopy (those that reached the surface) and subcanopy categories (those that did not), and

counted separately. Some plants were removed entirely for measurements and weighing.
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The distribution of the kelp forests was viewed from aerial 1:50000 photographs of
Marion Island taken during April 1988. Both Delépine (1976) and Furmanczyk and Zielinski
(1982), on the basis of joint aerial photographs and field surveys, demonstrated that
macroalgal distributions can be accurately assessed from photographs. Delépine's survey

~concerned Macrocystis pyrifera and Durvillaea antarctica at Kerguelen Island. The cover of

the algae was determined using an image analyser on these photographs.

Results

Around Marion Island forests of Macrocystis laevis are confined almost entirely to the
eastern or lee shore (figure 13). The forests reported by De Villiers (1976) on the exposed
south-western shore were apparently patchy and were not detectable from the photographs,
although three small isolated patches were observed from thé aircraft on the exposed shore.
Throughout the present surveys the forests rarely extended beyond the 20m isobath, nor
shallower than 5Sm. The total cover of the forest amounted to 5.5 km? around the 86 km
shore. No photographs of the smaller neighbouring Prince Edward Island are available.

Table 11 summarises the data with respect to holdfast densities, numbers of fronds per
plant, frond growth rates and elemental composition. Taking the average holdfast density of
0.87 plants.m‘z, and an average wet mass per plant of 13.21 kg, the biomass of kelp
amounts to 11.55 kg.m'z, or 6.34 x 10’ kg around Marion Island. The conversion of wet
mass to carbon is 1 gC = 17.25 g wet mass; the standing stock of kelp thus converts to 3.68
x 108 kg carbon. If the amount of kelp around the island is in proportion to its perimeter,
Prince Edward Islénd (with a perimeter of 28km) would support in the region of 2.0 x 107
kg wet mass.

Gfowth measurements have only been possible in the seasons of autumn and late
winter. Elongation of the averaged at 4.00. cm during April/May and 6.05 cm per day during
August. Growth in the subapical metre measured during April/May 1988 was 26% of the
growth in the apical meter. The almost linear length-carbon mass regression for the apical
3mis | |

gC=124x 1ength(m)1‘1404,
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Figure 13: The distribution of Macrocystis laevis around the shore of Marion Island

indicated as determined from aerial photography. The bolder line indicates the presence

of dense kelp stands, the thin lines on the western shore show the position of sparce
stands.
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Table 11: Morphometric measurements and carbon, nitrogen and hYdrogen content of the
kelp Macrocystis laevis from the Prince Edward Islands. The quantities of the atomic
'constltuents are expressed as percentage of dry mass. X = mean, S.E, = standard error, s =

- standard devrauon n= sample size.

X - S.E s n
Holdfast density (m) 0.88 0.12 >0.32 - 10 (quadrats) -
Fronds per holdfast , 14.02 0.95 11.38 142 a
Plant mass (kg wet mass) 113.21 2.02 . 640 10
- Frond growth - APRIL '88 ’ :
~ apical meter (cm.d” ) 3.34 0.16 1.25 60
_ ~ subapical meter (cm.d” h 0.87 0.21 1.23 35
;Frond growth - APRIL '89 _ ' :
- apical meter (cm.d’!)  2.25 029 - 0.78 7
, Frond growth - AUGUST '89 ' '
‘ - ~apical meter (cm.d” ) 6.05 032 - 1.59 25
."'Can'opy fronds (% of total) .53 285 34 142
. c H N
- Growing tip | 28.21 (#0.25) 4.06 (i0.07) 2.1 (+0.30)
- Stipeoffrond =~ 29.43 (£1.27) 4.25 (0.07) 2.9 (£0.14)
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which means that fronds produce on average 0.64 gC per day. Thé number of fronds per
holdfast is quite variable, averaging at 14.02 (+ 11.0). The average carbon production thus
| amounts to 7.7 gC.m‘zd'1 and 11.5 gC.m'zd“1 for the months of April and August
- respectively. A significant difference was apparent between the growth rates during the two
seasons in terms of length and mass; greater production béing observed during August ( T-
Test, P < 0.05).

" The frond length frequency histogram .is flat (figure 14). Such a flat distribution
suggests that only the largesf and oldest fronds are lost by wave éction which sets the upper
limit of the frond length. Thé maximum frond length is about>.20 m, Qf twice the depth of the '
vwa'ter. '.Correspondingly the ratio of canopy fronds (those which reach the surface) to

subcanopy fronds (those that do not) in water of 10 mbdepth is1.1.

Discussion
The southern American populations of M. pyri’fera occur in far shallower wafer and over a
more restricted range thah those off California. Off Puerto Toro, Navarino Island (53°S,
68°W), M. pyrifera occurs between the ohe and nine meter isobaths (Santeiices and Ojeda
- 1984b). Here the shallower limit of its range is set by interspecific competition with the alga
Le&soﬁz'a vadosa, and the deeper limit by a lack of hard substratum for attachment. Where
consolidated rock did extend to 15 m, a dens/e stand of L. flavicans bordered the seaward
extent of M. pyrifera. Light limitation is believed to restrict the competitive ability of M.
| pyrifera at its seaward extent, while tolerance to wave action is the factor operating at the
shallow extent. Other sites in this vicinity show the same algal zonation, but there is great
| variation on the upper and lower extent of M. pyrifera.

The shallow subtidal zone at the Prince Edward Islands has a similarly well defined
zonation of foliate macroalgae; at the low water mark the ’dornihant species is Durvillaea
antarctica, whereas at successively greater subtidal depths D. willana, Desmarestia rossii and

M. laevis dominate (Beckley and Branch, in prep.). De Villiers' (1976) accouht of M. laevis
-on the exposed shore of Marion Island indicated that beds were patchy there and restricted to

deep water. The lee shore of Marion Island is subjected to more moderate wave exposure.
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Figure 14: The frequency distribution of Macrocystis
laevis frond-lengths (in categories of 2 m intervals),
from a sample of five plants.



. .Nevertheless, the estimates presented below indicate that frond loss may be substantial even
in the lee of the island. | |
" Over one period of 30 days- no less than 85% of the marked fronds disappeared, and
over shorter periods of lcss than 10 days at least 30% of the mérked fronds were lost. The
: o‘bsefvations were too few to derive a reliable estimate of thé rate of frond loss. In addition,
these observations apply only to the rate of loss of mature canopy-forming fronds, and will
therefore over-estimatie the a-verage frond loss. - It is, however, possible to esﬁmate the
_average fate of frond loss from the rate of frond initiation assuming that the numBer of fronds
remain constant (which is not necessarily the case). With a flat frond-length frequency
- distribution, a growth rate of 4.09 cm per day, and 14 fronds per holdfast reaching a
maximum length of 20 m, a loss of one frond per holdfast every 35 days would be expected
if the piant mass is to remain unchanged.

The mean biomass of M. laevis, 11.55 kg.m'2 (wet mass), is similar to that of M.
pyrifera at Kerguelen Island, for which Delépine (1976) reports a range of 34-225 kg.m'2
and a mean between 7 and 12 kg;m'2 for kelp within the 20 m isobath. The maximum
macroalgal biomass at Borge Bay, South Orkney Islands, including the genera Desmarestia
and Himantothallus, measured was only 2.05 kg.m‘2 (Richardson_ 1979). This low

~maximum Richardsoﬁ attributes to ice-scouring and ice-shading during winter.

| Both the biomass and production of M. laevis can be expected to increase during the
long summer days. Frond growth rates during August were greater than during April; this
Van Tussenbroek (1989) found to be the case for the fronds of M. pyrifera at the Falkland

Islands also. While increased hght availability increases the growth rate, a biomass change is
most likely to be caused by a change in the rate of frond initiation or of loss. A greater
number of fronds per holdfast is expected during summer (Jackson 1987). Increased water
turbulence in winter would also result in a decrease in the size of the largest frond and hence
the number of fronds on the holdfast.

The production rate of between 7 and 11 gC.m2.d-1 must be considered as net
production. The simple method ernployed here, ie. measuring length increments, contrasts

with assessments of carbon fixation by 14C incubations or by changes in O, concentrations.
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These latter techniques have yielded gross production values for M. pyrifera off California
ranging from 6.8 to 12 gC.m2.d"! (Towle and Pearse 1973, McFarlé.nd and Prescott 1959)..
| v-Bve_sid_cs these, I could find no direct measurements of net production with which to compare
the growth of M. laevis. No growth measurementé of M. laevis have yet been made during
summer and, until such time, the estimate of yearly production based on the winter values
| reported here, i35()0 gC.m'z.y'l, should be regarded as an uhderestimate.

.Table 12 compares the daily input of organic matter in the Prince Edward Island Seas from
various sources. Although more productive than phytoplankton per unit areva,A the
macroalgae contribute the least to the organic input té the seas around the islands as they
‘ ‘occupy only a small fraction of the area inside the S500m isobath. M. pyrifera does not loose
excessive amounts of carbon via abrasion with rock surfaces. While M. laeQis does not
abrade, the loss of basal blades on the stipe is évidcnt. Exudatioh of dissolved organic
carbon from M. integ.rifo’lia is less than 5% of broductiph (Fankboner and deBurgh 1977)
and there is no reason to assume that it will be much different for M. laevis. Only two types
‘6f grazers are found in reasonably high numbers in the kelp forests of M. laevis, these being
the sea urchin Pseudech.inus marionus (up to 50 m2 or 67 g.rr'x'2 wet mass) and several
isoﬁods domin;clted by Dynamenella eatoni (up to 4197 _.m‘2 or 42 g.m'2 wet mass) (Beckley
and Branch, in prepv.)'. .The> diet of these grazers isv unknown, though they may not be
grazing live material (they were not observed on live plants), but rather dead fronds as is the
case in several south American communities (Castilla and Moreno 1982, Dayton 1985). In
the absence of direct herbivory it would appear that the fate of the kelp is either to deposit on
the shore where it fuels a decomposer community (Crafford and Scholtz 1987), orto wash
to géa._ Crafford (1984) ﬁoWever notes that while decomposing D. antarctica frpnds are
‘heavily colonised by endemic dipteran larvae, the fronds of M. laevis are avoided by
macrofauna. The benthic community of the South Orkney Islands displays a similar paucity |
of direct herbivory and a preponderance of detritivores (Richardson 1979). Although the
presence of productive M. laevis forests may have a pronounced influence on the benthic
commﬁnity structure around the islands, the contribution of this kelp's productioﬁ to the

ecology of the island seas would seem to be limited.
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" Table 12: A comparison of the various sources of organic carbon input into the Prince
Edward Island Sea, as estimated in the month indicated. The phytoplankton production

estimate is the mean ofa highly variable data set.

‘Source gC.m'Z.d'1 Month Reference
Durvillaea antarctica 7.1 Year round Haxon and Grindley 1983
M. laevis 7.7 April This study
M. laevis 11.5 August This study
.- Phytoplankton 2.1 April ' - Duncombe Rae 1988
Introduced material 4.63 April Perissinotto 1989
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Chapter 4

Patterns in the benthic communities on the shelf of the Prince
Edward Islands

~ Abstract-Benthic communities at the Prince Edward Islands were sampled qualitatively with an

. epi-benthic sled at 57 stations over a five year period. Additional impressions of these
communities were obtained from replicate underwater photographs. The sled was found to be
An ineffective sampler on rocky substrata, while the presence of several major taxa was missed
on the photographs although they were found in sled samples. Macrofaunal species diversity
was impoverished compared to Antarctic communities. This is ascribed to the extreme isolation
and geological youth of the islands. A clusfer-analysis based on species abundance alone
aggregated most stations into 8 recognisable communities. Each of these communities had a
unique depth and substratum combination. Indicator species are listed for each of the groups.
Deep, rocky substrata were dominatéd by Po;ifera, bryozoans and cnidarians, while soft-
s’_uBStrata were. dominated by polychaetes, bivalvgs and brachiopods. Errant forms consisted
predoxrlina:ntly' of echinoderms, with crustaceans being important in shallower habitats. Filter
feédefs dominated the islands' benthos. The shrimp Nauticaris marionis was abundant
x everywhere. The 1ike1y influence of the islands' oceanographic processes on the benthos is

.‘  discussed, including the repeated massive diatom blooms which are a frequent occurrence, and

- the possibility of current eddies.
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Introduction

The Prince Edward Islands of the sub-Antarctic Indian ocean are among the most isolated of
terrestrial and shallow marine environments around the globe. Situated at 46°50'S; 37°50‘E,
they lie 2300 km from the nearest continental land mass, and 760 km from Crozet Island. The
islands are valso relatively young, their volcanic origen being dated at approximately 276000
years before present (McDougall 1971). The volcano on which the islands rest elevates about
1000 km? of ocean floor to within 200 m of the ocean surface. Despite the intrinsic interest of
the islands, collections of the benthic fauna have been limited. Prior to this survey marine
~ benthic invertebrates were collected on the voyage of the Challenger in 1873, by the French
Bouganville Expedition in 1939, by the South African Biological and Géologica] Expedition in
1965-1966 and by the French expedition of the 'Marion Dufresne’, 1976. A systematic
account of the South African collections was published by Van Zinderen Bakker et al. (1971),
baséd on the benthic sampling in intertidal habitats, by divers or among material cast ashore.
De Villiers (1976) conducted a thorough study of the fauna and flora of the intertidal
community, and provided descriptions of these communities. The present report is based on an
extensive survey of the benthic fauna of the Prince Edward Islands, which was conducted on 8
relief voyages of the 'M.V. S.A. Agulhas' between 1984 and 1989. Specimens were collected
from depths ranging from 30 to 880 m at 57 sites around the islands.

Being isolated and geologically young, the islands' terrestrial communities are not diverse
and have few endemic species (Van Zinderen Bakker et al. 1971). ‘Although the easterly flow
of the Antarctic Circumpolar Current provides a route for colonisation for marine species from
similar latitudes in the west, about 50% of the Antarctic benthic invertebrates apparently do not
have pelagic larval life stages (Thorson 1950, White 1984). As a result, endemism in the
Antarctic is high and colonisation slow. The Prince Edward Islands are thus not likely to have
as diverse a benthic community as that of the older Kerguelen and Crozet Islands or the South
American continental shelf.

One of the major points of interest to biologists working on the communities of this island
group are the sources of production which sustain large stocks of marine mammals and birds

resident on the island. The problem is interesting as the sub-Antarctic ocean is characterised by
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very low primary production. The archipelago itself provides an 'island-mass effect' which
results in high production by planktonic diatoms locally, although the transfer of this energy to
zooplankton is very inefficient (Perissinotto, in press). The benthic community is now believed
to play an important role in sustaining the avifauna (Perissinotto and McQuaid 1990). The
trophic dynamics of these benthic communities is still unknown. Furthermore, no quantitative
estimates of benthos have yet been obtained, partly because of the difficulty and expense of
doing so at these remote islands. This paper is a report on the classification of the benthic
communities based on the extensive qualitative sampling program recently completed. It is
intended to form a foundation for understanding the structure of the benthos and its trophic role

in the food-webs of the arcgipelago.

Physical environment

Figure 15 shows the bathymetry of the region. The older, exposed grey lavas have been dated
to 276000 (£ 30000) years before present. The last volcanic activity occurred about 15000 (+
8000) years before present resulting in black lava (McDougall 1971).

Sea-surface temperatures fluctuate between 4° and 8°C, variations depending largely on
the position of the weak sub-Antarctic front (SAF). This poorly-understood front lies on
average just north of the islands, but meanders considerably (Lutjeharms and Valentine 1984),
sometimes moving across the isands. Mean mid-summer and mid-winter sea-surface
- temperatures differ by only 1.5°C. Vertical temperature profiles show the existence of a highly
variable, often tenuous thermocline. Typically the temperature at 50 m depth is the same as that
of the surface, whereas at 200 m, 500 m and 1000 m the temperatures are 3 - 5°C, 2.5 - 3.5°C

and 2.6°C respectively.

Methéds

The benthic communities on the Prince Edward Islands were sanipled at 57 stations (figure 15)
over a range of depths from 30 to 880 m with an epi-benthic sled (figure 16). At each station
the sled was dragged from the stern of the 'M.V. S.A. Agulhas' at a maximum velocity of 2

knots for approximately 10 minutes. The entire sample was sieved through a 12 mm and a 1
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mm sorting tray. In cases where an excessive amount of material filled the sled, a sub-sample
of 100 I volume was sorted, while the remainder was searched superficially for rare specimens
in case they were not represented in the sub-sample. Sediment samples collected by the sled
were retained for a geological classification upon return to Cape Town. All retained specimens
were sorted by species and fixed in a 4% formalin solution. In Cape Town the specimens were
~ identified and counted. Identification was based on a series of keys to the fauna developed by
Branch et al. (in prep.).

Soft-sediment sat_hples were split into the three components: gravel, sand, mud (silt and
vclay) and the proportion of each was quantified. The gravel fract_ion was separated by dry-
sieving the entire sample through a 2 mm sieve. The remainder was sieved under water

through a 63 pum sieve to retain the sand fraction, the fraction which passed through being

classified as silt and clay, collectively termed mud. On the basis of these proportions, and the =~

occurrence of rock estimated from photographs, substrata were classified into 6 types (the codes
whic‘h appears in parentheses are used in table 13); viz. (O) > 50 % rock, (1) 10 - 50 % rock, (2)
>20 % gravel, (3), 5 - 20 % gravel, (4) >5 % mud and (5) > 95 % sand. "

A series of underwater photographs (up to 60) were taken at most stations. A wide-angle
| camera was mounted in a pressure housing on either sicie of which was mounted a flash. The
camera was lowered until it was 2 m from the bottom, at which point a rod, suspended from the
chamber, triggered the camera and the flashes as it made contact with the sea-bed. The chamber
was raised and re-lowered to 2 m from the bottom after each photograph to reposition the
camera and to recharge the battery. The area of sea-bed pictured in each photograph was 1.0
m?.  Not all photogfaphs were successful, for many were out of focus or the flash failed to
operate. Up to 12 of the clearest photographs were used for counting specimens and for

assessing the area covered by organisms.

Statistical methods

Species abundances were transformed into ranks according to the following rules:
rank 0 - absent
rank 1 1 - 5 animals
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rank 2 . 6- 15 animals

rank 3 ‘ -16 - 30 animals
rank 4 31 - 50 animals
rank 5 , 51 - 100 animals
rank 6 101 - 300 animals
rank 7 301- 1000 animals
rank 8 » > 1000 animals

Sponges and bryozoans, which could not be counted as individuals, were catagorised by

volume:

rank 0 . absent
" rank 1 <5ml

rank 2 5-25ml
rank 3 25-75ml
rank 4 75 -250 ml
rank 5 250 - 500 ml
rank 6 500-1500 ml
rank 7 1500 - 3000 ml
rank 8 > 3000 ml

' -Saniples (or stations) were cltlstered by the Bray-Curtis similarity. index based on species
| ~ abundance expressed by rank. A dendtogtam was created by the group-average sorting
procedure, which joins two groups of samples at their average level of similzirity. Abundant
Species were not downweighted. The percentage contribution of each species towards the
évetage~ Bray-Curtis dissimilarity between two groups was used to extract theimportarit
o diagnostic species of each group. A further criterion for selecting indicator species wasv that
| they be present in all the stations of one cluster, but absent (or vefy tare) in all the stations of the
‘sister cluster. _' Differences in depths and the frequency of substratum types between groups

were tested using one-way ANOVA and two-way CHI-Square tests respectively.

Differences between the chance of a taxon’being recorded as present by the sled technique and

by the photographic technique were tested with a one-sample t;test. A taxon was assigned the

valiue_l for a particular station and if it was recorded as present. The difference between the
presence/absence score of the sled technique and of the photographic technique was computed

for each major taxon for each station. This value was either -1 (recorded by photographs but
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not found in the sled sample), O (recorded as present or absent alike by both techniques) or 1
. (found in the sled sample but not in the photographs). If the 95% confidence interval of the
mean difference between the presence (1) or absence (0) score for all stations did not include

zero, the null hypothesis (that both techniques record taxa equally well) was rejected.

Results

Table 13 lists the (1) number of species recorded, (2) the depth, (3) the substratum type, (4) the

. percentage of ground covered by anixnals, and (5) the proportion of species of each feeding type
for each of the 57 stations sampled. In total 546 nominal species were recorded, 41% of which
were neQ records for the islands, and about 10 % of which were undescribed. Between 0 and
70 species were recorded at each station. The number of species recorded per station was not
related to depth nor the substratum type. The percentage of ground covered by living
organisms was 32.5% 'oﬁ average for all stations, but was extremely variable (s = 24.8%). Of
this variation, 21.5% was explained by a negative exponential correlation with depth (p < 0.01);
the deep stations had much less ground covered than shallow stations. There was, however,
no diffe{ehce in percentage ground cover between substratum types. |

Figure 17 shows the distribution of various substrafum types around the two islands. The
substratum has been sampled only at the 57 stations which formed part of this work. Generally
the central plateau and inshore stations in the lee of the two islands are characterised by soft-
substrata, whereas rocky-substrata form the deeper and sloping ground on the edge of the plateau
and on the inshore, exposed coasts. A one-way ANOVA shows considerable overlap in the
depth ranges of the substratufn types, but also that the stations with rocky-substrata occur at
greater depth than stations with soft substrata. The soft-sediment samples were similar
throughout, being composed of sand (90.7 %, sd = 15.4 %), gravel (5.2 %, sd = .14.9 %), clay
(0.9 %. sd = 1.3 %) and silt (2.3 %, sd = 4.3 %). The gravel component was most variable,» "
influenced by only a few stations predominated by gravel. The efficacy of the dredging
technique and of the photographic technique for recording specimens from the respective phyla

were compared from presence/absence information. The null hypothesis, that the probability of a

79



30’

35’

40'

45’

50’

55°

47°

Figure 17: The substratum types as determined from photographs and from

samples retrieved from the sled.

40 50' 38°
|
|
- ROCK ]
PR - PARTIAL ROCK
G - GRAVEL i
GS - GRAVELLY SAND !
M MUD .
S - SAND
|
s .
PRINCE ;
EDWARD :
. !
R |
e h
R: M (
PR ]
S M ‘
S —1
M o
M s ’
M l
s ' R ,
M
M |
R MARION ISLAND ]
M
s
PR R !
M PR
R R —]
R R
R
R
| J ] 1
40’ 50’ 38°E

30’

35’

40’

45’

50" - -

55’

47°S



TABLE 13: A listing of the some physical and biological information of each station sampled. The code for substratum

type is explained in the text (see p 77).

Station = Depth  Substratum # species % cover % Filter ~ %Deposit % Grazers = % Predator

- (m) "~ feeders feeders Scavengers
1 90 5 46 51 40 0 8
2 125 0. 38 _ 55 36 3. 6
3 135 4 38 38.2 59 34 0. 7
4 147 1 28 41.1 417 49 0 -4
5 71 1 16. 15.3 62 38 0 0
6 52 0 38 76.8 56 36 0 8
7 44 0 16 56.6 70 27 0. 3
8 255 1 34 14.1 58 32 0 9
9 44 3 15 1.3 41 55 0 3
10 72 0 8 50 50 0 0
11 132 4 43 29.5 66 24 1 8
12 151 4 58 34.7 59 23 1 17
13 140 4 65 14.3 57 26 1 17
14 85 40 56 35 0 9
15 49 3 46 33 45 1 - 21
16 165 4 56 64 23 1 12
17 355 0 54 54 21 3 22
18 228 4 49 8.6 61 29 0 10
19 210 4 42 22.8 58 30 2 9
20 . . 38 0 35 29 48 6 17
21 350 0 9 50 22 0 28
22 391 0 31 74 13 0 13
23 31 5 15 69.2 63 25 4 8
24 107 4 39 351 55 33 2 11
25 139 4 68 37.0 69 18 2 10
26 179 4 57 7.9 72 23 1 4
27 112 5 46 79.8 79 14 0 7
28 240 5 58 69 22 1 8
29 145 4 43 51.9 77 20 0 3
30 120 5 48 64.7 68 21 3 8
31 63 4 43 59.6 58 29 0 13
32 147 4 43 38.9 77 21 0 3
33 110 5 40 44.0 67 25 0 8
34 208 4 34 13.2 - 83 13 0 5
35 204 5 29 7.0 59 28 1 12
36 106 4 45 98.8 76 18 0 6
37 474 1 64 18.8 64 23 1 13
38 200 5 61 30.6 717 16 0 6
39 368 0 68 2.3 66 19 3 12
40 420 5 34 44 317 4 15
41 210 0 44 69 15 "0 16
42 510 0 70 20.6 68 17 0 14
43 475 0 58 25.8 58 25 1 15
44 527 0 65 56 27 0 17
45 480 0 29 88 9 0 3
46 49 5 12 18.5 37 42 5 16
47 52 5 39 61 23 2 13
48 98 5 43 54 29 0 17
49 290 1 47 7.5 73 16 0 11
50 45 4 0
51 50 3 28 55 26 2 17
52 370 0 28 7.2 59 22 0 20
53 693 0 31 ' 59 22 0 20 .
54 102 2 52 42.2 . 63 23 1 13
55 45 1 43 : 44 27 7 21
56 750 0 8.0 38 31 0 31
57 697 0 253 0.3 63 4 4 29
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phylum/class being recorded as present is the same for both techniques, was rej-ected for
bryozoané, hydrozoans, polychaefes and ophiuroids, which had a greater chance of being
- represented in a sled sample than from being detected in a photograph. Fish and octocorals
- were recorded best by photographs, although it is possible that many hydiozoans were
mistakenly identified in the photographs as ocfocorals. As the abundance scores were
estimated from several photographs (5 - 12) it was possible to estimate the distribution pattern
from the ratio of the variance (sz) to the mean (Zar 1984). If the ratio exceeded 1.0 (p < 0.05,
t-test) Vthe distribution was assumed to be clumped, whereas if the ratio was not different from
1.0 the distl"ibution was assumed to be random, or regular if less than 1.0. Again, data were
lumped by phylum or class, the effect of which was to reduce the likelihood of diagnosing a
non-random distribution, where individual species might have been non-randomly distributed.
Hydrozoans, anthozoans, bivalves, echinoids, asteroids and gastropods appeared irregularly in
-replicate photographs from each station.
The majority of animals dredged per stati'on,' 60.3% (s = 12.2%), Were filter feeders,
22.5% (s = 10.8%) were deposit feeders, and 11.9% (s = 7.5%) were predators/scavengers.
No trend or differences in these proportions were evident with respect to depth or subsuatuﬁl
type. |
| Figufe 18 is ‘2.1 dendrogram of samples based on the Bray-Curtis similarity index. The
variability in species scores was high (CV ranges from 1 to 3) and the similarity between
‘ samples was low in general, no stations being more than 70% similar. Figure 19 maps the
| groups of samples which are at least 40% similar on average. Eighf clusters occur, which form
recognisable communities each with unique depth and substratum combinations. | Eleven
stations were regarded as outliers; they showed less than 40% similarity with any other station..
An analysis of variance confirms that the depths of these eight groups are significantly different
(p < 0.05). The relative frequency of occurrence of each substratum type in each group was
tested with a two-way Chi-Square test, which showed that the proportion of substratum types in

each group were also different (p < 0.05). Those communities in depths > 100 m were less
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variable than those close inshore. Samples taken immcdiafcly adjacent to the islands tended to
be unique, most not clustering with any other station.

The important diagnostic species and the physical characteristics of the groups, are
digplayed on a dendrogram, simplified to show only the dichotomies of fnajor groups (figure
20). The diagnostic species are not necessarily the most abundant in a group, but rather those
which distinguish one group from another. Several more species presented themselves as
can;didatc_ indicators than are represented. The selection, although not entirely objective,
favoured non-colonial, easily identified spcéies which contributed substantially to the average
dissimilarity between the groups. The physical characteristics of the majar grbups and the
R species constituting at least 50% of the animals in a group are listed below (groups are displayed

figures 18 and 19).

Soft sediment, moderate depth: Group A was the largest group, with 16 stations (at 43%
similarity). This group of stations dominated the moderately shallow (45 - 150 m) section of
the inter-island plateau,- predominantly in the lee of Marioﬁ Island extending to the Natal Bank.
In all except one of these stations (station 2) the substatum was characteristically soft-sediment.
,'Pse'udechzfnus marionis (Echinoidea), Nauticaris marionis (Decapoda), Ophiurolepas intorta
(Ophiuroidea), Térvia irregularis (Bryozoa), Lanice .conchilega (Polychaeta) and Limatula
pygmaea (Bivalvia) accounted for > 50% of the animals recorded in these stations.

Eleven stations clustered at 40% similarity to form group B and were distributed in deeper
water surrounding the previous group. The depth of these stations ranged between 145 and |
.'3.70 m, and all had soft-sediment. Opﬁiocten amitinum (Ophiuroidea), sponges, Lanice
~ conchilega (Polychaeta), Diatosula marionensis (Bryozoa), Pseudechinus marioni; (Echinoidea)
and Magellania kerguelenen&is (Brachiopoda) accounted for > 50% of the animals recorded in
this group.' |
Rocky bottom, deep water: Three groups of samples were associated with deep (> 300 m),
rocky substrata. Four stations south-west of Prince Edward Island emerged as a unit at 43%
similarity (gfou‘p- C). They occurred ét depths of between 470 and 530 m, all with rocky
substrata. Sponges, Thourella variabilis (Octdcarallia), Ogivalia elegans (Bryozoa), Arctu?ide_s

cornutus (Isopoda) and an unidentified crinoid species accounted for > 50% of the animals in
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this group. Two stations south-east of Marion Island were 60 % similar (group D). They
occurred in shallower water (200 - 300 m) and had a substratum of mixed sand and rock, but
shared the same major species as those of the previous group. Another group of stations (43%
similarity) occurred south-east of Marion Island in depths ranging from 390 - 700 m, on sloping
rocky substrata (group E). Sponges, Ogivalia elegans (Bryozoa), Thourella variabilis
(Octocorallia), Diatosula marionensis (Bryozoa) and Cornucopina pectogemma (Bryozoa)
accounted for > 50% of the animals recorded in this group.

Shallow, in-shore: Those communities sampled close inshore to Marion Island in < 100 m
depth grouped together to form at least three separate communities. Three of these inshore
stations were 43% similar (group F). Each had a gravel bottom and was on the exposed
(western) side of the islands. In this group the important species Were Pseudechinus marionis
(Echinoidea), Nauticaris marionis (Decapoda), Margarella expansa (Gastropoda) and
Ophiacantha vivipara (Ophiuroidea). Three shallow (50 - 100 m) soft-bottom stations were
42% similar (group G). The important species here were Allotanais hirsutus (Tanaidacea),
Halicarcinus planatus (Decapoda), Hippothoa sp. (Bryozoa) and Thelepus setosus (Polychaeta).
Two very shallow (30-40 m) stations with soft-sediment formed group H, different from the
other two inshore groups (45% similarity). These two stations shared Nauticaris marionis
(Decapoda), Allotanais hirsutus (Tanaidacea), Hippothoa sp. (Bryozoa) and Osthimosia bicornis
(Bryozoa) as the dominant species. It was also striking that many of the shallow stations were

unique, failing to cluster with other stations at 40% similarity.

Discussion

Samples from the epi-benthic sled provided qualitative information in the form of presence or
absence of taxa, and the relative abundance of each. The reliability of this information can be
questioned for two reasons. The sled did not operate efficiently on hard, rocky substrata,
indeed it was not designed to do so, and might not have given representative samples.
Dredging on the shelving, irregular bottom was always a tricky operation. Over the five-year
duration of this study, four dredges were snagged on rocks and lost, despite there being a safety

release mechanism. While most of the diverse samples (> 60 spp.) were taken from rocky
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substrata, so wefe the least diverse samples; the variability of rocky substratum samples was
.greater than that of any other substratum type. Of the stations which showed less than 40%
similarity to any other station, 80% were of rbcky substrata. While this variability might be a
feature of rocky substrata, the difficulty in sampling this habitat must be considered as a likely
cause of the sample variability. Unfoftunately there was no better method of sampling the
'-rocky substrata.

The slgd, with a mesh size of 2.0 mm, is a 5e1ective sarhpler. Some meiofauna less than
2 mm were retained in the 1 mm sortihg tray, but the fraction lost from the sled could not be
determined. Only the macrofauna could be sampled reliably. The accuracy of the community |
patterns deduced from these safnples was severely biased by the exclusion of the meiofauna,
particularly for soft-substrata. It was practise to repeat a tow where it was evident that a
significant proportion of the sample was lost through the mouth of the sled, particularly as the
ship surged while the sled was close by. This event might have occurred out of sight on some
occasions, although a bias caused in this way was probably less significant than the previous
sources of error.

- One of the principal objectives of taking submarine photographs was to visually assess the
type of substratum. The classification of substratum was based on information from the
photographs and on the analyses of samples brought up by thé sled. Repeated photographs at
éach station also gave a measure of the dispersion of conspicuous taxa. However, several taxa
were repeatedly not found 6n photographs at stations where they were found in sled samples.
These groups included small species (gastropods, isopods and amphipods), clumped species
(ophiuroids) and burrowing species (polychaetes). The photographs did show a high
oéiurence of fish, which were seldom ‘trapped in the sled, and gave a considerably different and -
incomplete iﬁlpression of the benthic invertebrates. For this reason, analyses of abundance and
presence/absence data were restricted to the sled samples.

The macrobenthic diversity at stations sampled at the Prince Edward Islands is
considerably léss diverse than that recorded on the Antarctic continental shelf. For that area the
number of species per station was typically 60 to 110 (Richardson and Hedgpeth 1977),

whereas at the Prince Edward Islands the corresponding values were 15 - 60. Saunders (1968) |
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and Lowry (1975) concluded that the diveréity of Antarctic benthos was due to the stability of
the physical environment. While the physical environment is stable at the Prince Edward
Islands too, it is the youth of these islands and its isolation which most likeiy account for the
lower macrobenthic diversity than elsewhere in the southern ocean.

The similarities of stations based on the ranked species abundance allowed several
communities to be distinguished. Each of these communities corresponded to a particular depth
range and/or substratum type. Trends in ecological indices, however, could not be found -
species richness, feeding type composition, and the occurrence of major taxa did not differ with
respect to depth or substratum type. The problem with recording species richness precisely,
particularly on rocky substrata as discussed earlier, might have masked real differences in
diversity. Moderately high diversities were encountered in some of the deep rocky stations
and, despite this finding not being consistent, it may be a feature of these stations. The
percentages of filter feeders and depdsit feeders, because they are calculated from a large
number of species, are less likely to be biased. These show that, even for muddy substrata,
filter-feeding is the dominant form of nutrition among the benthic species. In this respect, the
macrobenthos of the Prince Edward Islands is similar to that of the Antarctic where sessile filter
feeders dominate, namely sponges, bryozoans and cnidarians on rocky substrata, and bivalves,
brachiopods and filter-feeding polychaetes on or in soft-sediments. The errant forms at the
Prince Edward Islands were dominated by echinoderms, with crustacea, particularly isopods
and amphipods, being more important in shallowef water. Nauticaris marionis deserves a
mention as it was abundant throughout the region.

Examining the distribution of taxa among the substatum types yields confusing patterns.
While; for instance, bryozoans were more conspicuous on rocky substrata, this phylum was
well represented in all samples. Similarly, polychaetes occurred on both soft and hard
substrata. A more useful approach is to examine the species which contribute most to the
dissimilarity between communities which have different physical characteristics. This yields
the following description of the broad communities of the Prince Edward Islands (figure 20).

(1) Deep, rocky communities formed a group separate from other groups, being

distinguished by the presence of the cnidarian Thourella variabilis, an isopod Arcturides
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cornutus which is associated with T variabilis, and the bryozoan Caberea darwinii; and an
absence of the polychaetes Serpula vermicularis and Lahice conchilegd and the brachiopod -
Magellania kerguelenensis. |

| (2) The remaining stations were all shallow and split into two groups. A very shallow,
in-shore component (40 - 100 m) was characterised by the presence of the isopod Dynamenella
eatoni’, the crab Halicarcin.us planatus and the bryozoan Tubulipora sp., whereas the deeper
groups had the bryozoan Tervia irregularis, and the holothurian Psolus pseudodubiosus.

All these groups subdivided further according to their average Bfay-Curtis similarity, and

“in each case the subdivisions could be distinguished by the depth, substratum type or degree of
exposure. The diagnostic scheme presented in figure 20 at each of the dichotomies is not
entirely objective. Simply listing the species which contribute most to the dissimilarity févours
highly abundant species, which might be present in both groups élbeit in very differeht

proportions. For this reason the diagnostic species include less abundant species which
occurred in one group but not at all in the other. Their collective presence is thus' diagnostic.

Because of the confusing array of species available for this task, only the best-described major

taxa were searched for indicator species;
Picken's (1985) list of major factors affeéting Antarctic benthic community composition
includes organic input, besides depth and substratum typé which had already been shown to
influence the Prince Edward Island communities. Although spatial variations in organic flux to
- the sediments of the Prince Edward Islands have not been established, the overlying water does
Support high primary production, and its the effect oﬁ the benthbs must be considered. Dayton
and Oliver (1977) demonstrated differences between communities bathed by oligotrohic and

.éutrophic water at McMurdo Sound, Antarctica. Eutrophic water supported a diverse and
abundant benthic fauna, while the opposite was true for oligotrophic Water.

'fwo major sources of energy for the Prince Edward Island benthic communities can be
identified, viz. (1) downward flux of phytoplankton and (2) material imported by the Antarctic
Circumpolar Current (ACC). Whereas the sub-Antarctic surface water is generally poor in
chlorophyll, the pelagic water around the islands is often rich in chlorophyll of diatom origin.

This is true of all sub-Antarctic Indian ocean islands. At the Prince Edward islands the
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dominant species is Chaetoceros radicans which has reached phenomenal densities of 10°
cells.m™ (Boden 1988). Isu ggested that the reason for the recurrence of this species is due to
its habit of forming resting spores. At the advent of unfavourable conditions the resting spores
develop and sink to the shallow sediments, from where a dormant population can re-seed
surface water. The benthic community may thus be in a position to receive a significant
proportion of surface production. The concentration of Chaetoceros diatom cells at the
sediment-water interface has been found to exceed that of the overlying euphotic water in the
southern Benguela (Pitcher 1986). If this sinking process is of a similar magnitude at the
Prince Edward Islands, it would imply that enormous quantities of diatom cells feed the
benthos, an argument supported by the high proportion of filter-feeders. Although the diversity
of this benthic community is impoverished, due perhaps to its geographic isolation and relative
youth, a quantitative survey is likely to reveal a high standing crop. The percentage of ground
covered by organisms was high, 32.5% on average, reaching a peak in shallow water. Few
studies could be found with which to compare this value. Thorson (1957), however, estimated
that, on average, macrofauna occupy 10% by area of the sea bottom, reaching a maximum in the
| littoral zone. At 9 stations the ophiuroid numbers counted from § - 12 photographs exceeded
30 individuals.m'-z, with an average of 193 at station 4 Similarly densities in excess of 20

2 were not unusual for Nauticarius marionis.

individuals.m’

The role of the shrimp Nauticaris marionis in coupling benthic and pelagic food webs was
invesﬁgated by Perissinotto and McQuaid (1990). This shrimp, which was found at the
majority of staﬁons, forms a major fraction of the diets of the Gentoo penguin (26% by mass),
the Macaroni penguin (5% by number), the rockhopper penguin (9% by number), the Imperial
cormorant (19% by mass) and the fish, Paranotothenia magellanica (4% by mass) (Perissinotto
and McQuéid 1990). Nauticaris marionis in turn feeds principally on foraminiferans,
bryozoans, octocorals, harpacticoid and calanoid copepods and euphausiids. These two latter
pelagic sources of food suggest that this benthic, or suprabenthic, shrimp may be in a position
to 'predafe on downwardly migrating zooplankton, particularly euphausiids and copepods. The

vertical migrators which would normally occur at > 300 m depth during daylight hours reach the

shallow island plateau at a depth of < 200 m, should they pass over it at the break of day. The
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success of Nauticaris marionis might to some degree depend upon material introduced from the
adjacent pelagic system, in addition to the stocks of benthic prey.

The study of the biogeographic affinities of the Prince Edward Island benthic fauna
remains an uncomplete and major undertaking. White (1984) lists the species characteristic of
sub-Antarctic islands as one of four principal biogeographic components of Antarctic benthic
fauna. The agent of dispersal is the ACC, which would have carried the Islands' present fauna
from southern South America and from the Scotia Arc. The Prince Edward Islands do interupt
the west-wind drift and oceanographers have speculated on what effect this might be (Allanson
et al. 1985, Boden 1988, Duncombe-Rae 1989, Perissinotto and Duncombe Rae 1990). It is
likely that a Von Karman Street (a wake embedded with eddies) develops on the lee side of the
islands. Whether or not a stationary eddy, in the sense of a Taylor column, is trapped at the
islands is a theory which has yet to be tested. Should such an eddy exist, it would have
important consequences for the dispersal and recruitment for those benthic species with pelagic
larval stages. Both the existence of an eddy and the occurrence of benthic species with pelagic
- larvae are quesfions which would be pertinent to an investigation into the adaptations of the

~ fauna of the Prince Edward Islands to their insular existence.
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Conclusions

To draw a single conclusion from the diverse chapters in this thesis is quite impossible.

Instead, I intend to discuss the relevence of the findings in terms of the several points of interest

which I outlined in the introduction. It is fair to say that during the past three years, or more,

our understanding of the functioning of the marine communities of the Prince Edward Islands

has altered considerably. My own work formed only a very small part of the effort and ideas

" which have brought about this change. Very few of the original questions are resolved, rather
they have merely shifted focus and new hypotheses present themselves for testing. These I will
discuss in t.urn.

The theory presented in chapter 1 on the cause-of diatom blooms at the Prince Edward
archipelégo is different from that suggested previously. I contend that, in so far as diatom
growth is concerned, the physical structure of the water mass at the archepelago is not different
from that of the adjacent oceanic water. The cause of the repeatedly observed blooms is not due
to a physical feature in the water unique to the archipelago. While the botential for diatom
bloom development is uniform everywhere in this region of the ocean, it is the presence of a
p.opulation of diatom resting spores which seeds blooms locally and repeatedly. Dr L.

v»Hutchings (pers. comm., Sea Fisheries Research Institute, Cape Towh) and Dr R. Perissinotto
(pers. comm., Southern Oceans Group, Rhodes University,' Grahamstown) are of the opinion
that the development of a bloom will, nonetheless, require a mechanism to retain the plankton in
the vicinity of the archipelago in order to account for the observed distribution of the blooms and
to allow the spores to fall on the shallow sediment. However, it must first be demonstrated that
a current exists over, or adjacent to, the archipelago which will rapidly remove plankton from
the ~1500 km? area should a retention mechanism not exist. I suggest that to resolve this issue,
firstly, no amount of speculation on the currents will be useful, unless these currents are
measured by drogues, moored current meters or a ship-based acoustic doppler current profiler.
Although we know the general velocity parameters of the Antarcic Circumpolar Current, its
meso-scale characteristics around the isiands are not resolved. Secondly, the concentration of

resting spores should be measured in the sediment and at the sediment-water interface with a
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bO)-(;COIC, and the downward flux of reétin_g spores should be measured during a bloom wi.th
moored sediment traps. |

I have searched in vain through all the available evidence to réach a conclusion on what the
physical reason for the development of the bloom might be, nonetheless I still suspect thét these
diatoms ar'ev light-limited, and that their growth depends on the stability of the water-column.
.This issue is indeed still very topical Witil respect to Antarctic phytoplankton.

The abrupt intrusion of the islands in the deep Indian Ocean affects the marine
communities in two ways. Firstly, it providés a purchase for species which would otherwise
not exist there. This is true not only for birds and shallow marine invertebrgtes,_ but also for
kelp and diatoms which are major producers. The role of kelp in thé food-web, és discussed in
vchap_ter 3, is limited to fueling a littoral microbial community. At first glance the role of diatoms
appeared equally disappointing, for the desert-like sub-Antarctic ocean (mean chlorophyll ~ 0.3
mg Chl-a.m™) supports tod few herbivores to take advantage of the islands' diatom blooms (up
to 2.2 mg Chl-a.m'3) (Perissinotto, in press). Many of the copepods and euphausiids at the
Prince Edward Islands, which were examined in chapter 2, were a mixcc_l bag more commonly
found in either Antarctic or sub-tropical water. The euphausiids were found to be in poor
condition, judging from their low fat content at the end of summer when they would be expected
to be replete with lipids. It appears as if those species occuring at the islands originate from
populations centred on either the Sub-Tropical Convergehce or the Antarctic Polar Front, which
are highly productive regions. Measurements of zooplankton abundance along a north-south
transect across both fronts might confirm that herbivores are more successful at the frénts either
side of the Prince Edward Islands.

| However, it now appears as if .sinking diatoms might fuel a lzirge benthic biomass
(Perissinotto and Boden 1989), as does eutrophic water at the Antarctic ice-edge. - Similar to
that of the Anﬁxctic, the benthic community of the Prince Edward Islands is dominated by filter-
feeders. The abundantvpenguins and cormorants are utilizing the benthic resources, thus
indirectly benefitting from the blooms. These speculations require confirmation by a detailed

quantitative investigation of the organic flux to the sediment and of benthic standing stocks.
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Secondly, the intérruption of the ACC by the islands is the basis for the 'conveyer-belt'
. effect described by Penssmotto (1989). He pomted to the p0551b111ty that the fauna of the
archlpelago removes matenal from the water-column as it passes by, and that this source of

- energy might be more important than the in situ production.
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