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ABSTRACT

This thesis examines the ecology of zooplankton, midwater fishes and top predators
off the east coast of Tasmania in relation to the regional oceanography. This work
was completed from small (<15 m) to large (60 + m) fishing and fisheries research
vessels using nets ranging from fine-meshed plankton nets (100 pm) to large
midwater trawls (cod end mesh size 10 mm). Further data was obtained from the

Maria Island hydrographic station and the AFZ observer program.

The study area was situated in and around the northern edge of the subtropical
convergence zone. This zone separates the most southern edge of the East Australia
Current from the broader subtropical convergence and subantarctic water to the
south. The latitudinal position of this front depends not only on the time of year — in
the summer it extends southward and retreats in winter — but also on interannual

cycles such as the El Nino Southern Oscillation.

On the shelf the distribution and biomass of the major zooplankton species,
Nyctiphanes australis, was closely related to fluctuations in these water masses. This
species is central to the shelf food web — it is, at times, the main prey for predators
ranging in size from larval fishes (eg. those of jack mackerel Trachurus declivis) to
large southern bluefin tuna (Thunnus maccoyii). In autumn, when its biomass is
highest, schools of its main fish predator, jack mackerel form on the surface over the
shelf where they are fished commercially. The central position of N. australis in the
shelf food web was demonstrated in the summer of 1988/89 when warm waters from
an anti El Nino event flushed the shelf resulting in the disappearance of the krill and

the subsequent collapse of the jack mackerel fishery.

Over the continental slope a suite of myctophid species dominated the water column.
These lanternfish aggregate in dense schools over the slope in spring and summer,
migrating to the surface at dusk and descending before dawn to depths between 300-
500 m. Their horizontal distribution is restricted mainly to a thin band (~500 m wide)
over the 300 m contour. One of these, Lampanyctodes hectoris, was central to the
upper slope food web. Examination of the reproductive cycles of L. hectoris and
other abundant lanternfish showed multiple spawning over winter. The winter

spawning is presumably timed so that juveniles can take advantage of increased prey
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levels, mainly euphausiids, which are generated by the spring bloom. Growth in

L. hectoris, which lives up to 3 years, is fastest at this time. In winter they are scarce
over the slope. The reasons for this scarcity are not clear, but it is at least partly due
to the massive predation on them. However, lack of feed — copepods are the main
prey over winter — may limit the size of aggregations that can be sustained. The |
concentrations of lanternfishes during spring and summer form the basis of a food
chain supporting larger fishes such as blue grenadier (Macruronus novaezelandiae)
and jack mackerel, and during summer, other larger lanternfish such as Diaphus

danae.

Offshore, a more diverse community of midwater fishes was identified, which,
although similar among the different water masses, was significantly different in the
surface waters of the East Australia Current, the result of a relative increase in
species of subtropical origin. Densities were an order of magnitude lower than that
found for the slope lanternfish. The diets of lanternfish offshore were dominated by
calanoid copepods, particularly those of the genus Plueromamma. Non-myctophids
within the same size range ate a wider range of prey. Some, such as the Stomiatoid

genus Chauliodus, were entirely piscivorous on lanternfish.

Estimation of the relative biomass of zooplankton and micronekton from the main
geographic and oceanographic regions of the area showed that shelf biomass was
significantly higher than that offshore. This increased biomass appears to be derived
from a mixture of subtropical convergence water washing over the shelf and shelf-
break upwelling. The higher biomass over the shelf was reflected in the daily ration
of shelf-caught southern bluefin tuna (Thunnus maccoyii), which fed mainly on jack

mackerel and had rations ~3 times that of offshore-caught tuna.

I identified 10 trophic categories off eastern Tasmania across the shelf to the open
sea. These were — large pelagic omnivores (eg. Thunnus maccoyii), pelagic
omnivores (eg. Trachurus declivis), pelagic piscivores (eg. Brama brama), small
mesopelagic omnivores (eg. Diaphus danae, Lampanyctus australis and Chauliodus
sloanii), neritic planktivores (eg. Lampanyctodes hectoris), bathypelagic omnivores
(eg. Hoplostethus atlanticus), squid (eg. Nototodarus gouldii), gelatinous
zooplankton (eg. Pyrosoma pyrosoma), oceanic (eg. Pleuromamma spp. and

Phronima sedentaria) and shelf (eg. Nyctiphanes australis) zooplankton.
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A common theme, which has run through many of these studies, was the link
between inshore and offshore processes. Although the dominant zooplankton and
micronekton species were usually restricted in their distributions (eg. Nyctiphanes
australis with the shelf), their main predators moved freely between the inshore and
offshore waters. I believe that the movements of these predators are determined
largely by prey availability. Thus, prey availability, itself dependent upon seasonal
and interannual cycles in the regional oceanography, appears to drive much of the
seasonal and interannual patterns of abundance of larger fishes in the region. Two of
these species, jack mackerel and southern bluefin tuna, are the focus of commercial
fisheries. Their effective management therefore will need to consider (1) the
dependence of the tuna on the mackerel and (2) that both species in this area depend,
either directly or indirectly on krill stocks, which in turn depend on the fluctuations

of the regional oceanography.

Finally, over the period of this study there have been a number of advances both in
techniques and technologies in the study of midwater communities. I have therefore
summarised those techniques and approaches to studying the midwater that I think
have benefited this area of research. I have also identified some of the difficulties

that need addressing.
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CHAPTER 1

GENERAL INTRODUCTION



BACKGROUND

Despite the growing body of work on coastal and nearshore marine ecosystems in
Australian waters there is only limited information offshore. Further, most of these
studies deal with single species (eg. Davis et al. 1990) or at most species groups (eg.
Tranter 1977, Griffiths 1979). One of the first attempts at studying an oceanic
ecosystem in Australian waters was the study of warm-core eddies and their
inhabitants in the Tasman Sea in the early 1980s. In that study detailed
oceanographic measurements (Cresswell 1983) were linked to the distribution of
midwater fish (Brandt 1981, Brandt 1983a), squid (Brandt 1983b, Wadley 1985),
crustacea (eg. Griffiths and Brandt 1981, 1983, McWilliams and Phillip 1983,
Tranter et al. 1983, Young and Anderson 1987, Young 1989) and primary
productivity (Jeffrey and Hallegraeff 1980). Wadley (1985) provided a synthesis of
the fauna and identified faunal provinces in relation to the Tasman Sea eddies. A
further study by Griffiths and Wadley (1986) identified midwater communities that
could be distinguished by the water mass from which they were sampled. Since then
there have been only two studies of midwater communities, both of which were off
Tasmania (Blaber 1984, Koslow et al. 1994 but see also Koslow 1997). There is yet
to be a study, however, of the relationships between midwater communities from
adjacent inshore and offshore waters and the oceanographic processes that affect
them. .

One of the major limitations to understanding the ecology of midwater fauna has
been the lack of suitable sampling technologies. Perhaps a greater limitation,
however, is the notion that because these animals have no immediate commercial
value there is little need for closer examination. However, an increased
understanding of marine ecosystems and the resulting trend to multi-disciplinary
approaches in studying them is changing this view. With improving capture
techniques and advances in oceanography and acoustics, as well as developments in
satellite imagery, analysis of the distribution and abundance of the non-commercial
species is becoming more feasible. There are also increasing data that suggest
predictive models of fisheries need inputs from such sources to more accurately

understand changes in catch rates (Lyne et al. 1997).

Part of the problem in understanding the factors that affect oceanic fauna is that

much of the ocean, although structured vertically (usually by temperature), is



relatively featureless horizontally. However, when one water mass (or current) meets
another quite different oceanic conditions can exist over shoﬁ%@mscales, from
kilometers to as little as metres (Cushing 1982). The boundaries or fronts between
these water masses, identified usually by gradients in temperature and salinity, can
also create unique environments separate to those surrounding them (Brandt and
Wadley 1981). Further, where these water masses butt up against the coast further
potential for differences in environment can exist (Olsen ez al. 1994). Comparisons
between these different environments then can lead to understanding of the physical
and biological factors that determine the distribution and abundance of micronekton
and zooplankton. Where these currents meet with either land or other water masses
there is generally an increase in nutrients via upwelling (Olson et al. 1994). The
enhanced production of these areas commonly results in areas with relatively high
levels of potential prey (eg. Olson and Backus 1985). These prey in turn attract larger
predatory fish which regularly lead to the establishment of fisheries (eg. Podesta et
al. 1993). An understanding of what drives the spatial dynamics of these “feed”
species (in a fisheries sense), therefore, can help our understanding of the factors

leading to the aggregation of commercial fish species.

Boundary currents (Tomczak and Godfrey 1994) fulfil most of the above
requirements as they are close to the coast and interact with other water masses. As
such they are generally major sites of ocean productivity in the world’s oceans, and
so it is not surprising that many fisheries are associated with them (eg. Fiedler and
Barnard 1987). The strength and extent of these currents have both a seasonal and
interannual component. The effect of season is driven largely by distance from the
equator. Temperate latitudes, therefore, are more affected than are latitudes closer to
the equator (Cushing 1982). Interannual differences are driven by more complex
cycles such as those of the often-reported El nino cycle of 7 to 10 years (in the
southern hemisphere the El nino southern oscillation) (Quin 1974). Evidence for
even longer-term cycles — Harris et al. (1988) reported a 45 yr. cycle in the southern

hemisphere — is mounting.

The main current along the eastern seaboard of Australia is the East Australia
Current. This current begins as an offshoot of the Tasman front at ~ latitude 30°S just

south of Cape Byron and flows southward, generally to the southern tip of Tasmania



where it meets colder subantarctic origin waters at the subtropical convergence

(Fig. 1).

THE FISHERIES AND FAUNA OF EASTERN TASMANIA

The waters off eastern Tasmania are home to a number of pelagic fisheries, most
notably those for the southern bluefin tuna (Thunnus maccoyii) offshore and jack
mackerel (Trachurus declivis) on the shelf. There are also some important inshore
fisheries such as that for abalone and rock lobster but these are beyond the scope of
this study. The fishery for southern bluefin tuna is largely carried »out by Japanese
longliners that supply the lucrative sashimi market in Japan, although Australian
trollers and longliners are increasing their involvement. The meat is highly prized
and can fetch upwards of 100 $AUS per Kg. An annual quota of 400 t off Tasmania
is usually met within a couple of months, between May and July (Caton et al. 1995),
although variation in the catch between years is significant (Lyne et al. 1997).
Interannual variations in catch rate are even more pronounced in the jack mackerel
fishery off eastern Tasmania which, for example, took 40,000 t in the 198687
season but only 2 years later the catch was down to 8,000 t (Williams and Pullen
1993). Some of these variations can be attributed to fishing intensity or management
policies. However, changes in the strength and position of the main water masses
can, as Harris ef al. (1987) proposed, also affect catch rates. Therefore,
understanding the influence of physical and biological processes on fluctuations in

these fisheries may lead to better management practices.

Both fisheries overlap the convergence of two water bodies, the East Australia
Current and waters of subantarctic origin, which, depending on their relative
strengths can have a major effect on the regional oceanography and thus on the
associated fauna (Harris et al. 1987). These currents meet close to the coast and as
such also have the potential to influence the main shelf and shelf break ecosystems.
Jack mackerel and southern bluefin tuna are perhaps the most noticeable, and
certainly the most commercial pelagic fishes in the area. However, there are other
(non-commercial) pelagic species that are also integral to the area. Of these, two
stand out — krill and lanternfish. Krill (Nyctiphanes australis) is widespread around
the Tasmanian coastline. It is largely restricted to the continental shelf where it is the
main prey for most fish and bird species of the area. Its importance is underlined

when we consider that it is the sole prey for jack mackerel over the shelf. The latter,



at times, has supported the largest finfish industry in Australia (Johannes and Young
in press). Using data from Ritz and Hosie (1982) and Young et al. (1993) densities of
up to 10 g.m™are possible outside of swarms. The other main species group is the
lanternfish. Although restricted to a thin band over the continental slope in waters of
between 300 and 500 m depth, summer populations of lanternfish (composed mainly
of Lampanyctodes hectoris) reach densities of 390 g.m* (May and Blaber 1989). This
number is extraordinarily high when we consider that global estimates of lanternfish

are usually between 0.1 and 6.5 g.m* (Gjosaeter and Kawaguchi 1980).

BIOLOGICAL OCEANOGRAPHY OF EASTERN TASMANIA
The Study Area
We first began the work on the shelf break off Maria Island in 1984. It soon became

clear that this area, at the junction of East Australia Current water and subtropical
convergence water was a dynamic area with respect to changes in the regional
oceanography, and that it had a significant impact on the distribution and abundance
of the associated fauna. For example, our initial exploratory trawls along the east
coast of Tasmania had yielded small catches of myctophid fishes. Our knowledge of
the slope demersal habitats had remained fairly static because there was limited
trawlable seabed. On the advice of local fishermen (and to avoid the full brunt of the
south westerlies) we started working over the area known as Darcy’s Patch (Blaber et
al. 1987). Almost immediately we started catching significant amounts of both
midwater and demersal fishes (May and Blaber 1989). Later on, when we began
studying southern bluefin tuna in the area we noted that the inshore fishery was
restricted largely between Tasman Island on the southeast corner of Tasmania and
Maria Island. Consequently, most of the studies I have described, particularly on the
shelf and slope, have a narrow latitudinal range. It would appear that this area of the
coast is relatively more productive than further north and it is also likely that the
main reason for this is related to the interactions of the major water masses in the
area (GP Harris, Pers. Comm.). I will discuss the influence of these water masses in

the following chapters but it may be worthwhile to provide a brief summary here.

There are three main bodies of water which affect the east coast of Tasmania (Fig. 1).
They are the waters of the subtropical convergence, the East Australia Current and
the Zeehan Current. The former two generally separate approximately in the vicinity

of Maria Island but this varies depending on the time of year and on year to year



variations. The Zeehan current, derived initially from Leeuwin Current water from

western Australia is seasonal lasting from April to October (Cresswell et al. 1994).

12 14 16 18 20 22
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Copyright 1998 CSIRO

Figure1: Satellite mage showingthe autumn postion of the main water
massesand currents off eastern Tasmania, Austalia (EAC, East australia
Current, STC, Subtropical Convergence; SAW, Subantarctic Water, ZC,
Zeehan Curent). The cold tongue of northward flowing, southerly origin
water usuall found on the gast coast continental shelf,has notyet begun.

In the ensuing papers I discuss the regional oceanography of the area. However, it
should be noted that a central feature of the oceanography is that it is the
convergence zone for East Australia Current water and waters of subantarctic origin
(Wyrtki 1960, Harris et al. 1987, Young et al. 1993). This zone, or subtropical
convergence as it is known, has been the focus of a recent study (Clementson et al. in
press) and its boundaries have been extended beyond that reported here, although I
reported the change in definition in an addendum to Chapter 3. Basically, the

subtropical convergence is now defined as the surfacing of the 34.9 PPT isohaline



and can extend as far south as 47°S. Off South Africa and New Zealand this zone is
far more abrupt than off Tasmania where it can extend over a couple of degrees of
latitude, indicating that physical gradients (fronts) in the area are more gradual.
Hence, what I refer to as subantarctic water will soon be regarded as waters of the
Subtropical Convergence. Nevertheless, such a change in nomenclature does not
change the conclusion that the front off eastern Tasmania is the result of the meeting

of East Australia Current water with waters of subantarctic origin.

Seasonal and Interannual Changes

In the Australian summer the East Australia Current extends southward, bringing
warm, generally nutrient poor water down the east coast of Tasmania where it
dissipates, either through the formation of eddies or via mixing with convergence
waters. At this time the East Australia Current is usually stratified, through lack of
wind mixing, with little added production. With the onset of autumn the strength of
the prevailing westerlies increases, forcing waters of southern origin northward
inhibiting the flow of the East Australia Current. The depth of the mixed layer
increases bringing nutrients into the surface waters where they are fixed by algae
generating the autumn bloom. There is another bloom in spring resulting from the

equinoxial westerlies that are prevalent at the time (Harris ez al. 1987).

Overriding the seasonal pattern are interannual climatic variations that correlate with
the El Nino Southern Oscillation cycle. This cycle can vary from 4 to 7 years (Harris
1988). More recently, Pook (1992) has shown a strong correspondence also with the

strength of zonal westerlies to the south and southwest. The overriding effect of these
physical changes determines the relative importance of northern or southern water on

the regional oceanography.

Inshore/Offshore Processes

Although not separate from the general circulation patterns of the area the movement
of waters alongshore and between inshore and offshore around Tasmania has been
less clearly studied. In fact a study has just begun to examine these patterns
(Cresswell 1997). Nevertheless, drifter buoys over the past few years have shown
that there is the capacity for both inshore and offshore movement of currents in the

area (Cresswell et al. 1994). Bruce et al. (in prep.) proposed an inshore/offshore



circulation pattern that influences the recruitment patterns of at least jackass

morwong (Nemadactylus macropterus) and southern rock lobster (Jasus edwardsii).

AIMS AND STRUCTURE OF THE THESIS

The overall goals of this research are twofold. Firstly, to develop an understanding of
the physical and biological processes affecting the midwater zooplankton and fish
community, and their relationship with coastal waters, off eastern Tasmania.
Secondly, I aimed to develop an understanding of the links between these groups and

top predators such as southern bluefin tuna.

In the series of papers which make up this thesis I have examined the make up of the
pelagic fauna off eastern Tasmania in parts (individual species) and the interactions
between these parts to lead to an understanding of the whole (community). On the
one hand I have examined individual species of zooplankton (Chapters 2 and 8) and
micronekton (Chapters 5, 6, 7 and 9). I have then attempted to take a broader view of
overall community processes (Chapters 3 and 4) and the links not only with the

regional oceanography but also between the inshore and offshore region.

A number of the papers in this study deal with the feeding ecology of the resident
fishes, from their larvae (of jack mackerel, Chapter 8) through micronektonic fish
(Chapter 7) to mid order (Chapter 2 deals with feeding ecology of jack mackerel) and
top order predators such as southern bluefin tuna (Chapter 9). This has helped to link
the movements of the fauna and the processes that affect them. It also enabled me to
develop an understanding of some of the major trophic pathways of the region. The
growth and reproduction studies of individual midwater fishes (Chapters 5 and 6) are
examples of the strong seasonal cycles evident off eastern Tasmania. Finally, a
number of the studies were based on three year sampling periods (Chapters 2, 3, 4, 8

and 9) enabling interpretations of interannual cycles in the data.

Apart from Chapter 10 all the work is in the form of published papers. By the very
nature of the work it has required a great deal of team-work and collaboration in both
the field work and analysis of samples. However, the research plans, implementation
(I was cruise leader on all the Southern Surveyor and Scottsman cruises and three of
the six Soela cruises — Alan Jordan led the Challenger cruises) and the conclusions

are my own and any individual contributions have been acknowledged.



The papers that make up this thesis follow the three basic questions outlined by

McGowan (1971) in studying planktonic communities. These are:

1.  What species are present?
2.  What are the main patterns of distribution and abundance?

3.  What maintains the shape of the patterns?

The identification of zooplankton species on the shelf has been documented (Nyan
Taw 1975). In this study I focused on the krill as they form the greatest biomass of
the zooplankton in these waters. Over the slope, although I identified the midwater
component of the fish sampled, that paper was published separately (May and Blaber
1987). My work concentrated on the ecology of the main midwater fish species of
that mix. Offshore, I was able to take a broader view, examining species

composition, as well as their patterns of distribution and biomass.

To answer the third question on what maintains the shape of these patterns it was
necessary to study not only physical factors but biotic ones as well. I have taken the
view that “bottom up” (Harris and Griffiths 1987) processes were important
determinants of the patterns we were observing. That is, the availability of
zooplankton (feed) determines the presence, or absence, of larger predators. The
reverse or “top down” approach (Carpenter and Kitchell 1987) believes that
predators control the levels of lower orders in a “trophic cascade”, as identified in
some freshwater lakes. Either position is difficult to prove in such an open water
system. However, my perception of this debate relates to the idea of density-
dependence. In my experience (and only for larval fish) the “top down” scenario
wouid be more likely in a tropical system rather than the temperate one where this
study was based (for a comparison see Young and Davis 1990 and Chapter 8).
Fortunately, Harris and his co-workers’ position led to studies of the primary
productivity of Tasmanian waters, data that I was able to draw upon throughout this

study (see Harris et al. 1987).

The papers in this thesis have been written over 10 years. Therefore, I thought it
would be appropriate to detail some of the major procedural and technological
advances that I have been associated with during the course of the study, and to

discuss where some of these developments can lead. For example, Chapters 3 and 4



are, to my knowledge, the first published accounts of the vertical distributions of
midwater fishes in Australian waters. This was possible through the use (and

development by CSIRO) of an opening-closing codend attached to a midwater trawl.
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Abstract. Nyctiphanes australis was collected from the
east coast of Tasmania between January 1989 and April
1991. Density and biomass were significantly higher in
autumn than in any other season. The population was
dominated by juveniles, except in autumn and spring
1990 when there was a significant increase in the propor-
tion of adults. Our data indicated that N. australis does
not regularly migrate vertically and that it forms aggrega-
tions of particular size classes which vary both temporal-
ly and spatially. Stomach fullness in Trachurus declivis, a
major predator of N. australis, rose to a peak in autumn
when N. australis stocks and the monthly catches by the
fishery for 7. declivis were at their highest. The stomachs
of T. declivis were also dominated by adult size classes
during this period. The virtual absence of N. australis in
1989 and the subsequent failure of the 7. declivis fishery
in that year underline the interrelationship between these
two species. We suggest that this was the result of an
influx of subtropical northern waters low in nutrients
onto the shelf, which corresponded with a major La Nifia
“cold event’ at that time.

Introduction

Seasonal and interannual variations in the movements of
water masses can have profound effects on the structure
of marine communities (Cushing 1982). Lower produc-
tivity and subsequent changes in the structure of the
zooplankton community appear to be a common re-
sponse to the intrusion of warm water into cooler regions
and a decrease in wind-mixing. This happens particularly
during El Nifo years (Fulton and LeBrasseur 1985,
McGowan 1985, Sambrotto 1985, Smith 1985).

Off eastern Tasmania, seasonal and interannual levels
of productivity are determined by the interaction of
warm, nutrient-poor East Australian Current (EAC) wa-
ter and cool, nutrient-rich subantarctic water (Harris

* Present address. Inland Fisheries Commission, 127 Davey Street,
Hobart, Tasmania 7001, Austraha

et al. 1987, 1991). During the summer of 1988/1989, the
shelf waters of south-eastern Tasmania experienced an
increased influx of subtropical waters and an associated
decrease in production, apparently related to the large El
Niflo/Southern Oscillation (ENSO), or La Nifta “cold
event” of 1988 (Harris et al. 1991). They found that this
event was accompanied by the loss of large zooplankters,
particularly the euphausiid Nyctiphanes australis, from
the system.

Nyctiphanes australis is a major component of the
zooplankton community in coastal waters of south-east-
ern Tasmania (Nyan Taw and Ritz 1979, Blackburn 1980,
Ritz and Hosie 1982). Ritz and Hosie found this species
in high densities throughout the year in Storm Bay, al-
though seasonal differences were apparent. N. australis is
the main prey of many coastal bird and fish species in
Tasmanian waters (O’Brien 1988), including Trachurus
declivis, which feeds on it almost exclusively in surface
waters during summer and autumn (Webb 1976). A
rapidly developing purse-seine fishery for T. declivis has
operated near Maria Island on the east coast of Tasmania
since 1985, with annual landings increasing to 39 750 ton-
nes by 1987 (Williams et al. 1987). The Tasmanian fishery
depends upon the surface schools of T. declivis that feed
on N. australis swarms. Consequently. any change in the
density of N. australis may have a direct effect on T.
declivis schooling behaviour and the amount of fish avail-
able to the commercial fleet (Williams and Pullen 1993).

This paper aims to (1) examine variations in the densi-
ty and biomass of Nyctiphanes australis in relation to
seasonal and interannual variations in the physical
oceanography of eastern Tasmania, and (2) assess
whether these variations have any impact on the local
Trachurus declivis fishery.

Materials and methods

Nyctiphanes australis was sampled on both fine (<1 km) and coarse
(1 to 10 km) scales in the vicinity of Maria Island, eastern Tasmania
(Fig. 1), between January 1989 and April 1991. Samples were col-
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Fig. 1. Location of sampling stations (e) for Nyctiphanes australis
around eastern Tasmania

Table 1. Sampling times, areas and number of samples collected off
eastern Tasmania. — no samples. Total n=237. See Fig. 1 for posi-
tions of Riedle Bay and coarse-scale sample§

Month Riedle Bay Coarse-scale sampling
1989 1990 1991 1989 1990 1991
Early Jan. - 1 8 6 6 6
Late Jan. - - - 6 6 6
Feb. - 10 - 6 6 6
Mar. - 15 - - 6 6
Apr. - 10 - 6 - 6
May - 10 ~ - - -
June - 16 = - - -
July - 5 - - - -
Aug. - 12 - - - -
Sep. - 14 - - - -
Oct. 6 17 - - - -
Nov. 10 9 - - - -
Dec. 3 + 13 - - - -
Total 19 132 8 24 24 30

lected from a site off Riedle Bay at approximately monthly intervals
from October 1989 to January 1991 to examine variations in the
density and population structure of N. australis. To examine vari-
ability in the density and biomass of N. australis between years,
sampling was also done at a coarse scale from a grid of stations
mshore and on the continental shelf in the vicinity of Maria Island
(Fig 1) at formghtly or monthly intervals during the fishing season
of January to April in 1989, 1990 and 1991 (Table 1; see also Young
and Davis 1992).

At Riedle Bay, plankton was collected from replicate tows dur-
ing the day and mght along the 80 m depth contour. Surface tows
and oblique tows to ~40 m depth were made either simultaneously
or consecutively. Ring nets equivalent to one side of an Ocean
Instruments 70 cm bongo net were used. Nets were cylindrical-con-
ical, with a mesh aperture of 500 um and an open area ratio of 5:1.
All nets were dyed blue to reduce net avoidance (LeBrasseur et al.
1967). A General Oceanics mechanical flowmeter (calibrated over a
measured mile 1n the Derwent River, Tasmania) was hung inside
each net, and used to record the volume of water sampled. All tows

J.W. Young et al.: Seasonal and interannual variability in krill stocks

were made at ~3 knots for ~10 to 20 min. Maximum depth was
measured by a diver's depth gauge with a maximum-depth indica-
tor.

For the 11 tows when a flowmeter was not used, the volume
filtered was estimated from the regression of flowmeter count versus
tow time (flow count = 3045 x tow time (mun) + 6477, r* = 0.55,
n=123). Samples were preserved in 5% seawater-formalin
buffered with sodium acetate. Temperature ( + 0.01 C°) and salinity
(+ 0.01%0) data were obtained from the monthly records of the
CSIRO coastal monitoring station off Maria Island (42°36'S; 148°
16'E) (Harris et al. 1987) from depths of 10 and 50 m. Data collected
from 10 m depth were considered to be indicative of surface waters
and will be referred to as such n the text.

Coarse-scale sampling consisted of single tows at each of the six
stations (Fig. 1). Bongo nets with a mouth opening of 45cm,
500 um-mesh netting and an open-area ratio of 5.1 were used. All
sampling was completed in daylight hours (06.00 to 20.00 hrs). Each
sample consisted of an oblique tow to a maximum depth of 100 m
(bottom depth permitting) at a tow speed of ~3 knots At each
station the net was sent to the required depth quickly, held there for
1 to 2mm and then retrieved on an oblique path. The volume of
water filtered was estimated with flowmeters as in the fine-scale
study. Temperature and depth were recorded with a temperature-
depth probe attached below the net. Surface temperatures were
recorded directly from the on-board temperature recorder
(£0.01 C°). Samples from one side of the bongo were fixed in 95%
ethanol, and from the other side in buffered 5% seawater—formalin.

In the laboratory, samples of Nyctiphanes australis were split to
a manageable size (mean +95% confidence nterval of 157+19.7
indviduals per subsample) with a Folsom splitter, and the subsam-
ple was counted. Each individual was measured from the tip of the
rostrum to the end of the telson (0.1 mm) (Standard 1 of Mauch-
line 1980) and grouped into four size classes [<5.0 mm (I); 5.1 to
7.5 mm (I1I), 7.6 to 11.0 mm (III); =11.1 mm (IV)]. These size class-
es corresponded approximately to calyptopsis and furcilia stages (I),
post-larvae (11), adolescents (III) and adults (IV) (Sheard 1953,
Hosie 1982). Formalin-preserved specimens from each size class -
were measured. oven-dried at 60°C for ~4h and weighed
(£0.005 mg). There was no change in the relationship between
length and weight of N. australis with season (ANCOVA., p>0.10).

Trachurus declivis were collected from January to June 1990
from the commercial fishery that operates around Mana Island
durng this time (Williams and Pullen 1993). Their stomachs were
removed and weighed (0.1 g). For each fish examined, length to
caudal fork (LCF. mm), total wet weight (W, +0.1 g) and stomach
weight (S, £0.1 gm) were recorded. Stomach fullness was presented
as S/W. 100%. Stomach contents were dominated by Nyctiphanes
australis, although amphipods (Themusto guadichaudii), calanoids,
crab zoea and fish larvae were also present, but as these taxa repre-
sented <1% of the diet (C. Bobb1 unpublished data), they were not
considered further. N. australis from each stomach were suspended
n water, split to a manageable number (see preceding paragraph)
and grouped nto their respective size classes.

Data analysis

Total sample size was estimated by the formula: count x 27, where
n 1s the number of splits (Omori and Ikeda 1984) The biomass (B)
of Nyctiphanes australis in each sample was estimated from the
equation:

4
B=7Y P,-N, W, (1)
s=1

where P, 1s the numerical proportion of a size class in the sample,
N, the total number in the sample. W, is the mean dry weight of the
size class (Table 2), and s is the number of size classes. The density
of N australhs was calculated by dividing the estimated number
caught by the volume of water filtered. Similarly, biomass was
calculated by dividing total estimated biomass by the volume of

water filtered.
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Table 2. Nyctiphanes australis. Mean length (L) and mean dry wt of
the different size classes

Size class (mm) L X wt (n)
(mm) (mg)

I (<5.0) 2.83 0.093 (22)

II (5.01-7.5) 6.15 0.267 2%

IIT (7.51-11.0) 8.84 0747 (51)

IV (11.01+) 13.38 2.458 (59)

Comparisons of density and biomass between seasons, depths
(surface/oblique) and times of day (day/night) were made on data
from the fine-scale study by multiway ANOVA. Empty cells in the
first two seasons (sampling initially consisted of oblique tows during
the day) meant that this analysis was eventually restricted to four
seasons (autumn 1990 to summer 1991). Since the distribution of
density and biomass values of samples was skewed, the data were
transformed to best approximate the assumptions of normality and
equal variance among the residuals (Zar 1984). Therefore, density
values were transformed to In (densicy + 1) and biomass values were
transformed to (biomass +1)~!, as these transformations gave the
most even distribution of restduals versus fitted values.

We examined changes in the proportions of individual size class-
es between seasons by contingency tables with loghnear analysts
(Dobson 1983), based on the assumption that the number of Nyc-
tiphanes australis in each size class at a given station followed a
multinomial distribution. Stations were divided 1nto season [spring
1989 to summer 1990/1991 (n=6)]. ime of day (day or night), and
depth (surface or oblique). Size Classes III and IV were pooled to
obtain suffictent numbers in this class. Initial analyses showed sig-
nificantly greater vanation than would be expected by random
variability (e.g. for day oblique tows within a season, chi-
square=6894, df=142, p<0.0001). A close inspection of the data
revealed that the extra variability was due to single samples (patch-
es) being dominated by a particular size category. Therefore, the
usual chi-square tests were replaced by F-tests, with the chi-square
statistic allowing for the extra-multinomial variation in the denom-
inator

In both ANOVAS and the loglinear contingency-table analyses.
comparisons of individual means Sr proportions were made only
when the main effects were significant. following Fisher's protected
least-significant-difference procedure (Snedecor and Cochran
1980). i

Interannual differences in Nyctiphanes australis biomass were
compared by ANOVA on the coarse-scale data. Selection for prey
size was examined using Pearre’s C-index (Eq. 3. p. 915 in Pearre
1982). Each size class of N. ausrralis was treated as an individual
taxon and 1ts proportion in the environment was compared with
that in the stomachs of individual Trachurus declivis.

Results
Physical oceanography
Fine-scale

Surface temperatures increased from 12°C in winter to
17°C in late summer and early autumn in 1990 (Fig. 2)
due to seasonal warming and the intrusion of subtropical
EAC water onto the shelf. Salinity increased over this
period from 35.1 to 35.5%o. The 17°C, 35.5%0 S signature
is characteristic of EAC water (see Fig. 1 in Harris et al.
1987). The intrusion of this water onto the shelf in sum-
mer—autumn 1990 resulted in stratification. The water
column was well mixed in late autumn to late spring 1990
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Fig. 2. Monthly water temperatures and salinity (%o) at depths of
10 and 50 m at Marna Island monitoring station between October
1989 and February 1991

and stratified in summer, when a short pulse of high-tem-
perature, high-salimity EAC water intruded onto the shelf
(Fig. 2). However, unlike the previous year, the pulse did
not persist in the summer of 1991.

Coarse-scale

Sea-surface temperatures for the summer and autumn of
1989, 1990 and 1991 reflected seasonal warming and the
changing influence of warmer northerly and cooler
southerly water on the region (Fig. 3). In general, 1989
may be characterised as the warmest year of the three-
year study, 1991 the coolest, and 1990 as intermediate.
However, even during the “coolest” year of 1991, tem-
peratures over 17°C were recorded in parts of the study
area.

In early January 1989, surface waters were between
16.0° and 17.0°C (Fig. 3). By late January, warmer water
of northerly origin, previously identified as EAC water,
began to spill across the shelf, dominating the area by late
February. By April, warm water still dominated the area
although some cooling was apparent. In early January
1990, most water in the study area was between 16.0° and
16.5°C. By February, warmer northerly water had moved
into the area, raising temperatures to around 17.5°C. The
advance of cooler southerly waters in March resulted in
the partial retreat of warm water.

Temperatures in the summer of 1991 were consistently
cooler than previous years, reflecting the reduced influ-
ence of warmer northerly water (Fig. 3). By late Febru-
ary, waters were as much as 3.2C° cooler than for the
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Fig. 3. Distribution of sea-surface temperatures (°C) 1n shelf waters of eastern Tasmania during summer and autumn of 1989, 1990 and 1991

same period in 1989. However, warmer water advanced
from the north in March, with temperatures varying by
1.8C° between the northerly and southerly transects.
Rapid cooling had taken place by April as cooler water
pushed up from the south.

Considerable interannual variability in thermal strati-
fication is apparent in the three years of the study
(Fig. 4). The strong thermocline that existed in the sum-
mer of 1989 weakened during autumn, although there
was still a temperature gradient of ~3°C between surface
and bottom waters. In January 1990, the thermocline was
both deep (~ 55 m) and distinct. In the following months,
the mixed layer had become shallower and the thermo-
cline had become weaker. During late summer and au-
tumn in 1991, the water column was well mixed with no
sign of thermal stratification. However, the March pro-
file from the northern transect shows the presence of a
strong thermocline, resulting from the advance of a shal-
low layer of warm water from the north (Fig. 4).

Seasonal changes in density and population structure
In the fine-scale study, a total of 159 tows were made,

spread over six seasons between October 1989 and Janu-
ary 1991 (Table 1: Riedle Bay). The density of Nyctiphanes

Table 3. Nyctiphanes australts. Three-way ANOVA of In (density
+ 1) and (bromass + 1)~ ! as a function of season, depth and time
of day

Source df Density Biomass
F F P

Season (A) 3 338 0.021 3.26 0.024
Depth (B) 1 11 0.297 0.85 0.358
Diel (O) H 2.7 0.102 3.36 0.070
AxB 3 1.54 0207 1.15 0.332
AxC 3 062 0.607 1.01 0.392
BxC 1 082 0368 0.80 0.372
AxBxC 3 2.31 0.080 1.51 0.215
Error 3

Total 128

australis in 1ndividual samples ranged from 0 to 358 indi-
viduals m~3 (biomass 0 to 51 mg m™?). In general, N.
australis density and biomass increased to a maximum in
autumn 1990, declined through winter, and increased
gradually 1n spring (Fig. 5).

Nyctiphanes australis density differed significantly be-
tween seasons but not between depth or time of day. No
significant interaction was found between season, depth
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Fig. 4. Vertical temperature profiles at midshelf station immediately south of Maria Island during summer and autumn of 1989, 1990 and
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Fig. 6. Nyctiphanes australis. Relative proportions of size classes
between months at Riedle Bay. Stippled portions represent Size
Classes I and II combined. black portions represent Size Classes I11
and IV combined. Nos. in parentheses on top abscissa indicate
number of samples

and time of day (Table 3), indicating that seasonal effects
were not significantly different at different depths or
times of day. N. australis density was highest during au-
tumn 1990. There was a significant difference in biomass
between seasons but not with depth, time of day or their
interactions (Table 3). Biomass was also highest in au-
tumn 1990.

The size-class structure of Nyctiphanes australis was
dominated by Stage I and II individuals throughout the
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study period, indicating continuous reproduction
(Fig. 6). However, pulses of Stage III and IV N. australis
were noted in late spring in 1989 and 1990 and also in
autumn 1990 (Fig. 6). Closer examination revealed that
there was significant variation in the size distributions of
N. australis between seasons (F=35.85; df=10,300,
p=<0.001), and between different depths and times
(F=4.85, df=6,300, p<0.001), but no interaction be-
tween season, depth or time of day (F=0.52, df=24,276,
p>0.05). Because of unequal replication and for ease of
interpretation, different depth and time combinations
were analysed separately for seasonal effects.

For day oblique tows, size distributions varied signifi-
cantly between seasons (F=6.82, df=10,166, p <0.001).
Specifically, summer 19891990 and spring 1990 differed
from the other four seasons (F=15.24, df=4, 172,
p<0.001). In summer 1989/1990, large-sized (Size Class-
es III and IV) Nyctiphanes australis were almost absent
from the samples (Size Classes III and IV comprised only
2% of the total by numbers), whereas in spring 1990
large-sized N. australis comprised nearly half the popula-
tion (43% of total). The relative proportions of size class-
es in the remaining seasons were not significantly differ-
ent from each other (F=1.16, df=6, 166, p>0.05). Size
distributions of N. australis from surface tows during the

EJAN LJAN FEB MAR

Fig. 7. Nyctiphanes australis. Interannual changes in
density and biomass recorded during coarse-scale
sampling off eastern Tasmania in 1989, 1990 and 1991
(means + 1 SE; n=6 for all samples). E JAN, L JAN:
early and late January respectively; X: no sampling

APRIL

day were not significantly different between seasons
(F=1.92, df=8, 82, p>0.05).

At night there was no significant difference in size
distributions between surface and oblique tows (F=0.17,
df=6, 52, p>0.05). We therefore combined data from
both sets of tows and found that at night there was a
significant difference in size distributions between sea-
sons (F=3.30, df=10, 60, p>0.01). Larger-sized Nyc-
tiphanes australis dominated the night samples in spring
1990, reflecting the pattern seen in the daytime samples.
No night samples were taken in summer 1990.

Interannual differences

Nyctiphanes australis densities varied significantly and
dramatically between the three years in which samples
were taken. In 1989, density was significantly lower
(mean of 0.38 individuals m ~3) than in 1990 (12.25 m~3)
and 1991 (12.79m™%) (ANOVA, F=35.2, df=72,
p=0.008) (Fig. 7). Similarly, N. australis biomass was
two orders of magnitude lower in 1989 (0.04 mg m~?)
than in 1990 (1.32mg m~3) and 1991 (1.53 mg m~3)
(ANOVA, F=17.2, df=72, p=0.001). In each year, the
density and biomass increased through summer and au-
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Table 4. Trachurus declivis. Pearre’s index of prey selectivity for fish
of 190 to 280 mm (<280 mm) and 290 to 380 mm (>290 mm)
length to caudal fork preying on different size categories of Nycti-

15

phanes australis during 1990 fishing season. *: p <0.05; **: p<0.01;
*** p<0.001. Index ranges from —1(negative section) to
+ 1 (positive selection) (n): number of fish examined

Month (n) <280 mm

>290 mm

I 1T III v

I II 111 v

+0.06
+0 31 %>

~0.22%*
—0.65%**

+0.16*
+0.01

Jan. (10)
Feb. (22)
Mar. (7) -
Apr. (14) —0.34 %>
May (44) —0.12

June

+0.03
+0.01

+0.04
—0.12

+0.10
+0.25***

+006
+0.18*
(18) - - - -

+0.33 %>
+0.31 **=
+0.22**
+0.23
+0.50 ***

+0.18*
+0.01
+0.08
+0.01
+003

—0.01
—0.09
+0.01
—0.14*
—0.17*

—0.68%x
—022%>
—047%x*
—0.14
_0 32 k%

(b) LCF > 290 mm

(a) LCF <280 mm

Summer

%WW Guts = 4.55+ 0.51
- n=13 -

1007 1007
%WW Guts =4 72+ 0.78

n=19

Autumn ’
%WW Guts = 7.18+0.69 %WW Guts =6.90+1.13
4 n=33 4 n=26

Percent contribution of size classes
-
o
o
]

[ ]

Winter
%WW Guts =6 71£1.27
n=18

Size classes

Fig. 8. Nyctiphanes australis. Changes m relative proportions of
individual size classes 1n stomachs of two size classes (length to
caudal fork <280 mm and > 280 mm) of Trachurus declivis in 1990.
% WW Guts; ratio (%) of wet weight of stomach to total fish wet
weight

tumn. The 1990 data from the fine- and coarse-scale stud-
ies were compared. Although the latter displayed a rela-
tively lower density and biomass (most probably due to
the use of a net with a smaller mouth opening), both
studies showed a trend for density and biomass to in-
crease over summer and autumn (cf. Figs. 5 and 7).

Stomach contents of Trachurus declivis

The stomach contents of 115 Trachurus declivis sampled
between January and June 1990 were examined. Fish

ranged in size from 190 to 370 mm LCF and were com-
prised of two size classes: one from 190 to 280 mm LCF
and the other from 290 to 370 mm LCF. The ratio (%) of
stomach wet weight to total fish weight ranged from 4.66
to 7.04% in the fish examined. This percentage was sig-
nificantly lower in January 1990 (summer) than in the
following autumn and winter (ANOVA, F=9.0, df=102,
p=0.0001; Fig. 8), suggesting increased feeding in these
latter months. Their diet was dominated almost entirely
by Nyctiphanes australis. However, differences were not-
ed in the relative proportions of the different size classes
at different times of the fishing season.

The proportion of Size Classes I and II of Nyctiphanes
australis in the stomachs of Trachurus declivis was signif-
icantly different between months, and was higher at the
beginning of the fishing season than at the end (ANOVA,
F=237.0, df=114, p=0.0001; Fig. 8). Conversely, the
proportion of adult N. australis in the samples of larger-
sized T. declivis increased as the season progressed
(ANOVA, F=127.0, df=114, p=0.0001) (cf. Fig. 6).
Comparison of the relative proportions of size classes in
the guts of T. declivis with those present in the plankton
showed that there was generally negative selection for the
smaller size classes and positive selection for adults
throughout the study period (Table 4).

Discussion
Vertical migration

Species of Nyctiphanes are thought to migrate vertically
(Sheard 1953, Blackburn 1980, Williams and Fragopoulu
1985). Blackburn (1980) proposed that N. australis de-
scends to the bottom during the day and migrates to the
surface at night off eastern Australia. However, we found
no evidence of a consistent pattern of vertical migration.
In fact, the densities in many of our day surface-hauls
were equivalent to or greater than those in the accompa-
nying deep haul. Similarly, O’Brien (1988) reported
swarms during daytime off eastern Tasmania. Diurnal
vertical migration was not found for N, simplex off Cali-
fornia (Fiedler and Bernard 1987), where swarms were
reported at the surface during daytime. Possibly Black-
burn’s (1980) study was biased by the sampling strategy,
which was based largely on upward vertical hauls. Hov-
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erkamp (1989) found that euphausiid catches from down-
ward hauls were about nine times greater than those from
upward hauls, suggesting that euphausiids are more ca-
pable of avoiding upward hauls. Our conclusions are lim-
ited by the use of open nets. Nevertheless, by using nets
towed simultaneously 1n surface and deep waters, we are
confident that we could detect gross vertical distribution-
al trends. In the present study we found that neither the
depth nor the time of day from which samples were taken
significantly affected the estimates of N. australis density
and biomass in the region.

Seasonal and interannual cycles in density

Our results provide evidence that the density and biomass
of Nyctiphanes australis undergoes seasonal and interan-
nual cycles off eastern Tasmania. The seasonal cycle ap-
pears to be driven by a series of events. In summer, annu-
al intrusions of oligotrophic subtropical (EAC) water
flood the shelf, creating an environment low in both nu-
trients and phytoplankton, the major food source of .
australis (Ritz et al. 1990). With the retreat of this nutri-
ent-poor water and seasonal cooling in autumn, nutrients
are once more available to drive produétion (Harris et al.
1987), hence the increase in N. australis stocks and their
subsequent availability to Trachurus declivis. The reasons
for the decrease in N. australis stocks over winter, found
in this and a previous study by Ritz and Hosie (1982), are
less clear. It may be, as Blackburn (1980) suggested, that
some members of the population overwinters by descend-
ing to the seabed where they would not be detected by
plankton tows. That stomachs of bottom-dwelling tiger
flathead (Plarycephalus richardsoni) sampled during win-
ter in the same area were filled with N. australis supports
this view (Hosie 1982). Other factors, such as predation
during autumn, may also ‘reduce stocks surviving
through to winter. The increase in numbers after winter
appears to be a function of the spring phytoplankton
bloom at that ime (Harris et al. 1987). The increase in the
relative proportion’ of adults compared to smaller size
classes in both the spring and autumn blooms 1s notewor-
thy. Generally our samples were dominated by calyptopis
and furcilia stages through the year. However, the pro-
portion of adults was significantly higher in both autumn
and spring 1990. If adult stocks do descend to the seabed
during periods of low food supply, then the onset of the
algal blooms (or some correlate) might trigger the adults
to rise into mid- and surface-waters to feed.

Overlying these seasonal cycles in density of Nyc-
tiphanes australis are interannual variations which we
found to be at least an order of magnitude in difference.
These differences are presumably directly related to inter-
annual variations in the regional oceanography. Harris
et al. (1987) proposed that the relative importance of the
two major water masses — warm, stratified, nutrient-poor
EAC water and cool, well-mixed, nutrient-rich water of
subantarctic origin — from year to year is determined by
a combination of the local westerly wind stress and large-
scale oceanographic circulations often associated with
ENSO events. The boundary that separates these two
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water masses is defined as the subtropical convergence
(STC), which in summer often lies in the vicinity of Maria
Island (Harris et al. 1987). The position of the STC, how-
ever, shows considerable interannual variability and has
been coupled with interannual variations in westerly
winds (Harris et al. 1988). The Maria Island area experi-
enced warm water temperatures and strong thermal strat-
ification during the entire summer and autumn of 1989,
resulting from a reduction in the westerly wind stress and
an increasing influence of subtropical EAC water. This
event has been linked to the major La Nina “cold event”
in the southern hemisphere (Harris et al. 1991).

The interannual variability in the regional oceanogra-
phy of south-eastern Tasmanian waters has profound ef-
fects on the nutnient cycling and structure of the food
chain (Harris et al. 1991). In the summer of 1988/1989,
Harris et al. (1991) found that the increase in subtropical
influence in Storm Bay, ~ 55 km south of the study area,
resulted in a decrease in local productivity, which led to
the disappearance of the large zooplankters, principally
Nyctiphanes australis. They proposed that such large
zooplankters are dependent on periods of “new” produc-
tion stemming from the influx of subantarctic waters and
wind-mixing.

The three years of Nycriphanes australis data support
the view that the subtropical and subantarctic waters and
the stability of the water column (Fig. 4) influence the
level of N. australis production. It seems likely that the
dominance of nutrient-poor subtropical water on the en-
tire shelf and the strong stratification in the Maria Island
area in the summer of 1989 were responsible for the dis-
appearance of N. australis. It was only during late au-
tumn when cooler waters began to intrude from the south
and the thermocline began breaking down (which indi-
cated mixing of the water column) that N. australis began
to reappear. In 1990, EAC water dominated the outer
shelf and stratification was weaker, resulting in an in-
crease 1n the biomass of N. australis either from increased
production or from immigration. The dominance of sub-
antarctic water and the well-mixed water column in the
summer of 1991 resulted 1n even higher levels of produc-
tion. Interestingly, a sudden decrease in N. australis den-
sity and biomass in the autumn of 1991 coincided with an
inflow of warmer subtropical water at that time (cf.
Figs. 3 and 7), underlining the intimate association be-
tween N. australis and local hydrography. A further ex-
ample of this relationship can be found in the fine-scale
data, where a decrease in V. australis biomass coincided
with an influx of EAC water 1 April 1990.

Relationship to the fishery

ENSO fluctuations are known to affect the distribution
and availability of many pelagic species (Sharp and
Csirke 1984), including other Trachurus species (Pearcy
et al. 1985, Smith 1983, Fiedler and Bernard 1987). Smith
reported that 7. symmetricus in the Californian current
change their distribution during an El Nifo event, but
was unsure whether the change was directly related to
temperature, or to changes in prey distributions related
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Fig. 9. Trachurus declivis. Annual fishery landings between 1985
and 1991 (A) and monthly fishery landings (B) during study period

to temperature. Off Tasmania, Blackburn (1957) found
that the success of the barracouta fishery in Bass Strait
was closely linked with fluctuations in stocks of Nyc-
tiphanes australis. In a study of the seasonal change in
schooling behaviour and vulnerability to fishing of T.
declivis in Tasmanian waters, Williams and Pullen (1993)
found that the fishery was based on feeding schools. In
their study, both school size and catch rates were highest
in autumn, at the time when we found not only the
highest densities of N. australis, but also the highest stom-
ach fullness values in the stomachs of 7. declivis.

Our results indicate a close relationship between the
biomass of Nyctiphanes australis and the availability of
Trachurus declivis to the fishery off eastern Tasmania. It
seems likely, therefore, that changes in the density of the
former would affect the schooling behaviour of 7. de-
clivis, and consequently the amount of fish available to
the fishery. We also suggest that 7. declivis are respond-
ing not only to an increase in the biomass of N. australis,
but also to an increase in the proportion of adult N.
australis at this time. That T. declivis selects positively the
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larger size classes of N. australis (Fig. 8) supports this
contention. Landings of fish overlapped the period of this
study (Fig. 9A) and paralleled the density patterns of N.
australis over the same period. No landings were made
during the summer months of 1989, when N. australis
density was negligible (Fig. 9 B). The commercial catches
in 1990 and 1991 also reflected the relative density of N.
australis in those years, with more fish being landed in
1991 than 1990 (Fig. 9A).

In summary, we have shown that the presence and
density of Nyctiphanes australis in coastal waters of east-
ern Tasmania are associated with changes in the regional
oceanography on both seasonal and interannual scales.
Due to the dependence of Trachurus declivis on this spe-
cies, the changing influence of the dominant water masses
on the plankton also determines the availability of fish to
the 7. declivis fishery. This is particularly significant dur-
ing La Nifa years, when prey populations are largely
absent. An understanding of how these interannual vari-
ations in regional oceanography affect the distribution of
plankton can lead to valuable input into forecasting re-
turns to the fishery.
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ABSTRACT: The southern bluefin tuna (SBT) supports a seasonal fishery off the east coast of Tasmania,
Australia. The distnbution of zooplankton biomass 1n this region was examined as a means of finding
out why the SBT are attracted to this area. We examined whether there was a particular area or depth
stratum that supported significantly greater amounts of potental feed, directly or indirectly, for SBT.
Samples of zooplankton and micronekton were collected dunng the winter SBT fishery seasons in
1992-94. Five net types (mouth opening 0.25 to ~80 m? with codend mesh sizes ranging from 100 to
1000 pm were used. Samples were collected from 4 mamn hydrographic areas. warm East Australian
Current water, cool subantarctic water, the front separating them (the subtropical convergence}, and
the adjacent shelf Four depth strata (50, 150, 250 and 350 m) were also sampled. In contrast to our
expectations, the biomass in the subtropical convergence was no greater than that in the 3 other areas.
Rather, 1t was the shelf, albeit with some inconsistencies, that generally had the greatest biomass of
both zooplankton and micronekton. Offshore, there was no significant difference 1n the biomass of the
depth strata sampled, although the biomass of gelatmous zooplankton in the surface waters increased
during the study peniod. We suggest that the higher biomass on the shelf is the result of increased
nutrnients denved from a mixture of subantarctic water and upwelling along the shelf break. This bio-
mass 1s converted via knll and gelatinous zooplankton to small pelagics such as jack mackerel, and
finally to top predators, amongst which 1s SBT. The SBT, particularly sub-adults, may time thewr migra-

tion eastward to take advantage of the concentrations of prey present at this time of year.

KEY WORDS: Zooplankton - Micronekton - Biomass - Southern bluefin tuna

INTRODUCTION

It has long been known that tuna aggregate around
oceanic features such as eddies and fronts, which are
areas of high productivity (e.g. Dufor & Stretta 1973,
Shingu 1981, Laurs et al. 1984, Yamamoto & Nishizawa
1986, Fiedler & Bernard 1987 Roger 1994). Fronts are
generally thought to have a greater phytoplankton
abundance than adjacent waters (Loder & Platt 1985,
Peinert & Miquel 1994). They may, therefore, support
a higher zooplankton biomass through an increase in
the phytoplankton stock (Thibault et al. 1994). For
example, frontal waters may provide the best long-
term average feeding conditions for herring Clupea
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harengus larvae (Kierboe & Johansen 1986). Presum-
ably, therefore, fronts provide better feeding condi-
tions for top predators. Both albacore Thunnus ala-
lunga and skipjack Katsuwonus pelamis tuna feed
extensively in frontal regions (Fiedler & Bernard 1987).

Southern bluefin tuna Thunnus maccoyii (SBT) are
fished off the east coast of Tasmania, Australia, on a
seasonal basis. The fishing masters of tuna longhne
vessels loosely target the boundary between the sub-
tropical waters of the East Australian Current (EAC)
and the cooler subantarctic waters (SAW) to the south
(the subtropical convergence, STC) for this species
(Shingu 1981). However, we do not know why the SBT
are attracted to the east coast of Tasmama. Does the
STC provide a feeding ground of enhanced prey abun-
dance or 1s it something else?
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Although the STC is targeted by longlhne fishers off
the east coast of Tasmania, they are required to oper-
ate outside an 18.5 km (10 n mile) coastal exclusion
zone. Inside this zone there is a small recreational
southern bluefin troll fishery and a jack mackerel Tra-
churus declivis fishery (Williams et al. 1987). Both fish-
enes are restricted to the continental shelf waters of
eastern and southern Tasmania. Jack mackerel—one
of the main prey of SBT (J. W. Young, T. D. Lamb, D.
Le, R. W. Bradford & W. Whitelaw unpubl.}—is widely
distributed over the shelf and shelf break/upper-slope
region in autumn (Jordan et al. 1995), which is the start
of the SBT longline fishing season. In addition, the
shelf region supports a large biomass of the euphausiid
Nyctiphanes australis, the main prey of jack mackerel
(Young et al. 1993). Therefore, the shelf region may
also influence the distribution of potential prey for SBT
off Tasmania at this time.

The east coast of Tasmania has a complex hydrogra-
phy. Warm filaments and eddies of the EAC meet cold
SAW, creating a broad offshore front—the STC (after
Wryrtki 1960) —with a surface temperature gradient of
~2 to 4°C (Fig. 1). The latitudinal position of this front
varies both seasonally and annually (Harrs et al. 1987,
Young et al. 1993). On the shelf, apart from pernodic in-
trusions of EAC water, a generally northward flow
of SAW mixed with west coast water and river runoff
produces a tongue of cold, nutrient-nch water, which can
extend the length of the island (Cresswell et al. 1994).

\

Tasmania

oD
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Fig. 1. Diagram of the main sampling areas STC. subtropical
convergence (sensu Wyrtki 1960); EAC. East Austrahan Cur-
rent; SAW: subantarctic water

Jack mackerel and other prey of SBT are highly
mobile, so a quantitative description of their distribu-
tion is difficult. In this study, we have therefore exam-
med the distribution of the biomass of prey of the prey
of SBT, a technique successfully used by Roger (1994)
on tropical tuna. Between 1992 and 1994, nets ranging
from small plankton nets to midwater trawls were used
to collect zooplankton samples off eastern Tasmania.
Sea surface temperature satellite images at the start
of the cruise periods and onboard water sampling
enabled us to pinpoint the locations of the EAC, STC
and SAW, and thus direct our sampling accordingly.
We aimed, firstly, to find out whether there were dif-
ferences in the biomass of zooplankton in the 4 hydro-
graphic areas (EAC, STC, SAW and shelf) off eastern
Tasmama. We then aimed to describe the pathway
for the transfer of this biomass to top predators, in
particular SBT.

METHODS

One cruise was completed each year in May/June of
1992, 1993 and 1994 on CSIRO FRV ‘Southern Sur-
veyor' (66.1 m) off the east coast of Tasmania. These
cruises were timed to coinaide with the autumn/winter
longline fishery for SBT The physical oceanography of
the area was described irom a series of transects that
encompassed EAC water (temperature 7> 16°C), SAW
(T < 14°C), the STC (14°C £ T £ 16°C) and the shelf
(£200 m depth) (F1g. 1). On each transect conductivity-
temperature-depth (CTD: Neil Brown MK IIIB WOCE)
casts to 400 m recorded temperature, salinity, density
and nutnents (NO; and POy). In 1992 and 1993 a
SeaBird fluorometer was used to give an indication of
chlorophyll a to a depth of 150 m. In 1994 fluorescence
was recorded directly from the CTD. The oceano-
graphic transects were also used to ground-truth
satellite images (Advanced Very High Resolution
Radiometer, aboard NOAA's TIROS-N series of satel-
Iites) of sea surface temperature taken of the area
durng each cruise.

Net collections. Five net types were used to sample
the zooplankton off the east coast of Tasmania
(Table 1). Microzooplankton (ammals from 20 pm to
2 mm; classification of Omori & Ikeda 1984) was
sampled with a drop net (Heron 1982) of mesh size
100 pm and mouth area 0.25 m? at each of the hydro-
grapluc stations (Fig. 2). Thus net sampled to 100 m
except on the shelf, where it sampled to 60 m.

Macrozooplankton (animals from 2 to 20 mm) was
sampled at mght (19:00 to 04:00 h) with a multiple
opening/closing BIONESS net (mouth opening 1 m?
n 1992 and 1993. The frame was fitted with multiple
nets of 335 pm mesh. Depth and net-trip time were
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Table 1. Net type, mesh size and number of samples collected off the east
coast of Tasmania. SAW: subantarctic water, STC subtropical convergence,
EAC. East Austrahan Current. See Fig. 2 for station positions

Laboratory analysis. Microzooplankton
samples were dried for 24 h at 60°C and
weighed (x0.05 g). Macrozooplankton

samples were sorted imnto fish, cephalo-
Net type Year Mesh No of samples per region Maximum ds. crust s, and gelatmous zoo-
(im)  SAW STC EAC Shelf  depth (m) pods, crustaceans, anc ¢
plankton. A wet weight fer each group
Drop net 1992 100 26 36 19 22 100 was recorded. The crustacean fraction
1382 igg 12 2'1’ 2‘; 22 igg was split once with a Folsom splitter and
one half was returned to the jar, the other
BIONESS 1992 335 7 ? 2 4 400 half was dned at 60°C for 24 h or until
1993 335 5 5 5 3 400 . )
constant weight was achieved. Micro-
Bongo net 1994 1000 26 17 15 11 200 .
nekton samples were sorted to species
Surface net 1333 iggg ?g ié ii 1; :2 level where possible, counted and (wet)
1994 1000 20 30 24 17 <5 weighed. Crustaceans and gelatinous
IYGPT 1992  Trawl g 12 3 5 400 zooplankton were weighed s.eparate‘ly.
1993  Trawl 10 6 6 2 400 Where samples were required for iden-
1994  Trawl 3 2 4 1 400 tification, dry weight was estimated from
wet weight using a conversion factor

transmitted to the surface via a conducting tow cable.
Each tow consisted of an oblique tow to 400 m fol-
lowed by oblique tows for 20 min each at depths of
400-300 m, 300-200 m, 200-100 m and 100 m to the
surface. Macrozooplankton was sampled by day in
1994 with a paired 70 cm bongo net (a previous study
had shown no difference in the biomass of knll from
daytime and mightime samples over the Tasmanian
shelf; Young et al. 1993). Volume filtered was
recorded with a flowmeter. A submersible data logger
attached to the frame transmitted depth, rate of
descent and elapsed fishing time. The bongo net
fished obhquely from the surface to 200 m and back
again over about 20 mn. *

To sample the surface macrozooplankton, a square
surface net (mouth area 1 m? and 1000 pm mesh) fitted
with a mechanical flowmeter was deployed with each
BIONESS, bongo and IYGPT (International Young
Gadoid Pelagic Trawl) midwater trawl net from a 3 m
dawvit ngged amidships.

Micronekton (animals between 2 and 20 cm) was
sampled at night (19:00 to 04:00 h) with an IYGPT mud-
water trawl (mouth area 1 m?, mesh size 1000 pm) (see
Young & Blaber 1986) fitted with an opening/closing
codend (Pearcy et al. 1977). The codend had an elec-
tronic timer to trip nets at set times. Depth, mouth
opening, headline height and board spread of the
trawl were momtored acoustically. In 1992 and 1993
the sampling pattern followed that for the BIONESS
net, with a 40 mun oblique tow to 400 m, followed by
20 min oblique tows at depths of 400-300, 300-200,
200-100 and 100-0 m. Dunng 1994, the midwater
trawl was set to fish two 40 mun obhique tows: surface to
400 m and 400 m to surface.

All samples were fixed in 10% formalin in seawater
buffered with sodium acetate.

(Table 2). Replicate samples of represen-
tative taxa were (wet) weighed and then dned at 60°C
for 24 h and an average value was used as the conver-
sion factor of wet weight to dry weight. Dry weights
were used in all analyses. Our values for dry weights of
the main prey taxa corresponded to values established
by other researchers (see for example Wissing et al.
1973, Wiebe et al. 1975, Omori & lkeda 1984, Heron
et al. 1988).

Data analysis. Volume filtered by the drop net was
calculated by multiplying the depth sampled by the
area of the mouth opening. Volume filtered (V) by the
surface and bongo nets (in m®) was calculated from the
equabon V = DA where D is distance travelled (cal-
culated from the flowmeter readings) and A 1s net
mouth area (m?). Volume filtered by the BIONESS and
midwater trawl nets was calculated by the equation
V = S-d-A, where S is ship’s speed (m s7!) and d is
duration of tow (s). Microzooplankton were expressed
as g dry wt per 100 m® macrozooplankton were
expressed as g dry wt per 1000 m? and micronekton as
g dry wt per 100000 m?. Fluorescence was expressed
as standardised fluorescence umts (FU) and was taken
as an index of phytoplankton biomass.

Comparisons of biomass between years, area and
depth were made with a multiway ANOVA (SYSTAT).
All data were transformed to log.{dry weight + 1), as

Table 2. Conversion factors used to convert wet weight to dry
weight for the 4 main taxa

Group Conversion
Pisces 0244
Cephalopoda 0128
Crustacea 0.171
Gelatinous zooplankton 0.034
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Hydrographic and microzooplankton stations
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Fig. 2. Station positions for the 3 cruwses off eastern Tasmania, Australia. (o) CTD/drop net stations, (A) [IYGPT mdwater trawl
stations; (@) BIONESS stations. M: I[YGPT midwater trawl; b: bongo net (number of stations shown) Surface net samples were

collected at each [YGPT midwater trawl, BIONESS and bongo net station. Isotherms refer to temperature in °C

this transformation gave the most even distribution of RESULTS

residuals versus fitted values. A Tukey post hoc test

was used to distinguish between groups (Zar 1984). Physical oceanography

Generally, this test was used when the effects were

significant at p < 0.05, but was also used when a trend In June 1992, satellite imagery and our hydrographic
was detected (p < 0.1 level). Depth compansons apply data showed a wedge of warm East Australian Current
to offshore samples only. (EAC) water extending down the eastern Tasmanian
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shelf to about 43°S. Offshore a broad front {between 14
and 15°C) was present on a NE-SW axis (Fig. 2). To the
south, colder subantarctic water (SAW) was present.
The following year the EAC was slightly warmer but
was further offshore, possibly the result of a cool
tongue of SAW pushing northward along the shelf
(Fig. 2). Satelhte-tracked dnfter buoys released in 1992
and 1993 off the west coast of Tasmania 1dentified a
current of west coast water on the continental shelf
moving eastward (Cresswell et al. 1994). The front was
much broader and less intense in 1993 than in 1992. In
1994 the shelf was dominated by a muxture of colder
SAW and west coast water (Fig. 2). The front was most
pronounced in 1994 with a ~4°C change in surface
water temperature over approximately 90 km.

Vertical cross-sections constructed from CTD casts
eastward of Cape Forestier (Fig. 1) over the 3 years
revealed the presence of 2 main fronts. one at the shelf
break and one between EAC and subantarctic waters
120 to 160 km east of the coast (Fig. 3). The intensity
of the shelf-break front was less, pronounced in 1994
when SAW was more prevalent generally. The EAC
was restricted largely to the upper 200 m of the water
column, although sloping of isotherms indicated its
influence extended to at least 400 m. The nitrate, phos-
phate and fluorescence transects indicated upwelling
of nutnents along the shelf break and subtropical
convergence (STC) mn 1992 and 1993 (Fig 3). In 1994
nutnent levels were generally higher, reflecting the
dominance of SAW at this time.

Net sampling

A total of 209 drop net, 38 BIONESS, 69 bongo, 214
surface net and 63 IYGPT midwater trawl samples were
taken over the 3 years (Table 1). The biomass of micro-
zooplankton tanged from 0 to 172.19 g per 100 m?
[X (= SE) = 2.26 = 1.02]. Macrozooplankton samples
ranged in biomass from 0 to 373.84 g per 1000 m?
(X = 6.29 + 1.07). Micronekton samples ranged from
0.67 to 21301.20 g per 100000 m?® (X = 476.91 x 336.94).

Composition of biomass

The blomass was composed of 4 broad

Euphausia similis var. armata and E. spinifera (R. Brad-
ford unpubl. data). Shelf catches were dominated by
the euphausiid Nyctiphanes australis. A total of 109
species of fish identified from offshore consisted
largely of myctophid and stormatoid species (Young
et al. 1n press). Only 38 fish species, of which jack
mackerel Trachurus declivis was the main one, were
identified from the shelf. The squd fraction was domu-
nated by Lycoteuthis lonngera, Abraliopsis gilchristi
and Histioteuthis spp. offshore, and by Nototodarus
gouldi and Euprymna tasmanica over the shelf.

Interannual differences in biomass

Overall, biomass was generally lowest in 1992 and
highest in 1994 (Fig. 4a). Microzooplankton biomass
changed little from 1992 to 1993. An increase from
1993 to 1994 was not statistically significant (Table 3,
Fig. 4a). Similarly, there was little difference in the
biomass of macrozooplankton and surface macro-
zooplankton between 1992 and 1993. Although we
were unable to collect BIONESS samples in 1994,
the surface net samples showed an increase in that
year. Micronekton biomass increased over the 3 years
(Fig. 4a).

The mamn taxa were not separated in the microzoo-
plankton samples. The composition of the BIONESS
net samples, which contained mainly crustaceans, did
not differ between years (Fig. 4b). In contrast, the sur-
face macrozooplankton samples, mainly crustaceans
in 1992, were largely composed of gelatinous zoo-
plankton by 1993 and 1994 (Fig. 4b). Fish taxa dom-
nated the micronekton in 1992. However, the propor-
tion of fish biomass decreased over the following years,
while gelatinous zooplankton increased.

Distribution of biomass by area

Microzooplankton (drop net). The biomass of micro-
zooplankton did not differ significantly between years
despite 1t being greaterin 1994 (Fig. 4a). However, there

Table 3. Comparisons between years, areas and their interactions of the
5 main biomass groupings off eastern Tasmama using multway ANOVA
(- no test, bongo nets were used only 1n 1994, therefore there 1s no com-

panson between years)

taxa: gelatinous zooplankton, crusta-

ceans, fish and squid. Of these, gelatinous Net ype Effect

zooplankton consisted largely of the salps Year Area Year x Area

Thalia democratica and Thetys vagina, df Fratio p df Fratto p df Foratio p

and pyrosomes. The crustacean fraction

from offshore waters consisted mainly of Drop net 2 062 054 3 494 000, 6 376 0.00

the decapods Sergestes (Sergia) prehen- BIONESS 1 138 025 3 0.28 0.84 3 156 022
Bongo net - - - 3 476 0.01 - - -

siis, S. (Sergia) potens, S. (Sergestes) Surfacenet 2 016 0.85 3 3.32 002 6 240 003

arcticus, Acanthephyra quadnspinosa I[YGPT 2 13.31 0.00 3 494 0.00 6 144 022

and Gennadas spp., and the euphausiids
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Fig. 3. Vertical cross-sections of the water column to 400 m depth east of Cape Forestier showing physical and nutrient para-
meters constructed from CTD casts. Fluorescence cross-sections are to 150 m. (¥) Position of stations along transect (temperature,
°C; salinity, %o; sigma-t, o;; nitrate, pM; phosphate, pM; fluorescence, FU)
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Fig 4. (a) Companson of biomass between years for micro-

zooplankton, macrozooplankton and micronekton off eastern

Tasmama (mean x SE, number = number of stations sampled);

{b) percent contnibution of the 4 main taxa to the total biomass
: by year

was a significant difference between areas Due to a
year/area interaction (Table 3, Fig. 5) we analysed the
data separately for each year. The biomass over the shelf
was significantly different from the other areas (Fig. 5,
Table 4). Remarkably, in 1994 the biomass over the shelf
was higher by a factor of 10 than 1n any other area 1n the
3 years (Fig. 5). This was due to large amounts of gelat-
nous zooplankton in some samples (one sample con-
tained 770 g wet weight of gelatinous zooplankton).

Macrozooplankton. BIONESS net. No significant dif-
ference was found m zooplankton biomass between
years or areas (Table 3, Fig. 6a), although over the shelf
it was somewhat higher in 1992 than in 1993. The pat-
tern in the percent contribution of the 4 main taxa over
the 2 years was consistent (Fig. 6b). Crustacea made up
the largest proportion of the macrozooplankton bio-
mass during both years. However, 1n 1993 the biomass
of SAW was dominated by gelatinous zooplankton.
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Bongo net. The biomass of samples collected from the
left and nght codends of the bongo net was not signifi-
cantly different and so was combined for all subsequent
analyses (ANOVA, n=136,df =1, F=0.49, p = 0.49)
Biomass was significantly different between areas (Table
3, Fig. 7a), with biomass over the shelf significantly
higher than that collected from the SAW (Tukey, %, - X,
=0.98, g=3.77, df = 65) and EAC (Tukey, X, - X,=1.52,
g=5.31, df = 6). Gelatinous zooplankton dominated sam-
ples from SAW and shelf waters, whereas Crustacea was
the main contributor to biomass collected from the EAC.
Gelatinous zooplankton and Crustacea made up sumlar
proportions of the biomass in STC (Fig. 7b).

Surface macrozooplankton <(surface net). Macro-
zooplankton biomass was not significantly different
between years but was significantly different between
areas (Table 3, Fig. 8a). However, because of the inter-

Table 4. Within-year compansons of microzooplankton bio-
mass (drop net) between areas (shelf, East Australian Cur-
rent, subtropical convergence, subantarctic water) off eastern

Tasmama using ANOVA
Year Source n df F-ratio P
1992 Area 103 3 032 0.81
1993 Area 56 3 9.73 0.00
1994 Area 50 3 3.51 0.02
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action between area and year, biomass was analysed
separately each year. Biomass was highest over the
shelf in all 3 years and was significantly higher than
SAW and EAC water in 1993 and SAW in 1994 (Table 5).
The shelf was dominated by gelatinous zooplankton in
1993 and 1994. The biomass in the SAW was domi-
nated by the crustacean Euphausia spinifera in 1994
(F1g. 8a); that species compnsed over 60% of the total
biomass in that year.

Micronekton (IYGPT midwater trawl)

The biomass of micronekton differed significantly
both between years and between areas with no signif-
icant year/area interaction (Table 3). Biomass in 1992
was significantly lower than that collected in 1993 and
1994 (Table 6) (Fig. 4). A Tukey post hoc test indicated
that the SAW and shelf had a greater biomass than the
EAC (Table 6, Fig. 9a). Gelatinous zooplankton was
the dominant taxon collected from SAW and the STC,
contnbuting more than 50 % to thé dry weight of the
samples (Fig. 9b). In contrast, fish made up more than
50% of the biomass from the EAC water and the shelf.

Taken separately, the biomass of micronekton in
1992 was relatively consistent across areas (Table 7,
Fig. 10a). In contrast, biomass was significantly differ-
ent between areas 1n both 1993 and 1994 (Table 7). The
biomass over the shelf in 1993 was greater than that of
the EAC sampled 1n that year (Tukey, X,-X,=3.18, g =
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Fig. 6. (a) Companson of macrozooplankton (BIONESS) bio-
mass by area off eastern Tasmama (mean = SE; number =
number of stations sampled); (b) percent contnnbution of the
4 main taxa to the total biomass by area (refer to key 1n Fig. 4)
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Fig. 7. (a) Companson of macrozooplankton (bongo net) bio-

mass by area off eastern Tasmania (mean + SE; number =

number of stations) (b) percent contribution of the 4 main taxa
to the total biomass by area {refer to key 1n Fig. 4)

5.61, df = 20). There was a trend for higher biomass
over the shelf than the SAW (p = 0.07). The shelf had a
far greater percentage of fish taxa than the other areas
sampled in 1993 (Fig. 10b). The main fish taxon over
the shelf was jack mackerel Trachurus declivis.
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Fig. 8. (a) Comparison of surface macrozooplankton bromass

by area off eastern Tasmamnia {(imean + SE; number = number

of stations sampled); (b} percent contribution of the 4 main
taxa to the total biomass by area (refer to key in Fig. 4)
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Table 5. Within-year compansons of macrozooplankton bio-

mass (surface net) between areas (shelf, East Austrahan Cur-

rent, subtropical convergence, subantarctic water) off eastern
Tasmama using ANOVA

Year Source n df F-ratio p

1992 Area 61 3 2.59 0.06
1993 Area 62 3 346 0.02
1994 Area 91 3 2.78 0.05

Table 6. Pawrwise compansons of micronekton biomass
(IYGPT midwater trawl) by year and using the Tukey test.
SAW: subantarctic water; EAC. East Australlan Current

Test 1%, - %] SE g Errordf p
1993>1992 181 023 7.84 51 0.00
1994 > 1992 1.74 0.31 5.67 51 0.00
Overall SAW >EAC 1.34 0.29 4.58 51 0.02
Shelf > EAC  2.12 0.38 5.64 51 0.01

7

Table 7. Within-year compansons of micronekton bilomass

(IYGPT midwater trawl) between areas (shelf, East Australian

Current, subtropical convergence, subantarctic water) off
eastern Tasmania using ANOVA

Year Source n df F-ratio P

1992 Area 29 3 062 0.61
1993 Area 24 3 5.72 0.00
1994 Area 10 3 9.32 001

t
Table 8 Compansons of macrozooplankton biomass (BIO-
NESS net} between depth strata (0~100, 100-200, 200-300,
300-400 m) off eastern Tasmania using ANOVA

Year Source n df F-ratio P

Overall Strata 58 3 0.69 0.56
1992 Strata 27 3 1.14 0.53
1993 Strata 31 3 0.63 0.60

A different pattern in biomass was evident in 1994,
The biomass of the SAW was significantly greater than
that of the EAC (Tukey, X, - X, = 2.50, g = 6.85, df = 6;
Fig. 10a). The biomass of the SAW tended to be greater
than that over the shelf (p = 0.06). Gelatinous zoo-
plankton, with a few fish taxa, contributed most to
the biomass within the SAW (Fig. 10b). The biomass
of micronekton within the EAC, on the other hand,
was composed mainly of the non-myctophid fish taxa
Bathylagidae and Tetragonurus spp.
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Fig 9. (a) Companson of micronekton (IYGPT) biomass by

area off eastern Tasmania (mean + SE). (b) Percent contn-

bution of the 4 main taxa to the overall biomass by area
(refer to key in Fig. 4)
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stations sampled); (b} percent contnbuton of the 4 main taxa
to the total biomass by area (refer to key in Fig 4)

Vertical distribution of biomass

Macrozooplankton biomass did not differ between
strata either overall or withn each year (Table 8).
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Fig. 4)

Fig. 11a suggests the biomass decreased shghtly in the
mid-strata in both years, but this was not significant. In
1992 the surface stratum was dominated by crus-
taceans (Fig. 11b). In contrast, gelatinous zooplankton
domnated surface waters in 1993. The lower strata
contained an even mix of fish and Crustacea in both
years (Fig. 11b).
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Fig. 12. (a) Vertical distribution of micronekton (I'YGPT) bio-

mass off eastern Tasmama (number = number of samples per

depth stratum); (b) percent contnbution of the 4 maiwn taxa
to the total biomass per stratum (refer to key in Fig. 4)

The distribution of micronekton biomass with depth
was similar in 1992 and 1993 (there was no depth-
stratified sampling in 1994) (Fig. 12a). No significant
differences 1n biomass with depth stratum were found
within each year (ANOVA: n = 74, df = 3, F = 0.09,
p=0.97n=91,df =3, F=0.59, p=0.62; 1992 and 1993
respectively).

Trachurus declivis, Bathylagidae, Lampichthys pro-
cerus, Lampanyctus australis and Diaphus danae were
the most numerous fish taxa in the surface stratum
duning 1992, with progressively more Stormuiformes
deeper 1n the water column. In 1993 the surface stra-
tum was dominated by gelatinous zooplankton, which
contributed substantially more to the biomass of the
upper 200 m of the water column during 1993 than
in 1992 (Fig. 12b). Fish, particularly Diaphus danae,
Lampichthys procerus and Lampanyctus australis,
dominated the lower stratum in that year.

DISCUSSION
Importance of the shelf

The relatively higher zooplankton biomasses we
found inshore were similar to those found for other
comparnsons of inshore and offshore waters. This is not
surprising, as production in coastal waters is generally
higher than in open ocean waters, particularly in
tropical and oligotrophic systems (e.g. Grnice & Hart
1962, Ortner et al. 1977 Tranter & Kerr 1977, Wiebe
et al. 1985), but also 1n temperate waters {Pillar 1986,
Fiedler & Bernard 1987). For example, in shelf waters
of the central Californian (USA) coast, upwelling re-
sults 1n an environment rich m phytoplankton that
supports fisheries for albacore Thunnus alalunga and
skipjack tuna Katsuwonus pelamis (Fiedler & Bernard
1987). Stomachs of albacore from this area contained a
high percentage of knll Nyctiphanes simplex and
anchovy Engraulis mordax (Bernard et al. 1985). Simi-
larly, off South-Western Cape, South Afnca, higher
zooplankton biomasses have been reported for inshore
compared with offshore waters (Pillar 1986). Important
pichard Sardinops ocellata and anchovy Engraulis
capensis fisheries are also found in the same area
(Shannon & Field 1985).

The greater biomass 1n shelf waters off eastern Tas-
mamna appears to be driven largely by the complex of
currents that feed the shelf area. Satellite-tracked
buoys revealed west coast water, augmented by river
run-off, flowed eastward around Tasman Island onto
the shelf dunng autumn (Cresswell et al. 1994). Added
to this is the supply of nutnent-rich SAW dnven onto
the shelf by the prevailing southwesterly winds. Also,
upward sloping of 1sopycnals along the inner edge of
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the EAC may draw nutrient-rich slope water onto the
shelf (Harris et al. 1987). Our oceanographic transects
identified a shelf-break front with relatively higher
chlorophyll a which indicated that upwelling was
hkely mn the area. Significantly, autumn blooms of
phytoplankton have previously been identified in the
same region (Harris et al. 1987). The resulting pnmary
production is food for large stocks of knll Nyctiphanes
australis, which are most abundant at this time (Young
et al. 1993). When the shelf waters of eastern Tasmania
were displaced by the intrusion of EAC water in the
austral summer-autumn of 1988/89, knll stocks (nor-
mally abundant at that time) were absent. The result
was the collapse of the jack mackerel fishery that year
(Young et al. 1993). A similar pattern of shelf-break
upwelling off SW Afnca, identified by upward-sloping
isotherms, provides nutrients for large stocks of krill,
including the congeneric species Nyctiphanes capensis
(Barange & Pillar 1992).

’

Subtropical convergence

One of the significant features of this study was the
similanty 1n the biomass of the STC and the surround-
1ng ocean waters (the only real difference was in 1994
when the micronekton biomass of the SAW was signif-
icantly higher than that of the surrounding water
masses; Fig. 9a). This finding 1s 1n contrast to the many
studies of oceanic fronts and eddies that have found
such areas are sites of greater biomass and productiv-
ity (Uda 1973, Bradford et al. 1982, Roman et al. 1985,
Herlmann et al. 1994). However, durning autumn/win-
ter (when this study was run) such increases in biomass
were not always observed (see for example Pingree et
al. 1976, 1978), apparently because the depth of the
mixed layer increased, imposing a hight limitation on
the pnmary productivity. Nevertheless, 1n a recent
study of the STC off South Afnca duning the austral
winter, the biomass within the STC was higher than
that of the surrounding waters (Pakhomov et al. 1994).

That the STC was not noticeably different from sur-
rounding areas in the present study appears to be
related to the weak gradients of physical (e.g. tem-
perature and salinity) variables between the EAC
and SAW. Temperature changes of as little as 1°C per
18 km (10 n mmule) were common and sharp discontinu-
ibes were rare. Enhanced biological activity, particu-
larly primary productivity, along oceanic fronts 1s often
related to the secondary circulation associated with the
frontal region (Videau et al. 1994). For example, eddy-
forced upwelling is thought to be the single largest
vector for the input of nitrate into surface waters of the
Cape Hatteras, North Carolina (USA) region (Yoder et
al. 1981). The lack of any strong gradients offshore

may have hmited the amount of such secondary circu-
lation in waters off Tasmania. Also, the greater depth
of the mixed layer, frequently reaching 300 m in winter
(Harms et al. 1987), could result imn lower productivity.

In contrast, the strong gradients along the shelf
break observed dunng the 1992 and 1993 autumn
cruises suggest upwelling 1n the shelf-break region.
Harris et al. (1987) found an increase in nitrate and
phytoplankton along the shelf during autumn, which
they believed was linked to the movement of slope
water onto the shelf. Occasional increases in phyto-
plankton biomass, associated with sharp gradients in
physical variables, have been reported along the shelf-
break off Nova Scotia, Canada (Fournier et al. 1979).
In 1994 SAW dominated the waters off the east coast
of Tasmama both mshore and offshore, limiting the
development of a shelf-break front.

Vertical distribution

In oceanic waters, the biomass of zooplankton gener-
ally decreases with depth {Angel & Baker 1982, Wish-
ner 1980). However, we found no evidence of such a
dechine over the depth ranges we sampled, but we did
find that the composition of the biomass changed over
the study period. The gelatinous zooplankton 1n the
surface strata were more abundant in 1993 than 1992,
while the relative composition of the main taxa
changed little in the lower strata. Gelatinous zoo-
plankton accounted in 1993 for about 90% of the
micronekton biomass in the upper 100 m. Although we
did not sample with respect to depth strata in 1994,
the continued presence of significant quantities of
gelatinous zooplankton m oblique and surface hauls
indicates that SAW was ncreasing in influence over
the study penod.

Interannual differences

Overlying the broad differences in biomass between
mshore and offshore was a progressive increase 1n bio-
mass over the 3 years (Fig. 4). This increase appeared
to be the result of changes 1n the regional oceanogra-
phy and may be related to the general wind strength.
A roughly 10 yr cycle in westerly wind strength has
been documented for this region (Pook 1992, Thresher
1994). Forecasting the strength of surface westerlies 1n
the Tasmanian region has been linked to differences m
geopotential height at 500 hPa (Trenberth 1979, Pook
1992). The mean zonal index (A geopotential height)
calculated for the 5 mo (December to April) before
each cruise increased progressively from about 545 dm
(decametres) in 1991/92 to 580 dm before the last
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cruise (M. J. Pook unpubl. data). That the EAC moved
offshore dunng the same perod supports this view.

The increase in biomass over the study penod was
due largely to the increased numbers of gelatinous
zooplankton, particularly in the upper stratum of the
water column and on the shelf Gelatinous zooplank-
ton can respond quickly to increased nutnent loads
through rapid reproduction linked with a short gener-
ation time (Heron 1972a, b, Deibel 1985, Kashkina
1986).

Relationship between SBT and plankton

The relationship between plankton stocks and tuna
concentrations has previously been demonstrated on
fine and broad scales (e.g. Fiedler & Bernard 1987,
Roger 1994). Roger (1994) found that in the fishing
grounds of tropical tunas, zooplankton biomass was 4
times higher than in latitudes to the south and north.
He also found that the biomass of zooplankton, which
are erther prey or lead to prey of these tuna, was 7
times higher in the same area. Although no plankton
data were presented, Hearn (1986) proposed that
summer upwellings off South Austraha provided an
‘extensive area of nutrient-rich water [forming] the
basis of a food chan that attracts SBT".

Off eastern Tasmania, the only area where signifi-
cantly mgher biomasses of plankton were found was
over the shelf. If we accept that the autumn/winter mi-
gration of SBT to areas off eastern Tasmamnia is in re-
sponse to significant quantities of suitable prey, then the
mmportance of the shelf becomes apparent. In an earlier
study we found the biomass of knll Nyctiphanes australis
over the shelf increased m autumn (Young et al. 1993),
which led to schooling of their main predator, jack mack-
erel (Williams & Pullen 1993), itself an important prey of
SBT (Young et al. unpubl.) We suggest, therefore, that
juvenile SBT tune their migration eastward from south
Australia to take advantage of the autumn production
generated on the shelf. Fishery data indicate that by
mud-winter the longline vessels have moved northward
at a ime when the knll stocks decline.

The hink between knll, jack mackerel and SBT 1s
well established for the inshore waters of eastern Tas-
mania. However, Nyctiphanes australis 1s rarely found
offshore, while salps are distnbuted widely in mshore
and offshore waters of southeastern Australia (Thomp-
son 1948). Salps, which can respond rapidly to in-
creases In nutrients and phytoplankton, act as a major
energy store and also transfer nutnents to higher
trophic levels (Deibel 1985, Caron et al. 1989). Salps
may therefore provide one of the mmtial links be-
tween primary and secondary production in the early
stages of offshore (and inshore) phytoplankton blooms

(Deibel 1985). Furthermore, 1n areas where nutnent
and hydrographic requirements sustain high bio-
masses of salps for extended periods, salps themselves
can play a significant and sometimes leading role in
fish nutrition (Kashkina 1986, Heron et al. 1988). The
presence of gelatinous zooplankton n the stomachs of
SBT and their prey during the study period (Young et
al. 1994) adds support to this 1dea.

In conclusion, nutnent-rich subantarctic and west
coast water augmented by shelf-break upwelling
appears to be linked to higher biomasses of zooplank-
ton and micronekton over the shelf region. In particu-
lar, the shelf reqgion 1s characterised by high biomasses
of Nyctiphanes australis and gelatinous zooplankton,
both of which figure largely in the diet of jack mack-
erel, an important prey of SBT. Offshore, the pathway
of energy transfer between primary production and
top predators is less clear. However, gelatinous zoo-
plankton may be an important link between primary
production and SBT.

Addendum. A recent debate has ansen on the naming of the
water masses we have descnibed. It has been proposed that
the subtropical convergence described herein may be the
northern edge of a broader subtropical convergence zone
(L. Clementsen, CSIRO, unpubl. data) Hence, what we have
called subantarctic water may actually be the subtropical
convergence zone
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Abstract Midwater fishes were sampled at night to
a depth of 400 m in oceanic waters east of Tasmania,
Australia, in May/June of 1992, 1993 and 1994, We
examined whether there were differences in the distri-
bution and density of these fishes in relation to the
subtropical convergence (STC) separating East Austra-
lia Current (EAC) water from subantarctic water
(SAW) to the south. A total of 23999 fishes from 107
taxa and 43 families were identified. Four new records
were identified from the study area. Myctophids and
stomiatoids were the main fish taxa captured. We
found no evidence of increased density of the combined
fish catch in any particular area. However. differences
between areas in the density of individual species were
noted. although no species was confined to any one
area. Ceratoscopelus warmingi, Lobianchia doffeini and
Vinciguerria spp. were most abundant in the EAC,
whereas Lampichthys procerus was most abundant in
the SAW. Only Diwuphus danae was found in signifi-
cantly higher numbers in the STC. Multihariate analy-
sis revealed that gommunity structure in the EAC was
significantly different from that of the SAW but not
from the STC. Further. when separated by depth. the
shallow EAC group was significantly different in all
group comparisons bar that with the shallow STC. Our
data indicated that the thin EAC layer above 200 m
could be distinguished by its fauna from the SAW.
However, we could not detect a separate community in
the STC. We conclude. therefore. that the STC is not an
area of increased micronekton abundance. nor does 1t
contain a distinct community. during the Australian
autumn/winter.

Communicated by G. F Humphirey, Sydney

J.W Young (&) T.D. Lamb R. W Bradford
CSIRO Marine Laboratories, Division of Fisheries,
GPO Box 1538, Hobart, Tasmania 7001, Australia

Introduction

Micronektonic fishes are one of the main components
of the upper levels of the oceanic water column at
night (Karnella 1987). They are also known to selective-
ly occur with concentrations of other pelagic taxa
(Auster et al. 1992) Unlike micronektonic fishes,
however. some of these other taxa (e.g. squid) are
known to largely avoid traditional capture tech-
niques such as midwater trawling (Roger 1994). There-
fore. knowledge of the distribution and abundance
of these fishes can also provide a more general in-
dication of oceanic productivity. Micronektonic
fishes also show significant differences in species
composition and community structure in relation
to the depth. or the water mass. in which they are
found (Brandt 1981. 1983: Brandt and Wadley
1981). They can therefore. be useful in identifying differ-
ences between ncighbouring or overlapping water
masses.

Off eastern Tasmania. warm. nutrient-poor East
Australia Current (EAC) water meets cooler nutrient-
rich subantarctic water (SAW). creating the subtropical
convergence (STC) (Wyrtki 1960) (present Fig. 1),
the latitudinal position of which varies both seasonally
and between years (Harris et al. 1987). During the
Australian summer. the EAC extends southward, re-
treating again in winter (Newell 1961). Overlying
the seasonal signal are interannual fuctuations refating
to both the El Nifio Southern oscillation and the
strength of the prevailing westerly winds (Harris et al.
1987; Young et al. 1993). Such boundary regions can
be areas of increased productivity which can result
in increased diversity and abundance of both fauna
and flora (see review in Olson and Backus 1985).
They can also mark the boundary between different
species or species groups (Robertson et al. 1978),
although this may not always be the case (McKelvie
1985). There are numerous examples of top predators,
such as tunas, being caught in these areas (Laurs et al.
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Fig. 1 Major water masses off eastern Tasmania. Australia (SAW
subantarctic water; STC subtropical convergence; EAC East Aus-
tralian Current) )

1984; Fiedler and Bernard 1987; Reddy et al. 1995).
[t is assumed that tunas aggregate in these areas to
take advantage of increased prey abundance (Sund
et al. 1981; Laurs et al. 1984; Fiedler and Bernard
1987). However. such an hypothesis has rarely been
tested. ;

The east coast of Tasmania is the home of an impor-
tant southern bluefin tuna (SBT) fishery. Apart from
filling a seasonal quota of 1500 t this area is also impor-
tant in assessment of the overall SBT stock. as tag-
returns indicate that eastern Tasmania is an important
destination along their migration route (Shingu 1981).
One hypothesis given for the aggregations of southern
bluefin tuna in this area is that increased nutrients in
the region, derived from vertical and lateral mixing of
adjacent water masses, provides an environment for
aggregations of micronekton, and hence increased prey
levels.

The aims of this study, therefore, were to (1) deter-
mine the position and vertical (physical) structure
of the SAW, STC and EAC, down to 400 m, off eastern
Tasmania between 1992 and 1994; (2) compare
the density and horizontal distribution of the main
fish taxa inhabiting these waters; (3) describe the
night-time depth distributions of the main fish taxa
from the surface to 400 m; (4) determine whether
the community structure of midwater fishes off east-
ern Tasmania differed between the SAW, STC and
EAC.

Materials and methods

Sampling

Between 1992 and 1994, three cruises (26 May to 18 June 1992; 1 to
21 June 1993; 18 to 31 May 1994) were completed on F.R.V.
“Southern Surveyor™ in waters off eastern Tasmania (Fig. 2) to
coincide with the annual Japanese longline fishery. Three years of
data were thought necessary because of the interannual variability in
the strength and position of the STC (Harris et al. 1987). Each cruise
was planned to sample the major water masses and the STC via
a series of west to east and north to south transects. Along each
transect, at intervals of between 5 and 30 nautical miles, conductivity
~temperature—depth (CTD) casts were made to a maximum depth of
1000 m.

Replicate tows from the surface to 400 m were made at night with
an [YGPT midwater fish-trawl (see Young and Blaber 1986), fitted
with an opening—closing cod end (mesh size 1 mm; Pearcy et al.
1977). In 1992 and 1993, five depth strata were fished: surface to 400
m (oblique); 400 to 300; 300 to 200; 200 to 100 and 100 to 50 m from
the surface. Each oblique tow lasted for 40 min, with the ensuing
depth-stratified tow lasting 15 min. In 1994, we fished from the
surface to 400 m over 40 min. closed the net, and then fished for the
same time to the surface. Typically, trawls were towed at 3 knots and
filtered ~ 170000 m?* of water at each depth stratum. Net sampling
was restricted to night (19:00 to 04:00 hrs) to minimise net avoid-
ance and to account for the shallow night distributions
of most midwater fish (Karnella 1987). Samples were preserved in
10% formalin in seawater buffered with sodium acetate.

Laboratory analyses

Trawl collections were transferred to 70% ethanol and identified,
counted and weighed (+ 0.5 g). Biomass data are compared else-
where (Young et al. 1996). Fishes were identified using keys in Smith
and Heemstra (1986). Baird (1971) and the unpublished myctophid
key by Dr. J. Paxton (Australian Museum). The stomiiform genus
Vinciguerria was comprised of three species; V. attenuata, V. nim-
baria and V. poweriae. Of a subset of 156 individuals, 147 (94.2%)
were V. attenuata, two (1.3%) were V. nimbaria and seven (4.5%)
were V. powerize. However, as the condition of many of these
individuals was poor, we grouped the genus under the one taxon.
The individual presented as Lumpanyctus sp. may be a new species.
and as such was registered in the [.S.R. Munro fish collection at
CSIRO. Some taxa were not identified beyond genus level. mainly
because uncertainties surrounding their taxonomy made identifica-
tion to a lower level equivocal (e.g. some genera of the family
Melanostomiidae).

Data analysis

Volume filtered (m?) by the net was calculated from the formula:
W x Hx(T x 60) x (S x0.514444),

where W = net width or wingspread (m), H = net headline height
(m). T = time in minute, s and S = is ship speed in nautical miles per
hour. Raw fish data were standardised to numbers per 10° m?.
Stations were divided by position with respect to the major front
into SAW (< 14°C), STC (> 14 to < 16°C) and EAC (> 16°C)
waters using satellite imagery and ground-truthing from F.R.V.
“Southern Surveyor” (Wyrtki 1960; Young et al. 1996).

Initially, the ten most abundant taxa and the main groups of “all
fishes™ total myctophids and total Stomiiformes were compared
between areas, depths and years using analysis of variance
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(ANOVA). A post-hoc Tukey test was used to determine which
groups differed significantly from cach other (Zar 1984). The data
were transformed to log(x + 1). as this gave the most even distribu-
tion of residuals versus fitted values.

To examine dilferences in species composition between arcas and
between depth-strata one-way multivariate analysis of variance
(MANOVA) and. lincar discriminant-function analysis (DISCRIM)
were used. Data were transformed to loglx + 1). To satisfy the

assumptions of sample size required for MANOVA, the number of
species used in cach analysis was limited to species with > 1% of

the overall density (Tabachnik and Fidell 1989). Roy's greatest
characteristic root (ger) was used as a simultancous test statistic to
compare contrasts between area or depth groups with results for the
overall tests (Bird and Hadzi-Pavlovic 1983). Contrasts were con-
sidered significant when the contrast statistic 0 (1)) exceeded the
critical value of Ry.os (1-Ry.0s) where 0, = Roy’s ger for the con-
trast and Ry os = the critical ger for the overall test (Bird and Hadzi-
Pavlovic 1983). The critical values of Roy's yer were obtained by
interpolation from the tables of Harris (1983).

Community differences were further examined using DISCRIM.
which is constrained to maximise the scparation between pre-de-
fined groups of samples while minimising the within-group variation
(Ter Braak and Prentice 1988). The relative contribution of each
specics to the structure of the community was assessed using canoni-
cal correlations. These were interpreted as important when they
exceeded + 0.3 (Tabachnik and Fidell 1989). Discriminant functions
were calculated using the density of cach species present. First and
second discriminant functions were plotted against each other as
these exhibited the most variation.

Results
Physical oceanography

The physical and biological oceanography of the study
area between 1992 and 1994 has been described in

T T
150° E 148° E 1é0° E
detail by Young et al. (1996). Briefly. in June 1992
satellite imagery and our hydrographic data showed
a wedge of warm East Australian current water (EAC)
extending on to the Tasmanian shelf to =~43°S.
Offshore. a front with an approximately 2C” change in
surface-water temperature over a distance of 20 nauti-
cal miles was present on a northeast-southwest axis
(Fig. 2). To the south. colder ( ~ 13 C) subantarctic
water (SAW) was present. During the 1993 sampling
period. the subtropical convergence (STC) was slightly
warmer. penetrated further south. and extended further
offshore. The surface-temperature gradient across the
STC was considerably weaker. >~ 2C" over 100 nauti-
cal miles. In 1994, the STC had moved still further
offshore and had a surface-temperature gradient of 4C
over 50 nautical miles. the steepest temperature gradi-
ent of the three vears.

CTD transects made in an easterly direction across
the STC (Fig. 3) had shown that the overlying tongue
of EAC water was quite shallow. penetrating <150 m
into the water column. Temperature-salinity plots
from the three sampling regions revealed that below
this depth there was no separation in the relationship
between temperature and salinity (Fig. 4). Therefore.
below 150 m the underlying water at all sampling
stations was essentially the same body of subantarctic
source water.

Distribution and density of individual taxa

A total of 23999 fishes from 107 taxa and 43 families
were identified from the three years of sampling
(Table 1). Myctophid fishes. totalling 42 species, dom-
inated the catches and made up either 8 or 9 of the top
10 species by rank in each year (Table 2). The only non-
myctophid taxon to figure consistently in the top ten
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Fig. 4 Relationship between temperature and salinity in the three
main water bodies off eastern Tasmania. Australia, between 1992
and 1994

ranking was the Stomiiformes genus Vinciguerria. Dur-
ing the three years, catches were small, with the max-
imum mean number of one individual species (Diaphus
danae) in a year being merely 29.41 (4 11.56 SE) per
10° m?. Of the major groups, only the categories “all
fishes”, Myctophiformes, and Stomiiformes were
caught in sufficient numbers for further analysis.

Of these three groups, only total Stomiiformes
showed a significant difference between years; total
Stomiiformes density was significantly lower in 1994
thanin 1992 (Table 3, Fig. 5; Tukey's ¢ = 5.27. df = 46,
p = 0.00). No difference was found between years for

“all fishes” or for total myctophids. However, there
were significant differences between years for some of
the individual taxa within these groups, although no
consistent pattern was detected (Table 3, Fig. 5). The
density of Diaphus danae was significantly higher in
1994, whereas Lampanyctus australis and Lampichthys
procerus were present in greater densities in 1993. In
contrast, the density of Vinciguerria spp. was signifi-
cantly higher in 1992.

No significant difference in the density of the main
groups was found between areas {Table 3). However,
the density of the most abundant stomiiform,
Vinciguerria spp., was significantly higher in the EAC
than in the SAW (Tukey’s q = 5.05, df = 46, p = 0.00;
Fig. 5). Similarly, although the density of total myc-
tophids did not differ between areas, the density of four
of the common species did. Lampichthys procerus
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Table 1 Total number of individuals of each species identitied from midwater trawls between 1992 and 1994 off castern Tasmantd, Austraha (*new recocd for
regton) Taxa listed in taxonomic order (Eschmeyer 1990)

Spectes 1992 1993 1994 (Total) Species 1992 1993 1994 (Totwah)
Anguwihformes Lampamvctus alatus 9 5 26 (40
Congridae Lampanyctus ater 9 28 § 4
Bassanago spp 6 8 0 (14 Lampanvetus australes 722 1664 277 (2663)
Derichthyidae Lampanvetus festivus 3 0o 0 3
Nessoriamphus ingolfianis 0 5 0 (5 Lampanvetus mtricarits 2 31 0 (33)
Nenuchthyidae Lampam ctus lepdolychnus 46 299 46 (39D
Atocetting spp. ! l 0 @ Lampanyctus pusillus 118 g 11 (137
Nenuchthys curvwostres 0 5 0 (3 Lampanyverus sp (H3977-01) 1 0 0 (D
Leptocephalus 2 67 4 (143) Lampichthyvs procerus 706 1782 116 (260H
Salmoniformes Lobtanc hwa doflean 260 498 128  {886)
Bathylagidae 128 117 10 (255 Lowemna interrupta® 2 0 0
Stomtiformes Metelectrona ventrales 126 74 10 (210
Opisthoproctidae 3 5 2 (10 Myctophum phengodes 19 467 59 (545
Platytroctidae Notoscopelus resplendens 65 15 25 (109
Persparsia kopua 66 94 6 (166) Protomy ctophum normam 418 119 34 (371
Stomudae 22 4 228 Protomyctophum suhparallelum 1 0 0 (I
Chaultodonudae Scopelopsis multipunc tarus 119 133 20 (272)
Chauliodus sloam 23 9t 15 (134) Symbolophorus barnardi 111 379 31 (32D
Astronesthidae Syntholophorus boops 19 14 2 {33
Astronesthes spp. 2 12 0 (1h Gadiformes
Neonesthes spp. 0 2 0 Merlucelidae
Idiacanthidae Lyconus spp. 2 1 2%
Idwacanthus spp. 135 31 3 (49 Melanomdae
Malacosteidae Melanonus spp. 8 14 0 (22
Mulacosteus mger 0 1 0 (D Bregmacerotidae
Melanostomndae Bregmuceros sp 1 0 0 (D
Buathopiulus spp. 0 2 0 (2 Macrournidae 0 5 0 (3
Leptostonnas sp 0 1 0 (D Mesobuns antipodum .0 0 I
Melanostomas spp. 12 7 3 (2 Lophiformes
Trigonolampa nurtceps* 1 0 0 (b Ceratndae 3 0 0 3
Phouchthyidae 4 Criptopsaras couesiy { N 2 q1h
Ichthvococcts otarus 8 i0 2 (20 Onetrodidae 3 6 0
Phottchthy s argenteus 105 144 54 (303 Melanoceudae
Polymetme cory thaeolu 1 22 2 (2% Melanocetus spp 3 N 1 (14
Vinerguerria spp.? 942 353 81 (1379 Himantolophidae
Woodsta nonsuchae 53 77 I (13N Hunantolophus appelu 0 1 0 (h
Gonostomatidae Unidentitied anglertish 4 0 2 (&
Gonostoma spp. 0 2 0 Bery ciformes
Sternoptychidae Trachichthyidae
Aryyropelecus gigay 42 0 0 {42 Aulotrachichtin s sp 1 0 0 (D
Argyropelecis spp 30 124 HI88) Diretmidae
Vaurolicus muetlert 4 29 3 (38) Diretmus argentens 2 78 16 (96)
Polvipnus spp 6 19 9 (34 Anoplogastenidae
Sternopty < draphana 3 5 0 (1m {noplogaster cornutu 3 1 0 4
V alencrennellus tripunc tidates 3 0 0 3 Melamphardae 10 47 5160
Aulopiformes Syngnathiformes
Scopelarchidae t 3 3 (10 Macroramphosidae
Notosudidae Macroramphosus scolopax 16 1 0 (N
Scopelosaurus spp ht 78 I (47 Scorpaeniformes
Paralepdidae \ 24 | 2 427N Scorpacnidiae
Evermannellidae 10 13 528 Setarches sp 0 0 L nh
Mactophiformes Perciformes
Myctophidae § Acropomatidae
Benthosema suborhitale 21 123 0 (17h Howella sherbom 102 103 16 (22h
Bolmichthys mholavt 1 0 0 (D Bramidae
Ceratoscopelus warmng 389 168 169 (726) Brama hruma 1 1 0
Draphus brachycephalin® 1 0 0 Prerveonbus petersi 1 0 0 ()
Diuphus danae 1708 1568 2032 (5308) Caranaidae 3 0 0 (3
Diaphus effilgens 20 17 0 (3N Maucrates ductor 0 0 1 th
Druphus hudsom 414 511 132 (1057 Trachurus declives 0 0 3
Draphus meads 108 i 0 (109 Chiasmodontidae .
Diuphus molhs 2 3 0 () Kali spp. 1 3 0
Diaphus ostenfeldi 12 28 5 (45) Champsodontidae
Diwphus parrt 0 0 1 (D Champsodon spp 2 0 0 (2
Diaphus perspredlatis* 0 0 33 Gempylidae
Draphus termophilus 78 154 43 (275) Paradiplospinus gracilts 0 0 LN
Diuphus wataset 0 0 2 Q) Thrsites atun 0 3 0 (3
Electrona pavcirastra 6 6 0 (12) Thvsitotdes marlev 0 0 1
Electrond risso 253 237 133 (623) Nomeidae
Electrona subaspera 90 0 0 (90) Cubtceps caeruleus 0 0 I
Gymnoscopelus prabilis 7 2 0 9 Tetragonuridae
Hygophum hansemt 967 799 157 (1923) Tetiayonurus spp. 1 21 25 @D
Hyqophum hyqomu 0 0 1 (D) Tetraodonuiformes
Lampadena lummnosa® 0 0 [ (N Ostracidae '
Lampadena notialis 2t 20 0 (4 Luctora diaphana 0 0 [ ]
Lampanyctodes hectorrs 0 700 0 (700)
Total number of fishes 8672 11492 3835 (23999)
Number of spectes 83 77 63 (107)

* See "Matertals and methods — Laboratory analyses™ for details of species structure
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Table 2 Mean density (D, mean nos. 1075 m~, frequency of occurrence (F) and rank (R) as a function of year of overall top ten fish taxa off
eastern Tasmania, Australia. Taxa listed in alphabetical order. Mean density and frequency of occurrence of three major groups are also

listed
Spectes 1992 1993 1994

D SE F (R) D SE F (R) D SE F (R)
All fishes 73.98 14 60 24 6535 608 22 5687 14 50 9
Myctophiformes 57.13 1193 24 56.12 598 22 51.87 13.74 9
Stomuformes 10.95 2.23 24 5.14 0.53 22 306 0.76 9
Ceratoscopelus swarnungt 329 119 15 (7) 089 0.23 18 (14) 2.57 2.07 5 (6)
Diaphus danae 13.62 342 23 (1) 8.58 1.22 22 (3) 2941 11.56 9 (0
Diaphus hudsoni 342 0.87 21 (6) 2.80 045 20 (5) 1.98 0.52 9 (4)
Electrona risso 2.06 0.42 21 (9) 131 033 20 (12) 190 0389 8 (5)
Hygophum hanseni 8.70 3.75 22 (2) 446 0.79 21 (4) 242 069 8 (3)
Lampanyctodes hectorts 0.00 0.00 0 (85) 5.40 5.24 10 (6) 0.00 0.00 0 (65)
Lampanyctus australis 6.03 1.73 22 4) 917 133 22 (2 447 1.67 8 2
Lampichthys procerus 5.95 1.84 19 (5) 10.25 338 22 (D) 184 0.82 6 (8)
Lobwnchua dofleim 2.25 0.61 18 (10) 263 0.56 20 (W) 1.92 1.05 6 (7
Vinciguerria spp. 8.10 184 23 (3) 1.90 0.38 21 (10) 119 0.50 5 (10)

Table 3 Comparisons between years, areas and thetr interactions. of three major fish groups and top ten midwater fish species off eastern

Tasmanra, Australia, using ANOVA

Species Year Area Year/area interaction
N 5 P (N F p (dn F p

All fishes (2) 0.54 NS 2) 045 NS 4) 0.39 NS
Myctophiformes (2) 140 NS 2) 041 NS + 040 NS
Stomuformes (2) 6.08 001 (2) 2.78 NS (4) 0.52 NS
Ceratoscopelus warnungt 2) 211 NS (2) 603 0.01 (4} 0.22 NS
Draphus danae (2) 313 0.05 (2) 360 004 (4) 0.93 NS
Draphus hudsom (2) 093 NS (2) 115 NS E3] 148 NS
Electrona risso (2) 0.24 NS 2) 2.29 NS (-h 248 006
Hygophum hansent (2) 0.85 NS 2) 0.19 NS (4 1.48 NS
Lampanyctodes hectorts (2) 1.68 NS 2 031 NS () 0.46 NS
Lampanyctus australts 2) 544 001 2) 1.55 NS (4) 1.32 NS
Lampichthvys procerus (RANN 4.33 002 (2 7.26 000 (4) 06! NS
Lobtanchia doflenn (2 1.23 NS 2 342 0.04 (<) 0.87 NS
Vinciqueria spp 2y . 1247 000 {2 370 0.00 (4 0.10 NS

was significantly more abundant in the SAW than in
the EAC (Tukey's ¢ &= 5.84,df = 48, p = 0.00; Fig. 5). In
contrast. the numbers of Ceratoscopelus warmingi and
Lohtanchia dofleini were significantly higher in the EAC
than in the SAW (C. warming:: Tukeys ¢ = 5.17.
df =48, p = 0.00; L. dofleini: Tukey's ¢ = 3.88, df = 48,
p = 0.04; Fig. 5). Further. densities of C. warmingi were
significantly higher in the EAC than in the STC
(Tukey's g = 2.04. df =48, p =0.04; Fig. 5). Diaphus
danae was present in significantly higher numbers in
the STC than i the SAW (Tukey’s ¢ = 4.65, df = 48,
p = 0.03; Fig. 5).

Depth distributions of individual taxa
Initially, we examined the top ten taxa in relation to

year, area and depth for the two years where we sam-
pled discrete depths (see “Materials and methods

- Sampling™). Of the taxa for which there was no
interaction between year and depth (Table 4). Ceratos-
copelus warmingi was concentrated in the upper 100 m
of the water column. Dwphus dunue and Lampichthys
procerus were concentrated in the mid strata: whereas
Electrona risso was present in highest concentrations at
400 to 300 m (Fig. 6).

Seven of the 13 taxa showed a swmﬁcant interaction
between year and depth stratum; these taxa were ana-
lysed by year separately (Table 5). In 1992, none of
these taxa differed in numbers between depth strata,
whereas in 1993 all taxa differed significantly in num-
bers with stratum (Table 5). In 1993, the “all fishes”
group was concentrated in the mid (200 to 100 m)
stratum, reflecting the dominance of the myctophids,
which were also concentrated within this depth range
(Fig. 6). Within the Myctophidae, Hygophum hanseni
was more commonly found in the upper 100 m of the
water column, whereas Lampanyctus qustralis and
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Lobianchia doflewni. were mainly concentrated in the
mid strata (300 to 100 m). Total Stomiiformes, how-
ever, was concentrated more in the lower strata
{< 200 m) although Vinciguerria spp. was mainly con-
centrated in the mid strata (300 to 100 m).

Community differences
No outliers were detected in the community analysis by

area. However, several outliers were detected in the
analysis by depth. These outliers were caused by high

Fig. 5 Mean density (nos. 107 m ™) of main fish groups and
top ten fish species 1n relation to area and yeur oll castern
Tasmania. Austraba. between 1992 and 1994 (Full specific
names are given 1n Table 2)

densities of some common species (e.g. Lampanyctodes
hectoris) in some samples. reflecting the inherent
patchiness of midwater fish. and therefore were not
removed from the data set.

Community differences between areas
The species composition of the SAW was significantly
different from both the STC and EAC. No difference

was found between the STC and EAC (Tdble 6). The
discriminant-function plot showed the 95% confidence
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Table 4 Summary of between-year and between-depth-stratum comparisons of midwater fishes off eastern Tasmania, Australia (using

ANOVA) for which there were no year/stratum interactions

Species Eflect
Year Stratum Year/stratum
(df) F 14 (df) F P dn F P
Ceratoscopelus warmngt N 0.13 NS (3) 3.87 0.01 (3) » 0.90 NS
Diaphus danae (1) 370 0.06 3 4.19 0.01 (3) 0.66 NS
Diuphus hudsoni H 6.05 0.02 (3) 1.25 NS 3) 1.40 NS
Electrona risso (n 0.47 NS (3) 6.37 0.00 (3) 1.09 NS
Lampanyctodes hectorts (1) 349 0.06 (3) 0.56 NS (3) 0.56 NS
Lampichthys procerus (0 8.39 0.00 (3) 4.15 0.01 (3) 2,07 NS
All Fishes Myctophidae Stomiiformes
50
1992
150
. 1993
250
No depth-stratified data
350 for the 1994 cruise
I ! I
0 90 180 0 ! 180 0
C. warmingi D. danae D. hudsoni E. risso
50
150
250
£ a0
E
E { T T T T T T T T
g 0 7 o 6 4
2 L. hectoris L australis L procerus L dofleini
T 5o
a
150
250
350
' T T T 1§ T T Y
0 15 300 5
H. hansem Vnc:guerna spp.
50 Number Per 105 m3 (+ 1 Standard Error)
150
250
Fig. 6 Night-time depth distributions of main fish groupings and
350 top ten fish species down to 400 m 1n 1992 and 1993. off eastern
i - T T Tasmanta, Australia
0 10

Number Per 105 m3 (£ 1 Standard Error)
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Table 5 Summary of between-depth comparisons of midwater fishes
that showed a significant year/stratum interaction

Species 1992 1993
drn F P (dfy F P

All fishes (3) 0.05 NS (3) 1298  0.00
Myctophiformes (3)  0.07 NS (3) 18.24  0.00
Stomiiformes (3) 0.75 NS (3) 6.26  0.00
Hygophum hanseni (3) 245 NS (3) 14.26  0.00
Lampanyctus australis  (3)  0.72 NS (3) 1200 0.00
Lobianchia dofleini (3) 1.63 NS (3) 2329 0.00
Vinciguerriu spp. (3) 1.75 NS (3) 275 0035

Table 6 Summary of pairwise comparisons between arcas (SAW
subantarctic water; STC subtropical convergence; EAC East Aus-
tralia Current) using Roy’s greatest characteristic root (gcr) (Bird
and Hadzi-Pavlovic 1983). Contrast statistic = 0,/1 — 0,, where
0, = Roy’s ycr. Critical ger = 1.058 (*p < 0.05)

Comparison Contrast statistic p
a b
SAW STC 1.53 o
SAW EAC 1.34 »
EAC STC 091 , NS
4 I | T I T T i
3 : -
a
EAC
N 2 i aa & a e ]
c o
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Discriminant function 1

Fig. 7 Discriminant-function plot of fish-community data off east-
ern Tasmania. Australia. for all years combined, with 95% confi-
dence ellipses around centroid of each area category ([0 SAW:
O STC; A EAQ)

interval about the centroids of the SAW, STC and EAC
groups to be distinct (Fig. 7). However, STC and
EAC groups varied only in the second discriminant
function, whereas the SAW group differed in both axes
(Fig. 7). A test of residual roots showed a reliable rela-
tionship between groups and predictors (z* = 72.21,

579

df =32. p <0.001) which remained strong in the sec-
ond function (3* = 28.74, df = 15. p < 0.05). The two
discriminant functions accounted for 57 and 43%, of
the between group variability, respectively.

Examination of the canonical correlations revealed
that Lampichthys procerus was positively correlated
in the first discriminant function. whereas Vinciguerria
spp. were negatively correlated (Table 7). The group
means showed that the density of L. procerus was
higher in the SAW than in the STC or EAC. whereas
Vinciguerria spp. density was lower in the SAW (Table 8).
In the second discriminant function, Ceratoscopelus
warmingi and Lobianchia dofleini were positively cor-
related (Table 7), whereas Lampichthys procerus was
negatively correlated, signifying that the density of
C. warmingi and Lobianchia dofleini was greater in
the EAC (Table 8).

Community differences between depths

The species composition of the four depth strata were
all significantly different from each another (Table 9).
The discriminant-function plot (Fig. 8) showed that the
95% confidence interval about the centroid of the 50 m
stratum was separated from those of all other strata on
both axes. The 150 and 250 m strata were separated in
the first dimension. and those of the 250 and 350 m
strata were separated in the second dimension. A test of
residual roots showed a reliable relationship between
groups and predictors (7 = 192.85. df = 37. p < 0.001)
which remained strong after the removal of the first
function (7 = 93.72. df = 36. p < 0.001). The first dis-
criminant function explained 48% of the variation
while the second explained 39%.

Canonical correlations of the first discriminant func-
tion showed that Diaphus termophilus and Electrona
risso were positively correlated with the first axis
(Table 7); Ceratoscopelus warmingi. Hygophum hanseni.
Myctophum phengodes and Symbolophorus barnardi
were negatively correlated. The density of the positively
correlated species increased with increasing depth,
whereas the density of the negatively correlated species
decreased with increasing depth (Table 10). Canonical
correlations of the second discriminant function
showed that E. risso was positively correlated. whereas
Diaphus danae. Lampanyctus australis. L. lepidolychnus.
Lampichthys  procerus. Lobianchia  doffeini. and
Scopelopsis multipunctatus were negatively correlated
(Table 7). The negatively correlated species were those
with greatest densities in the 150 and 250 m depth
strata (Table 10).

Community analysis of area and depth

Finally, we pooled the depth data into shallow (two
uppermost strata) and deep (two bottom strata) for
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Table 7 Canonical correlations

(CC) of first two discrimmant Species Area analysis Depth analysis
functions from discriminant-
function analyses of area CcCl cC2 cCl cC2
e nd dplbann  povtouna borile e PR
Australia (- not included in ceratoscopelus warmingi —0.24 0.32 —0.44 —0.02
alyses) Diaphus danae -023 —0.05 —0.12 —0.50
analy Diaphus hudson —-024 —0.14 0.10 —-0.12
Diaphus termophilus —021 0.10 047 0.00
Elecirona 11550 - 0.24 0.06 0.42 0.35
Howella sherbon - - 0.20 - 024
Hygyophum hansen —0.08 - 0.04 — 045 0.14
Lampanyctus australis 002 —-0.17 0.29 —-0.33
Lampanyctus lepidolychnus —0.02 0.07 0.10 — 042
Lampichthys procerus 0.31 - 039 0.03 — 033
Lobianchia doflerm —0.14 0.33 - 0.18 — 0.60
Metelectrona ventralis - - 0.05 —0.11
Myctophum phengodes 016 0.10 —0.34 - 0.06
Photichithys argenteus 0.14 0.12 - -
Protomyctophum normani 015 —~0.18 0.07 —0.18
Scopelopsis multipunctarus —0.08 0.27 —0.09 —0.33
Symbolophorus barnardi —0.13 —005 —0.39 —-0.20
Unidennfied myctophids - - 0.09 —0.02
Vinciguerria spp. —0.31 —0.02 0.0t - 0.29
Table 8 Mean density (nos.
1073m~3) of taxa used in Species SAW STC EAC
analyses of community — — ~
difference as a function of area < SE X SE X SE
(abbreviarions as 1n Table 6
Bathylagidae 0.83 0.23 062 0.23 0.79 0.20
Ceratoscopelus warmingi 099 0.54 1.88 0.85 480 204
Diuphus dunae 843 245 1820 410 1777 7.56
Draphus hudsom 203 046 404 0.96 277 0.61
Diaphus termoplulus 05t 0.15 0.85 0.20 0.91 0.18
Electiona risso 1.00 0.27 2.06 0.46 247 0.69
Hygophum hansem 4,35 1.12 927 444 3.84 0.78
Lampanyctus lepidolvehnus 0.88 024 0.84 0.24 1.14 043
Lammehthy s procerus 1141 3.32 5.82 192 1.35 0.41
Lapanyerus australis 6.68 1.08 844 227 54 141
Larval fish 0.3t 0.12 1.22 0.53 T 074 0.36
Lobianchia doflemni 197 061 181 0.5 380 0.34
| Myctophum phengodes 1.99 089 0.7t 043 082 035
Phorichthys argenteus 0.99 020 0.63 0.15 0.90 0.29
i Protomyctophum normam 285 .19 131 0.51 043 0.31
Scopelopsts multipunctatus 0.80 043 0.59 0.22 1.17 0.3
Symbolophorus barnardi .20 037 1.50 0.32 1.26 027
Vinaguerria spp. 240 076 611 1.90 5.53 223

samples from the three water bodies to examine the
effect of depth on area. None of the deep groups dif- Discussion

fered significantly between areas, but all were signifi-

cantly different from the shallow groups (Table 11, Individual species distributions

Fig. 9). Furthermore, the shallow EAC group was sig-

nificantly different in all group comparisons bar that  Horizontal distributions

with the shallow STC. These results indicated that not '

only were there separate shallow and deep communi- None of the ten most abundant species were completely
ties, but also that the fishes of the shallow EAC group absent from any one area. However, five taxa did
formed a distinct community. show significant differences in density between areas:
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Table 9 Summary of pairwisc comparisons between depth strata
using Roy's grcatest characteristic root {ger). Contrast statistic
= {71 — 0. where 0, = Roy™ gor. Critical ger = 0339 (*p < 0.05)

Comparison Contrast statstic /
a b
50 150 062 *
50 250 091 *
50 350 0385 *
150 250 041 *
150 330 0.84 *
250 350 0.35 *
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Fig. 8 Discrmunant-funcuon plot.of lish-community data off cast-
crn Tasmania, Australia. for 1992 and 1993 combined. with 95
conlidence ellipses around centrowd of cach depth category (B 50 m.
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Ceratoscopelus warmingi. Lobianchia doflemi. Vin-
ciyuerria spp.. Diaphus danae. and Lampichthys pro-
cerus. The first three specics were found in greater
density in the warmer waters of the EAC. These three
have ecither tropical or subtropical distributions
(Brandt 1981; Hulley 1981.1986). D. danae. which is
usually found in waters <16 'C (Brandt 1981), was
most abundant in the STC. The greater density of
L. procerus in the SAW supports the observations that
this species is usually associated with the southern
boundary of the subtropical convergence (Hulley
1981. 1986).

There were no clear patterns of distribution among
the remaining species: Diuphus hudsoni. Hygophum han-
seni. Lampanyctus australis and Electrona risso. The
first three species are generally found elsewhere in asso-
ciation with the STC (c.g. off South Africa), but are also
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found in higher and lower latitudes (Nafpaktitis and
Nafpaktitis 1969; Hulley 1986). Although not signifi-
cant, therc was a trend for greater numbers of E. risso,
[which is gencrally regarded as a tropical species (Naf-
paktitis et al. 1977; Hulley 1986)], in the EAC. The
importance of Lampanyctodes hectoris in 1993 was due
largely to one large catch taken over the shelf break. It
was rarely taken offshore. The close association of this
species with the continental slope in temperate waters
has previously been reported from southern African
and Australian waters (Hulley 1986; Young and Blaber
1986; May and Blaber 1989).

Depth distributions

Although similar, the two years of depth data displayed
some important differences. The 1993 data showed
more distinct patterns of spectes density with depth. As
the same opening/closing net was used in both years it
is likely that the differences were real. The reason for
these differences. however. is not clear. although there
was a waxing moon during the 1992 cruise and this
may have affected the distributions of some species.
Clarke (1973) reported deeper distributions of the lan-
ternfish Benthosema suborbitale during periods of full
moon.

Overall. lanternfish were concentrated in the upper
depth strata. This result agrees with earlier accounts of
the vertical distribution of myctophids in the northern
hemisphere. where there is a general movement from
below 500 m by day to above 250 m depth at night
(Karnella 1987). Most of the abundant species were
distributed over the 400 m depth range we sampled.
with peaks of abundance in. but not limited to. a par-
ticular stratum. These broad distributions may be the
result of staggered migrations of individuals within
a species. For example. Pearcy and Laurs (1966) found
that not all individuals 1n a population of the lantern-
fish Stenobraciius leucopsarus migrated to the surface
every night. We also noted that Diaphus danue juveniles
were closer to the surface at night than adults (Young
unpublished data). Nevertheless. there were some spe-
cies with narrow depth distributions. Ceratoscopelus
warmingi and Hygophum hanseni were concentrated in
the upper 100 m. which agrees with earlier accounts of
their vertical distribution (Bekker and Borodulina
1968; McGinnis 1982). In contrast. Electrona risso was
most abundant below 300 m. This is apparently not the
limit of its distribution. as this species is abundant
below 400 m (Nalfpaktitis et al. 1977).

Some of the distributions we found were different
from previous studies. For example, Lampunycrus aus-
tralis and Lampichthys procerus, which had peaks of
density between 100 and 200 m, were reported below
400 m during the night by Hulley (1981). Diuphus ter-
mophilus, which was collected in higher numbers in our
deeper samples. is recorded as being most abundant at

49



582

Table 10 Mean density (nos. 107°m™?) of taxa used in analyses of community differences as a function of depth stratum

Species 50m 150 m 250 m 350 m
% (SE) ¢ (SE) R (SE) < (SE)
Benthosema suborbitale 1.54 0.63) 1.97 (037) 0.30 (0.17) 0.11 (0.05)
Ceratoscopelus warnungi 6.29 (2.38) 2.11 (0.56) 0.23 (0.10) 0.24 (0.13)
Diaphus termophilus 004 (003) 2.56 (020) 1.49 (0.37) 1.40 (0.28)
Diaphus danae 8.15 (2.25) 3056 (8 18) 11.64 {2.98) 2.88 (0.99)
Diaphus hudsont 243 (074) 487 (0.93) 2.03 (0.41) 349 (0.61)
Electrona risso 0.37 (0 15) 06! (0.25) 1.23 (0.33) 5.01 (1.09)
Howellu sherbon 0.33 (023) 0.82 (0.22) 141 (0.34) 0.68 (0.28)
Hygophum hansent 12.77 (2.72) 6.56 (2 69) 0.54 0.21) 1.52 (0.64)
Lampichthys procerus 3.75 (222) 1791 (8.18) 6.99 (1.73) 2.27 0.99)
Lobianchia dofleim 2.00 091 768 (L.89) 1.60 (0.60) 042 (0.31)
Lampanyctus australis 317 (1 10) 14.34 (3.56) 869 (1.25) 6.33 (1.27)
Lampanyctus lepidolychnus 0.30 (0.18) 222 (0.55) 2.49 (1.00) 0.40 (0.14)
Metelectrona ventralis 0.52 (0.32) 1.72 {0.90) 0.68 (0.31) 0.70 (0.24)
M yctophum phengodes 6.15 (2.70) 3.44 (156) 0.37 (0.19) 0.06 (0.04)
Protomyctophum normani 0.33 (0.14) 311 (1.64) 3.09 (2.16) 1.99 (1.36)
Scopelopsts multipunceatus 109 (0.84) 2.14 0.71) 0.58 (0.21) 0.21 (0.13)
Symbolophorus barnardi 2.55 (0 44) 332 (072) 0.88 0.27) 0.44 (0.16)
Unidentified myctophids 0.67 (028) 0.73 (024) 119 {0.43) 091 (0.33)
Vinciguerria spp. 3.76 (1.17) 5.25 (0.88) 4.57 {0.99) 3.11 - (0.83)
Table 11 Summary of pairwise comparisons between area/depth 4 ; . : . : I
groups using Roy’s greatest charactenstic root ¢ger). Contrast statis- )
tic=48,/1 — 0,. where 0, =Roy's gcr. Crntical gcr=1058
(*p < 0.05) 3 e
o ° “ -
Comparison Contrast statistic  p
a b
(Y]
c
SAW shallow SAW deep 042 NS % . 2 7
STC shallow  0.32 NS S : e
deep 0.62 * = ° sTC i
EAC shallow 06l * < shallow
deep v+ 031 NS g .
= SAW |
deep STC shallow 049 * 2 shallow
deep 0.26 NS a "
EAC shallow 08I * . . i
deep 0.19 NS . .
n L]
STC shallow  STE deep 066 * sl . i
EAQ shallow 035 NS "
! deep 0.33 NS
[l 1 ! I 1 1
deep EAC shallow  0.73 . ) 1 2 3 4
deep 0.09 NS Discrimmant function 1
EAC deep EAC shallow 0.45 * Fig. 9 Discriminant-function plot of fish-community data off eastern

100 m in the northern hemisphere (Nafpaktitis et al.
1977).

Community analyses

Analysis of the community structure showed that the
EAC differed from the SAW but not from the STC.
This result appeared to be driven by the community
inhabiting the upper layers of the EAC. Earlier studies
of warm-core eddies shed from the EAC have shown

Tasmania, Austraha, for 1992 and 1993 combined. with 95% confi-
dence ellipses around centroid of each depth/area category (ll SAW
shallow, O SAW deep; @ STC shallow; O STC deep: A EAC
shallow; A EAC deep)

that many faunal communities - including fish (e.g.
Brandt 1981) — differ inside and outside such eddies (see
also Griffiths and Wadley 1986). These eddies trap
species of tropical origin and, although there is some
mixing with Tasman Sea species, they remain reason-
ably distinct from the surrounding water. Our data
indicate that although the thin EAC layer off eastern
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Tasmania is the southernmost extension of the main
East Australia Current it is still. in some ways, distinct
from the surrounding waters. However, we could dis-
tinguish little difference in either abundance or com-
munity structure between the STC and the surrounding
water masses. This contrasts with the data of Robert-
son et al. (1978), who found clear correspondence be-
tween mesopelagic communities and water masses as-
sociated with the subtropical convergence off the east
coast of New Zealand. The STC in their region is cooler
than off Tasmania. and the layer of warm water at the
surface is approximately twice as deep (170 to 300 m).
In our study, the dominance of the underlying subant-
arctic water, coupled with the relative broadness of the
STC and the weak gradient in sea-surface temperature
appeared to minimise the differences between even
widely separated sampling stations. This is particularly
true of the STC and EAC areas, which differed only in
the depth of the overlying EAC water.

That there were few differences in density of indi-
vidual or grouped fish taxa in the area of the subtropi-
cal convergence contrasts with the situation reported
for many other marine taxa, including fishes, in similar
areas. For example, in reviews of animals associated
with fronts. herbivorous zooplankton. shoaling fishes,
seabirds and even whales have been reported in greater
abundance in. or near. fronts (Olson and Backus 1985;
Sournia 1994). Of particular interest to the present
study is the fact that several tuna species have also been
reported in association with fronts (Shingu 1967: Uda
1973: Laurs et al. 1984: Fiedler and Bernard 1987).

Secondary circulation processes in frontal regions
generally lead to enhanced biological activity, increas-
ing production of phytoplankton and herbivorous zo-
oplankton (Videau et al. 1994). Larger. more motile
marine animals are then believed to be attracted by the
more abundant supply of prev (Olson and Backus
1985: Sournia 1994). However. the lack of strong ther-
mal gradients in the study region and the thinness ol
the overlying EAC water appeur to have reduced the
horizontal and vertical scale of mixing. limiting second-
ary circulation and the resulting productivity. In a par-
allet study (Young et al. 1996). we were unable to find
any evidence of enhanced zooplankton abundance in
the frontal region. That the parallel study was com-
pleted in autumn/winter may also have affected the
patterns we observed. Light limitation and an increase
in the depth of the mixed layer during winter can com-
bine to limit productivity along fronts (e.g. Pingree
et al. 1976). However, Pakhomov et al. (1994) found
that in winter off southern Africa the subtropical con-
vergence contained a higher biomass than the sur-
rounding waters. Of note was that in their case the
difference in surface temperature between the north
and the south of the front was ~10C” in ~1° of
latitude. This gradient is more than twice the difference
we found off Tasmama, indicating that production may
be closely linked to the intensity of the front.
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Interannual variation in fish distributions

The overall density of fish in the “all fishes” and Myec-
tophiformes groups remained similar across all three
years, although the Stomiiformes were present in
greatest densities in 1992, due largely to variations in the
numbers of Vinciguerria spp. The relative stability of fish
numbers over the 3 yr study contrasted with that found
for other zooplankton and micronekton groups (Young
et al. 1966). Specifically, there was a progressive increase
in zooplankton and micronekton biomass across the
three years, largely driven by an increase in gelatinous
zooplankton. The reason for this stability may be related
to the fact that most of the species captured are only
temporary night-time residents in the upper layers. By
day, most are found below 400 m in the more stable
subantarctic and Antarctic intermediate water. Certain-
ly, the temperature/salinity relationships for the three
years for waters below ~ 12°C are very similar.

Relationship to tuna distributions

Roger (1994) conceded that. with existing techniques, it
was not possible to directly estimate the prey of tuna.
Net collections fail to adequately sample the faster
icronekton species. However, he showed that by sam-
pling the prey of the tuna prey. correlations between
productive plankton areas and tuna distributions could
be made. It could be argued that the present study. by
concentrating on midwater fishes (in particular myc-
tophids), may not have adequately assessed the potential
prey of the tunas. However. Auster et al. (1992) observed
that myctophid fishes were gencrally associated with
other pelagic fauna. many of which were prey of tuna. In
the present study we were unable to distinguish an
obvious area offshore that mught attract larger pred-
ators. However. when we examined the composition and
biomass of the inshore shelf region we identified signifi-
cantly higher levels of suitable prey (Young et al. 1996).
We suggest. therefore, that the STC is not. as some
frontal areas appear to be. an area of increased abun-
dance of micronekton. Moreover. its species composition
1s not significantly different from that of surrounding
waters, its fauna being very similar to that of the EAC.

Achnowledgements We thank the master and crew of FR.V,
“Southern Surveyor™ [or thetr support during this study K Haskard
and M. Edmunds provided many uscful suggestions on the use of
appropriate statistical techniques. Finally, we thank V. Mawson, V.
Wadlecy and A. Wilhams for their constructive critictsm of the
manuscript.

References

Auster PJ. Grniswold CA. Youngbluth MJ, Bailey TG (1992) Ag-
gregations of myctophid fishes with other pelagic fauna. Envir
Biol Fish 35: [33-139

51



534

Baird RC (1971) The systematics. distribution, and zoogeography of
the marine hatchetfishes (family Sternoptychidae) Bull Mus
comp Zool Harv 142: 1-128

Bekker VE, Borodulina OD (1968) Lantern fishes of the genus
Ceratoscopelus Giinth. Systematics and distribution. Probl
Ichthyol (Vop Ikhtiol) [Transl Am Fish Soc] 8: 625-640

Bird KD, Hadzi-Pavlovic D (1983) Simultancous test procedures
and the choice of a test statistic in MANOVA. Psychol Bull 93:
167-178

Brandt SB(1981) Effects of a warm-core eddy on fish distrtbutions tn
the Tasman Sea oft east Australia. Mar Ecol Prog Ser 6° 19-33

Brandt SB (1983) Temporal and spatial patterns of lanternfish (fam-
ily Myctophidae) communities associated with a warm-core
eddy. Mar Biol 74. 231-244

Brandt SB. Wadley VA (1981) Thermal fronts as ecotones and
zoogeographic barriers in marine and freshwater systems Proc
ecol Soc Aust 11 [3-26

Clarke TA (1973) Some aspects of the ecology of lanternfishes
(Myctophidae) in the Pacific Ocean near Hawan. Fish Bull US
71. 401434

Eschmeyer WN (ed) (1990) Catalog of the genera of Recent fishes.
Cahfornia Academy of Sciences, San Francisco

Fiedler PC, Bernard HJ (1987) Tuna aggregation and feeding near
fronts observed 1n satellite imagery. Contin Shelf Res 7 871-881

Griffiths FB. Wadley VA (1986) Synoptic comparison of fishes and
crustaceans from a warm-core eddy. the East Australian Cur-
rent. the Coral Sea and the Tasman Sea Deep-Sea Res 33-
1907-1922

Harris G. Nilsson C, Clementson L. Thomas D (1987) The water
masses of the east coast of Tasmania: seasonal and interannual
variability and the mnfluence on phytoplankton biomass and
productivity. Aust J mar Freshwat Res 38° 569-390

Harris RJ (1985) A primer of multivarnate statistics. 2nd edn. Aca-
demic Press. New York

Hulley PA (1981) Results of the research cruises of FRV "Walther
Herwig” to South America. LVIIL. Family Myctophidae
(Osteichthys. Myctophiformes). Arch FischWiss 31: {-300

Hulley PA (1986) Order Myctophiformes. In- Snuth MM.
Heemstra PC (eds) Smiths’ sea fishes Springer-Verlag. Berlin.
pp 282-322

Karnella C (1987) Famuly Myctophidae. lanternfishes In Gibbs
RH. Krueger WH (eds) Biology'of fishes of the Bermuda ocean
acre. Smithsonian. Washington. pp 52-168 (Smithson Contr
Zool 452) .

Laurs RM. Fiedler PC. Montgomery DR {1984) Albacore tuna catch
distributions relative to environmental features observed from
satellites. Deep-Seq Res 31. 1085-1099

May JL. Blaber SIM (1989) Benthic and pelagic fish biomass on the
upper continental sl\ope off eastern Tasmania Mar Biol 101:
11-25

McGinnis RF (1982) Biogeography of lanterafishes (Myctophidae)
south of 30"S. Antarct Res Ser 35. 1-110

McKelvie DS (1985) Discretencss of pelagic faunal regions Mar Biol
88: 125-133

Nafpakuus BG. Backus RH. Craddock JE. Haedrich RL. Robison
BH. Karnella C (1977) Family Myctophidae [n- Fishes of the
Western North Atlantic. Yale University, New Haven. pp
13-265 (Mem Sears Fdn mar Res 7)

Nafpaktiis BG. Nalfpaktitis M (1969) Lanternfishes (family Myec-
tophidae) collected during cruises 3 and 6 of the R/V Anton
Bruun in the Indtan Ocean Sci Bull nat Hist Mus Los Ang Cty
5 1-79

Newell BS (1961) Hydrology of south-cast Austrahan waters: Bass
Strait and New South Wales tuna fishing area. Tech Pap Div
Fish Oceanogr CSIRO Aust 10- 1-22

Olson DB. Backus RH (1985) The concentrating of organisms at
fronts: a cold—water fish and a warm-core Gulf Stream ring
J mar Res 43: 113-137

Pakhomov EA, Penissinotto R, McQuaid CD (1994) Comparative
structure of the macrozooplankton/micronekton communities
of the Subtropical and Antarctic Polar fronts. Mar Ecol Prog
Ser 111: 155-169

Pearcy WG, Krygier EE. Mesecar R. Ramsey F (1977) Vertical
distnibution and migration of oceanic micronekton off Oregon.
Deep-Sea Res 24- 223-245

Pearcy WG, Laurs RM (1966) Vertical migration and distribution of
mesopelagic fishes off Oregon. Deep-Sea Res 13: 153-165

Pingree RD, Holligan PM. Mardell GT, Head RN (1976) The
influence of physical stability on spring, summer and autumn
phytoplankton blooms tn the Celtic Sea. J mar brol Ass UK 56-
845-873

Reddy R. Lyne V. Gray R, Easton A, Clarke S (1995) An application
of satellite-dertved sea surface temperatures to southern bluefin
tuna and albacore off Tasmania, Australia. Scientia mar 59:
445454

Robertson DA, Roberts PE. Wilson JB (1978) Mesopelagic faunal
transition across the Subtropical Convergence east of New
Zealand. NZ J mar Freshwat Res 12: 295-312

Roger C (1994) The plankton of the tropical western Indian ocean as
a biomass indirectly supporting surface tunas (yellowfin, Thun-
nus albacares and skipjack. Katsmwonus pelunus). Envir Brol
Fish 39 161-172

Shingu C (1967) Distribution and migration of the southern bluefin
tuna. Rep Nankai reg Fish Res Lab 25- 19-36

Shingu C (1981) Ecology and stock of southern bluefin tuna. Rep
CSIRO mar Labs. Aust 131:1-79

Smith MM. Heemstra PC (eds) {1986) Smiths’ sea fishes. Springer-
Verlag. Berlin

Sournia A (1994) Pclagic biogeography and fronts. Prog Oceanogr
34- 109-120

Sund PN. Blackburn M. Wilhams F (1981) Tunas and their environ-
ment in the Pactfic Ocean: a review Oceanogr mar Biol A Rev
19: $43-512

Tabachmk BG. Fidell LS (1989) Using muluvariate statstics.
Harper & Row, New York

Ter Braak CJF. Prentice IT {1988) A theory of gradient analysis.
Adv Ecol Res 18: 271-317

Uda. M (1973) Pulsative fluctuation of oceanic fronts 1n assoctation
with the tuna fishing grounds and fisheries. J Fac mar Sei
Technol Tokat Univ 7. 245-265

Videau C. Sournia A. Prieur L. Flala M (1994) Phytoplankton and
primary production characteristics at selected sites tn the geo-
strophic Almerta-Oran front system (SW Mediterranean Sea).
J mar Syst 5: 235-250

Wyrtkr K (1960} The surface circulation in the Coral and Tasman
seas. Tech Pap Div Fish Oceanogr CSIRO Aust § 1-44

Young J W, Blaber SJM (1986) Feeding ecology of three species of
midwater fishes associated with the continental slope of eastern
Tasmama. Mar Biol 93. 147-156

Young JW. Bradford RW, Lamb TD. Lyne VD (1996) Biomass of
zooplankton and micronekton 1n the southern blucfin tuna
fishing grounds off eastern Tasmania. Australia. Mar Ecol Prog
Ser (1n press)

Young JW. Jordan AR. Bobbit CM. Johannes RE. Haskard K.
Pullen G (1993) Seasonal and nterannual varnabidity in krill
(Nycuphanes australis) stocks and their relationship to the jack
mackerel ( Trachurus declivis) fishery off eastern Tasmania, Aus-
tralia. Mar Biol 116. 9-18

Zar JH (1984) Brostatistical analysts. 2nd edn Prentice Hall. Engle-
wood Cliffs. New Jerscy

52



PART B

ECOLOGICAL STUDIES

53



CHAPTER 5

Reproductive biology of three species of midwater fishes associated

with the continental slope of eastern Tasmania, Australia.

Published: Marine Biology (1987) Vol. 95, 323-332
Co-authors: S.J. M. Blaber, R. Rose

54



Marine Biology 95, 323-332 (1987)

Marine
== BIOlOgy

® Springer-Verlag 1987

Reproductive biology of three species of midwater fishes associated
with the continental slope of eastern Tasmania, Australia

J.W.Young?, S.J.M.Blaber? and R.Rose?

t CSIRO Division of Fisheries Research: G.P.O. Box 1538, Hobart, Tasmania 7001, Australia
2 CSIRO Division of Fisheries Research: G.P.O. Box 120, Cleveland, Queensland 4163, Australia
3 Zoology Department, University of Tasmania; G.P.O. Box 252C, Hobart, Tasmania 7001, Australia

Abstract

The reproductive biology of Lampanyctodes hectoris (Giin-
ther, 1876), Maurolicus muelleri (Gmelin, 1789) and Dia-
phus danae Téning, 1932, from continental-slope waters of
eastern Tasmania. was examined between April 1984 and
June 1985. L. hectoris spawned in winter and M. muelleri
spawned from late winter to early summer. Apart from
one ripe male. no reproductive activity was detected in D.
danae: this species may be an expatriate in these waters.
Fecundity was positively correlated with standard length
in L. hectorts, but not in M. muelleri. The ratio of females
to males increased with length in all three species. The
spermatozoa of L. hectoris and, D danae are atvpical of
vertebrates and have no tail.

Introduction B

Information on the ref)roductive biology of myctophid and
stomiatoid fishes is limited and few comparative data are
available. Reproductive studies have concentrated on ei-
ther macroscopic staging of gonads (Paxton. 1967 Clarke.
1973, Badcock and Merrett. 1976: Karnella and Gibbs.
1977; Robertson. 1977; Gjosaeter. 1981 a) or sizing of eggs
(Halliday, 1970: Smoker and Pearcy. 1970: Pertseva-
Ostroumova, 1873: Clarke, 1982). Few histological studies
have been attempted (O’Day and Nafpaktitis, 1967; Zur-
brigg and Scott, 1972) and none. to our knowledge, have
examined seasonal changes in gonad maturity.
Lampanyctodes hectorns (Myctophdae). Maurolicus
muellert (Sternoptychidae), and Diaphus danae (Mycto-
phidae) are the most abundant midwater fishes on the
upper continental slope of eastern Tasmania (Young and
Blaber, 1986). Midwater fishes, particularly L. hectoris,
are the main diet of many slope fishes in these waters
(Blaber and Bulman, 1987); however, a seasonal cycle in
the abundance of these fishes has been reported (J. May,

personal communication). To understand the basis for this
seasonality. the reproductive biology of these species was
examined. Aspects of the reproductive biology of M.
muelleri in eastern Australian waters were studied by
Clarke (1982), but little has been reported on L. hectoris
(Robertson. 1977, Crawford. 1980. Cruickshank. 1983) and
nothing on D. danae.

Ripe Lampanycrodes hectoris. together with planktonic
eggs. have been found off New Zealand during August
(late winter) (Robertson. 1977). Larvae of L. hecroris have
been taken off South Africa between August and Novem-
ber (Ahlstrom ez al.. 1976). The principal spawning season
of Maurolicus muelleri 1s between late winter and spring
off eastern Australia (Clarke. 1982). coinciding with in-
creased plankton production in the area. In New Zealand
waters the mamn spawning period occurs later. in spring
and summer (Robertson. 1976). No reproductive data are
available for Diaphus danae.

This paper examines seasonal changes in the re-
productive brology of each species. using gonad histology
and gonadosomatic indices. It presents data on fecundity
and sex ratios and provides a description of the mature
spermatozoa of Lampanyctodes hectorts

Materials and methods

Midwater fishes were collected at two-monthly intervals
between Apnl 1984 and June 1985 over the upper con-
tinental slope. 12 nautical mules east of Maria Island.
Tasmama (42°39'S; 148°28'E). Sampling details are given
in Young and Blaber (1986). The three most abundant
midwater species. Lampanyctodes hectoris (Gunther, 1876),
Maurolicus muelleri (Gmelin, 1789), and Diaphus danae Taning,
1932, were selected for reproductive examination. A size
range of each species collected on each cruise was pre-
served 1n Bouin’s fluid (Hale, 1958) and later transferred
to 70% alcohol in the laboratory. Additional samples,
preserved in 10% formalin. were taken for determination
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Table 1. Criterta used for staging gonads of midwater fishes studied

J. W.Young er al.: Reproduction in midwater fishes

Stage Histology

Females

Males

() Immature oogonia present

(2) Resting/developing
vitellogenic oocytes: some oogonia

(3) Matunng

(4) Ripe

(5) Ripe-running
(6) Spent-resting

mainly (> 50% of all egg types) pre-

mainly non-staining yolk: some yolk precursors
mainly red-staining yolk, some nonstaintng yolk

homogeneous yolk, development complete

spermatogonia and some primary spermatocytes

few spermatids; primary and secondary
spermatocytes

mainly spermatids and secondary spermatocytes
mainly spermatozoa: some spermatids

gonad all spermatozoa

atresion of ripe oocytes plus previtellogenic oocytes -

of fecundity. Profiles of water temperature and salinity
were taken over the study area on each cruise from
standard hydrocasts to 400 m.

In the laboratory, fish were measured (standard length,
SL, £0.5 mm) and weighed (£0.001 g), and the gonads
were removed and weighed (£0.001 g). Gonads were
embedded in paraffin wax, sectioned at 8 um and stained
with haematoxylin and eosin (McManus and Mowry.
1960). Gonad maturation was classified acc¢ording to Dipper
and Pullin (1979) for females, and Dav1s'(l977) and Cyrus
and Blaber (1984) for males. Each gonad was staged,
based on the relative amounts of developmental cells
(Table 1).

No macroscopic staging was attempted because of the
lack of obvious gonad differentiation in all but npe fish.
The fecundity of Lampanycrodes hecroris was established
from oocytes larger than 0.30 mm. These were translucent
to opaque. and distinguishable .from smaller, transparent
oocytes. In Maurolicus muelleri, fecundity was estimated
from the number of enlarged. yolked oocytes (> 0.35 mm:
Clarke. 1982) which were easily distinguishable from
smaller. less developed ova. Because of an apparent
bimodality in matute egg size in L. hectoris and M.
muellert, random samples of approximately 100 eggs were
measured from ripe fish to determime whether there was
evidence for multiple spawning. Scanning electron micro-
graphs were taken of mature spermatozoa of L. hectorts
after etching with HCl and gold-plating.

Data analysis

Seasonal vanations in gonad maturation stage of females
and males were compared. using analysis of vanance. If a
significant difference between months was found, pair-
wise -tests were used to test which months were signifi-
cantly different. Gonadosomatic indices (GSI) were cal-
culated as the ratio of gonad wet weight to total fish wet
weight. expressed as a percentage. The GSI data were
transformed to logarnithms, as the samples from the popu-
lations had unequal variances. Seasonal variations in GSI
values of females and males were examined. using etther
analysis of covariance (ANCOVA) or analysis of variance.

An ANCOVA was used if a regression of log (GSI) on log
(SL), fitted separately to the fishes from each cruise,
accounted for a significantly greater amount of variation
than fitting only mean GSI values. Otherwise, an analysis
of variance was used. Pair-wise r-tests were again used to
identify months that were significantly different. As gonad
maturation stage was not a continuous variable in Lam-
panyctodes hectoris and Maurolicus muelleri, the correla-
tion between gonadosomatic index and gonad maturation
stage was examined using the non-parametric Spearman
rank correlation (ry) test (Zar, 1984). Individuals were
sexed from histological examinations. as there was no
readily identifiable sexual dimorphism in the three species
examuined. Differences in sex ratios between cruises and
with size were statistically tested using chi-squared good-
ness of fit.

Results

Physical environment

Mean sea-surface temperature ranged from 12.1°C in
October to 18.5°C in the following April (Fig. I). fol-
lowing the annual influx of surface tropical East Austra-
lian Current water to the prevailing modified subantarctic
water (Harris er a/. in press). Temperatures at a depth of
200 m remained between 11.6° and 13.5 °C throughout the
year. Surface saltnity values mirrored the temperature
changes, with lowest salinities in October and December
1984 and highest in February and March 1985.

Reproduction

A total of 454 fish were examined. Table 2 gives the size
range, sex and number of individuals examined from each
sampling period.

Lampanyctodes hectoris

Seasonal changes in gonad development and gonadosomatic
index. Ripe females of Lampanyctodes hectoris were usual-
ly greater than 55 mm SL, although one individual was ripe-
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Table 2. Lampanyctodes hectoris. Maurolicus muelleri and Diaphus danae. Size range (standard
length, SL), sex and number of individuals whose gonads were examined from off Maria Island be-

tween April 1984 and June 1985. —: absent

Month L. hectoris M. muelleri D. danae
SL Nos. of: SL Nos. of: SL Nos. of:
(mm) —*9 3 (mm) 9““_6, (mm) 3
1984
April 42-65 20 - 34-49 6 - = S
June 38-64 2 24 34-52 13 5 38— 51 4 -
August 32-66 25 17 34-41 7 2 39- 50 11 -
October 50-66 13 6 39-51 11 12 62— 96 3 17
December 31-72 16 3 43-54 17 13 66—-115 20 12
1985
February 55-71 12 1 35-53 22 1 70-109 4 7
March 33-72 17 6 34-53 19 3 80-111 - 4
June 36-60 20 - - - 10 66-107 23 6
Total nos. 145 57 95 46 65 46
Sex ratio (2:9) 2.16:1 264:1 1.64:1

’OJ r T - T T T
Apr Jun .‘Aug Oct Dec

1984

Feb Mar-
1985 Apr

Fig. 1. Mean sea-surface temperatures (T,) and mean tem-
peratures at 200 m (T,o,) depth over continental slope. east of
Maria Island between April 1984 and March/April 1985. Bars de-
fine 95% confidence intervals

running at 32 mm SL (Fig. 2). Ripe males ranged from 32 to
62 mm. A seasonal difference was found in mean gonad
stage in female L. hecroris (F=50.7; DF=7,137; P<0.01)
which, from pair-wise t-tests, was significantly higher in
April. June and August (P<0.01) than in other months
(Fig. 3). Ripe females were present mainly in August 1984,
when mean water temperature was below 13°C (Fig. I).
Maturing females were found in April and June 1984 and
one maturing female was found in June 1985 (Fig.2). A
seasonal difference was also found in male gonad activity
(F=16.1; DF=456; P<0.0l). Ripe and ripe-running
males of L. hectoris were found between June and Octo-
ber, with ripe-running males contributing 71% of males
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Fig. 2. Lampanyctodes hectoris. Gonad stages determined by his-
tology from fish sampled between April 1984 and June 1985. In
this. and similar figures, top histograms for each month represent
females, bottom histograms males
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sampled in August (Fig.2). Gonad stages were signifi-
cantly higher (£<0.01) (Fig.3) at this time than in the
following autumn.

As the regression slopes of log (GSI) vs log (SL) for
each two monthly period were parallel and significantly
different from zero (F=21.7; DF=1,136; P<0.01), sea-
sonal differences in GSI values were tested using AN-
COVA (see “Materials and methods — Data analysis”). A
seasonal difference in GSI of females was found (F=
120.2; DF=7,136; P<0.01), with significantly higher val-
ues in June and August 1984 and June 1985 (P£<0.01)
(Fig. 3). A seasonal difference was found in male GSI
values (F=8.0; DF=4.56; P<0.0l), with significantly
higher values in June and August (P < 0.05). There was no
relationship between size and GSI in males.

Gonadosomatic index was correlated with gonad stage,
as determined by histological examination, in both females
(r;=0.68, DF=141; P<001) and males (r;=0.36, DF=
55; P<0.005) of Lampanyctodes hectoris.

Fecundity The fecundity of Lampanyctodes hectoris was
determined from fish taken in June (¥=16) and August
1984 (¥=19). Egg counts ranged from 1309 to 2798
(x=1956+101.9SE) in fish from 5] to 70mm (%=
62.55 mm = 1.18 SE). A significant correlation existed (r=
0.57. DF=18; P<0.01) between the number of eggs and
standard length. The relationship between fecundity ()
and length (X) was InY'=1.585 InX + 1.0027. There was no
correlation between egg size and standard length. Egg size
per fish ranged from 0.317 to 0.499 mm.

In all fish examined. a single mode of mature or
maturing eggs was present in a matrix of smaller (<0.3
mm) translucent eggs. However. in one fish taken in June
1984. a bimodal distribution of egg size was found: the
smaller mode was at the lower egg-size limit (0.3 mm:
Fig. 4). while the larger mode was comparable in size to
the planktonic eggs of Lampanyctodes hectoris (Robertson.
1977). This bimodal distnbution points to multiple spawn-
ing.

Descripuion of male gonad. The testes appear to be of the
“unrestricted spermatogonial testis-type” (Grier. 1981: p.
348) typical of most teleosts: the spermatogonia are not
confined to small peripheral cysts within the tubule, but
are spread along its length. The spermatogonia are. how-
ever. more prominent in some localities. Nearer to the
sperm duct, sperm are a major component of the ripe
testis. Interstitial cells are present as a triangular mass of
tissue between the tubules

The spermatozoa are unusual in being aflagellate. No
sperm tails or midpieces were visible at the light mi-
croscope level 1 any histological section in which sper-
matozoa were found. In these sections. the spermatozoa
are crescent or sickle-shaped: some appear to be twisted.
which may be an artefact of preparation.

After ion-etching, the spermatozoa are clearly visible
under the scanning electron microscope (Fig. 5). They are
approximately to 3 to 4 um 1n length. The pointed distal
tip appears blunted at this magnification. but the wide
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base appears slightly rounded or flat. In Lampanyctodes
hectorts, the sperm head stains uniformly blue with hae-
matoxylin and little cytoplasm is apparent around the
nucleus.

Sex ratio. As sexual dimorphism is not obvious in Lam-
panyctodes hectoris, only gonads checked by histology
were used in determining sex rauo. The overall female to
male ratto was 2.16:1 (¥N=212). Sex ratios differed be-
tween months, and the number of females relative to
males increased over summer (Table 2). Sex ratios differed
significantly with size (3> =41.83, DF=4; P<0.001), with
the ratio of females to males increasing steadily from an
initial 1:1 ratio in fish less than 40 mm (Table 3). No
males greater than 70 mm SL were recorded.

Maurolicus mueller

Seasonal changes in gonad development and gonadosomatic
index. Ripe females of Maurolicus muelleri ranged in size
from 38 mm to 53 mmSL. although no ripe females
between 40 and 44 mm SL were found. Mature males were
generally smaller. ranging in size from 34 to 46 mm SL.
Reproductive activity began in August 1984 and continued
until December 1985 (Fig. 6). Gonads of both sexes were
immature in February and April 1985. Female gonad
stage differed significantly between months (F=75.0; DF
=6.88: P<0.01). The high August, October and Decem-
ber values were significantly different (£<0.01) from
other months (Fig. 7).

Male gonad stage also differed seasonally (F=26.8:
DF=2.27: P<0.01), with the highest stage in October and
December (P <0.01).

The regression slopes of log (GSI) vs log (SL) 1n
females were significantly different from zero (F=76.5:
DF=1.87; P<0.01) so an ANCOVA. with length as the
independent variable. was used to test for seasonal dif-
ferences in GSI. A significant difference between months
(F=43.2: DF=6.87: P<0.01) in female GSI was found.
Gonadosomatic indices in August. October and December
were significantly higher (P <001) than in other months
(Fig. 7). No difference was found in GSI between August
and October, but these values were significantly higher
(P<0.01) than in December, which suggests that August—
October was the time of peak spawning.

Because of the low numbers of males in some months,
only samples from June. October and December were
tested. There was significant difference in GSI between
months (F=8.0: DF=4.58: P<001): October and De-
cember 1984 values were significantly higher (£<0.01)
than those of June 1984 (Fig. 7).

In Maurolicus muelleri the gonadosomatic index was
correlated with gonad stage. determired by histological
examination in females (r,=0.75, DF=87; P < 0.01) and
males (r,=0.57, DF=34; P <0.01).

Fecundity. The fecundity of Maurolicus muelleri was exam-
ined in maturing and ripe fish sampled in October and
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Table 3. Lampanyctodes hectoris. Ratio of females to males in re-
lation to size (standard length). N: number of fish in each size class
sy SL (mm) ° 3 N 0:48
35 =40 13 13 26 1.0:1
41-50 32 29 61 Llsl
30— ’ 51-60 48 23 71 20:1
n=100 ’ 61-70 48 1 49 48.0:1
R 254 =71 3 0 3 -2
§ 40 * No males > 70 mm were recorded
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Fig. 4. Lampanyctodeshectoris. Size distribution of eggs from ma-
ture female (70 mm SL) taken in June 1984. ¥=number of eggs
measured '

Fig. 5. Lampanyctodes hectoris. Scanning electron micrograph of
mature spermatozoa (10000X magnification; scale interval
=1 um). CT: connective tissue; S: mature spermatozoon
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Fig. 6. Maurolicus muelleri. Gonad stages for females and males,
determined by histology from fish sampled between April 1984
and April 1985
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December 1984. Egg counts ranged from 104 to 942
(¥=37614523 SE) in fish ranging in size from 43 to
54 mm (¥=49.09 £0 64 SE: N=22) Egg size ranged from
0.53 to 084 mm There was no correlation between fish
size and number or size of eggs over the length range
examined.

Bimodal distributions in egg size occurred n all fish
examined from a trawl made at 20.40 hrs on 14 December
(Fig. 8a). The larger mode (approx 1.10 mm) corresponded
with egg sizes reported from the plankton (Robertson.
1976). Fish examined from trawls immediately afterwards
(00.08 hrs, 15 December) (Fig. 8 b) and subsequently on 16

Table 4. Maurolicus muelleri. Ratio of females to males in relation
to size (standard length). V. number of fish n each size class

SL (mm) ° 3 N g3
=35 11 3 14 3.7:1
36-40 36 7 43 5.1:1
41-45 5 17 22 03.1
46-50 23 9 32 25:1
=51 20 0 20 -2

* No males > 50 mm were recorded ’

Table 5. Diaphus dance. Ratio of females to males n relation to
size (standard length). .V: number of fish in each size class

J.W Young et al.: Reproduction in midwater fishes

December, contained only eggs of the smaller mode
(>0.50 mm), indicating that spawning had occurred be-
tween 14 and 15 December. As the smaller mode was
significantly larger than the size of maturing ova reported
by Clarke (1982), a further spawning was considered
likely.

Sex ratio. The overall ratio of females to males was 2.64:1
(N=131). Sex ratios differed between months (Table 2),
but there was no consistent pattern. A significant dif-
ference in sex ratios between length classes occurred (i,
39.69, DF=4; P<0.001): females outnumbered males in
each size class, except the 41 to 45 mm class, where males
were more numerous (Table 4). No males greater than
50 mm were recorded.

Diaphus danae

Seasonal changes in gonad development and gonadosomatic
index. No actively maturing or ripe females of Diaphus
danae were found (Fig.9). Macroscopic examination of
many more ripe females showed that this was not a
sampling artefact. Maturing males were found between
October 1984 and June 1985. One ripe male was found in
October, but no ripe females were found. Sperm were of
the aflagellate type described for Lampanyctodes hectoris.
No significant seasonal differences in female GSI
occurred, and values were low (below 1.00) throughout the
study period. A linear correlation existed between gonado-

SL (mm) ) 3 N 2.8
. somatic tndex (Y) and fish SL (X). (In Y=0.0206 In
=30 13 0 13 = X-3.085; r=0.83, DF=63: P<0.001).
51— 60 2 0 . 2 —
61- 70 7 b 12 14.1 i X
71— 80 9 1 20 0.8:1 Sex ratio. The ratio of females to males in Diaphus danae
81- 90 9 18 27 0.5:1 for all months combined was 1.64:1 (¥=111). No con-
91-100 9 8 17 1;' . sistent seasonal pattern in sex ratios was found. Sex ratios
101-110 17 0 7 T ditfered significantly with size (;? =47.42. DF=4; P <0.001)
11 50 0 3 - e
(Table 5): males were absent from the two largest and two
* Males absent ! smallest size classes.
7 -
FEMALE
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c
Q
T 41 4o
£ s
[=] ]
3 34 -3 o
e o]
o c
5 3
& 2+ \-{ 2 x
1>

Fig. 7. Maurolicus muellerr. Mean gonadosomatc in-
- dices and mean gonad stages for females and males
between April 1984 and April 1985, Bars define 95%
L confidence intervals

60



J.W.Young et al.: Reproduction in midwater fishes

397 (a)

257 n=400

—

Frequency (%)

(b)
n=2Q00

OJ [ IS N W S N |
0.4 0.6 0.8 1.0 1.2 1.4

Egg diameter (mm)

Fig. 8. Maurolicus mueller1. Size distribution of eggs from mature
females taken on (a) 14 December 1984 and (b) 15-16 December
1984. N=number of eggs measured
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Discussion
Spawning periods

Spawning in Lampanyctodes hectoris started in June (win-
ter) and continued until October, with peak spawning in
August. Maurolicus muellerr spawned mainly from August
(late winter) to October. although ripe and spent females
collected 1n December indicated that the spawning season
of this species continues until early summer.

Myctophids in temperate and subtropical waters gener-
ally spawn from late winter to summer (Fast. 1960: Odate
and Ogawa. 1961; Halliday, 1970; Smoker and Pearcy,
1970; Gobdyear etal. 1972; Clarke. 1973; Go et al.,, 1977;
Karnella and Gibbs, 1977). This is also true for the
sternoptychid Maurolicus muelleri (Okiyama, 1971; Ro-
bertson, 1976; Gjosaeter. 1981a: Clarke, 1982). Clarke
(1973) postulated that reproductive cycles in midwater
fishes, particularly myctophids. were timed to coincide
with the spring bloom (and the consequent increase in
zooplankton abundance). In subarctic and subantarctic
waters, however, spawning in some species of myctophids
is confined to winter (Smoker and Pearcy. 1970: Robert-
son. 1977), as with Lampanycrodes hectoris in this study.
According to Gyosaeter and Kawaguchi (1980: p.22),
winter spawning in high latitudes may be “an adaptation
to low water temperature. since hatching takes much
longer than mn low latitudes.” As juveniles of L. hectoris
were present in the water column off Maria Island during
late spring. when zooplankton abundance was increasing.
early spawning may ensure that enough of the young of
the year have reached maturity to take full advantage of
the increased zooplankton production. M. muellert spawned
later. however. and juveniles were not present in the
water column unul February (Young. unpublished ob-
servations). This may be explained by the relatively larger
egg size of M. muellerr (approximately twice that of L.
hectons eggs). Egg volume has been positively correlated
with larval size at hatching 1n pelagic spawners (Blaxter
and Hempel. 1963). Therefore. the initial development of
M. muelleri may be svnchronized to the occurrence of
larger plankters occurring later in the spring plankton
succession (thus reducing competition for the available
food). This possibility is supported by Okiyama (1971),
who found that earlv postlarvae of M. muellerr “can
directly take the larger and much advanced organisms”
(Oktyama. 1971: p. 22) of the plankton.

No spawning penod was identified for Diaphus danae.
Large individuals of D. danae (>70 mm) were not col-
lected in June or August 1984, when reproductive maturity
was most likely. However, as large D. danae were equally
likely to be captured then as at other times of the year. it is
possible that the population of D. danae off Maria Island
was an expatriate one (Ekman, 1953). This is similar to
observations reported for myctophid species in other
waters (O'Day and Nafpaktitis, 1967; Zurbngg and Scott.
1972; Gjosaeter, 1981b). where populations exist vegeta-
tively outside their spawning area.
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Fecundity

Although data are limited, fecundity in myctophids is
approximately proportional to body length (Gjosaeter and
Kawaguchi, 1980). Kawaguchi and Mauchhne (1982) re-
ported that larger myctophid species have higher fe-
cundities (e.g. Benthosema glaciale 33 mm SL, <300 eggs;
Lampanyctus macdonaldi 123 mm SL, 7072 eggs). In the
present study. fecundity and length were positvely cor-
related 1n Lampanyctodes hectoris, as reported by Gjo-
saeter and Kawaguchi (1980) for B. glaciale.

Different relationships between fecundity and length in
Maurolicus muelleri have been reported. Clarke (1982)
found that fecundity was proportional to length in in-
dividuals examined off south-eastern Australia; Okiyama
(1971), Badcock and Merrett (1976), Gjosaeter and Kawa-
guchi (1980) and the present study found no relationship.
However, Macgregor (1968) pointed out that the rela-
tionship between fecundity and length is unclear unless
the largest fish in the sample is more than twice as long as
the smallest fish. The ratio in the present study was only
1.3:1, whereas in Clarke’s (1982) study it was 1.5:1, which
may explain the different results. The fecundity of M.
muelleri reported here compares very, closely with that
reported elsewhere (e.g. Okiyama, 1971). which suggests
that the fecundity of this species shows little latitudinal
variation.

Multiple spawning

The presence of different-sized modes of yolked oocytes
suggests multiple spawning. usually over several months of
the year (Le Clus. 1979). This assumes that all yolked cells
are capable of developing to maturity. although total or
partial resorption 1s possible (Macer, 1974). Smoker and
Pearcy (1970) argued that the presence of a smaller mode
of gametes in the myctophid Stenobrachius leucopsarus did
not necessartly imply multiple spawning. as the immature
gametes could either be expelled into the plankton or
resorbed. Similarly. Taning (1918) could not confirm
multiple spawning in myctophids from the Mediterranean
Sea.

Nevertheless. there is supporung evidence for multiple
spawning in Lampanvctodes hectoris. In some marine fish
(e.g. Trachurus symmetricus). the presence of an inter-
mediate size mode of yolked oocytes indicates multiple
spawning (Macgregor, 1976). In these fish, further evi-
dence for more than one spawning can be found (e.g. an
extended spawning season). In the present study, such a
mode was present in one mature female of L. hectorts.
Also, the individual examined came from the start of the
reproductive season (June), which suggests that a further
spawning was likely.

The evidence for multiple spawning in Maurolicus
muellert is stronger. Not only were bimodal distributions
of egg-size present in many individuals. but also re-
productive activity continued over an extended period
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(Fig. 7). which is consistent with multiple spawning (Mil-
ton and Arthington, 1983; Williams and Clarke, 1983).
Previous examinations of egg sizes of M. muelleri (Oki-
yama. 1971; Gjosaeter, 1981a; Clarke. 1982), and growth
studies (Yuuki, 1984) also support this conclusion.

Sex ratios

Midwater fishes off Hawaii were found generally to
exhibit a 1:1 ratio of females to males, with some ex-
ceptions, particularly among larger myctophid species
where “females were either more abundant or larger than
males” (Clarke, 1983: p.203). In the present study all
three species showed. overall, a positive bias in the ratio of
females to males and a decline in the proportion of males
with increasing size. Seasonal trends were apparent only in
Lampanyctodes hectoris. perhaps due to small sample sizes.
However. in some trawls, sexed subsamples. particularly of
the myctophids, contained either all females or all males,
which suggests that spatial segregation of sexes (Klingbeil.
1978) may occur. Other factors such as species size
(Clarke. 1983). depth distribution (Badcock and Merrett.
1976) and differential avoidance of nets (Klingbeil. 1978)
may have accounted for the bias towards females in this
study However. similarly biased catches of L. hectoris
were reported off South Africa (Crawford. 1980). Possibly
this bias is as an adaptation to “maximize egg-producing
biomass” (Clarke. 1983: p.203) in waters where food
reserves are low. This may be the case in the present study.
as maturing females (excluding Diaphus danae) are present
before the onset of the spring bloom. when food may stiil
be limited.

Sperm structure

The testes conform to the usual teleost pattern. However.
the structure of the sperm 1s unusual. Although aflagellate
sperm are found n several teleost families (Mattei. 1970).
the sperm of Lampanyctodes hectoris and Diaphus danae
resemble normal flagellate sperm. but without midpiece or
tail. O’Day and Nafpakutis (1967) reported that the sperm
of the myctophid Lobianchia dofleini. which is very similar
in shape to that of Lampanyctodes hectoris, does have a
flagellum. However, they gave no evidence for this con-
cluston.

Other aflagellate sperm have simple cell-like bodies.
The sperm of Gymnarchus niloncus. for example. are
rounded cells with a central nucleus (Mattei er al.. 1967).
The sperm of Lampanyctodes hectoris and Diaphus danae
on the other hand go through the complex stages of
sperm-head formation typical of most vertebrate species.
but neither a midpiece nor tail is visible. The functional
implication of an aflagellate sperm. which suggests limited
mobility, 1s unclear. Perhaps, because these species occur
in dense aggregations (May and Blaber, in preparation)
and. for L. hectons at least. males are reproductively active
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for longer than females (Fig. 2). there is less need for a
mobule sperm.
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Abstract

The age, growth and mortality of the lanternfish Lampanyc-
todes hectoris (Gunther) were investigated by examining the
otoliths, length-frequency data, and sedsonal abundance of
fish collected from continental slope waters of eastern Tas-
mania between April 1984 and June 1985. Although L. hec-
toris can live to 3 yr old, it has a high annual mortality (79%)
and few live past their first year. Growth, described here by
a variation of the Von Bertalanffy model, takes place mainly
in the first six months of life and only dunng late spring and
summer. The hypothesis of daily deposition of primary
growth increments in myctophids was supported by com-
paring the back-calculated birth dates of daily-aged individ-
uals of L. hectoris with the spawning season of this species.

Introduction \

Information on the age and growth of myctophid fishes is
limited, particularly in the southern hemisphere, most stud-
ies having concentrated on northern hemisphere or tropical
species (e.g. J. Gjosaeter and Kawaguchi 1980, H. Gjosaeter
1987). Moreover, in many species, age and growth have been
estimated from reproductive cycles and length-frequency
data (e.g. Clarke 1973, Karnella 1987). Estimates of mortal-
ity are also scarce (Gjosaeter and Kawaguchi 1980). Recent
studies of tropical myctophids (J. Gjosaeter et al. 1984, H.
Gjosaeter 1987) have shown the presence of primary growth
increments corresponding to the daily increments found in
the otoliths of coastal fishes (Campana and Netlson 1985).
However, these increments have yet to be validated as daily.

Lampanyctodes hectoris is a wide-spread species in the
southern hemisphere, abundant in continental slope waters
of southern Africa (Ahlstrom et al. 1976, Crawford 1980),
south-east Australia (Anonymous 1977) and New Zealand
(Robertson 1977). This species was found to constitute more

than 90% of the biomass of fishes associated with the conti-
nental slope of eastern Tasmania (May and Blaber in prepa-
ration), and was the main prey of most fish species in these
waters (Bulman and Blaber 1986, Blaber and Bulman 1987).
However, the biomass of L. hectoris varies seasonally, with
a ten-fold increase in summer (May and Blaber in prepara-
tion). Similar changes in biomass, together with seasonal
variations in the length-frequency of this species, have also
been reported off South Africa (Crawford 1980).

Based on previous studies of ageing, myctophids gener-
ally are fast-growing (Chuldress et al. 1980), have relatively
short life spans and a high rate of mortality (Gjosaeter and
Kawaguchi 1980). Whether these factors were responsible
for the annual cycle in the biomass of Lampanyctodes hec-
toris off eastern Tasmania was examined using length-
frequency data, otolithic ageing and seasonal abundances of
fish sampled between April 1984 and June 1985. Primary
growth increments were investigated as a means of more
accurately describing growth in the early life-history of this
lanternfish.

Materials and methods
Collection of material

Samples of Lampanyctodes hectoris (Gunther) were col-
lected from the upper continental slope, 22 km east of Maria
Island, Tasmania (42° 39'S; 148° 28'E) every two months
from Apnl 1984 to June 1985. Briefly, samples were col-
lected using an Engel midwater trawl with a 10 mm cod-end
liner, from discrete depths between the surface and 400 m,
day and night. Full details are given in Young and Blaber
(1986). Random samples of up to 500 fish per trawl were
measured (standard length, SL, mm) and length-stratified
sub-samples were either frozen or preserved in 70% alcohol.
In the laboratory, fish were measured and the sagittae and
lapilli removed and stored on glass slides in immersion oil.

66



570
Otolith examination

Whole sagittale were examined under the light microscope
(6 x magnification) in water on a black background, using
incident hight. The following observations were recorded:

(i) number of hyaline and opaque zones, based on the
terminology of Jensen (1965) (Fig. 1a);

(ii) length of the longest axis;

(it) width of the marginal increment along the longest
axis. The marginal increment was defined as the distance
from the outer edge of the last complete hyaline zone to the
otolith margin.

Annuli were validated by comparing changes in the
width of the marginal increment of sagittae of fish sampled
between June 1984 and June 1985, using analysis of vari-
ance (ANOVA) (Warburton 1978, Sainsbury and Whitelaw
1984). This treatment has an advantage over earlier valida-
tion techniques (e.g. Saetersdal 1953), as it also gives an
indication of growth rate.

Age in years was calculated from the number of hyaline
and opaque zones observed. Dependent on validation, sagit-
tae without a complete hyaline zone were defined as being in
the 0+ yr class. Each additional opaque zone designated
subsequent year classes. The age of each-sagitta was deter-
mined independently by two readers; if the readings did not
agree, the otolith was discarded.

Daily ages

To calculate daily age, the number of increments in the
lapilli of 0+ fish were examuned, Each lapillus was polished
with carborundum powder and examined under a high-
resolution compound microscope at 750 to 2000 x and an
image-enhancing, closed-circuit television, following general
procedures discussed by Campana and Neilson (1985). Only
fish taken up to 6 mo after the 1984 spawning season were
used; older fish could not be aged by light microscope be-
cause their increments$ were too closely spaced toward the
lapillus margin, and thus below the level of microscope reso-
lution (Campana and Neilson 1985). Daily ages were calcu-
lated as the number of increments present in the otolith.
They were validated by comparing their back-calculated
birth dates (date of collection less otolith age) with the
spawning period for the species, as determined independent-
ly from the maximum gonadosomatic index, which Young
et al. (1987) had shown to be correlated with the spawning
time of this species. Each lapillus was read twice and was
discarded if counts differed by more than 5%. The mean
value of counts within the 5% limit were used in the anal-
yses.

Data analysis

Length-frequency distributions were analysed using the
computer program MIX (Macdonald and Green 1985),
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which is based on an earlier program designed to fit normal
distributions to polymodal data (Macdonald and Pitcher
1979). The resulting mixtures were interpreted from age-
length data obtained from otoliths collected in each sam-
pling period.

Fish were assigned an age in months relative to an arbi-
trary birthdate of 1 September, which is during the time
when this spectes spawns (Young et al. 1987). Using this date
a fish estimated as Age 1+, caught in December 1984, was
considered to be 16 mo old. The ages of fish less than 6 mo
old were determined from daily increments and converted
to months. The combined data were fitted by a ““switched
growth” Von Bertalanffy curve (Pitcher and Macdonald
1973). This has the advantage over the simpler von Berta-
lanffy model in that it calculates “the proportion of time
spent growing in each age class”™ (sw) and “the times of year
at which the zero growth period begins and ends”(s) (Pitcher
and Macdonald 1973, p. 600). This model is particularly
useful if growth is seasonal.

The mean number of individuals per trawl in each sam-
pling period was calculated and an age-length key was used
to estimate the age structure of the catch. From this data a
catch curve was constructed (Gulland 1969). Total instanta-
neous mortality (Z) was estimated from the slope of the
descending limb of the catch curve, using log-linear regres-
sion (Ricker 1975). To minimise differences in year-class
strength, mortality was estimated for all sampling periods
combined (Gjosaeter 1973). Estimates of mortality may be
biased by net selectivity, but the Engel 152 (used in this
study), has been shown to sample a wider size range of fish
than do other smaller-meshed nets (Young and Blaber
1986).

Results
Otolith description

The sagittal otoliths of Lampanyctodes hectoris are similar
to those of other myctophid species (e.g. Gjosaeter 1981).
possessing a wide, opaque central area surrounded by alter-
nating hyaline and opaque zones (viewed by reflected light
on a dark background) (Fig. 1a). The sagittae are slightly
elongate, the anterior margin s pointed, with a crenate mar-
gin along the ventral surface. Sagittae range 1n size from 1.38
to 2.26 mm (along the longest axis) in fish of standard
lengths of 32 to 62 mm. The lapilli are ovoid to square in
shape; the proximal surface is convex, the distal surface
flattened. They range in size from 0.34 to 0.84 mm in fish of
the same length as above.

Otolith analysis
Sagittae were examined for 290 individuals of Lampanyctodes

hectoris, collected between June 1984 and June 1985 (Table
1). Nine otoliths were unclear and these were discarded.
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Table 1. Lampanyctodes hectoris. Number of fish from which otoliths were examined from each year class for each sampling period between
June 1984 and June 1985 (n =number examined). Numbers in parentheses: no. of fish from which lapilli were examined. Sagittae without
complete hyaline zone defined as O+ yr class; each additional opaque zone designated subsequent year classes

Age 1984 1985 n
June Aug. Oct. Dec. Feb. Apr. June

0+ 7 7 8(8) 40 (18) 37 (15) 45 43 187

1+ 5 8 41 10 6 3 5 78

2+ 0 0 8 0 6 0 2 16

Total 12 15 57 50 49 48 50 281

Fig. 1. Lampanyctodes hectoris. (a) Sagitta of an Age 1+ fish; (b)
lapillus of a 100 d-old fish. (Both light micrographs)

There was a significant difference in the width of the
marginal increment between seasons for otoliths with one
(ANOVA, F=24.63: DF=6.,64; P<0.001) and two
(ANOVA, F=19.34; DF=2.13; P=<0.001) hyaline rings
(Fig. 2). The delineation of the hyaline zone and the subse-
quent formation of the new opaque zone was shown by a
decline in the mean marginal increment in fishes sampled in
October 1984. Rapid growth of the opaque zone, represent-
ed by increases in the marginal increments of fish with one
and two hyaline rings, occurred over spring and summer.
Based on these observations, each hyaline-opaque sequence

represented one year’s growth. Two age groups were identi-
fied using this technique (Fig. 3). Fish in which the first
hyaline zone had not yet been delineated were considered to
be Age 0+ fish. There was a linear relationship between fish
SL in mm (x) and sagittal length in mm (y) (y=1.36x
+41.4, r*=0.89, DF =279, P<0.001). Hence, the increase
in sagittal size from October to December in 0+ fish indi-
cated a rapid period of growth (Fig. 2). A spring-summer
growth period was also evident in the otolith margins of
Age 1+ and 2+ fish.

Length-frequency analysis

Three modal classes were identified in April 1984 (Fig. 4,
Table 2) and, from the age-at-length data. corresponded to
0+, 1+ and 2+ year classes (Fig. 3). These modes were still
present in June and August, although the proportion of 0+
fish declined markedly. In October, a new mode of recruits
appeared, becoming the main component of the distribution
by December, at which time two modes were present: re-
cruiting juveniles and a mode consisting of 1 + and 2+ fish
(not separable by the Macdonald-Pitcher analysis). Between
February and June 1985, the proportion of 1 + and 2+ fish
to 0+ fish declined. Differences in the size structure of
populations of Lampanyctodes hectoris in April 1984 and
April 1985 — the 2+ mode was barely present in 1985 -
indicated that recruitment and mortality vary interanually.

Growth rates derived from modal analysis were very
similar to the growth rates derived from otolith analysis
(Table 2, Fig. 5). Otolith analysis, however, was more useful
in separating the 1+ and 2+ modes during 1985, because
these age classes were similar in length.

Daily ages

Lapilli from 47 fish taken between October 1984 and Febru-
ary 1985 were examined for microstructural increments (Ta-
ble 1). There was disagreement on the increment counts of
six fish and these were discarded (see ‘“Materials and meth-
ods — Daily ages™). Each lapillus had an inner, middle and
outer group of increments (Fig. 1b). In the inner group,
increment counts ranged between 16 and 24 (¥=22.2,
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Table 2. Lampanyctodes hectoris. Parameters (Par.) of Macdonald-
Pitcher length-frequency analysis between April 1984 and June 1985
[%: mean size of mode (standard length in mm); S standard devia-
tion of mode P: relative abundance of mode as proportion of total

sample] x?: chi-square value; DF: degrees of freedom
Month Par. Year class (standard deviation) x* (DF)
0+ 1+ 24
1984
Apr. X 44.38 (0.36) 54.83 (0.36) 65.32 (0.19)
S 4.3 (0.16)  2.20 (0.40) 3.78 (0.14) ¢ 6.7 (3)
P 0.45 (0.02) 0.16 (0.02)  0.40 (0.12)
June X 43.38 (0.63) 52.48 (0.26) 62.35 (0.66)
S 439 (0.31) 2.73(043) 4.34(0.35) ¢ 4.3(3)
P 0.35 (0.04) 0.35(0.06) 0.30 (0.32)
Aug. X 42.45 (0.63) 52.14 (0.31) 61.38 (0.69)
S 4.51 (0.91) 2.03(0.22) 3.47(0.27) ¢ 4.7 (3)
P 0.06 (0.01) 0.38 (0.05) 0.56 (0.05)
Oct. X 28.98 (1.21) 51.89 (0.36) 61.12 (0.57)
S 6.68 (1.25) 3.77 (0.22) 3.47(0.27) ;82.7 (5)
P 0.03 (0.01)  0.65 (0.05) 0.33 (0.05)
Dec. x 36.02 (0.19) 62.74* (0.25)
S 5.05 (0.07) 3.28 (0.57) ; 6.9 (2)
P 0.75 (0.01) 0.25 0.01)
1985 !
Feb. X 41.32 (0.09) 64.31 0.67)
S 5.05 (0.07) 3.28 (0.57) ¢ 67.2(7)
P 0.95 (0.02) 0.05 (0.01)
Apr. X 42.57 (0.16) 64.36 (1.01)
S 5.04 (0.11) 4.50 (0 67) 67.2 (7)
P 0.95 (0.02) 0.05 0.01)
June X 46.27 (0.11) 65.84 (0.32)
S 5.24 (0.09) 2.58 (0.26) ¢ 157.7 (6)
P 0.95 (0.04) . 0.05 (0.01)

* The 1+ and 2+ modes were not separable by modal analysis
after October 1984, so are reported as one

SD =1.3). Increments in the middle group were difficult to
distinguish and were, probably the result of metamorphosis
from the larval to juvenile form. Increment counts in this
series ranged from 5 to 9 (¥=6.5, SD=1.3). Increments in
the outer region made up the remainder of the count. Up to
135 increments were distinguished in this group. The rela-
tionship between standard length (y) and total increment
number (x) was described by the exponential equation:

y=26.27 In (x)—86.27 (DF =38, r*=0.77, P<0.001)
(Fig. 6).

To test whether increments were laid down daily, we
assumed each increment represented one day. The birthdate
was then calculated back from the time of sampling. The
back-calculated spawning dates coincided with the spawn-
ing period of Lampanyctodes hectoris in 1984 (Fig. 7), indi-
cating that growth increments in these fish were deposited
daily. The slight offset between time of gonad maturation
and spawning time may be explained by a lag in hatching
time, which is common in high-latitude fish (Gjosaeter and
Kawaguchi 1980).
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Growth curve

Most growth occurred within six months of spawning, with
little growth thereafter (Fig. 8). Sagittal (annual) data could
not, therefore, accurately describe the initial growth phase
of Lampanyctodes hectoris. Consequently, daily ages were
used in the growth curve for fish less than six months old.
This was done after a significant correlation was found be-
tween ages as determined by the the two ageing techniques
(Spearman rank-correlation coefficient, 0.82, DF=39,
P <0.001). Sagittal data was used for fish older than 6 mo.
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A switched-growth von Bertalanffy curve (Pitcher and
MacDonald 1973) was fitted to the data with parame-
ters: L_=70.09 (£1.959 SE), K=0.0062 (+0.0007 SE),
15=0.921 (+0.39 SE), s=96.41 (+10.29 SE), sw=—0.08
(£0.14 SE), where L, is the asymptotic maximum size,
K the rate of propertional growth, and ¢, is the time in
months (see “Materials and methods — Data analysis™ for s
and sw). There was a significantly better fit to the data using
the “switched-growth” model as opposed to the typical von
Bertalanffy growth model (F=18.7, DF=2,153, P <0.01).
The former accounted for 85% of the variance, whereas the
latter accounted for 81%. The model determined that
growth stops 6.4 mo from the birthdate, and that there are
6.38 mo of growth per year These values are supported by
the length-frequency data.

Mortality

The natural logarithms of abundance of each age class was
plotted against age in months for each sampling period
(Fig.9). The 0+ fish from October 1984 were not fully
recruited (i.e., not on the descending limb of the catch curve)
and therefore were not considered in the regression analysis.
The descending limb of the catch curve was described by the
equation

y=—0.132x+10.209 (r2=0.38, DF =18, P<0.001).
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The instantaneous rate of total annual mortality was
estimated to be 1 58 (95% confidence intervals 0.55 to 2.25),
which corresponded to an annual mortality of 79% (95%
confidence intervals 45 to 92%) of the sampled population.

Examination of the mean catch by season indicated that
mortality occurred mainly in summer and autumn
(Fig. 10a). The proportion of adults (particularly 1+ fish)
to 0+ fish declined markedly at the beginning of summer,
followed by a decline in 0+ fish in autumn (Fig. 10b). If
there were no interannual variability in the numbers of fish
between years, then the autumn decline in numbers should
reach that of the previous year (compare mean numbers for
April 1984 with April 1985 in Fig. 10a). As this was not the
case, interannual variabulity in recruitment strength is also
indicated.

Discussion

The present study found that Lampanyctodes hectoris lives
up to 3 yr, and attains a maximum size of 73 mm SL. In
South Africa, a caudal length of 120 mm has been recorded;
no maximum age was reported (Crawford 1980). However,
other cold-water myctophids have been reported to live up
to 5 yr (Odate 1966, Halliday 1970, Smoker and Pearcy
1970).
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The population of Lampanyctodes hectoris consisted of
three year-classes during most of 1984, and was dominated
by adults. However, in December, newly recruited juveniles
dominated the length-frequency distributions. Similar
changes in the proportion of recruits to adults were found in
L. hectoris off South Africa (Cruickshank 1983), although
recruits entered the population later (January) in these wa-
ters.

Growth

Growth was confined to spring and summer, the time when
warm-tropical East Australia Current waters interact with
the subtropical convergence producing peaks in tempera-
ture, nutrients and primary productivity (Harris et al. 1987).
Euphausiids, the main prey of Lampanyctodes hectoris, are
most abundant at this time (see Young and Blaber 1986).
Rapid growth in summer has also been reported for other
temperate myctophid species (Gjosaeter 1973, Go etal.
1977, Kawaguchi and Mauchline 1982). There are excep-
tions: Kawaguchi and Mauchline (1982) found that mycto-
phid species living 1n deeper waters did not show seasonal
changes 1n growth, possibly because they would be less af-
fected by seasonal hydrographic changes (e.g. temperature,
food availability) than would shallower-living species such
as L. hector:s.

Growth occurred mainly during the first six months of
life, the growth curve approaching an asymptote quickly,
which is typical of mesopelagic fishes (Childress et al. 1980).
Juveniles grew by 15 to 20 mm in 2 to 3 mo, very similar to
the growth rate of juvenile Lampanyctodes hectoris off South
Africa (Cruickshank 1983). Growth slowed after the first
year (at approximately 50 mm SL), which is when L. hectoris
off Tasmania reach matunty (Young et al. 1987). Presum-
ably the energy used for growth is diverted to gonadal devel-
opment (Iles 1974).

Based on annual'data, growth coefficients (K) for tem-
perate myctophid species range from 0.11 to 1.05 and as-
ymptotic length (L) from 49 to 119 mm (Gjosaeter and
Kawaguchi 1980). In South African waters, values for K and
L 1 Lampanyctodes hectorts were 0.31 and 99 mm, respec-
tively (Anonymous 1972), both of which are higher than the
values reported in this study (K=0.006, L =70 mm). This
indicates that L. hectoris grow more rapidly, but to a smaller
maximum size, off eastern Tasmania than off South Africa.

Daily ages

Rapid growth within the first year made it difficult to deter-
mine the growth of Lampanyctodes hectoris from sagittal
data alone. Daily increments in fish otoliths, previously val-
idated in studies of shallow-water fish (Panella 1974,
Brothers et al. 1976), have been used to age myctophid fishes
(J. Gjosaeter 1981, J. Gjosaeter etal. 1984, H. Gjosaeter
1987). For example, Gjosaeter (1987) fitted power curves
(correlation coefficients > 0.90) to length-at-age data using
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daily ages in species of Benthosema. However, these studies,
although providing strong circumstantial evidence that the
increments observed were daily, were not able to validate
their results. Back-calculation to a spawning peak was not
possible, as the species in the above studies have extended
spawning periods. The spawning season of L. hectoris, how-
ever, is well defined off eastern Tasmania, and as the back-
calculated birthdates and spawning season of L. hectoris
were concurrent, we were able to support the hypothesis that
primary growth increments in myctophids are laid daily.
The middle group of increments in the lapilli of some
specimens was difficult to read. Gjosaeter (1987), who found
the same problem, suggested that, as this zone was not
present in otoliths of larval myctophids, but was always
present in metamorphosed fish, it was probably due to meta-
morphosis. Our observations support this conclusion.

Mortality

The rate of mortality of two myctophids, Benthosema glaciale
and Notoscopelus kroeyeri, has been estimated in Norwegian
waters as 0.74 and 0.8, respectively (Gjosaeter 1973, 1981).
In B. glaciale, this is an annual mortality of 52%. The same
species in the northwestern Atlantic has been reported to
have an annual mortality of 83% (Halliday 1970), which
indicates that mortalities may be highly variable within the
same species of myctophid, although these differences could
also reflect different sampling techniques. We found a 79%
rate 1n the eastern Tasmanian population of Lampanyctodes
hectoris; whether this is similar to other populations of
L. hectoris is unknown, but the fact that the South African
population is dominated by recruiting juveniles after
summer suggests that mortality 1n adults is high in these
waters also.

Conclusions

From the present study, we conclude that the seasonal cycle
in the biomass of Lampanyctodes hectoris reflects: (1) re-
cruitment and rapid growth of juveniles during spring, in
response to increased availability of food (see Young and
Blaber 1986); (2) high annual mortality after summer, possi-
bly due to death after spawning (Clarke 1973, Karnella and
Gibbs 1977), although predation (Blaber and Bulman 1987)
and migration (Zurbrigg and Scott 1972) may also be impor-
tant.

Acknowledgements. The authors would like to thank Captain D.
Sheridan and the crew of FRV “Soela” and members of the CSIRO
Division of Fisheries Research Southern Program for their cooper-
ation and assistance at sea; Drs R. Thresher, K. Sainsbury, G. P.
Jenkins and D. Jackett for helpful discussions; Mr. J. Gunn for
guidance with the daily agetng; Mr. B. Bruce for supplying larval
myctophids; Drs J. Stevens, R. Thresher, I. Somers, V. Mawson and
F. R. Harden Jones for reviewing the manuscript, and Mr J. Diggle
for technical assistance. Special thanks to Dr P. D. M. Macdonald
(McMaster University, Ontario) for exammning and reviewmng the
results of the length-frequency analyses.

72



576
Literature cited

Ahlstrom, E. H., Moser, H. G., O’Toole, M. J. (1976). Development
and distribution of larvae and early juveniles of the commercial
lanternfish Lampanyctodes hectoris (Gunther), off the west coast
of Southern Africa with a discussion of phylogenetic relation-
ships of the genus. Bull. Sth. Calif Acad. Sci. 75 138-152

Anonymous (1972). Annual Report of the Director of Sea Fisheres
for the Calendar Year 1972. Rep. Div. Sea Fish. S. Afr. 40: 1 ~29

Anonymous (1977). “*Courageous” investigates the distribution and
behaviour of light fish Aust. Fish. 36(7): 25-27

Blaber, S. J. M., Bulman, C M. (1987). Diets of fishes of the upper
continental slope of eastern Tasmania: content, calornific values,
dietary overlap and trophic relationships. Mar. Biol. 95:
345-356

Brothers, E. B, Matthews, C. P., Lasker, R. (1976). Daily growth
mncrements 1n otoliths from larval and adult fishes. Fish. Bull.
U.S. 74:1-8

Bulman, C. M., Blaber, S. J. M. (1986). Feeding ecology of Macru-
ronus novaezelandiae (Hector) (Teleoste1: Merlucaidae) in
south-eastern Australia. Aust. J. mar. Freshwat. Res. 37:
621-639

Campana, S. E., Neilson, J D. (1985). Fish otoliths. Can. J. Fish.
aquat. Sciences 42: 1014-1032

Chuldress, J. J., Taylor, S. M., Cailliet, G. M., Price, M. H. (1980).
Patterns of growth. energy utilization and reproduction in some
meso- and bathypelagic fishes off southern California. Mar.
Biol. 61: 27-40

Clarke, T. A. (1973). Some aspects of the ecp’logy of lantern fishes
(Myctophidae) in the Pacific Ocean near Hawaiit. Fish. Bull.
U.S. 71: 401-434

Crawford, R. J. M. (1980). Occurrence and distribution of lantern-
fish Lampanyctodes hectoris catches in the South African purse-
seine fishery. Fishery Bull. S. Afr. 13: 111-136

Cruickshank, R A. (1983). Lanternfish ecology in the Benguela
Current System. S. Afr. J. Sci. 79: 149-150

Gjosaeter, H. (1987) Primary growth increments in otoliths of six
troptcal myctophid species. Biol. Oceanogr. 4+ 359-382

Gjosaeter, J. (1973). Age. growth and mortality of the myctophid
fish, Benthosema glaciale (Reinhardt), from Western Norway.
Sarsia 52. 1-13 .

Gjosaeter,J (1981). Life history and ecology of the myctophid fish
Notoscopelus kroeyeri from the north-east Atlantic. FiskDir.
Skr. (Ser. Havunders.) 17: 133152

Gjosaeter, J , Dayaratne. P., Bergstad. O. A., Gjosaeter, H., Sousa.
M. I.. Beck, I. M.'(1984). Ageing tropical fish by growth rings
m the otoliths. F A.O. Fish. Circ. 776: 1-54

Gjosaeter, J., Kawaguchi, K. (1980). A review of the worlds resour-
ces of mesopelagic fish. F A.O. Fish. Tech. Pap. 193: 1-151

Go. Y. B., Kawaguchi. K., Kusaka, T. (1977). Ecologic study on
Duaphus suborbitalis Weber (Pisces, Myctophidae) in Saruga
Bay, Japan. 2 Growth pattern. Bull. Jap. Soc. scient. Fish. 43:
1411-1416

Gulland. J. A. (1969). Manual of methods for fish stock assessment.
Part 1. Fish population analysis. F.A.O Man. Fish. Sc1. FRs/
M4, 1-154

Halliday, R. G. (1970) Growth and vertical distribution of the
glacier lanternfish, Benthosema glaciale, 1n the northwestern At-
lantic. J. Fish. Res. Bd Can. 27: 105-116

Harns, G., Nilsson, C.. Clementson, L., Thomas. D. (1987). The
water masses of the east coast of Tasmania: seasonal and inter-
annual variability and the influence on phytoplankton biomass
and productivity Aust. J. mar Freshwat. Res. 38: 569-590

Iles, T. D (1974). The tactics and strategy of growth in fishes. In.
Harden Jones, F R. (ed.) Sea fishenes research. John Wiley &
Sons, New York, p. 331-345

J.W. Young et al.: Age and growth of Lampanyctodes hectoris

Jensen, A. C. (1965). A standard terminology and notation for
otolith readers. Res. Bull. int Comm. NW Atlant. Fish. 2: 57

Karnella, C. (1987). Family Myctophidae, lanternfishes. In: Gibbs,
R. H.. Krueger, W H (eds.) Biology of midwater fishes of the
Bermuda Ocean Acre. Smithsonian Institution Press, Washing-
ton, p. 51-168. (Smuthson. Contrib Zool. No. 452)

Karnella, C, Gibbs, R. H. (1977). The lanternfish Lobianchia
dofleint an example of the importance of life history informa-
tion in prediction of oceanic sound-scattering In Anderson, N.
R . Zahuranec, B. J. (eds ) Oceanic sound-scattering prediction.
Plenum Press, New York, p 361-379

Kawaguchi, K., Mauchline, J. (1982). Biology of myctophid fishes
(family Myctophidae) in the Rockall Trough, northeastern At-
lantic Ocean. Biol. Oceanogr 1: 337-373

Macdonald. P D. M., Green, P. E. J. (1985). Users guide to pro-
gram MIX an interactive program for fitting mixtures of distri-
butions. Kwik Kopy Printing, Halifax, N.S.

Macdonald, P. D. M., Pitcher, R. J. (1979). Age-groups from size-
frequency data: a versatile and efficient method of analysing
distribution mixtures. J. Fish Res. Bd Can. 36: 987-1001

May, J. L., Blaber, S J. M. (In preparation). Abundance, and bi-
monthly and diel vanations in biomass of the benthic and pelag-
1c fish communttes of the upper continental slope of eastern
Tasmama

Odate, S. (1966). Studies on the fishes of the family Myctophidae in
the northeastern Sea of Japan. III. The determnation of the age
and growth of Susuki-Hadaka, Myctophum affine (Liitken).
Bull. Tohoku reg. Fish. Res. Lab. 26: 35-43

Panella, G. (1974). Otolith growth patterns: an aid in age deter-
mination in temperate and tropical fishes. In: Bagenal, T. B.
(ed.) The ageing of fish. Unwin, Old Woking, Surrey, p. 28—39

Pitcher, T. J.. MacDonald, P. D M. (1973). Two models for sea-
sonal growth in fishes. J. appl. Ecol. 10: 599-606

Ricker, W. E. (1975). Computation and interpretation of biological
statistics of populations. Bull. Fish. Res. Bd Can. 191: 1-382

Robertson, D. A. (1977) Planktonic eggs of the lanternfish. Lampa-
nyctodes hectorts (farmly Myctophidae) Deep-Sea Res. 24:
849-852

Saetersdal. G. S. (1953). The haddock in Norwegian waters. II.
Methods in age and growth nvestigations. FiskDir. (Ser. Ha-
vunders.) 10: 1-46

Sainsbury, K. J., Whitelaw, A. W (1984). Biology of Peron’s
threadfin bream, Nemipterus peronii, from the North West Shelf
of Australia. Aust. J mar. Freshwat. Res. 35: 167-185

Smoker, W.. Pearcy, W. G. (1970) Growth and reproduction of the
lanternfish Stenobrachius leucopsaurus. J. Fish. Res. Bd Can. 27:
1265-1275

Warburton, K. (1978). Age and growth determination in a marine
catfish using an otolith check techmique. J. Fish Biol. 13:
429-434

Young, J W., Blaber, S. J. M. (1986). Feeding ecology of three
spectes of midwater fishes associated with the continental slope
of eastern Tasmania, Australia. Mar. Biol. 93: 147-156

Young, J. W, Blaber, S. J. M., Rose, R. (1987). Reproductive
biology of three species of midwater fishes associated with the
continental slope of eastern Tasmama, Australia. Mar. Biol. 95:
323-332

Zurbnigg, R. E., Scott, W. B. (1972). Evidence for expatriate popu-
lations of the lanternfish Myctophum punctatum in the north-
west Atlantic. J. Fish. Res Bd Can. 29- 1679-1683

Date of final manuscript acceptance: June 22, 1988.
Communtcated by G. F Humphrey, Sydney

73



CHAPTER 7

Feeding ecology of three species of midwater fishes associated with

the continental slope of eastern Tasmania, Australia.

Published: Marine Biology (1986) Vol. 93, 147-156
Co-author: S. J. M. Blaber

74



@ —hae
eR]

Marine Biology 93, 147156 (1986)

Mar ine
== BIOlOgy

® Spnnger-Verlag 1986

Feeding ecology of three species of midwater fishes associated with the
continental slope of eastern Tasmania, Australia

J.W.Young and S.J.M. Blaber

Division of Fisheries Research, CSIRO Marine Laboratories; G.P.O. Box 1538, Hobart, Tasmania 7001, Australia

Abstract

The feeding ecology of Maurolicus muelleri, Lam-
panyctodes hectoris and Diaphus danae was examined from
samples collected from continental slope’ waters of eastern
Tasmania between Apnl 1984 and Apnl 1985. A total of
2232 stomachs was analysed. M. muelleri, L. hectoris and
D. danae fed primarily on euphausiids and secondarily on
copepods, although larger D. danae (> 60 mm standard
length) fed on other lanternfish (chiefly L. hectoris). The
diets of M. muellert and L. hectoris overlapped substan-
tially. Diet overlaps between D. danae and the former
species was low. however. due to the large biomass of fish
present in D. danae. The prey taxa consumed changed with
time of year and predator size. Stomach fullness (feeding
intensity) varied seasonally in al] three species. but only M.
muelleri showed significant diel differences in fullness. The
synchronization of the size structure of the predator popu-
lations and their feeding intensity, with seasonal variations
in preferred prey, is, proposed as a mechanism whereby
each species maximizes its share of the available food re-
sources.

Introduction

Mesopelagic fishes, dominated by the lanternfish Lam-
panyctodes hectoris, form dense aggregations over the up-
per continental slope off South Africa, New Zealand and
southeastern Australia (Anonymous, 1977; Robertson,
1977; Crawford, 1980). Despite the fact that they are the
major component of the pelagic fish biomass in these
waters and are the mamn prey of many continental slope
fishes (Clarke, 1982; Bulman and Blaber, in press), little is
known of their basic biology.

Oceanic midwater fish are generally considered to be
opportunistic feeders, migrating to surface waters at night
to feed, mainly on crustacean zooplankton (Hopkins and

Baird, 1977; Clarke, 1978; Kinzer and Schulz, 1985). How-
ever, in regions of high productivity (usually close to land
masses or in upwelling areas), less distinct feeding cycles
have been reported (Kinzer, 1977, 1982). Diets are modi-
fied both by seasonal variations in zooplankton (Hopkins
and Baird, 1977; Gjosaeter, 1981a, b) and individual pred-
ator size (Paxton, 1967; Tyler and Pearcy, 1975; Hopkins
and Baird, 1977; Scotto di Carlo et al, 1982). Gjosaeter
(1981a) found that the diet of Maurolicus mueller: differed
with season and size of individual, but found no evidence
for diel feeding.

As part of a larger study of the community ecology and
trophic structure of the contimental slope fish-community
of eastern Tasmania (Blaber. 1984). samples of the three
dominant midwater-fish species — Maurolicus muelleri
(family Sternoptychidae), Lampanyctodes hectoris and Dia-
phus danage (both family Myctophidae) — were collected for
dietary analysis. This paper examunes their feeding ecology
in relation to seasonal and diel cycles and to the size of in-
dividuals.

Materials and methods

Maurolicus muelleri, Lampanyctodes hectoris and Diaphus
danae were collected from 88 trawls over the upper con-
tinental slope (420 to 550 m depth) approximately twelve
nautical miles east of Maria Island, Tasmania (42°39'S;
148°28’E) on seven cruises of F.R.V. “Soela” between April
1984 and April 1985. An “Engel 152" pelagic trawl was
used after initial compansons with two other trawls, the
rectangular midwater trawl (RMT8) and the International
Young Gadoid Pelagic Trawl (IYGPT) had shown that the
Engel net sampled a wider range of size. classes of the tar-
get species (Fig. 1). Trawl depth was monitored with a Sim-
rad FB Trawl eye mounted on the trawl headrope. During
the first three cruises (April, June and August 1984) trawls
were aimed at sound-scattering marks over the diel period
and lasted approximately 40 min at depth. The next four
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Fig. 1. Lampanyctodes hectoris. Length-frequency distributions
from RMT-8, IYGPT, and “Engel 152” midwater trawls taken dur-
ing April 1984. n: number of individuals

l

cruises {October and December 1984, "and February and
April 1985) employed a stratified random sampling strat-
egy in order to determine abundance (J. May etal, in
preparation). This consisted of at least three replicate,
40 min tows within each of the depth strata of 10 to 60 m.
60 to 160 m, 160 to 260 m and 260 to 360 m made during
daylight and repeated at night. No samples were taken at
dusk or dawn because the depth distibutions of the target
species change at these times (Backus et al, 1969). As net
type. trawl duration, depths and area fished were the same
for each trawling method. we assumed that the samples ob-
tained throughout the year were directly comparable.

A sample of up to 20 fish of each species was taken
from each trawl and immediately fixed in buffered sea-
water-formalin. Fish for stomach analysis were chosen
from trawls made at'4 h intervals from midnight, and from
the widest range of depth intervals. To mmimize contami-
nation from net-feeding (Clarke, 1978), fish with fresh prey
in the mouth were discarded.

Fish for dissection were weighed (£0.01 g) and mea-
sured (standard length, SL, £ 0.5 mm) and their stomachs
removed. The wet weight of the stomach contents
(£0.01 mg) divided by the wet weight of the whole fish,
gave a quantitative measure of stomach fullness expressed
n g kg™* of fish wet weight. The contents were then identi-
fied to the lowest possible taxon using the keys of Nyan
Taw (1975) and Tafe (1979) for copepods, Kirkwood (1982)
for euphausiids and Bowman and Gruner (1973) for am-
phipods. The total length (TL) of whole prey was measured
with an ocular micrometer and converted to millimeters
(£0.1). The number (where possible) and wet weight of
each prey taxon was recorded. The prey were then dried to
constant weight at 60°C and the dry weight recorded for
each taxon.

Diet was determined from the percentage dry weight
(biomass) and percentage frequency of each prey taxon
and was calculated only from fish containing prey. Dietary
overlaps were measured from the biomass data using the
percentage similarity index of Shorygin (Ivlev, 1961). This
index ranges from 0 (no overlap) to 100% (complete over-
lap). Biomass data were used as this was the closest mea-
sure of caloric content available (Wallace, 1981).

Regression analysis was used to test for seasonal
changes in the dry weight proportions of the major prey
taxa. This analysis was used to construct analysis-of-vari-
ance tables, because the number of individuals and num-
ber of trawls taken varied within and between seasons. A
parameter was fitted for each month and the hypothesis
that all parameters were equal was tested with the F test.
This test should not be greatly affected by non-normality
(Clarke, 1978), as it tests for differences between means,
which are asymptotically normal. Stomach fullness (feed-
ing intensity) was also compared using regression analysis,
with respect to month, time of day and depth. For each of
these effects, the corresponding parameters were tested for
equality with the F test. Time of day was divided into four
6 h intervals starting at midnight and depths into four
100 m intervals from the sea surface.

The relationship between fish length and prey type was
examined using a contingency table with one nominal
classification (main prey taxon by weight in a stomach)
and one ordinal (predator length). The data were analysed
with a loglinear model for an ordinal-nominal classifi-
cation (Agresti, 1983). The 1nitial hypothesis tested was that
all size classes have the same proportions of major prey
items (the “homogeneity” hypothesis). If this hypothesis
was rejected, we tested the hvpothesis that the proportions
of each prey type changed linearly with predator size (the
“column-effects” hypothesis).

Results
Overall diet and dietary overlap

A total of 719 stomachs of Maurolicus muelleri (718% con-
tamed prey), 975 stomachs of Lampanyctodes hectoris (81%
contained prey) and 538 stomachs of Diaphus danae (91%
contained prey) was analysed. The size range of individuals
examined is given in Table 1. Euphausiids and calanoid
copepods. respectively, were the main dietary components
in M. mueller: and L. hectoris (Table 2), consequently di-
etary overlap between these species was high (Shorygin’s
index=70.5). The major difference between M. muelleri
and L. hectoris was that the latter consumed a relatively
higher dry weight proportion of euphausiids and a wider
range of prey taxa. The diet of D. danae consisted mainly of
L. hectoris, copepods and euphausiids. Calanoid copepods
were eaten in large numbers by D. danae, but accounted
for less than 1% of the total prey biomass. Even though D.
danae fed on many of the prey types of either M. muelleri
or L. hectoris, or both. dietary overlap between D. danae
and the former species was low (15.9 and 174, respective-

76



J.W.Young and S.J. M. Blaber: Feeding of continental-slope midwater fishes

Table 1. Maurolicus muelleri, Lampanyctodes hectoris and Diaphus
danae Size range of individuals examined for stomach contents.
SL: standard length in mm; (#): number of fish exammed

Month M. muelleri L. hectoris D. danae
SL (n) SL (n) SL (n)
1984
Apnl 29-52 (113) 31-73 (257) 29-116 (88)
June 29-51 (107) 35-65 (104) 34— 76 (103)
August 31-42  (60) 37-73 (138) 34— 71 (123)
October 32-55 (120) 27-69 (143) 55-119 (35)
December 32-54 (78) 27-72 (120) 66-122 (95)
1985
February  28-54 (121) 34-71 (71) 64-121 (32)
Apnil 29-53 (1200 34-73 (142) 66-122 (62)

M.muelleri a=719
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Fig. 2. Maurolicus muelleri, Lampanyctodes hectoris and Diaphus
danae. Seasonal changes in percentage (dry weight) biomass and
frequency of occurrence of major prey taxa in stomachs. n: num-
ber of fish examied

ly). This was due to the predominantly piscivorous diet of
D. danae in summer and autumn (Fig. 2). Other prey items
that occurred less frequently, but which were important in
the diet of all three species in certain months, were os-
tracods, hyperiid amphipods, crab larvae (only in D.
danae), pelagic gastropods, salps and fish scales.
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Seasonal changes in diet
Maurolicus muellert

Copepods were the main prey consumed during winter
and spring, whereas euphausiids dominated in summer
and early autumn (Fig. 2). Significant seasonal differences
were found in the prey biomass of calanoid and cyclopoid
copepods, euphausiids and crustacean remains (Table 3).
The calanoids Candacia bipinnata and Pleuromamma ab-
dominalis were the main prey during June and August. The
main calanoid species identified in October and December
were Neocalanus tonus and Euchirella rostrata, respective-
ly; the former was still occurring in stomachs in April 1985.
The cyclopoids Oncaea media and O. venusta were eaten
between April and October, and especially in August, but
scarcely affected the overall prey biomass. Euphausia
similis var. armata was the main euphausiid eaten during
summer, although Nematoscelis megalops was also an im-
portant prey item. Nyctiphanes australis. an abundant sheif
species (Nyan Taw, 1975), was rarely found in the fish
examined. Fish scales and eggs were consumed inter-
mittently.

Lampanyctodes hectorts

Euphausiids were the main prey of Lampanyctodes hectoris
throughout the year except in August and October, when
calanotd copepods were the main prey eaten (Fig. 2). Sig-
nificant seasonal differences were found in the prey bio-
mass of calanoids, hyperiid amphipods. euphausiids, crus-
tacean remamns and gastropods (Table 3). Between De-
cember 1984 and April 1985, Euphausia sunilis var. armaia
and. less frequently. E. lucens, Nemaroscelts megalops and
Thysanopoda egregia were the mamn euphausiids con-
sumed. accounting for over 85% of both dry weight and
frequency of occurrence values. During August. calanoid
copepods. prmarily Lucicutia flavicornis and Pleuro-
mamma spp.. contributed 21% dry weight; by October.
they contributed 46% dry weight. Calanoides caranatus.
Merridia lucens, and Neocalanus tonsus occurred less fre-
quently The dry weight contribution by cyclopoids (On-
caea media and O. venusta) was very little (< 1%) between
April and October. although frequency of occurrence val-
ues were 20 to 35%. No cyclopoids were consumed after
October.

Other prey were mmportant during certain months.
Salps were present during August and October, while gas-
tropods were found mn October and December. Hyperiid
amphipods, mainly Parathemisto gracillipes, were con-
sumed during August when they were common in the
plankton (Young, unpublished data). Small amounts of
fish (occasionally Maurolicus muelleri), fish scales and eggs
were consumed between June and December.

Diaphus danae

Midwater fishes, mostly Lampanyctodes hectoris and oc-
casionally Maurolicus mueller, were the mam prey com-
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Table 2. Maurolicus muelleri, Lampanyctodes hectoris and Diaphus danae. Composition of diets of fish from continental slope waters off
eastern Tasmania % Biomass: % of total dry weight of prey; % F: % frequency of occurrence; n: number of stomachs examined; percent-
age totals for each mam prey taxa are given in parentheses; — prey absent

Prey M. muelleri L. hectorts D. danae
28-55 mm SL 27-73 mm SL 29-122 mm SL
0.12-0.76 g DW* 010-1.28 g DW* 0.15-9.00 g DW*
[0.30£0.02 g DW]® [0 65+0.08 g DW]* [2.07£0.33 g DW]*
(n="T19) (n=975) (n=538)
% Biomass % F % Biomass %F % Biomass %F
Chaetognatha =) -) =) ) (<0.1) 0.2)
Siphonophora =) -) (0.6) 0.1 -) -)
Crustacea (98.7) (99.0) (93.3) (98.2) (17.2) (81.4)
Ostracoda (<0.1) 0.7) (<0.1) (1.0) (<0.1) 3.7
Copepoda (37.1) (44.0) (10.9) (42.9) (0.2) (39.8)
Calanoida 36.5 425 10.7 38.0 <0.1 38.6
Acariia clausu - - - - < 0.1 0.2
Calanoides caranatus 0.1 25 <0.1 0.5 - -
Calanus australis 0.2 23 <0.1 0.9 - -
Calanus finmarchicus - - <0.1 0.1 - -
Candacia bipinnata 0.9 5.0 05 37 <0.1 4.7
Candacia pectinata - - <0.1 0.3 - -
Euchaeta marina - - 0.2 0.8 - -
Euchirella rostrata 22 29 <0.1 04 - -
Euchirella spp. 1.3 25 - - - -
Heterorhabdus papilliger - - <0.1 0.1 - -
Lucicutia flavicornis ., - - 5.7 7.1 <0.1 0.2
Metnidia lucens , <0.1 0.2 0.1 1.9 - -
Neocalanus tonsus 10.0 9.1 0.2 13 < 0.1 0.2
Pleuromamma abdominals 34 9.8 0.3 5.2 < 0.1 5.3
Pleuromamma gracilis <0.1 0.2 0.7 11.2 <0.1 6.3
Pleuromamma remains 1.7 3.2 0.8 8.3 0.1 235
Unidentified calanoids 16.5 30.3 2.0 25.8 <0.1 11.4
Cyclopoida 0.7 20.3 0.2 15.5 <0.1 4.7
Corycaeus spp - - - - <0.1 0.2
Orthona spp. - - <0.1 0.3 - -
Oncaea conifera - - <0.1 0.3 — -
Oncaea media 0.1 7.5 <01 34 < 0.1 0.8
Oncaea venusta 0.6 194 0.1 134 <0.1 35
Oncaea spp. <0.1 04 <0.1 1.3 <0.1 0.6
Leptostraca (<0.1) (0.2) =) =) -) =)
Mysidacea ) -) 0.1 0.3) -) =)
Amphipoda ' (0.2) (1.2) (04) (1.5 (<01) (3.1
Hyperiidae ) - - 0.2 0.6 <0.1 1.2
Parathemisto gractllipes - - 0.2 1.3 <0.1 0.4
Pronoidae - - - - <0.1 02
Amphipod remains - - - - <0.1 1.2
Euphausiacea (54 8) 510 (78 3) 591D (14.9) (36.5)
Euphausia longirostris - - - - < 0.1 0.2
Euphausia lucens - - 3.1 3.8 1.3 22
Euphausia sipulis var. armata 18.9 123 347 216 9.0 26.3
Euphausia spp. 0.8 29 66 139 - -
Nematoscelis megalops L4 1.1 0.5 1.6 0.7 0.6
Nematoscelis microps - - <0.1 01 - -
Nematoscelis spp. - - 01 0.1 - -
Nyctiphanes australis 0.1 0.2 <0.1 0.1 - -
Thysanopoda egregia - - 06 0.5 - -
Unidentfied euphausiids 30.9 329 331 18.1 3.3 8.0
Caridea (Juveniles) ~) - (<0.1) (0.1) 0.1) (0.6)
Brachyura (larvae) - = =) ()] (1.1 (2.5)
Umidenufied crustacean remains 6.5) (23.8) (3.3) (11.2) (0.3) (20.4)
Gastropoda (<0.1) (0.2) (1.5 (5.3) (<0.1) (0.3)
Bivalvia (<0.1) (0.5) ) ) (<0.1) 0.2
Thalacea (Salpidae) (<0.1) 0.2) (0.4) (1.8) ©.1) (5.9)
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Prey M. mueller: L. hectoris D. danae
28-55 mm SL 27-73 mm SL 29-122 mm SL
0.12-0.76 g DW* 0.10-1.28 g DW* 0.15-9.00 g DW*
[0.30+0.02 g DW]® [0.6540.08 g DW]® [2.07+£0.33 gDW]®
(n=1719) (n=975) (n=7538)
% Biomass % F % Biomass % F % Biomass % F
Pisces (<0.1) (0.7) (1.8 (3.0) 82.9) (22.5)
Lampanyctodes hectoris - - - - 725 14.5
Maurolicus mueller: - - - - 100 0.8
Unidenufied fish <0.1 0.5 - — <0.1 14
Fish eggs <0.1 0.4 - - <01 4.1
Fish scales <0.1 04 0.2 27 02 4.1
Unidentified remains (1.3) 62) (3.3) (23.5) ) =)
Dry weight range of stomach 0.1-22.1 05-250 10.2-555.2
contents (mg)
Mean dry weight of stomach 23+ 024 1.8% 0.17 231+ 3.66

contents (mg) +SE (mg)

* Dryweightrange ° Mean dry weight (£SD)
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Fig. 3. Maurolicus muellert, Lampanyctodes hectoris and Diaphus
danae Frequency of occurrence of major prey taxa across size
classes. n: number of fish examned

sumed by Diaphus danae in summer and autumn, whereas
copepods and euphausiids were consumed at other times
of the year (Fig.2). There were significant seasonal dif-
ferences i the prey biomass of calanoids, amphipods. eu-
phausiids, salps and fish (Table 3). Calanoids, typically
Candacia bipinnata, Pleuromamma abdominalis and P. gra-

cilis, were eaten between June and August. as were the
cyclopoids Oncaea media and O. venusta. Euphausiids were
consumed between April and December. In summer, Eu-
phausia lucens and E. similis var. armata were the main eu-
phausiids identified. Ostracods. hyvperiid amphipods
{(families Hyperiidae and Pronoidae). salps, fish scales and
eggs were consumed in small quanuties between April and
August. Crab larvae were consumed only in December
and the following Apnl.

Relationships between fish length and prey type

The hypothesis that the proportions of major prey taxa
were homogeneous across size classes in Maurolicus
muelleri was rejected. The hypothesis that the proportions
of each prey taxon change linearly with predator size was
retained (Table 4). The proportion of euphausiids in the
stomach contents increased with increasing predator size.
whereas the proportion of copepods decreased (Fig. 3.
Table 4). It is noteworthy that the frequency of occurrence
of cyclopoid copepods (<3 mm TL) was 92% (107 out of a
total of 113) in M. muelleri less than 40 mm SL, whereas
the frequency of occurrence of calanoid copepods (3 to
8 mm TL) in the same fish was only 67% (146 occurrences
out of 240).

Homogeneity of the proportions of prey taxa across size
classes was similarly rejected for Lampanyctodes hectoris,
although these proportions did not change linearly with
predator size (Table 4). Nevertheless, euphausiids became
predominant in the diet of larger individuals (Fig. 3). In
addition, small gastropods (shell dlam=15 to 3.0 mm)
were recorded mainly from individuals of 40 to 60 mm SL,
while hyperiid amphipods (5 to 7mm TL) were found
chiefly in individuals of 50 to 60 mm.
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Table 3. Maurolicus muellert, Lampanyctodes hectoris and Diaphus danae. Seasonal changes in prey biomass (mg dry weight) in stomachs
between April 1984 and April 1985. Significance values for acceptance (NS) or rejection (P < 0.05) of the hypothesis that prey proportions

do not vary with season are listed beside each major prey taxon. —: prey absent

Prey M. mueller: L. hectoris
Apr  June Aug Oct. Dec. Feb Apr P Apr. June Aug Oct Dec. Feb. Apr. P

Calanotda 45 77 577 2917 1357 320 292 <0001 141 52 317 1759 94 - 10 <0.001
Cyclopoida 62 61 0.1 - - - - <0.005 26 02 13 1.5 - - - NS
Amphipoda - - - - - - - - - - 8.0 <0.1 - - - <0.001
Euphausiacea 536 385 174 2090 1842 2323 1574 <00! 2439 205 936 1369 1426 3535 2689 <0.001
Crustacean 533 579 49 - - - - <0.001 - 17.2 77 37.1 - - - <0.001

remains
Gastropoda - - - - - - - _ _ _ 17.9 _ _ B
Others 7.7 03 10 47 <0.1 - 37 NS 891 08 78 9.0 - - 04 <0.001
Total dry wt 1253 1106 812 5064 3199 2643 1902 3498 451 1543 3843 1665 356.1 2853

of stomach

contents (mg)
Total dry wt 2251 1632 904 3790 2312 2376 2029 138.63 50.98 6855 80.17 3633 4399 3572

of fish

examned (g)
g kg™ fish 557 678 898 1336 1384 11.12 937 252 089 226 479 458 809 798

dry wt (£SE) (1.56) (1.61) (2.29) (2.09) (L71) (2.85) (2.42) (044) (024) (050) (0.75) (1.29) (1.59) (1.37)
No of stomachs 96 87 46 100 55 85 95 214 81 108 140 90 62 96

with food
Prey D danae

Apr. June Aug. Oct. Dec. Feb. Apr. P

Calanoida 25 286 214 08 - - - <000l
Cyclopoida <01 06 1.6 - - - - NS§
Amphrpoda - 0.3 37 <0l - - - <005
Euphausiacea 1735 771 2L.1 283 3295 1900 1411.9 <0001
Crustacean - 1857 155 24 <01 - - N§

remains '
Gastropoda - - - - - - -
Others 178 222 169 12 100.8 - 82.0 <0001
Total dry wt 8356 1487 860 443 42785 38366 31833

of stomach .

contents (mg)
Total dry wt 28125, 5005 4287 8540 28713 14151 272.94

of fish '

examined (g)
g kg™ fish 297 297 201 052 1490 2711 1166

drywt (£SE) (124) (091) (0.41) (014) (480) (1019) (243)
No of stomachs 88 100 e 34 70 26 56

with food

Prey type also varied with the size of Diaphus danae
(Table 4). Copepods were progressively replaced by eu-
phausiids in fish up to 60 mm SL. In larger individuals
there was a shift from euphausiids to fish as the dominant
prey (Fig. 3, Table 4). The low linearity measure for eu-
phausiids reflects their predominance as prey of middle-
sized D. danae.

As the main prey taxa of both Maurolicus muelleri and
Lampanyctodes hectoris were copepods and euphausiids,
we compared the proportions of the prey of these two
species. L. hectoris, the larger predator, consumed a signifi-
cantly higher relative biomass (84%; P <0.001) of the

larger prey type, euphausiids, than did M. mueller: (64%).
Conversely, M. muelleri fed on a relatively higher biomass
of copepods.

Diet in relation to depth

Similar proportions of the major taxa were found above
and below 160 m in all three species (Table 5). The pro-
portions varied slightly in Maurolicus muelleri as the large
number of small individuals from shallow depths con-
tained chiefly copepods.
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Table 4. Maurolicus mueller, Lampanyctodes hectoris and Diaphus danae. Relationship between fish length and prey taxa in stomachs.
Values are number of occurrences of a taxon as the main prey by dry weight in a stomach, by size class. C: copepods; E: euphausiids; F:

fish; O: other taxa; (n): number of stomachs examined

M. mueller: L. hectoris D. danae
C E () C E F (o] (n) C E F 0 (n)
Size class (mm SL)
20- 29 6 1 ()] 3 1 0 0 (€5} 0 0 0 0 0)
30- 39 171 116  (287) 45 62 1 0 (108) 30 6 0 5 “4n
40- 49 58 94 (152) 43 123 8 8 (182) 58 18 3 16 (95)
50— 59 9 42 (51 71 126 3 11 211 6 3 2 0 (1)
60— 69 34 107 8 6 (155) 0 33 21 0 (54)
70- 79 0 17 0 1 (18) 1 16 1 2 (20)
80- 89 0 29 21 5) (55)
90- 99 0 33 21 6 (60)
100-109 0 12 11 2 (25)
110-119 0 14 24 0 (38)
120-129 0 1 4 0 (5)
Total no. of occurrences 244 253 (497) 196 436 20 26 - (678) 95 165 108 36 (404)
Likehhood - ratio test statistics (G*), degrees of freedom
(DF) and significance levels for homogeneity and
column-effects hypotheses
G? DF P G*? DF P G- DF P
Homogeneity hypothesis 46.18 3 <0.001 35.86 9 < 0.001 2934 21 < 0.001
Column effects hypothesis 033 2 >05 24.29 6 < 0.001 2841 18 >0.05
Linearity parameters (values further from zero imply in-
creasing lineanty and are analogous to slope coefficients)
Copepods -0.94 - -1.08
Euphausiids 0.94 0.35
Fish 0.80
Others -0.07

Table 5. Maurolicus muelleri, Lampanyctodes hectons and Diaphus
danae. Percentage occurrence of major prey items in stomachs
above and below 160 m depth. C: copepods: E: euphaustids: F.
fish: (n): number of fish examined

Depth M. muellért L. hectoris D. danae
(m)

C E C E E F (@
=160 58 42 (87) 37 60 (214) 35 43 (83)
=160 46 54 (431) 29 66 (444) 53 40 (121)

Stomach fullness

A significant relationship (P <0.05) between time of year
and stomach fullness was found in Maurolicus muelleri,
with the highest values recorded between June and Octo-
ber (Table 6), when copepods were the main prey. Lowest
values occurred in February and April, 1985. Significant
diel and depth differences indicated that M. muelleri fed
mainly in the evening (18.00-24.00 hrs) (P<0.05) above
200 m depth (P <0.05). Stomach fullness values were sig-
nificantly higher in M. muelleri than in either Lam-
panyctodes hectoris or Diaphus danae (P < 0.05) (Fig. 4).

In Lampanyctodes hectoris, a significant relationship
(P < 0.005) existed between time of year and stomach full-

ness. Highest stomach fullness values were found in De-
cember and February (Table 6). when euphausiids were
eaten almost exclusively (Fig. 2). Lowest values occurred
during winter (particularly June). No significant diel or
depth differences were detected, although Fig, 4 shows that
feeding was more intensive between 18.00 and 24.00 hrs
than at other times.

A significant seasonal relationship (£<0.005) with
stomach fullness was found in Diaphus danae. Stomach
fullness values were highest in February 1985 (Table 6),
when fish were the main prey. Lowest values were found in
spring, when euphausiids were consumed. No significant
diel or depth differences were detected. although stomach
fullness values were generally higher in the evening
(Fig. 4).

Discussion

The major prey taxa of Maurolicus muelleri and Lam-
panyctodes hectoris were euphausiids and copepods, re-
spectively, while Diaphus danae fed mainly on other lan-
ternfish (chiefly L. hectoris), copepods and euphausiids.
The relative importance of the types of prey eaten, how-
ever, was dependent on the time of year and on the size of
the individual predator. The importance of copepods
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Table 6. Maurolicus muelleri, Lampanyctodes hectoris and Diaphus danae. Bimonthly mean stomach
fullness values (g stomach contents wet wt kg™ fish wet wt) between April 1984 and April 1985. Re-
sults of regression analyses are shown at bottom of table. (n): number of fish examined. r= Student’s

 test
M. muelleri L. hectoris D. danae
x *SE  (n) x +SE (n) x +SE  (n)
1984
April 166 49 (113) 95 15 (257) 117 27 (88)
June 23 50 (107 30 23 (104) 146 22 (103)
August 199 638 (60) 60 20 (138) 87 20  (123)
October 219 - 47 (120) 8.6 2.1 (143) 3.6 38 3%
December 152 5.6 (78) 15.7 2.0 (120) 12.6 23 (95)
1985
February 125 47 @21 132 28 (7n 241 40 (32)
Apnl 92 47 (120) 8.8 20 (142) 140 23 (62)
(¢=2.37; DF=40; (¢=3.25; DF=52; (¢=2.98; DF=32;
P<0.05) P<0.005) P <0.005)
° o M ";‘3"9":;’: the extent shown by D. danae on L. hectoris has not pre-
. ) & ] viously been reported.
Dietary overlap was high between Maurolicus muelleri
200, 4 :0.  OQg @ a and Lampanyctodes hectoris. The copepods Candacia bipin-
° o ° o i nata, Neocalanus tonsus, Pleuromamma spp., species of On-
" @ ° L e o0 % caea, and ‘the euphausiids Euphausia similis var. armata,
400 - 4 and Nematoscelis megalops were common to each predator,
0 implying little dietary specialization. This phenomenon has
00. Lo ;‘L’;s . () been reported for other high-latitude midwater fish (Tyler
O 7 and Pearcy, 1975). However, the overlap between Diaphus
- o - danae and the former species was low, even though all
€200 o o three species had many prey species in common (Table 2).
f‘?- L-O° &0 Qo - J This can be explained by the seasonal importance of L.
a ° U o V0 hectoris in the diet of D. danae.
400 [ o . . Marked seasonal differences in diet were found. Cope-
0 ~ pods were the dominant prey item in Maurolicus muelleri
o D.danae B . . .
o) 10 9Kg ¢ i during late winter and early spring, being gradually re-
o . placed by euphausiids with the approach of summer. A
2000 _© . O% . similar pattern was observed in Lampanyctodes hectoris,
© ‘ ° ») although euphausiids were more prevalent throughout the
F@g ° o OO ‘B T year and dominated the diet of this species between De-
O cember and April. Copepods and euphausiids were re-
4001 o 7 stricted mainly to winter and early spring in Diaphus
0000 l 12100 l 24:)0 danae, after which time fish became increasingly important

Time of day (hrs)

Fig. 4. Maurolicus muellerr, Lampanyctodes hectoris and Diaphus
danae. Stomach fullness in relation to depth and time of day. Each
arcle represents mean stomach fullness value per trawl; scale refers
to diameter of circle; shaded circles represent hours of darkness

(Hopkins and Baird, 1977; Clarke, 1980; Kinzer and
Schulz, 1985) and euphausiids (Paxton, 1967; Samyshev
and Schetinkin, 1971; Tyler and Pearcy, 1975) as prey of
midwater fish is well documented. Generally, euphausiids
are more prevalent in midwater fish found in productive
upwelling regions or waters close to land (as in this study)
and copepods are the main prey of oceanic species. How-
ever, the predation of one myctophid species on another to

and were the main prey consumed in summer. Seasonal
differences in diet have also been reported by Gjosaeter
(1981a), who found that M. muelleri off Norway consumed
mainly copepods in spring, and euphausiids in winter.
Similarly, the myctophids Benthosema glaciale and Noto-
scopelus elongatus ate euphausiids in winter and copepods
during summer (Gjoesaeter, 1973, 1981 b).

A seasonal change in diet is typical of temperate fishes.
Hopkins and Baird (1977) suggested that it was related to
seasonal changes in prey dlsmbutlon and abundance. This
is supported by data from eastern Tasmania. Nyan Taw
(1975) reported that copepods were most abundant during
winter and spring, which is when they most frequently oc-
curred as prey of all three species. Neocalanus tonsus, one
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of the few abundant summer copepods reported by Nyan
Taw, was a frequent prey item of Maurolicus muelleri in
the present study between October and April. Euphausiids
are most abundant during summer (Nyan Taw, 1975;
CSIRO, unpublished data). Lampanyctodes hectoris, the
major prey of Diaphus danae between December and
Apnl, was also most abundant over the summer months.

Our results indicate that size-selective predation
(O’Brien. 1979) may determine not only the types of prey
eaten by all three species but may also be related to the
size of the individual predator. Smaller individuals of
Maurolicus muelleri fed on copepods, while larger fish ate
euphausiids. Copepods were progressively replaced by eu-
phausiids in Diaphus danae less than 60 mm SL; above this
size, fish became increasingly important. In Lampanyctodes
hectoris, although euphausiids were the main prey in all
but the smallest size class, their importance increased with
size. Similar results have been reported from other mid-
water feeding studies. Gjosaeter (1981a) found that
M. muelleri smaller than 20 mm fed primanly on cope-
pods, while larger fish fed equally on copepods and
euphausiids. Samyshev and Schetinkin (1971) also found a
correlation between predator size and diet in M. mueller:
and in species of Diaphus. Small individuals of another
myctophid species, Hygophum benoiti, feed almost exclu-
sively on copepods, while larger individuals take primarily
euphausiids (Scotto di Carlo et al., 1982).

No correlation was found between prey type and depth.
This contrasts with the findings of Pearcy er al. (1979). who
reported little similarty in either the diets or rank order of
common prey of individuals of the myctophid Steno-
brachius leucopsarus separated by depth in deep water off
Oregon (USA). The slope-speties studied here are distrib-
uted between the surface and approximately 500 m depth
(CSIRO, unpublished data) and hence have a much nar-
rower range in which to feed. As all three species migrate
vertically, they are likely to encounter most prey types
present in the watef column.

Significant diel feeding-periodicity was found only in
Maurolicus muellerr, which fed mainly at night above
200 m. This contrasts with the findings of Gjosaeter
(1981a), who found no evidence for diel feeding in
M. mueller. In oceanic waters near Hawau, Clarke (1978)
found that mine of ten species of myctophid exammned fed
“solely or principally at night in the upper layers”. This is
perhaps true of most vertically migrating oceanic mid-
water-fish (Hopkins and Baird, 1977; Kinzer and Schulz,
1985). Nevertheless, in more productive areas such as up-
welling zones (Kinzer, 1977, 1982) or water close to land
(Paxton, 1967; Tyler and Pearcy, 1975; Gjosaeter,
1981 a, b), myctophids tend to feed continuously. This view
is supported by the present study, although our results sug-
gest that feeding was more imntensive in both Lampanyc-
todes hectonis and Diaphus danae during the night (Fig. 4).

Synchronization of growth with availability of prey

Present results indicate that time of year and predator size
were the major determinants of the type and amount of

prey eaten. Feeding intensity (as indicated by stomach full-
ness) and the size structure of the population may be
synchronized with seasonal variations in prey abundance
in order to maximize each species’ share of the available
food resource.

During August, when the mode of Maurolicus muelleri
was less than 40 mm SL, feeding intensity was highest, and
copepods, abundant during winter, were the main prey
consumed. In October, the population mode had increased
to 45 mm SL and euphausiids were becoming more impor-
tant as prey. By December, when euphausiid abundance
peaks. euphausiids dominated the diet and the maximum
length had been reached. In Lampanyctodes hectoris feed-
ing intensity was highest and juvenile recruitment occurred
in summer, when euphausiids were abundant. Small Di-
aphus danae occurred during winter when copepods were
abundant, but by summer had reached their maximum
length and shifted to fish as their main prey; stomach full-
ness values were highest at this time.

In a similar feeding study of the three most abundant
myctophids off Oregon, Tyler and Pearcy (1975) suggested
that competition for the available food resource was re-
duced by spatial separation in the water column. We sug-
gest competition may also be reduced by the synchroni-
zation of the seasonal growth cycles of each species with
the abundance of its prey.
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Abstract. Crustacean microzooplankton were the main
prey of larval Trachurus declivis collected in the summers
of 1988, 1989 and 1990 from coastal waters of eastern
Tasmania. The diet was dominated by harpacticoids (M-
crosetella rosea), cyclopoids (mainly, Oithona spp.),
calanoids and the calyptopis stage of the euphausiid Nyc-
tiphanes australis. Bivalve veligers were occasionally eat-
en. Diets of larvae were affected by interannual varia-
tions in plankton composition, particularly in 1989 when
intrusions of low-nutrient subtropical water excluded
large zooplankters (e.g. N. australis) from the study area.
Larvae < 6 mm selected for copepod nauplii; all larvae
selected for M. rosea, cyclopoids, and the calyptopis
stage of N. australis. Even though calanoids were a major
prey taxon, there were proportionally fewer eaten than
were present in the environment. In all, 78% of larvae
taken during the daytime had feod in their stomachs, as
opposed to 38% of the larvae from night samples. Feed-
ing was restricted to daylight hours, with peaks in the
mid-morning and late afternoon. A gut evacuation rate
of ~4to 6 h was estimated. We calculated that the larvae
ate between 9 and 13% of their body weight in food per
day. The larvae of T. declivis in this study were not suffi-
ciently abundant to have an impact on their prey.

Introduction

Previous studies of the diet of larval fishes from temper-
ate waters showed that predation by the larvae did not
affect the abundance of their prey (e.g. Peterson and
Ausubel 1984, Jenkins 1987). In particular, Jenkins esti-
mated that larval flounder would have little or no impact
on prey populations in an enclosed bay in southeastern
Australia. Cushing (1983) concluded that fish larvae were
generally too few to affect the density of their prey, but
that this would be likely to change after metamorphosis.
However, a recent simulation of larval fishes and their
prey indicated that larval fish in affect prey density

(Bollens 1988). In a study of tuna larvae from tropical
waters, we found evidence of larvae competing for food,
which resulted in a density-dependent reduction in their
growth rate. Such density-dependence would have im-
portant consequences for the survivorship of the larval
population (Young and Davis 1990, Jenkins et al. 1991).

Since 1985, a fishery has been established for jack
mackerel, Trachurus declivis, in the waters of eastern
Tasmania (Williams et al. 1987). As this fishery has devel-
oped, so has the need to understand more about the biol-
ogy of this fish, particularly its early life history. The diet
of larval T. declivis has not been examined previously.
However, the diet of larvae of the closely related T sym-
metricus has been studied in California Current speci-
mens (Arthur 1976), and of 7. mediterraneus in Black Sea
specimens (Sinyukova 1964). Both studies reported that
the larvae ate manly copepods, and occasionally other
taxa including euphausiid larval stages. Arthur indicated
that T symmetricus selected for the harpacticoid copepod
Microsetella norvegica. Neither study reported diel feed-
ing cycles in the larvae of these Trachurus species.

Larvae of Trachurus declivis are present during sum-
mer in coastal waters surrounding Tasmania (A. Jordan,
Tasmanian Department of Sea Fisheries, personal com-
munication). The productivity of these waters is strongly
influenced by the relative position of subtropical and sub-
antarctic water masses in the vicinity. Generally, the
greater the contribution of subantarctic water the higher
the productivity (Harns et al. 1991). In years of low pro-
ductivity. small zooplankters (particularly small cope-
pods) dominate and large zooplankters such as the eu-
phausiid Nyctiphanes australis are largely absent, where-
as in years of high productivity this pattern is largely
reversed (Harris etal. 1991). Such varation in the
zooplankton community will obviously affect the prey
available to larval T. declivis from year to year.

The purpose of the present study was twofold. The
first aim was to describe aspects of the feeding of larval
Trachurus declivis from coastal waters of east Tasmania.
The second was to assess the impact of larval T. declivis
on prey populations.
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Materials and methods

Field collections

Larvae were collected at a fixed position in Storm Bay (43° 10'S;
147° 31'E Fig. 1) and from the east coast of Tasmania in the area
of Maria Island in the summers of 1988, 1989 and 1990 to examine
gut contents (Table 1). Two specific larval collections were also
made during this time. In January 1989, larvae collected along the
coast of eastern Tasmania were used to examine the relationship
between feeding success and zooplankton biomass (Fig. 1). Data on
diel feeding was obtained from collections made between 14 and 16

Table 1. Trachurus declivis. Number of larvae examined for gut
contents. Larvae from east coast were all collected around Maria
Island, except for the 203 larvae collected in January 1989. nd: no
data

Date Storm Bay East coast
1988
Jan. 53* nd
1989
Jan. 40* 155
Jan. s 203°®
Feb. 60 , 202
Mar. nd 17
1990
Feb. nd 216*¢
Total (764) 153 611

* Larvae used to examine prey selection

® Larvae collected from stations along east coast of Tasmania to
examine relationship between feeding success and available prey,
but not used in dictary analyses

¢ Larvae used to examine diel feeding

42°s —

v 2
Tasmania

Darwent

438 _1 River

148°E

Fig. 1. Location of sampling stations for Trachurus declivis larvae
around eastern Tasmania, Australia. SB: Storm Bay master station;
RB: Riedle Bay; e: stations from which larvae were compared with
biomass of zooplankton

J.W. Young and T.L.O. Davis: Feeding 1n larval jack mackerel

February 1990 from Riedle Bay, Maria Island (Fig. 1). Samples
were collected at ~2 h intervals, and at ~ 1 h intervals from 15.00
to 22.30 hrs, to estimate gut-evacuation rates.

Larvae were collected from Storm Bay by the CSIRO’s inshore
research vessel F.R.V. “Scottsman™. Oblique tows were made
through the mixed layer to ~25m depth with a 1 m ring net of
500 pm mesh netting towed at 1 m s™!. Tow depth was estimated
from metres of wire out. Larvae were sampled off east Tasmania
from the Tasmanian Sea Fisheries research vessel “Challenger” with
paired bongo nets (50 cm mouth diam: 500 pm mesh netting) to
30 m depth. Depth was determined with a salinity-depth recorder.
Larvae for the diel study were collected with a 70 cm ring net of
500 um mesh netting towed at 1 to 2m s™! from F.R.V. “Scotts-
man”. Storm Bay samples were fixed in 4% formalin buffered with
borax. All samples from the east coast were fixed in 95% alcohol to
preserve the otoliths (A. Jordan personal communication). Accord-
ing to Theilacker (1980), larval Engraulis mordax preserved in for-
malin shrink by ~10% of live standard length, whereas shrinkage
in alcohol is negligible. However, as shrinkage of larval Trachurus
declivis has not as yet been examined, we present our data here on
the unadjusted lengths.

Immediately after each zooplankton tow, microplankton were
collected from Storm Bay with drop nets (Heron 1982) of 37 pum
mesh netting (mouth diam =50 cm) to a depth of 40 m. Drop nets
were also used to collect microzooplankton from the east coast.
However, collections were less systematic on the east coast, but
sufficient samples were collected to examine prey selection. All
microplankton samples were preserved in 4% buffered formalin.

Larvae were identified following an unpublished guide (D.
Furlani, CSIRO, unpublished data). There are difficulties in sepa-
rating larvae of Trachurus declivis from larvae of the closely related
T. novaezelandiae (D. Furlani personal communication). However,
the area in which the larvae were collected supports a large fishery
for T. declivis (Williams et al. 1987). Also, despite the large number
of fish collections made in the area, there have been no positive
records of T. novaezelandiae (P. Last, CSIRO, personal communica-
tion)

Hydrographic data were obtained from the CSIRO Storm Bay
master station (43°11°S, 147°32’E) (Clementson et al. 1989), and
from the continuous records of the CSIRO coastal monitoring sta-
tion off Mana Island (42°36°S; 148°16’E) (Harris et al. 1987).

Laboratory analysis

In samples that contamned less than 30 larvae, all individuals were
dissected; 1n larger samples, a random subsample of 30 to 50 larvae
was taken. The larvae were measured 1n glycerine under a stereomi-
croscope. Standard length (SL) and mouth width were measured
according to Young and Davis (1990), aithough distortion of the
mouth in many larvae meant that mouth width could not always be
measured. Stomach contents were teased from the stomach with
0.25 mm tungsten needles electrolyucally sharpened for the pur-
pose. The contents were tdentified to species where possible, mea-
sured along the widest axis, and counted. Chlorozol Black e was
added to the glycerine to aid identification of Crustacea. Stomach
fullness was estimated on a scale of 1 to 5 (1, empty; 2, <half full;
3, ~half full; 4, >half full; 5, full). The stage of digestion was
estimated on a scale of 1 to 3 (1, digested: 2, partially digested;
3, contents intact).

Not all 500 pm-net samples contained larvae, and of these fewer
contained sufficient numbers to enable useful compansons with the
accompanying microzooplankton samples. Therefore, for the prey
selection study we randomly selected migrozooplankton samples
from both Storm Bay and the east coast where the accompanying
500 pm net sample had >20 larvae. The numbers of micro-
zooplankton were estimated after mmtially filtering plankton sam-
ples through a 1 mm screen to exclude zooplankters of a larger size
than that eaten by the larvae (J. Young unpublished data). Five
aliquots were taken with a stempel pipette (1/40 of the total vol-
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ume =5 ml), and the microzooplankton were sorted into major prey
groupings and counted. Only taxa eaten by the larvae were counted.
To examine whether feeding success was related to zooplankton
availability, displacement volumes (expressed as ml 100 m™3) were
measured for the zooplankton fraction collected by 500 um nets
from east coast stations (see Fig. 1).

Data analysis

The relationship between feeding incidence and standard length was
examined using a test for linear trends in the proportion of larvae
with food as a function of larval length (Kirkwood 1988). The
relative importance of prey items was determined from the product
of percent frequency of occurrence and percent number (Laroche
1982). Diet breadth (B) was calculated for larvae from different
areas using Levins' (1968) index, B=(Zp,2) !, where p, is the pro-
portion of each prey category tn the diet. Values were standardised
to fractions using Hespenheide's (1975) transformation, B,=(58-1)/
(n-1), where n is the number of prey categories.

Diel changes in feeding were exammed for larvae collected be-
tween 14 and 16 Feburary 1990. Differences in feeding intensity in
larvae between the morning (07.00 to 10.00 hrs), midday (10.01 to
14 00 hrs) and afternoon (14.01 to 20.00 hrs) were examined using
ANOVA on the \/(x+ 1) number of prey larva™~!. Differences in
stomach fullness and state of digestion with time of day were exam-
ined using contingency tables. The number of larvae caught per tow
was low during this period (mean=10.3, SE=2.3). Therefore, as
weather conditions were the same over the twlé days, we assumed
that larvae collected at the same time but on different days were
directly comparable.

Prey selection was examined in larvae taken from Storm Bay,
and from a station off Maria Island. each at two different times.
Pearre’s C index (Eq. 3, p. 915 in Pearre 1982) was used, since it has
most of the characteristics of the “ideal” selectivity index (Lechow-
icz 1982). Selecuvity indices were calculated separately for larvae
<6 mm and >6 mm SL. and were based on the pooled diet of at
least ten larvae. Sample sizes smaller than this were considered
insuffictent to assess prey selection accurately. Gut evacuation time
and rate (R) were calculated from thesregression of prey number and
ume from last feeding. Daily ration (C,) was calculated using Elliott
and Persson’s (1978) formula,

(S,—S,e™%)- Re

- Rt

.=

’

1—e
where S, and S, are storhach contents at the beginning and end of
time f.

Results
Physical environment

Sea surface temperatures in the study area ranged be-
tween 11 and 19.5°C over the three years, although dur-
ing the spawning period of Trachurus declivis (January to
March, A. Jordan unpublished data) temperatures were
between 16.5 and 19.5°C (Fig. 2). Surface temperatures
were ~2C° higher in the summer of 1988/1989 than in
the preceding and following summers due to the intrusion
of subtropical water into the area [Fig. 2 and see Harris
etal. (1991)). Harris et al. (1991) reported that salps and
Nyctiphanes australts were present during the 1987/1988
summer, but were absent the following summer (1988/
1989) when the subtropical intrusion was most pro-
nounced. No discernible difference in temperature was
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detected between our two areas. However, the surface
waters of Storm Bay were slightly less saline during sum-
mer than those off Maria Island, presumably due to
freshwater runoff from the Derwent and Huon Rivers
(Fig. 2).

Feeding incidence

The gut contents of 561 larval Trachurus declivis from
Storm Bay and eastern Tasmania were examined (Table
1). A further 203 larvae were examined for feeding inci-
dence, but their prey were not identified. The Storm Bay
larvae ranged in size from 2.4 to 13.3 mm SL [mean 5.0
(£0.2 SE) mm SL], although most (~70%) were be-
tween 3.5 and 5 mm SL (Fig. 3). Larvae from the east
coast ranged in size from 3.3 to 20.4 mm SL [mean 6.1
(£0.1 SE) mm SL], and were significantly larger than
those from Storm Bay (Student’s :-test, DF =460,
P<0.001; Fig. 3). In all, 78.0% of the guts examined
from daytime (06.30 to 20.00 hrs) samples contained
food (81.0% of Storm Bay larvae; 77.2% of east coast
larvae). Of the larvae taken at night (20.00 to 06.00 hrs)
only 38% contained food, the majority of which was
digested. Only one stomach contained food (also digest-
ed) after midnight. There was a positive linear relation-
ship between feeding incidence (percentage of stomachs
containing food) and larval size in larvae caught during
daytime from Storm Bay (chi?=14.3, DF =5, P=0.0001;

20 ® Mana Island o Storm Bay
®c
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g °0,, e0 ° 80
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5 16 ° eV
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Fig. 2. Monthly sea surface temperature (a) and salinity (10~3) (b)
from the Storm Bay master and Maria Island monitoring stations
between January 1988 and March 1990
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Storm Bay
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Fig. 3. Trachurus declivis. Length-frequency distribution of larvae
examined for gut contents from Storm Bay and east coast of Tasma-
nia
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Fig. 4. Trachurus declivis. Relationship between feeding incidence
and standard length in larvae from eastern Tasmania; means +95%
confidence limits. Values beside data points show number of larvae
examined

Fig. 4). No relationship was found between feeding inci-
dence and zooplankton biomass in 500 pm nets taken
along the coast of eastern Tasmania.

Overall diet and interannual variability

The larvae of Trachurus declivis fed largely on crustacean
microzooplankton, although bivalve veligers (Mya spp.
and Pecten spp.) were identified in the guts of some east
coast larvae. The harpacticoid Microsetella rosea,
Oithona spp., species of calanoid copepods (mainly Clau-
socalanus furcatus and Paracalanus aculeatus), copepod

89
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Table 2. Trachurus declivis. Summary of prey items in larvae
(n=153) from Storm Bay [size range, standard length (SL)=2.35 to
14.25 mm, mean=15.07 +0.20 (SE) mm]. The product (¥- N) of fre-
quency of occurrence (F) and percentage number (N) of each prey
type is measure of importance of each prey type. Range shows
number of prey in individual larvae

Prey taxon F N F+N Range
Cladocera
Podon intermedius 0.76 0.20 0.15 0-1
Copepoda
Harpacticoida
Euterpina acutifrons 0 0 0 0
Microsetella rosea 25.00 10.78  269.50 0-4
Cyclopoida
Oithona spp. 23.48 22.16 520.32 0-13
Oncaea venusta 5.30 1.40 7.42 0-1
Calanoida
Acartia spp. 0.76 0.20 0.15 0-1
Acrocalanus spp. 0.76 0.20 0.15 0-1
Calanoides caranatus 0 0 0 0
Calanus spp. 1.52 0.40 0.61 0-1
Clausocalanus furcatus 8.33 4.19 34.90 0-4
Cosmocalanus darwinii 1.52 0.20 0.30 0-1
Neocalanus robustior 1.52 0.80 1.22 0-3
Paracalanus aculeatus 3.79 1.20 4.55 0-2
unidentified calanoids 18.18 8.18  148.71 0-4
eggs 9.85 4.39 43.24 0-4
nauplii 46.21 19.16  885.38 0-5
copepodites 4.55 2.79 12.69 0-5
Caridea
unidentified juveniles 0 0 0 0
Euphausiacea
Nyctiphanes australis 28.03 23.15  648.89 0-12
(calyptopis stage)
Decapoda
crab zoea 0 0 0 0
Bivalvia
Mya spp. 0 0 0 0
Pecten spp. 0 0 0 0
Unidentified 3.03 0.80 242 0-1

nauplii and calyptopis stage larvae of Nyctiphanes aus-
tralis were the main prey (Tables 2 and 3). Algae were not
observed in the stomachs of any larvae.

The relative proportions of prey differed between lar-
vae from Storm Bay (Table 2) and those from eastern
Tasmania (Table 3). The diet of Storm Bay larvae was
dominated by copepod nauplii, calyptopis stage Nyc-
tiphanes australis (only during the 1988 season), Mi-
crosetella rosea, Oithona spp. and calanoids. In contrast,
the eastern Tasmanian larvae ate chiefly M. rosea,
Oithona spp., Oncaea venusta and Paracalanus aculeatus.
Very few N. australis were eaten by east coast larvae, and
only during the 1990 season. It was not possible to gauge
the relative dietary importance of individual calanoid
species because of the poor condition in which most were
found. However, their continual occurrence indicated
that they were generally important, particularly in larvae
from the east coast.
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Table 3. Trachurus declivis. Summary of prey items in larvae
(n=308) from eastern Tasmania [size range SL=3.26 to 20.44 mm,
mean=6.0940.10 (SE) mm]. The product (F - N) of frequency of
occurrence (F) and percentage number (N) of each prey type is
measure of importance of each prey type. Range refers number of
prey in individual larvae

Prey taxon F N F-N Range
Cladocera
Podon intermedius 9.09 5.63 51.18 0-4
Copepoda
Harpacticoida
Euterpina acutifrons 1.36 0.50 0.68 0-1
Microsetella rosea 48.64 3642 1771.47 0-8
Cyclopoida
Outhona spp. 12.27 6.13 75.22 0-3
Oncaea venusta 14.09 8.94 125.96 0-10
Calanoida
Acartia spp. 0.91 0.33 0.30 0-1
Acrocalanus spp. 0 0 0 0
Calanoides caranatus 0.45 0.17 0.08 0-1
Calanus spp. 0 0 0 0
Clausocalanus furcatus 7.27 3.15 22.90 0-2
Cosmocalanus darwinii 0.91 0.33 0.30 0-1
Neocalanus robustior 0.45 0.17 0.08 0-1
Paracalanus aculeatus 9.09 8.94 81.26 0-16
umdentified calanods 32.73 17.55 + 57441 0-9
eggs 1.36 0.50 ©  0.68 0-1
nauplii 10 91 4.53 49.42 0-3
copepodites 2.73 1.82 5.00 0-4
Caridea
unidentified juveniles 0.91 0.33 0.30 0-1
Euphausiacea
Nyctiphanes australis 591 232 13.711 0-2
(calyptopis stage)
Decapoda
crab zoea 045 . 033 0.15 0-2
Bivalvia '
Myua spp. 045 . 0.17 0.08 0-1
Pecten spp. 0.91 0.66 0.60 0-3
Unidentified remains 1.45 0.54 078 0-1

Table 4. Trachurus declivis. Interannual vanability in mean prey
number and rank order (1-6) of importance (based on F- N) of
major prey taxa in larvae from Storm Bay and east coast of Tasma-
ma. Values in parentheses are: no. of larvae; mean prey no. per
larva + SE. — no euphausiids present

Prey taxon Storm Bay East coast
1988 1989 1989 1990
(53; (100; (192; (216;
7.1740.74) 1.25+0.13) 1.85+0.15) 2.144+027)
Cladocera 6 - 4 6
Harpacticoida 4 2 1 2
Cyclopoida 2 3 2 3
Calanoida 1 3 3 1
Calanoid 5 1 5 5
nauphi
Euphausiiacea 3 5 - 4
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The relative importance of major prey taxa differed
between years (Table 4). In 1988 larvae from Storm Bay
ate mainly cyclopoids, calanoids and euphausiids, where-
as in 1989 harpacticoids, cyclopoids and calanoids were
the chief prey taxa. Only two larvae sampled in 1989 had
euphausiids in their stomachs. East coast larvae ate pri-
marily the harpacticoid Microsetella rosea, cyclopoids
and calanoids in 1989. Euphausiids were absent as prey
during that time. In 1990 calanoids, followed by harpacti-
coids and cyclopoids were the main prey.

Numbers of prey

The number of prey items per larva ranged from 0 to 28.
Fewer numbers of prey were eaten by larvae in Storm Bay
in 1989 than in 1988 (Student’s r-test, DF =151, r=10.49,
P=0.0001; Table 4). Mean prey number in east coast
larvae was not significantly different between 1989 and
1990 (s-test, p>0.1). A comparison of prey number be-
tween larvae sampled in 1989 from Storm Bay and the
east coast (when larvae were sampled concurrently)
showed no significant difference in prey number (-test,
P>0.1; Table 4). Number of prey was positively correlat-
ed with standard length in Storm Bay (Fig. 5). The rela-
tionship was less clear in east coast larvae, which may
reflect the relatively higher numbers of larger-sized
calanoids.

Diet breadth

Diet breadth was low in larvae from Storm Bay (Table 5),
where diets were dominated by either Microsetella rosea
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Fig. 5. Trachurus declivis. Relationship between prey number and
standard length 1n larvae from Storm Bay and east coast of Tasma-
ma
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Table 5. Trachurus declivis. Diet breadths, calculated using Levins’
(1968) index, of larvae from Storm Bay and the east coast (number
of larvae in parentheses)

Area Length class (mm)

<40 4.0-6.0 6.01-8 8.01+
Storm Bay 0.11 (82) 0.18 (35) 0.29 (39)°
Maria Island 0.53 (21) 0.14 (135) 0.37 (120) 0.21 (32)

* Length classes combined

or copepod nauplii. Diet breadth increased slightly in
larger larvae due to the presence of calyptopis stage Nyc-
tiphanes australis. The east coast larvae, particularly
those <4 mm, had more broadly based diets (Table 5).

Changes in diet with size

The relationship between mouth width (mw) and stan-
dard length (SL) was allometric, of the form mw=0.086
SL'-%%% (r=0.87, DF=62, P=0.0001). Mouth width
was positively correlated with prey width (Fig. 6), and
was always larger than the largest préy width measured.
The ratio between maximum prey width to mouth width
ranged from 1.5 to 1.8, but did not differ with size of
larvae. Generally, as the size of larvae increased there was
a progression from smaller to larger prey taxa. In Storm
Bay, copepod nauplii were the main prey taxa of larvae
<4 mm SL. Their importance decreased in larger-sized
larvae, the diets of which were increasingly dominated by
the harpacticoid Microsetella rosea, calanoids and calyp-
topis stage Nyctiphanes australis (Fig. 7). Off eastern Tas-
mania, copepod nauplii were also the main prey item of
larvae <4 mm. The diets of larger larvae, particularly
those >8 mm, were increasingly dominated by cy-
clopoids (mainly Oithona spp.) and calanoid copepods.
However, calyptopis stage N. australis were less common
in the east coast larvae (Fig. 7), while the cladoceran
Podon spp., rarely present in the diet of Storm Bay larvae,
was found in larger-sized larvae from the east coast.

Prey selection

There was significant variation in the (arcsine-trans-
formed) proportions of prey taxa collected from drop
nets between stations (ANOVA, F=3.43, DF=27,
P=0.012), and this was reflected in the relative impor-
tance of prey taxa in the diet. However, general patterns
of prey selection were evident between stations (Fig. 8).
The strongest patterns to emerge were selection for the
harpacticoid Microsetella rosea and selection against
calanoids in both Storm Bay and east coast larvae
(Fig. 8), even though calanoids were an important prey
item. These patterns were generally reflected by the prey-
selection indices (Table 6), although different prey prefer-
ences were noted for small (<6 mm SL) and larger
(>6 mm SL) larvae. Selection against M. rosea by larvae
>6 mm from the Storm Bay station on 15 January 1988
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Fig. 7. Trachurus declivis. Frequency of occurrence of major prey
taxa in relation to size of larvae from Storm Bay and east coast of
Tasmania

may have occurred because these were, on average,
significantly larger (mean 7.42 mm+0.20 SE) than the
other larvae >6 mm from the other stations examined
(mean 6.64 mm+0.14 SE) (ANOVA, F=3.60, DF =47,
P<0.05). Cyclopoids were selected against by larvae
<6 mm, whereas positive selection was noted in larvae
>6 mm. Generally, calanoids were selected against by
both size classes. Larvae <6 mm selected for copepod
nauplii. whereas larger larvae selected against this taxon.
Also noted was selection for euphausiids (Nyctiphanes
australis), when they were present, by both size classes of
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Table 6. Trachurus declivis. Values of Pearre’s C index for larvae <
or > 6.0 mm SL feeding on major prey taxa from Storm Bay (SB) and
Marna Island (MI). Positive values show selection for, and negative
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values show selection against, a particular prey taxon. (n): No. of
larvae. *, **: Selection significant at P<0.05, and P <0.01, respec-
tively. —: Insufficient data for comparison

Station/month/ .. Prey taxa (size in mm)

year (n)
Harpacticoida Cyclopoida Calanoida Euphausiiacea Nauplii
<6.0 >6.0 <6.0 >6.0 <6.0 >6.0 <6.0 >6.0 <6.0 >6.0
SB 15/1/88 (50) +043**  —0.52** —0.24**  +0.10* —0.18** +0.06 +0.22**  +0.31** —0.04 —0.40**
SB 15/2/89 (30)  +0.38** - - - —0.07 - - - +0.40 ** -
SB 24/2/89 (30) +0.45** - - - —0.13* - +0.22** +0.57**
MI 24/1/89 (30)  +0.37** +0.26** - - —0.22#%* —0.15* - - +0.01 -
MI 28/2/89 (20) - +0.17* - +0.26* - —0.19* - - - —0.33**
Storm Bay (15/1/1968) Storm Bay (24/2/1989) re
o
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Fig. 8. Trachurus declivis. Comparison between relative propor-
tions of prey in dtet of larvae with those of thetr prey in environment
of Storm Bay master station and Riedle Bay, Maria Island, on two
different occasions. n: number of larvae examined; p: total number
of prey 1dentified in larvae; z: number of prey m ™2 in water column

larvae. The presence of later-staged furcilia of N. australis
in the stomachs of larger larvae indicated size selection
within this taxon. The presence of cladocerans (Podon
spp.) usually reflected their relative abundance in the en-
vironment.

Time (hrs)

Fig. 9. Trachurus declivis. Feeding in relation to time of day. Data
show mean prey number larvae ™! statton ™' £95% CL and percent
of larvae feeding at each station. Values beside data points show
number of larvae examined. Shaded portion of trme bar indicates
night

Diurnal feeding

Larvae fed only during daylight hours (Fig. 9), and ate
significantly less in the middle of the day than in either
the morning or afternoon (ANOVA, DF =221, F=14.4,
P=0.0001). Correspondingly, stomach-fullness values
were higher in the morning and late afternoon than in the
muddle of the day (chi*=27.01, DF =8, P=0.0001). Prey
were less fully digested at these times (chi*=20.1, DF =4,
P=0.0005), which also indicated recent ingestion.

Gut evacuation and daily ration

Stomach-fullness values rose to their highest at around
20.00 hrs (Fig. 9). Regression of prey number with time
after 20.00 hrs gave a digestion time of ~6 h (y= —0.005
x+13.729, r* =0.44, F=33.06, DF =43, P=0.0001) at a
water temperature of 18°C. However, Fig. 9 suggests
that the major portion of gut contents are evacuated in
about 4 h. Two feeding peaks, one in the morning and
one in the afternoon, indicate that larvae feed at least
twice per day. The daily ration was estimated, using the
equation of Elliott and Persson (1978), at between 5 and
10 prey larvae ™! d~!, depending on the size of the larvae
(Table 7). After conversion of prey size to dry weight for
copepods (Hunter 1981), the amount eaten was estimated
to range from 26 pg dry wtlarva™! d ™! in larvae <6 mm
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Table 7. Trachurus declivis. Estimates of daily ration for larvae <
or >6mm SL. dw: dry weight equivalent of prey, in pg; %DR:
daily ration as percentage of larval body wt

Size Mean length Dry Mean prey  %DR
category (SL, mm) wetght d~!

(mg) (dw)
<6mm SL 440 (+005SE) 0.186 5.09 (25.5) 13.7
>6mm SL  7.66 (+0.13 SE)  0.840 9.79 (78.3) 9.3

to 78 pg in larvae >6 mm. From the relationship be-
tween standard length and dry weight of larval Trachurus
declivis (dry wt=0.334 SL —1.38, r?=0.71, DF =19,
F=44.0, P=0.0001), we calculated that the larvae ate
daily between 9 and 13% of their body weight in food.

Discussion
Feeding incidence

The incidence of food in the guts was high in larvae from
both Storm Bay and the east coast, and was similar to
that found in Trachurus symmetricus from the California
Current (Arthur 1976). High feeding incidence has previ-
ously been associated with a looped gut, as this reduces
the amount of regurgitation on capture (Arthur 1976). In
T. declvis the gut loops at about 3.5 mm SL (J. Young
personal observation), which is approximately the size at
which the larvae begin to feed. However, not all larvae
had food in their stomachs. This was probably due to
larval size — we found a positive relationship between size
and feeding incidence. Both feeding success and the sub-
sequent condition of larval fishes have been correlated
with zooplankton biomass (Arthur 1976, Koslow et al.
1985, Young and Davis 1990). In the present study, how-
ever, no relationship was found between feeding and
zooplankton biomass, indicating that the larvae were not
food-limited, although the use of 500 ym nets to collect
zooplankton restricts this conclusion (Frank 1988).

Overall diet and interannual variability

Copepods, particularly the harpacticoild Microsetella
rosea and the cyclopoid Oithona spp , are the major com-
ponent of the diet of larval Trachurus declivis, as they are
in the diet of T. symmetricus and T. mediterraneus larvae
(Sinyukova 1964, Arthur 1976). Of interest was the pres-
ence of larval bivalves, particularly larvae of Pecten spp.,
in the diet of some larvae. Pecten spp. supported an im-
portant fishery in the area until fishing pressure forced its
closure (Young and Martin 1989). However, as they are
not readily digested, and are of little nutritional value
(Checkley 1982, Schnack 1974), it is unlikely that they are
an important prey item.

The presence of larval euphausiids in the diet of larval
fishes has been reported previously (e.g. Arthur 1976,
Tully and Ceidigh 1989). However, the importance of the
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euphausiids in some of our samples is noteworthy. Nyc-
tiphanes australis is a key member of the zooplankton
community in Tasmanian coastal waters (Ritz and Hosie
1982), where it is the main component of the diet of adult
jack mackerel (Webb 1976). Adult jack mackerel have
been fished commercially in these waters since 1985
(Williams et al. 1987). A downturn in catches in the
1988~ 1989 summer fishing season corresponded with the
disappearance of N. australis from inshore waters of
southeastern Tasmania (Harris et al. 1991). Of the three
summers in which we collected fish larvae, larval N. aus-
tralis was present as prey only during the summers of
1987/1988 and 1989/1990, which mirrored their presence
in the plankton (Harris et al. 1991). Harris et al. (1991)
found that intrusions of nutrient-low subtropical water
during the 1988/1989 summer led to a downturn in local
productivity and the disappearance of ““large” zooplank-
ters such as N. australis which they propose relies on new
productivity. They found that the biomass of small
copepods, which can switch from herbivory to omnivory
(Cushing 1989), was less affected by changes in produc-
tion during the same period. This response is mirrored in
the diet of the larvae, as the small copepods (e.g. Mi-
crosetella rosea and Qithona spp.) were particularly prev-
alent 1n the larvae from the 1988/1989 summer. However,
the lower prey numbers during this period in both the
Storm Bay and east coast larvae suggests that the produc-
tion of copepods may also have been affected.

Comparison between areas

Govoni and Chester (1990) found that the diet of larval
spot, Leiostomus xanthurus, differed between adjacent
water masses at the mouth of the Mississippi River. They
proposed that differences in both the abundance of food
organisms and the photic environment were responsible.
In the present study, differences in both the number and
relative importance of prey types were noted (see Table
4). Whether these differences were the result of the fine-
scale physical oceanography of the area is difficult to tell,
as the hydrography of the waters surrounding eastern
Tasmania is complex (Harris et al. 1987). The waters off
Mana Island lie at the junction of subantarctic and sub-
tropic waters. Storm Bay, on the other hand, is affected
not only by both subantarctic and subtropical waters, but
also receives a significant input from the Derwent and
Huon Rivers (Clementson et al. 1989). The extent to
which these differences in water-mass structure affect lo-
cal prey distributions has yet to be resolved. Further
work on the plankton of these areas is needed.

Size and prey selection

Prey size is a critical factor in prey selection by most fish
larvae (e.g. Schmitt 1986, Theilacker 1987), the size se-
lected being largely determined by the gape of the mouth
and the width of the prey (Last 1980). As the larva grows,
the proportion of larger items in the diet increases, help-
g to meet the larva’s increased energetic requirements
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(Hunter 1981). Such a progression in prey size may also
reduce intraspecific competition between larval size class-
es (Shelbourne 1962). Larval Trachurus declivis, for ex-
ample, ate largely nauplii when <4 mm SL, but as they
grew began eating larger prey such as calanoids and eu-
phausiid larvae. A similar shift in diet has been reported
for T. symetricus (Arthur 1976), and for many other larval
fishes (see review 1n Theilacker and Dorsey 1980). How-
ever, in the present study some larger larvae were full of
large numbers of smaller prey (e.g. Microsetella rosea),
apparently obtaining sufficient food from them. There-
fore, even though predator mouth width limits the upper
size boundary of prey (width) eaten, larger larvae are
quite capable of obtaining sufficient food from smaller
prey types. Larval jack mackerel fed small food items
(Gymnodinium spp.) in the laboratory were as healthy,
and grew as fast, as those fed on larger prey (Theilacker
and Dorsey 1980).

Many larval fishes are opportunistic feeders, taking
prey in direct proportion to their abundance in the envi-
ronment (Stepien 1976), the dominant food type varying
with its seasonal abundance in the plankton (Last 1978,
1980). To some extent the larvae of Trachurus declivis
follow this pattern, their diet changing with changes in
the distribution and abundance patterns of zooplankton
in the area (Harris et al. 1991). However, selection for
certain prey taxa was apparent. For example, the positive
selection for Microsetella rosea found in the present study
mirrors the selection of M. norvegicaby T. symmetricus in
the northern hemisphere (Arthur 1976). Possibly the
bright colouration of such harpacticoid species attracts
these predators (Arthur 1976).

Diurnal feeding

The pattern of feeding of larval Trachurus declivis is typ-
1cal of most marine larvae: larvae fed during the day, with
peaks in feeding in the early morning and late afternoon
(e.g. Last 1978, 1980, Young and Davis 1990). This trait
appears to be the precursor of adult feeding behaviour, as
feeding peaks in the morning and afternoon have been
reported in adult T declivis (Shuntov 1969). Some fish
larvae, particularly larval plueronectiforms, feed during
the night (Blaxter 1969, Sumida and Moser 1980, Jenkins
1987, Watson and Davis 1989). However, most fish lar-
vae are visual feeders (Hunter 1981), and it may be that
some reported instances of night feeding reflect slow di-
gestion times (Watson and Davis 1989), although moon-
light feeding is possible (Last 1978). The apparently high
feeding incidence after sunset in the present study can be
attributed to the presence of undigested prey. We estimat-
ed that digestion in this species takes around 4 h. Empty
stomachs were not found until 1 h after midnight, 5h
after sunset.

Digestion, daily ration and predatory impact

Our estimate of digestion time is based on the assumption
that feeding ceased at dark. This assumption was sup-
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ported by the presence of increasingly digested material
in the guts after sunset. Estimating gut-evacuation rates
from field samples is obviously not as accurate as direct
measurement in the laboratory; however, comparative
studies indicate that field estimates are reasonable. For
example, the rate for Engraulis mordax in the laboratory
(1.15 to 2.73 h; Theilacker 1987) was very similar to that
estimated in the field (1 tro 3 h; Arthur 1976). The rate of
digestion we found in the present study is similar to that
of larvae of other temperate-water fishes (see Govoni
et al. 1986). For example, gut evacuation in Rhombosole-
na tapirina from temperate waters of southeastern Aus-
tralia takes 4 h (Jenkins 1987). Scomber japonicus com-
pletes digestion over about 7 h, at a water temperature of
19°C (Hunter and Kimbrell 1980). Our results contrast
with those of Peterson and Ausubel (1984), who found
that digestion in S. scombrus takes 1 to 2 h.

The density of Trachurus declivis ranged from 0 to a
maximum of 4 larvae m =3 (A. Jordan unpublished data)
around Maria Island. However, the median value was
~0.05 larvae m™~3 in 1989 and even lower in 1990 {0.01
larvae m~?). Each larva, depending on size, can eat be-
tween about 5 and 10 prey d~!, which (using average
densities from the 1989 summer) is <1 prey m~3. With
total prey densities ranging from 304 to 1380 m 2 (Fig. 8)
this would give a removal rate <0.2% prey per day.
Bollens (1988) estimated that removal rates of prey be-
tween 0.5 and 3.0% implied a significant predatory im-
pact. We found that larvae of Thunnus maccoyii were able
to remove up to as much as 15% of the prey population
(Young and Davis 1990), which would clearly affect prey
densities. In the present study, however, low numbers of
larvae, together with high densities of prey species, would
make a similar situation unlikely for Trachurus declivis.
Similar studies from temperate waters have also found
that larvae were too few to have an impact on their prey
(Cushing 1983, Peterson and Ausubel 1984, Jenkins
1987), although Cushing (1983) pointed out that post-lar-
vae, with their increased hunting skills. could reverse this
pattern.
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Synopsis y

The diets 0of 1219 southern bluefin tuna, Thunnus maccoyii, from inshore (shelf) and offshore (oceanic) waters
off eastern Tasmania were examined between 1992 and 1994. Immature fish (< 155 cm fork length) made up
88% of those examined. In all, 92 prey taxa were identified. Inshore, the main prey were fish (Trachurus
declivis and Emmelichthys nitidus) and juvenile squid (Nototodarus gouldi). Offshore, the diversity was
greater, reflecting the diversity of micronekton in these waters. Interestingly, macrozooplankton prey (e.g.
Phronima sedentaria) were prevalent in tuna > 150 cm. The offshore tuna, when in subantarctic waters, ate
relatively more squid than when in the East Australia Current. In the latter, fish and crustacea were more
important, although there were variations between years. No relationship was found between either prey type
or size with size of tuna. Feeding was significantly higher in the morning than at other times of the day. The
mean weight of prey was significantly higher in inshore-caught tuna than in those caught offshore. We estimat-
ed that the mean daily ration of southern bluefin tuna off eastern Tasmania was 0.97% of wet body weight
day. However, the daily ration of inshore-caught tuna was ~ 3 times higher (2.7%) than for tuna caught
offshore (0.8%) indicating that feeding conditions on the shelf were better than those offshore. Our results' -
indicate that the inshore waters of eastern Tasmania are an important feeding area for, at least, immature
southern bluefin tuna.

Introduction

Previous studies of the diets of tuna indicate that
they are generally opportunistic feeders, eating a
mixture of fish, crustacea and squid, the propor-
tions of which depend largely on the available food
supply (Serventy 1956, Shingu 1981). Southern blue-
fin tuna, Thunnus maccoyii, feed on a variety of
zooplankton and micronekton species reflecting
the different habitats they occupy. In coastal waters
of southeastern Australia they feed on jack macker-
el Trachurus declivis, pilchards Sardinops neopil-

chardus, squid Nototodarus gouldi and krill Nycti-
phanes australis (Serventy 1956). Offshore, pelagic
species of crustacea (e.g. Phronima sedentaria),
squid and pelagic fish (e.g. Brama brama) are more
common prey species (Robins 1963, Talbot & Pen-
rith 1963, Webb 1972). The deep-sea penaeid Fun-
chalia woodwardi has also been reported as prey of
southern bluefin tuna south of Africa (Talbot &
Penrith 1963), indicating they can feed at depth,
where light is low. However, these differences have
not been quantified in relation to specific water
masses. There is also little information on other as-
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pects of the feeding ecology of southern bluefin tu-
na, such as the daily ration of wild-caught southern
bluefin tuna.

Southern bluefin tuna migrate annually from the
Great Australian Bight to waters off eastern Tasma-
nia where fish ranging in size from * 50 to 190 cm are
taken by the domestic troll and Japanese longline
fisheries, although smaller and larger fish are occa-
sionally taken (Caton et al.!). The majority of fish
caught are sub-adults as most are smaller than the
estimated size at maturity of ~ 155 cm (Davis?).

Southern bluefin tuna have been reported to
school at oceanic fronts in the south-west Tasman
Sea (Robins 1952, Hynd 1968, 1969, Shingu 1981).
Shingu (1981) found that the fishing effort of Japa-
nese longliners off the east coast of Tasmania was
closely associated with the temperature front sep-
arating warm East Australia Current water from
cooler subantarctic water. He observed that these
tuna schooled in areas ‘where the isotherms lie in a
tongue-like shape and ... where the temperature
gradient is great’. It is generally assumed that these
tuna were aggregating in areas of greater prey avail-
ability near the front. This assumption is supported
by evidence of increased nutrient and zooplankton
concentrations at the edge of two separate offshore
fronts in this region (Tranter et al. 1983, Young &
Lyne 1993). However, as a ten-mile exclusion zone
for foreign-owned longliners operates off the coast
of Tasmania, the importance of the neighbouring
shelf waters as feeding grounds for the tuna may
have been overlooked.

The dominant feature of the waters off eastern
Tasmania is the filament of East Australia Current
(EAC) water that flows down the east coast of Aus-
tralia and dissipates at, or south of, Tasmania (Har-
ris et al. 1987). The boundary between the EAC and
subantarctic water to the south is the subtropical
convergence, which is generally near 42 °S. The
southward extension of this filament varies be-

! Caton, A.. P. Ward & C. Colgan. 1995. The Australian 1989—
1990 to 1994-5 soutern bluefin tuna seasons. Council for the con-
servation of Southern Bluefin Tuna Scientific Meeting, 10-19
July 1995.

2 Davis, T.L.O. 1995 Size at first maturity of southern bluefin
tuna. Council for the conservation of Southern Bluefin Tuna
Scientific Meeting. 10-19 July 1995.

tween years, which can have a profound effect on
the ecology of the coastal regions of Tasmania (Har-
ris et al. 1991, Young & Davis 1992, Young et al. 1993,
Jordanet al. 1995). Previous studies of the EAC and
its tributaries have found significant differences in
the productivity and species composition of these
waters (e.g. Griffiths & Wadley 1986). Generally,
the waters of the EAC and associated eddies are
lower 1 nutrients and micronekton than are sur-
rounding waters (Brandt 1981, Tranter et al. 1983).
In contrast, the waters of the Tasmanian shelf are
composed of a generally northward flowing, nutri-
ent-rich subantarctic water, which supports large
stocks of krill Nyctiphanes australis and their main
predator, jack mackerel Trachurus declivis(Young
et al. 1993). Both species are important prey items
of southern bluefin tuna (Webb 1972).

The Tasmanian southern bluefin tuna fishery is
recognised not only as a fishing area but also an in-
dicator of the health of the overall fishery. With in-
creasing pressure to lift quotas, an understanding of
the factors leading to variations in catch rate, both
temporal and spatial, is needed. A three-year study
was therefore initiated to examine the physical and
biological environment of the southern bluefin off
eastern Tasmania (Young et al. 1996a). In this paper
we aim to (1) describe the feeding ecology of south-
ern bluefin in the waters of eastern Tasmania, and
(2) examine annual variations in prey composition
and feeding success in relation to the regional
oceanography. Finally, we aim to (3) estimate the
daily ration of southern bluefin tuna off eastern Tas-
mania.

Materials and methods

Stomachs of southern bluefin tuna were collected in
1992,1993 and 1994 during the Tasmanian southern
bluefin fishing season, which generally lasts be-
tween May and July (Shingu 1981). Stomachs were
collected from two sources — the inshore troll fish-
ery around the Hippolyte Rocks area, and from the
Australian Fishing Zone observer program in
oceanic waters off eastern Tasmania (Figure 1). In-
shore, stomachs were removed immediately on cap-
ture and transferred to an ice slurry, and time, place
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of capture, size (length to caudal fork [LCF] in cm)
and weight of fish (kg + 0.5 wet weight) recorded.
The stomachs were later frozen and transferred to
the laboratory for processing. Offshore, the same
procedures were followed except that the place of
collection was estimated from the closest beacon to
which the fish was caught.

Laboratory analyses

In the laboratory, the stomachs were opened and
assigned a subjective index of fullness (1 = empty,
2 < half full, 3 = half full, 4 half full, 5 = full), and
state of digestion(1 = undigested, 2 = part digested,
3 =well digested). The contents were then removed
and weighed en masse (£ 0.5 g). Prey items were
identified to the lowest possible taxon, counted,
measured along the longest axis (£2.5 mm) and
weighed (£ 0.5 g). Items identified as longline bait
were discarded.

Data analysis

Length frequencies of inshore and offshore-caught
fish were compared using the Komolgorov-Smir-
nov (K-S) test. Diet composition was analysed by a
modification of the weight method of Bigg & Perez
(1985). The advantage of this method is that it does
not overemphasise the importance of numerous
small prey items (see Pinkas et al. 1971). Further-
more, by initially ranking prey items by frequency
of occurrence it reduces biases caused by the differ-
ent rates of digestion of various prey taxa, and elim-
inates the effect of trace remains by using only
fleshy remains as evidence of diet.

Prey taxa were grouped into fish, cephalopods,
crustaceans and gelatinous zooplankton. The pro-
portions of these groups in the diet were deter-
mined by frequency of occurrence, corrected to
100%. The proportion of an individual taxon within
each major group was then determined by weight.
Trace remains; squid beaks, otoliths and fish bones
were ignored (see Bigg & Perez 1985). The ‘barrels’,
manufactured by some species of amphipods from
salps or siphonophores, were also ignored. Barrels
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Figure 1. Study areas showing capture positions of southern blue-
fin tuna off eastern Tasmania, Australia, between 1992 and 1994.
Surface isotherms are diagramatic (n = number of stomachs
from inshore waters).

appear to remain in the stomach considerably long-
er than the crustaceans they originally housed and
are believed to contribute very little to the diet of
fish. Those made from the tunica of salps are prob-
ably not assimilated because of their mucopolysac-
charide content (Kashkina 1986), and those con-
structed from siphonophores have a similar chemi-
cal structure and very low nutritional value (Clarke
et al. 1992).

The stomachs from tuna caught offshore were
categorised, through satellite imagery, into three
groups based on sea surface temperature: warm
(East Australia Current; T >16 °C), intermediate
(Subtropical Convergence; 14 <T <16 °C) or cool
(Subantarctic water; T < 14 °C) for each of the three
years. A full description of these water masses dur-
ing the study period is given in Young et al. (1996a).

Diet overlap was compared between areas (in-
shore and the three offshore areas) and size group-
ings (20 cm length intervals) for the three years, us-
ing the Spearman rank correlation coefficient , r,
(Zar 1984). Prey taxa were ranked by modified
weight for the comparison. Values of r, range be-
tween -1 (perfect negative correlation) and +1
(perfect correlation). The test for significance com-
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Figure 2. Length-frequency distributions of southern bluefin tu-
na caught in inshore (open bars) and offshore (closed bars) wa-
ters of eastern Tasmania, Australia.

pares the value to 0, so a result that is significantly
different from zero indicates an overlaﬁ in the diets
of the pair being tested. Diet breadth was measured
by Levin’sindex, B = (£p,%)™, where p, = proportion
of a prey taxon in the diet, standardised to fractions
(after Hespenheide 1975).

Food consumption over hourly interval (C,, g
kg™ - h™) was calculated (following Elliot & Pers-
son 1978 and Boisclair & Marchand 1993) by the
equation:

(FumEeST “
CA[ = idj’T)_) ’ (1)

where F, and I, are the geometric means of the ra-
tio of stomach contents (g wet weight) to whole
weight of predator (kg wet weight) at the beginning
and end of each one hour period, T = time period
and R is the exponential rate of gastric evacuation.
Gastric evacuation rate (R, h™) was estimated (fol-
lowing Boisclair & Marchand 1993) as the maxi-

mum rate at which food was evacuated during any
one hour period,

_ In Fl+l ~In Fr) (2)

R )

This method of estimating gastric evacuation rate
assumes that no feeding occurs during the period of
greatest rate of food evacuation. In a species that
feeds continuously, this method will underestimate
the rate of gastric evacuation. However, it offers the
advantage that it can be used on field data, without
using captive experimental animals.

Neither the inshore nor offshore fleets fished
continuously for 24 h. We therefore gave values of
food consumption initially for only the time period
sampled, and then extended this result to a full 24 h
period, using the formula

g 24

b (Zl a5
where p is the number of time periods in which sam-
pling was carried out. Daily ration was estimated
for all size classes and areas combined. We then
made separate estimates for both the inshore and
offshore areas because of the wide discrepancy be-
tween rations from the two areas. Finally we com-
pared the daily rations of small (< 140 cm LCF) and
large (> 140 cm LCF) tuna from offshore waters to
investigate whether the observed difference in daily
ration between inshore and offshore fishes was re-
lated to size rather than position of capture. In light
of the uncertainty in the elapsed time between cap-
ture and landing of longline-caught fish, we as-
sumed that the fish were hooked shortly before
death and that digestion had not progressed signif-
icantly.

€)

Table 1. Number of southern bluefin tuna stomach samples-examined from eastern and southern Tasmania, Austraha, grouped according

to area and year of capture.

Area of capture 1992 1993 1994 Total
Inshore 169 45 136 350
Warm 87 141 48 276
Intermediate 115 126 63 304
Cool 21 66 184 271
Total 392 378 431 12197

" Includes 15 samples lacking location data, collected offshore
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Table 2. Food items 1n the stomachs of southern bluefin tuna collected from inshore and offshore waters off eastern Tasmania. % n =
percentage of all stomachs which contained prey; % wt. = percentage of total weight; % f = percentage frequency of occurrence; n =
number of fish examined; % n; = percentage of fish stomachs examined containing prey. Percentage totals for each main prey item are

given in parentheses; — = prey absent.
Prey Inshore Offshore
40-130 cm LCF 74-192 cm
n =353 n =870
% n,=87.3 % n,=86.9
Crustacea (27.9) 0.2) (8.4) (61.0) (1.6) (49.3)
Copepoda (<0.1) (<0.2) (0.3) ) -) -)
Unidentified Copepoda <01 <01 0.3 - - -
Mysidacea ) -) =) (<0.1) (<0.1) (0.5)
Gnathophausia ingens - - - <0.1 <0.1 0.5
Euphausiacea 9.8 (<0.1) (0.3) (10.4) (<0.1) 6.7)
Euphausia spinifera - - - 1.1 <0.1 0.1
Nyctiphanes australis 9.8 <0.1 0.3 - - -
Unidentified Euphausiacea - - - 9.4 <01 6.6
Amphipoda , (16.6) 0.1) 4.5) (41.8) (1.3) (43.1)
Brachyscelus crusculum - - - 3.6 <01 9.1
Eupronoe armata - - - <0.1 <0.1 0.1
Parathemisto guardichard: - - - <0.1 <0.1 0.1
Phronima sedentaria 6.3 <01 2.9 35.0 1.2 364
Phrosina semilunata - - - 1.3 <0.1 5.7
Platyscelus ovoides - - - 1.1 <01 4.9
Pronoe capito - - - <0.1 <01 0.1
Streetsia challengeri <01 <0.1 0.3 - - -
Unidentified Amphipoda . 10.2 <01 13 0.8 <01 2.0
Isopoda : (0.1) (<0.) (1.0) ) 'a) )
Unidentified Isopoda . 0.1 <01 1.0 - - -
Decapoda ) (0.4) (<0.1) (1.6) (8.7) (0.2) (11.9)
Acanthephyra quadrispinosa - - - <0.1 <01 0.1
crab megalopa 0.4 <01 1.3 8.6 0.2 104
Funchaliaspp | - - - <01 <01 0.1
Gennadas spp. - - - <0.1 <01 03
Sergestes arcticus - - - <0.1 <01 0.3
Unidentified Caridae - - - <0.1 <01 0.7
Unidentified Penaeidae <0.1 <0.1 0.3 <0.1 <01 0.1
Unidentified Decapoda - - - <01 <0.1 0.1
Stomatopoda (08) (<0.1) (32) (<0.1) (<0.1) (0.1)
Unidentified Stomatopoda 0.8 <01 32 <01 <01 0.1
Unidentified Crustacea <0.1 <0.1 0.3 <0.1 <01 1.1
Annelida (0.1) (<0.1) (0.6) (-) =) -)
Unidentified Polychaetae 0.1 <01 0.6 - - -
Mollusca (11.6) (14.0) (24.4) (18.5) (54.0) (63.2)
Gastropoda - ) - (<0.1) (<0.1) o1
Unidentified Gastropoda - - - <0.1 <01 0.1
Pteropoda ) =) =) (0.2) (<0.1) (1.6)
Cavolinia uncinata - - - <0.1 <0.1 03
Diacna trispinosa - - - <0.1 <01 0.4
Umnudentified Pteropoda - - - 0.1 <0.1 0.9
Cephalopoda (13.8) (14.1) (30.2) (21.3) (54.1) (69 3)
Argonauta nodosa 03 0.4 1.9 1.9 6.0 16.4
Enoploteuthis galaxias - - - <01 <0.1 0.3
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Table 2. Continued.

Prey Inshore B Offshore
40-130 cm LCF 74-192 cm
n =353 n=_870
% n,=87.3 % n, = 86.9
Histioteuthis spp. - - - 03 0.3 42
Lepidorteuthis spp. - - - <0.1 <0.1 0.5
Lycoteuthis lorigera - - - 7.3 7.1 143
Nototodarus gouldi 6.7 10.6 7.5 4.8 25.2 18.1
Ochythoe tuberculata - - - 03 1.4 3.7
Sepioteuthis australis - - - <01 03 0.1
Teuthowenia pellucida - - - <01 <0.1 0.1
Todarodes filipovae -~ - - 0.3 2.7 38
Tremoctopus violaceus - - - <0.1 <01 0.1
Cephalopod larvae - - - 03 <0.1 0.8
Unidentified Octopoda 0.6 0.2 0.3 0.3 0.3 33
Unidentified Ommastrephidae 0.4 0.1 0.6 0.8 43 5.3
Unidentified Onychoteuthidae r - - <01 0.3 11
Unidentified Cephalopoda 35 2.7 14.3 18 6.1 14.7
Cephalopod beaks 2.3 <0.1 6.5 3.0 <01 111
Unidentified Mollusca - - - 0.1 <0.1 0.1
Tunicata (1.6) (<0.1) 1.9) 6.7) 1.1) (9.4)
Thaliacea (1.1) (<0.1) (1.3) (2.2) (0.1) 6.1)
Unidentified Thaliacea 1.1 <0.1 13 22 0.1 6.1
Pyrosomatidae (0.5) (<0.1) (1.3) (4.5) (0.9) 36)
Pyrosomas atlanticum 0.5 <01 1.3 4.5 0.9 3.6
Pisces . (63.1) (86.0) (89.9) (12.4) (43.2) (57.3)
Clupeiformes R 3.1 (0.5) (2.6) 0.1) (1.0) (0 W))]
Engraulis australis . 31 05 2.6 - - -~
Sardinops neopilchardus ' - - - 0.1 1.0 1.7
Gonorynchiformes -) = & 0.7 (<0.1) 0.1)
Gonorynchus greyi' - - - 0.7 <01 0.1
Stomuformes . =) ] =) (<0.1) (<0.1) (0.5)
Phonchthys argentel,zs - - - <0.1 <01 0.1
Sternoptyx spp. - - - <0.1 <01 0.4
Aulopiformes (=) ) (=) (1.6) (0.6) 1.5)
Scopelosaurus spp. - - - <0.1 0.5 0.9
Unidentified Paralepididae - - - 1.5 0.2 0.7
Myctophiformes (3.8) 0.7) 1.0) (0.6) 0.3) (0.8)
Lampanyctus spp - - - <0.1 <01 0.3
Symbolophorous barnard: - - - <0.1 <01 0.1
Unidentified Myctophidae 3.8 0.7 1.0 0.6 0.3 0.4
Beloniformes (2.5) (0.5) (2.9) (1.5) (<0.13) 0.4)
Hyporhamphus melanochir 2.4 0.4 1.9 - - -
Scomberesox forsteri 0.1 <0.1 1.0 - - -
Unidentified Hemiramphidae - - - 15 <01 04
Beryciformes ) ) -) (<0.1) (<0.1) 0.1)
Diretmus argenteus - - - <0.1 <01 0.1
Zeiformes ) =) &) (<0.1) (<0.1) (0.1)
Oreosoma atlanticum - - - <01 <0.1 0.1
Syngnathiformes 02) (<0.1) (06) 0.1) (<0.1) 1.7
Hippocampus spp. 0.1 <0.1 0.3 <0.1 <0.1 1.5
Macroramphosus scolopax <0.1 <0.1 03 <0.1 <01 0.3
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Prey Inshore Offshore
40-130 cm LCF 74-192 cm
n=353 n =870
% n;=87.3 % n;=86.9
Unidentified Syngnathidae - - - - - -
Perciformes (34.4) (82.4) (67.9) @7 (39.0) (31.6)
Anthuas pulchellus 04 0.9 2.9 <0.1 <0.1 0.1
Brama brama - - - 0.1 8.7 2.6
Cubiceps baxter - - - <01 0.7 0.9
Cubiceps caeruleus - - - 0.1 12 1.6
Emmelichthys nitidus 17.0 305 31.2 0.2 1.4 1.5
Gasterochisma melampus 0.1 0.5 06 - - -
Plagiogenion rubiginosus <0.1 <0.1 0.3 - - -
Pseudopentaceros richardsoni - - - <0.1 0.8 0.3
Preraclis velifera - - - <0.1 0.1 04
Tetragonurus cuvieri - - - <01 0.1 0.1
Thyrsites atun , 2.3 44 52 0.2 1.2 32
Trachurus declivis + 143 45.8 43.8 1.9 245 22.6
Unidentified Gempyhdae - - - <0.1 <0.1 0.1
Unidentified Pentacerotidae - - - <01 <0.1 0.3
unidentified Serramdae <0.1 <0.1 0.3 - - -
Tetraodontiformes =) =) (=) (<0.1) (0.3) 1.1
Lactoria diaphana - - - <0.1 <01 0.1
Lagocephalus spp. - - - <0.1 <0.1 0.3
Unidentified Monacanthidae - - - <0.1 <0.1 0.1
Fish bones . 2.8 0.3 8.8 03 <01 3.8
Fish scales 0.1 <01 1.0 - - -
Otoliths , 3.8 <0.1 1.0 1.5 <01 21
Umdentified pisces ) 54 12 18.2 1.4 1.6 18.7
Umdentified remains <01 <0.1 0.3 <0.1 <0.1 0.3
Macroalgae : 0.2 <01 <1.6 0.1 <01 2.5
Marine pollution \ - 1.6
Total number and Weigh‘t 2041 58205.7 g 13454 1334452 ¢

Results

The stomach contents of 1219 southern bluefin tuna
captured during the winters of 1992, 1993 and 1994
were examined (Table 1). Tuna captured inshore
ranged in size from 40 to 130 cm (2.5-60.0 kg) and
were significantly smaller than those tuna caught
offshore (K-S, Dmax. = 58.03, D, = 10.96, n, =
299, n, = 846, P < 0.05). The latter ranged in size
from 74 to 192 cm (15.0-145.0 kg) (Figure 2). Fol-
lowing Davis? only 12% were mature, and these
were all collected from offshore waters.

Composition of diet

In all, 92 prey taxa were identified — 36 species of
fish, 16 of squid, 25 of crustacea and the remainder
of molluscs, annelids, tunicates and algae (Table 2).
Prey ranged in size from small crustacea (e.g. Bra-
chyscelus crusculum) <1cm in length and 0.1 g in
weight to fish over 50 cm and 4 kg (e.g. Brama bra-
ma). :

There were some marked differences between
the diets of tuna from inshore and offshore waters.
First, prey diversity was much lower inshore (38
prey taxa) than offshore (78 prey taxa) (Table 2).
Second, the type and relative amount of prey taxa
differed between the two main areas.
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Figure 3. Relative proportions of the main prey taxa of southern
bluefin tuna in the main water masses and inshore waters of east-
ern Tasmania. Australia. between 1992 and 1994.

Inshore. fish were the main prey, mainly due to
two species, jack mackerel Trachurus declivis and
redbait Emmelichthys nitidus. Although crusta-
ceans were next in order of frequency of occur-
rence. they contributed little in terms of biomass.
Pelagic amphipods. not normally found over the

shelf, were unexpectedly frequent. Tuna from the
shelf with stomachs full of krill Nvctiphanes austra-
lis were reported to one of us (JWY) by local fish-
ers, but few of these samples were kept. Cephalo-
pods —mainly of juvenile Nototodarus gouldi (man-
tle length 49.05 mm + 1.35 SE). were the second
most important prey taxon in inshore-caught tuna.
Offshore, Crustacea (mainly Phronima sedentaria)
were the most common prey taxon by frequency of
occurrence, but contributed little to overall bio-
mass. A diverse mix of cephalopod species, but
mainly Lycoteuthis lorigera and adult Nototodarus
gouldi (mantle length 85.78 mm + 2.56 SE), made
up the largest component of the diet offshore. Next
in importance was a variety of fish species. That the
largest component of this group was jack mackerel,
normally associated with shelf and shelf break wa-
ters, highlights the exchange of fish between in-
shore and offshore waters.

The relative proportions of the nine main taxa
differed most between the inshore and offshore
samples (Figure 3). Offshore, these differences
were relatively small. In the offshore diet overlap
comparisons, approximately half significantly over-
lapped over the three-year period. In contrast, only
one overlap was significant in the inshore compari-
sons — between 1993 and 1994 inshore samples (Ta-
ble 3). Such a large number of pairings for which
there was no significant overlap indicates marked
changes in the relative abundance of particular prey
taxa. For example, salps were not present in off-
shore samples in 1992. but were present in 1993 and
in 1994. Plankton sampling and midwater trawling
over the three-year period showed a similar pattern
(Young et al. 1996a,b). Amphipods were progres-
sively less important over the three years, whereas
other crustaceans — mainly crab megalopa — in-
creased in importance. There were no overlaps be-
tween 1992 and 1994, in any area. Two patterns that
also emerged were that cephalopods became more
common, and crustaceans less common. in tuna
stomachs as the sea surface temperature decreased
(Figure 3).
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Figure 4. Relative proportions of the main prey taxa of southern bluefin tuna inrelation to size of tuna from inshore and offshore waters of
eastern Tasmania. Australia.

Table 3. Diet overlap. using the Spearman rank correlation, p,, between southern bluefin tuna collected from each area off eastern
Tasmania, Australia. for each of the three years. Underlined values are significantly correlated at p < 0.05.

Cool Intermediate Warm Inshore

1993 1994 1992 1993 1994 1992 1993 1994 1992 1993 1994

Cool 1992 0.729 0.678 0.407 0.695 0.610 0.559 0.593 0.525 0.627 0.241 0.051
1993 0.850 0.567 0.883 0.600 0.683 0.833 0.583 0.333 0.220 0.167
1994 0.600 0.867 0.583 0.533 0.750 0.600 0.600 0.322 0.383
Intermediate 1992 0.783 0.400 0.850 0.850 0.483 0.400 0.271 0.283
1993 0.767 0.733 0.933 0.817 0.450 0.373 0.367
1994 0.300 0.533 0.850 0.283 0.203 0.217
Warm 1992 0.833 0.417 0.183 0.034 -0.067
1993 0.700 0.417 0.475 0.417
1994 0.267 0.467 0.467
Inshore 1992 0.644 0.567
1993 0.932
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Figure 5. Relationship between prey length and size of southern
bluefin tuna from inshore (dashed line)and offshore (solid line)
waters of eastern Tasmama, Australia.

1

Relationships between tuna and their prey

As the main pattern to emerge was the difference
between inshore and offshore samples, we examin-
ed a number of relationships between the tuna and
their prey separately for these two regions. Off-
shore, prey type varied little across the size groups
(Figure 4). This similarity in prey across size group-
ings was reflected in the significant overlaps found
between length groups (Table 4). However, there
were no overlaps between the diet of fish >170 cm
and smaller fish, largely due to the relatively high
proportion of "other fish’. Inshore, prey types were
similar across size groupings. However, the relative
proportions differed enough that prey overlap com-
parisons between size groups were not significant

[*2
o
1

Number of préy (x ISE)
[S%]
o

T T Y T T T T T T T T

0
<90 95 105 115 125 135 145 155 165 175>180
Fork length (cm)

Figure 6. Relationship between numbers of prey and size of
southern bluefin tuna from inshore (dashed line)and offshore
(solid line) waters of eastern Tasmania, Australia.

(Table 4). For example. tuna < 90 cm ate a greater
proportion of juvenile Nototodarus gouldi than did
larger fish, whereas larger fish ate a greater propor-
tion of fish taxa.

There was no relationship between the length of
southern bluefin tuna and the length of their prey
(Figure S), or the numbers of prey (Figure 6). How-
ever, the prey of offshore fish were significantly
smaller (ANOVA, n= 860, df =1, F = 852.69, p =
0.00) and more numerous (ANOVA,n =914,df =1,
F =18.92, p = 0.00) than those of similarly-sized in-
shore fish. These differences reflected the greater
importance of zooplankton in the diet of offshore
fish, and of fish in the inshore tuna. Hence, gut con-
tent weight, expressed as a percentage of whole
weight, was significantly higher (ANOVA, n = 914,

Table 4 Diet overlap. using the Spearman rank correlation, p,, of different size classes of southern bluefin tuna caught 1n inshore and
offshore waters east of Tasmania. Australia. Underlined values are significantly correlated at p <0.05

inshore offshore
90-109 110129 <90 90-109  110-129  130-149  150-169 2170
inshore <90 0.628 0.525 0.184 0.343 0.485 0.201 0.268 0.050
90-109 0.628 0.300 0.417 0.417 0.217 0.450 0.333
110-129 0.151 0.138 0.301 0.084 0.335 -0.251
offshore <90 0.833 0.667 0617 0.850 0.600
90-109 0.933 0.783 0.983 0633
110-129 T 0.867 0.900 0.567
130-149 0817 0.650
150-169 0.683
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Figure 7. Relationship between % WW Guts and size of south-
ern bluefin tuna from inshore and offshore waters of eastern Tas-
mania (% WW guts: ratio [ %] of wet weight of stomach contents
to total fish wet weight).

df =1,F =28.45,p =0.00) in inshore fish than in fish
of the same size from offshore (Figure 7).

Gut content weight was not significantly differ-
ent between years among the inshore fish (Figure
8a) (ANOVA, n = 146, df = 2, F = 1.64, p = 0.20).
However, there was a significant decline in gut con-
tent weight in offshore fish over the study period
(ANOVA, n = 631, df = 2, F= 3.62, p = 0.03). The
mean number of prey in the guts of both offshore
fish and inshore fish were not significantly different
over the three years (Figure 8b) (ANOVA, n =714,
df=2,F=221,p=011andn =282,df =2,F =0.31,
p = 0.73, respectively) . The contrast between the
mean number of prey and mean percentage weight
of gut contents of the inshore and offshore fish un-
derlined the differences in prey composition out-
lined earlier.

Diet breadth

Diet breadths were generally similar in tuna from
the inshore and three offshore areas, with only mi-
nor fluctuations between years (Figure 9). Similar-
ly, no consistent trend with LCF was apparent (Fig-
ure 10).

Diel changes in feeding
Overall, there was a significant difference in feed-
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Figure 8. Interannual variations in (a) % WW guts and (b) num-
ber of prey from inshore- (dashed hine) and offshore-caught (sol-
id line) southern bluefin tuna from eastern Tasmania, Australia.
% WW guts (see Figure 7).

ing with respect to time of day (ANOVA, df = 16,
F = 185, p= 0.02). Feeding peaked in the early
morning and declined through the day (Figure 11).
However, that relationship was derived from the
combination of inshore and offshore data sets.
When examined separately, feeding did not vary
significantly with respect to time of day for either
the inshore-caught (ANOVA, n'=109, df =7, F =
0.30, p = 0.95) or offshore-caught (ANOVA, n =
957, df = 14, F = 0.68 p = 0.80) tuna. It should be
noted, however, that we had no offshore data from
the time when feeding was at its highest inshore. We
examined daily feeding patterns further through
the indirect measure of state of digestion, but found
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no significant difference with time of dgy (ANOVA,
df = 20, F = 1.51, p = 0.13), althougl' there was a
trend of fresher (part digested) material in the tuna
stomachs mid-morning and again at midnight (Fig-
ure 11b).

Daily ration

From the combination of inshore and offshore data,
we found that southern bluefin tuna off eastern Tas-
mania ate 7.28 g (prey wet wt) kg™ (body wet wt)
over the sampling périod of 21 hours, or, using an
instantaneous rate of gastric evacuation (R) of -0.32
h™,0.97% of body weight per day. Taken separately,
inshore fish ate 8.99 g (prey wet wt) kg™ (body wet
wt) in the 8-hour sampling period, or 2.69% of body
weight per day (BW d™*)(R = - 0.42 h™). Fish cap-
tured offshore ate 6.74 g kg™' in the 17-hour sam-
pling period, or 0.81% BW d' (R=-0.32 h™).
There was little difference in the daily rations of
small (<140 cm LCF; 1.01% BW d™) and large
(=140 cm LCF; 0.89% BW d™') southern bluefin tu-
na captured offshore. indicating that the difference
in ration between inshore and offshore was not size-
based. Offshore, there was no difference in daily ra-
tion between tuna caught in cool (1.19% BW d™) or
warm (1.21% BW d™") waters. However, the daily
ration of fish caught in STC water was lower (0.73%
BWd™).

Levin's diet breadth index

T T T T I

1
<90 [10-129 150 - 169
Fork length (cm)

Figure 10. Relationship between diet breadth and size of south-
ern bluefin tuna from inshore (dashed line) and offshore (solid
line) waters of eastern Tasmania, Austraha.

Marine pollution

Twelve southern bluefin tuna, representing 1.4% of
the fish collected offshore, contained foreign mate-
rial in their stomachs: plastic bags and packaging,
waste from fishing operations (including rope and
line) and organic galley waste. No foreign matter
was found in the stomachs of fish caught in the in-
shore region.

Discussion

The diet of southern bluefin tuna consisted of a
wide variety of prey taxa over a wide size range. In
the inshore region, fish ( 7rachurus declivis and Em-
melichthys nitidus) and juvenile squid Nototodarus
gouldi were the main prey. Offshore, there was a
greater diversity, with more macrozooplankton
prey (notably Phronima sedentaria) than in inshore
waters.

In southern and eastern Australian coastal wa-
ters, southern bluefin tuna preyed predominantly
on jack mackerel Trachurus declivis, and pilchards
Sardinops neopilchardus; Nototodarus gouldi was
the most commonly eaten cephalopod, and Nycti-
phanes australis the predominant crustacean (Ser-
venty 1956). Southern bluefin tuna caught on lon-
glines off northern New Zealand had eaten a varie-
ty of pelagic fish species, crustaceans (including am-
phipods, euphausiids and penaeids), as well as

108



287

a
17

1.2
3 All
=
8 1 Inshore
8 Offshore
O
3 0.8
)
4y
O -
R 0.4

0.0 Y T ,l T T T
b

O MmO
B
o
&
= —
3 80
: 1)
2
S 60 - [] Digested
o ; .
5 i Part digested
b B Fresh
2y L - .
3 o ! g
=] A .
) s
3]
=
R

e
Exkd 3

0 —
8:00-8:59 12:00-12:59 16:00-16:59 20:00-20:59 0:00-0:59

Time

Figure 11. a — Stomach fullness (% WW guts) and b - digestion interval in relation to tume of day for southern bluefin tuna caught off
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squid and octopus (Robins 1963). Nine southern importance, whereas Phronima sedentaria was
bluefin, caught on longlines off the coast of south found in a large number of individuals (Talbot &
west New Zealand, contained Ray's bream Brama Penrith 1963). It is surprising that the latter species,
brama and salps (Webb 1972). In another study, which would appear to have little nutritional value,
from further offshore, cephalopods were of minor appears so regularly in the diet of southern bluefin
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tuna. The general finding of all these studies is that
southern bluefin tuna will take advantage of the
most readily available pelagic prey in an area. They
tend to rely heavily on abundant shoaling fish spe-
cies, although in the absence of such a resource,
these tuna will exploit cephalopod and crustacean
stocks.

We found distinct differences in diet between in-
shore- and offshore-caught tuna. Inshore fish ate
more food than offshore fish, and different types of
prey were important in their diet. These differences
appear to be related to the regional oceanography.
In a parallel study we found that the shelf off east-
ern Tasmania had a consistently higher biomass of
zooplankton and micronekton than offshore wa-
ters, including the waters of the main front off east-
ern Tasmania (Young et al. 1996a). The reasons for
the comparatively higher production in the inshore
region are discussed further in that paper, but in
summary, appear to result from the mixing of the
inner edge of the south-flowing East Australia Cur-
rent with the Zeehan Current and nutrient-rich
subantarctic water.

We suggest that the migration of southern bluefin
tuna through Tasmanian waters is timed to coincide
with autumn blooms of phytoplankton in the area
(Harris et al. 1987). These blooms provide food for
large stocks of krill Nyctiphanes australis, which are
most abundant at this time (Young et al. 1993). Krill
is the main prey species of jack mackerel, which
move onto the shelf and form large feeding schools
in late summer and autumn (Williams & Pullen
1993, Jordan et al. 1995). They, in turn, provide food
for the tuna. The presence of fish such as jack mack-
erel in the inshore region may explain the relatively
low importance of euphausiids in the diet, despite
their abundance. During winter a decrease in krill
biomass appears to cause a simultaneous decrease
injack mackerel as catches drop and the schools dis-
perse (Williams & Pullen 1993, Young et al. 1993,
Jordan etal.1995). At about this time, landings from
the inshore fishery for southern bluefin tuna de-
cline, and the offshore season begins. It seems that,
as the stocks of schooling jack mackerel and redbait
disperse and move into deeper water, the southern
bluefin tuna leave the inshore region and move fur-
ther afield in search of prey.

The low abundance of shoaling fish in the off-
shore region presumably forces the tuna to rely on
alternative prey —hence squid and macrozooplank-
ton make up a greater proportion of the diet. It is
unclear whether macrozooplankton are intention-
ally targeted, or whether they are eaten opportunis-
tically.

Interannual differences

Overall, the relative proportions of the main prey
taxa of southern bluefin remained fairly constant
over the sampling period, although there were
some differences in the species makeup within taxa.
For example, hyperiid amphipods dominated the
crustacean component in warm and intermediate
waters in 1992 but were rarely eaten in the following
years. At the same time, the proportion of ommas-
trephid squid increased in the diet of offshore-
caught tuna, but declined in inshore-caught fish.
Some of the differences offshore may be related to
an apparent transfer of longline fishing effort to the
south over the study period (R. Bradford, CSIRO
unpublished data). However, the increase in influ-
ence of subantarctic water off eastern Tasmania
over the study period may also have altered the dis-
tribution and abundance of potential prey species.
In a concurrent study we found that not only were
there significant differences in the relative propor-
tions of the major taxa with time — the proportion of
fish and crustacea decreased and the proportion of
gelatinous zooplankton increased — but also that
the overall biomass increased (Young et al. 1996a).
Unfortunately, we were unable to sample adult ce-
phalopods adequately, and hence could not eval-
uate differences in their abundance or biomass be-
tween years.

Predator-prey relationships

Although there was no evidence of different-sized
tuna selecting for prey size, prey taken in the in-
shore region were significantly larger than those
offshore even though the inshore-caught tuna were
smaller. Nevertheless, inshore, tuna <90 cm ate less
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fish than the larger groups, indicating that their jack
mackerel prey approached the maximum size that
southern bluefin < 90 cm can eat. The presence of
greater proportions of salps in the diet of the largest
size class of inshore-caught tuna may indicate that
these larger fish are feeding closer to the edge of the
continental shelf than the smaller fish.

Amongst the offshore fish, only the largest size
class showed no significant diet overlap with the
other sizes. The diet of these large fish contained
fewer Trachurus declivis and larger proportions of
other fish and salps. One explanation may be that
they are feeding further out to sea than the smaller
fish, away from the shelf and shelf break where T
declivis is most abundant.

Feeding behaviour ,

Although we found significantly more full stomachs
in the morning overall, this may have been an arte-
fact of sampling. The inshore fishery from which we
took our samples operates only during daylight
hours. Offshore there is some indication of a morn-
ing and evening peak in feeding, but the lack of sam-
ples around dawn limits our conclusions. Talbot &
Penrith (1963) found that southern bluefin tuna fed
mainly just after sunrise and again in the evening,
but reported that they may also feed at night. AFZ
observer records indicate that the Japanese lon-
gline fleet aim to have their lines in the water by
sunrise to take advantage of the morning feeding
peak (Bradford unpublished data). Peaks in feed-
ing, in the morning and evening have been observed
in a number of other tuna species. Yellowfin tuna,
Thunnus albacares, have greatest stomach fullness
between 10:00 and 11:00 h and between 15:00 and
17:00 h (Ortega-Garcia et al. 1992). A similar pat-
tern was observed in skipjack tuna, Katsuwonis pe-
lamis (Magnuson 1969). These observations are
consistent with what would be expected of visual
predators and probably explain why the Japanese
longline fleet regard the period around the full
moon as the most successful fishing period and why
they set their lines earlier during a full moon (Brad-
ford unpublished data). That most of the prey we
identified have meso- to epipelagic distributions
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(Young et al. 1996b) indicates that, at least off Tas-
mania, southern bluefin tuna are feeding in the up-
per layers of the water column. With the advent of
‘intelligent’ tags in recent times it should soon be
clear whether the above hypothesis is correct.

Daily ration

Yellowfin tuna, Thunnus albacares, have a linear
rate of gastric evacuation (Olson & Boggs 1986).
However, an exponential rate of gastric evacuation,
which was assumed in this study, provides a good fit
to most experimental feeding data and also a good
estimate of ingestion rate when used in the Elliot &
Persson (1978) model (Durbin et al. 1983, Persson
1986).

Tunas are considered to have the highest metabo-
licrates amongst the teleost fishes, and consequent-
ly high food requirements (Bennetti et al. 1995,
Dickson 1995, Olson & Boggs 1986). However,
there have been few studies that have estimated the
food consumption of scombrids from stomach con-
tents data. Nevertheless, captive skipjack tuna, Kat-
suwonus pelamis eats 15% of its body weight per
day (Magnuson 1969), whereas bonito, Sarda chi-
liensis eats between 2.23 and 7.04% per day (Pauly
et al. 1987). Yellowfin tuna, Thunnus albacares,
closely related to southern bluefin tuna, eats 3.9%
of body weight per day (Olson & Boggs 1986). The
best estimate for southern bluefin tuna - between 4
and 7% per day — was from farmed fish fed ad lib-
itum (K. Rough personal communication). Our
overall estimate of ~ 1% per day may have under-
estimated the daily ration by underestimating the
rates of gastric evacuation and of digestion of prey
between capture and landing in the offshore fish.
However, the relatively low water temperature off
eastern Tasmania could also decrease gastric evac-
uation, so daily ration could be expected to be lower
(Durbin et al. 1983). Nevertheless, a more recent
study of yellowfin tuna found that daily ration de-
creased as the size of the tuna increased to the ex-
tent that fish > 130 cm had a daily ration of 1% (Mal-
deniya 1996), which is very similar to our result.

In summary, the main feature to emerge in the
feeding patterns of southern bluefin tuna off east-
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ern Tasmania was the difference between inshore-
and offshore-caught tuna. Our data indicated that
eastern Tasmanian shelf waters are an important
feeding ground for, at least, immature southern
bluefin tuna on their migration through the area.
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CHAPTER 10

GENERAL DISCUSSION
Distribution and food chain pathways of midwater fauna

off eastern Tasmania
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INTRODUCTION

The waters off eastern Tasmanija are home to a diverse community of pelagic fauna.
Nevertheless, during the course of my studies some common themes have arisen on
the relationship between this fauna, the regional oceanography and inshore/offshore
processes of southeastern Tasmania. In this chapter I will draw some of these ideas
together. I will then summarise the major trophic pathways operating off the east-
coast of Tasmania and the variables which affect them. Finally, the types of
questions that can be asked about oceanic ecosystems, are limited by the technology
employed, like for all other branches of science. Here, I will summarise some of the
new procedures and technologies that will help refine the types of questions we can
ask and which may provide some of the answers in the future. I will also outline

some of the problems which future studies may be able to address.

DISTRIBUTIONAL ECOLOGY

Introduction

An acoustic transect heading east from coastal waters of eastern Tasmania would
reveal three main depth zones. These are the shelf, ~10 n. miles wide and extending
to a depth of 200 m; the upper continental slope, less than a kilometre wide and from
200 to 500 m deep and finally oceanic waters extending to depths below 3000
metres. All of thesg: zones are far more complex in physical and biological structure
than the depths that categorise them but it is a useful beginning. If we were to
examine the resulting sounder traces more carefully we would see a variety of
‘marks’ in the midwater (Fig. 1). Although identifying these marks has its own set of
limitations, the species composition of the main marks can usually be identified by
net sampling, particularly for fish with swim bladders or for animals that aggregate

in some way (Koslow et al. 1997).

Distribution and Abundance

The Continental Shelf

Much of the background scatter observed on the acoustic traces on the shelf is due to
zooplankton (Fig. 1). Of the zooplankton, copepods and mysids form a major part of
that scatter. Earlier studies of the plankton had confirmed their importance (Nyan
Taw 1975). At times, however, this background scatter will form clumps which can

be readily identified as krill (Nyctiphanes australis), and which at times can
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dominate the zooplankton (see Chapter 2). Ritz and Hosie (1982) estimated that 2,
212 tonnes of this species were produced annually in Storm Bay, southern Tasmania,
alone and that it had one of the highest production to biomass ratios of its kind in the
world. We found that it was distributed throughout the water column and was
significantly higher in biomass during autumn, presumably a response to the autumn
bloom identified by Harris et al. (1987). Previously N. australis was reported to
migrate vertically to surface waters at night (Blackburn 1980). In contrast we found
that the ‘“densities in many of our day surface hauls were equivalent to ...the deep

haul(s)” (Young et al. 1993).

As we continue our observations of the acoustic trace over the shelf the small
crescent shaped features can be identified as jack mackerel (Trachurus declivis)
(Williams and Pullen 1993). This species feeds exclusively on krill when on the shelf
A (Chapter 2). However, part of the population moves between the shelf and the upper
slope where it feeds on lanternfish (Blaber and Bulman 1987, Jordan 1994).

The Upper Slope

Continuing over the continental slope the scattering layer changes in character and
intensifies due to reverberations from the swim bladders of neritic (sensu Hulley
1992) lanternfish (Fig. 1). This layer typically is found below 300 m by day rising to
surface waters at night and is composed of a suite of micronektonic fishes,
dominated by Lampanyctodes hectoris, but also including Symbolophorus barnardi
and Diaphus danae, and the lightfish, Maurolicus muelleri. Lampanyctodes hectoris
is usually found over a very narrow depth range (between 300 and 500 m) with echo

soundings revealing their cross-slope distribution less than a kilometre in width
(Fig. 1).

A central feature of this zone is the continued presence of micronektonic fishes year
round, albeit with wide fluctuations in density and size structure (May and Blaber
1989, Chapter 6). For example, May and Blaber (1989) estimated the biomass of the
lanternfish at 390 g.m” in summer which was a seven-fold increase over their winter
density. My studies of the reproduction, age characteristics and feeding (Chapters 5,
6 and 7 respectively) of this group reveal an annual cycle adapted to the seasonal

fluctuations of the East Australia Current. Spawning took place in early winter in
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Lampanyctodes hectoris, presumably so juveniles were of sufficient size to take

advantage of increased zooplankton concentrations in spring (Chapter 5).

Maurolicus muelleri hatched later, suggesting a temporal strategy to reduce
competition for food between these two species. Further separation was afforded by
slightly different depth distributions — M. muelleri formed a band slightly higher
than that of L. hectoris (Young, unpublished data). Differences were also measured
in their diets. Over summer, when densities were highest, L. hectoris ate relatively
more euphausiids and less copepods than did M. muelleri. Diaphus danae, another
dominant lanternfish ate a large proportion of fish, mainly L. hectoris (Chapter 7). I
concluded that feeding differences and intensity together with changes in size
structure may be synchronised with seasonal variations in prey abundance to
maximise the species share of the available resource. I could not determine, however,
whether the winter decrease in lanternfish was due to predation or movement of the

fish out of the area.

The concentration of these lanternfish over the upper slope, particularly over
summer, draws other predators such as blue grenadier (Macruronus novaezelandiae),
jack mackerel and Ray’s bream (Brama brama) to feed on them (Bulman and Blaber
1987, May and Blaber 1989). Blue grenadier follow a diel migration up into the
water column to feed on the lanternfish at night (Bulman and Blaber 1987). Further,
Jordan (1994) indicated that jack mackerel movements might be in part directed by

these summer concentrations over the slope.

Offshore Waters

Once past the slope the sound scattering layer changes abruptly reflecting the diffuse
nature of species distributions in oceanic waters (Fig. 1). There is still a distinct
scattering layer at night but this is largely composed of zooplankton. In contrast to
the midwater fish community associated with the shelf and slope there is a far greater
diversity of species which are again dominated by the Myctophidae, but other groups
including the stomiatoids are important (Chapter 4). It should be noted, however, that
this diversity refers only to the night-time distribution of these fish as most (>98%)
are below 400 m by day, migrating to the surface only at night (Williams and
Koslow 1997). We identified 42 lanternfish species from this region in contrast to the

19 species previously identified over the slope (May and Blaber 1989). Nektonic
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species such as southern bluefin tuna, albacore, Ray’s bream, and blue sharks,

however, are regularly found in surface waters by day.

Inshore/Offshore Relationships

Although the above species are generally found within their respective zones,
migrations between the shelf and offshore are known for jack mackerel (Jordan
1994), southern bluefin tuna and possibly squid (Nototodarus gouldii) (see Chapter
9). Jordan (1994) proposed that jack mackerel move from the shelf to spawn on the
shelf break in the Austral spring. Also, although Nyctiphanes australis is normally
confined to the shelf, flooding of the shelf and subsequent runoff offshore in at least
1989 extended its distribution offshore (F. B. Griffiths, CSIRO unpublished data).
Southern bluefin tuna migrates from the waters of the Great Australian Bight in
autumn and overwinters in the waters surrounding Tasmania, apparently in response
to increased prey levels. During this time it moves freely between inshore and
offshore waters, to feed (Chapter 9). Albacore tuna (Thunnus alalunga), which arrive
from the north slightly before southern bluefin tuna in March (J. Young, Pers.
Observ.), appear to concentrate along the 100 m depth contour and feed entirely on

krill during their stay.

Seasonal and Interannual Variations

Overlying these basic patterns of distribution are those generated by seasonal and
interannual differences in the regional oceanography. These changes are largely
attributed to large-scale events such as the El Nino southern oscillation (Harris et al.
1987) although more recent studies suggest that such variations between years were
correlated with the position of the mean high-pressure ridge (Thresher 1994).
Whatever the mechanism it appears that it is the relative strength of warm tropical
water compared to cooler subantarctic water that determines the relative contribution
to the overall species mix in the area. The annual fluctuations in krill stocks off
eastern Tasmania between 1989 and 1991 are but one example (Chapter 2). Earlier
reports by Blackburn (1957) of fluctuations in the catch of barracouta (Thyrsites
atun) indicate that these cycles are not new to the area. A more recent example is the
appearance of large numbers of yellowfin tuna and some marlin off northeastern
Tasmania (N. Harper, NE Tas. Fisher) over the last two summers in response to a
strong anti El nino flush of East Australia Current down the east coast of Australia.

Recreational fishers from the north east coast of Tasmania recall years when
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yellowfin catches were high, offshore waters were unseasonably warm (Whitelaw et
al. 1996). The domestic longline fishery off Eden (southern NSW) is recently
becoming attuned to take into account these cycles when planning their fishing

programs (Joy Puglisi, Eden tuna fisher, Pers. Comm.).

TROPHIC RELATIONS

Introduction

Over the period of this study I have investigated the feeding ecology of fish from
shelf, slope and offshore waters. There is also a growing literature on other species in
the region that I will draw on. Here I will develop an overall picture of the feeding
pathways of these areas and their interrelationships. Blaber and Bulman (1987)
identified five feeding guilds from the upper slope alone. As I am dealing with the
midwater I have taken a slightly different approach and have also isolated the major
prey categories. Some of my conclusions differ from that of Blaber and Bulman
(1987). For example, they describe jack mackerel as pelagic piscivores, whereas my
analyses indicate that they spend a far greater time on the shelf eating krill and are

thus omnivorous.

On the shelf the diets of krill (Ritz et al. 1982) and larval and adult jack mackerel
(Chapters 2 and 8) have previously been described. Over the slope the diets of the
pelagic lanternfish, lightfish and their main predator blue grenadier have also been
described (Chapter 7, Bulman and Blaber 1986), as have the main demersal species
of the upper slope (Blaber and Bulman 1986). Deeper down the slope the diet and
energetics of orange roughy have also been examined (Bulman and Koslow 1992). .
The diets of some of the common midwater species offshore have also been
described (Young et al. 1994). More recently a survey of the feeding ecology of
deep-water midwater fishes off southern Tasmania has begun (A. Williams, CSIRO
unpublished data). The feeding ecology of southern bluefin tuna has been described

for both inshore and offshore waters (Chapter 9).

I have summarised the main trophic pathways operating in the midwater off eastern
Tasmania in Figure 2. In it I identify the main groupings (see also Table 1), which I
will summarise below. However, these groups could have been divided further (eg.
within the neritic lanternfish there is a distinction between lightfish (Maurolicus

muelleri) and lanternfish and so on (see Chapter 7). I have also summarised the

120



small seabirds

tunas, sharks brama

BN

xR

N
T

i

e
£
I

=4
‘

wh

Midwater fish
. <10cm

>

NG

RGN
et %

F

S
2%
&5

BTN

L

on %l
P
S
2 el d

Figure2 Schematic diagram of the main species groups off eastern Tasmania:
their distribution and trophic links (not drawn to scale)

main prey categories. Not depicted in the figure but underlying these trophic

relationships is the phytoplankton stock which, at the shelf break at least, follows a

121



strong seasonal pattern with two peaks, one in autumn and another in spring (Harris

et al. 1987). These peaks appear to drive the seasonal cycles and species successions

in the area.

Table 1: The main trophic and prey categories with representative species

from inshore and offshore waters off eastern Tasmania

Trophic category

Species

Large pelagic omnivores

Thunnus maccoyii, Isurus oxyrhynchus

Pelagic omnivores

Trachurus declivis, Emmelichthys nitidus

Pelagic piscivores

Brama brama

Small mesopelagic omnivores

Diaphus danae, Lampanyctus australis

and Chauliodus sloanii

Neritic planktivores

Lampanyctodes hectoris

Squid

Nototodarus gouldii

Gelatinous zooplankton

Pyrosoma pyrosoma

Inshore and offshore zooplankton

Pleuromamma spp., Phronima sedentaria,

Nyctiphanes australis

Bathypelagic omnivores

Hoplostethus atlanticus

Prey Categories

Inshore and Offshore Zooplankton

Crustacea within this group are particularly important in the food web off eastern

Tasmania as they lead, either directly or indirectly, to almost all the organisms higher

in the chain. Across the shelf and seaward there is a broad group of zooplankton

species feeding on the algae, detritus and on other zooplankton species (Nyan Taw

1975, Ritz et al. 1990). They can be broadly divided into shelf and offshore species

but with many overlaps. Over the shelf calanoids, and euphausiids (dominated by

Nyctiphanes australis) are the main taxa present although N. australis figures most

prominently in the food chain for both fish and seabirds (Chapter 2). Larval fishes on
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the shelf, dominated by those of jack mackerel, feed largely on copepods but
callyptopid stage N. australis are common prey (Chapter 8).

Over the slope the mix of euphausiids to calanoids is more even, and their
importance as prey more dependent on the season. For example, in the lanternfish
Lampanyctodes hectoris euphausiids dominated as prey over summer whereas
calanoids dominated in winter (Chapter 7). Offshore Pleuromamma spp. is the main
prey species for many of the mesopelagic species. Hyperiid amphipods (particularly
Phronima sedlentaria but also Phrosina semilunata and Brachyscelus crusculum),
which graze on gelatinous zooplankton (Laval 1980), are prominent in the diet of

southern bluefin tuna (Chapter 9).

Gelatinous Zooplankton

Perhaps the group that is least understood in terms of trophic position is the
gelatinous zooplankton — largely because they are difficult to sample in the wild.
For one, the fragility of gelatinous zooplankton makes them very difficult to sample
quantitatively using nets. There is also the perception that these “jellies” have low
nutritional value and therefore are not important in the food web despite the growing
literature to the contrary (eg. Kashkina 1987, see also Deibel 1998). For one,
although they have a high water content, on a dry weight basis they contain a
relatively high proportion of nitrogen. As such, the distribution, biomass and
trophodynamics of gelatinous zooplankton have yet to be effectively addressed,
although recently they are receiving more attention (eg. Pages et al. 1996). My study
found that at least for the larger, more robust species (eg. Pyrosoma atlanticum and
Thetys vagina), they are a major part of the midwater fauna — the biomass of
gelatinous zooplankton was consistently over 50% in two of the three years we
sampled it (Chapter 3, Fig. 4). Pages et al. (1996) found even higher biomasses in the
Southern Ocean and proposed that their importance increased in years when krill
populations were low. Off Tasmania they were eaten by southern bluefin tuna,
trevalla (Hyperoglyphe atlanticum) and benthopelagic species such as Helicolenus
percoides and Neocyttus rhomboidalis feed on them (Chapter 9, Blaber and Bulman
1987). We also know that hyperiid amphipods, an important prey of southern bluefin
tuna, make their home on or in this group (Laval 1980). Their importance as prey is

well known. However, their role as predator is less clear (Parsons 1991), although
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studies elsewhere have shown that they feed on zooplankton and juvenile fishes
(Swanberg and Bamstedt 1991).

Cephalopods

The problem for squid is perhaps the reverse of that for the gelatinous zooplankton.
We know they are central to the food chain off eastern Tasmania, particularly for
larger fish predators such as southern bluefin tuna (Chapter 9). However, because of
their ability to avoid nets, they are difficult to quantify. According to our biomass
data they are a very small part of the midwater fauna (Chapter 3). However, they are
one of the most important preys of southern bluefin tuna and sharks (Chapter 9,
Young unpublished data on sharks), and the presence of beaks in most stomachs of

these top predators indicates they are a continuing feed source.

Little is knO\;vn of the diets of cephalopods because of the thoroughness with which
they break down their prey during feeding (Dr. C. C. Lu, Museum of Victoria, Pers.
Comm.). In Tasmanian east coast waters, cephalopods in the 10 to 50 cm class are
dominated by southern arrow squid (Todarodes filipovae), and Gould’s arrow squid
(Nototodarus gouldi). Both species eat mainly pelagic fish in the 2—10 cm size range,
cephalopods in the 2-10 cm size range and pelagic crustacea less than 2 cm
(O’Sullivan and Cullen 1983, Dunning and Brandt 1985). Cephalopods in the 2—-10
cm size range such as Abraliopsis gilchristi, Lycoteuthis lorigera and paper nautilus
(Argonauta nodosa) prey on pelagic crustacea less than 2 cm, particularly

euphausiids.

Trophic Categories

Fish <10 cm

This group includes small mesopelagic omnivores such as the lanternfish Diaphus
danae and neritic planktivores such as Lampanyctodes hectoris and Maurolicus

muelleri. Small piscivores (eg. Chauliodus sloanii) are also found in this group.

Lanternfish, the main component of this group, are not found over the shelf.
However, there is a group of lanternfish associated with the continental slope, the
diets of which I examined in Chapter 7. There is a marked seasonal component to the
diet of the slope lanternfish — they feed largely on euphausiids in summer and -

copepods in winter. Offshore, Lampanyctus australis, Lampichthys procerus and
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Diaphus danae were the three most abundant species of lanternfish (Chapter 4).
Their diets were dominated by crustacean zooplankton, particularly species of the
calanoid genus Pleuromamma, which was a dominant zooplankton species in the
study area (Young et al. 1994). Cyclopoid copepods, ostracods and euphausiids were
also important as prey. There were some small differences: gastropods were common
in the stomachs of D. danae, whereas fish scales were common in the stomachs of L.
australis and L. procerus. However, most prey were in the size range of 1 to 3 mm
total length, reflecting the importance of calanoid copepods, particularly

Pleuromamma spp., in the diets of these species.

Unlike some offshore (usually tropical) communities (eg. Macpherson 1988)
lanternfish in Tasmanian waters do not provide a direct link to top predators such as
tuna. Many of these top predators feed during the day, when most of the mesopelagic
descend to depths below 300 m (Karnella 1987). At night, when the mesopelagic fish
migrate to surface water, potential predators tend to be feeding less. For these
reasons mesopelagic fish generally make up only a small proportion of the diet of
larger pelagic fish (Roger and Grandperrin 1976). However, pelagic cephalopods and
some species of pelagic fish, notably Ray’s bream (Brama brama), which are prey
for the tuna do prey on mesopelagic fish (Gjgsaeter and Kawaguchi 1980, Blaber and
Bulman 1987, this study). Therefore, either directly or indirectly, myctophids

underpin the food web of many larger pelagic species.

Non-myctophids <10 cm

The stomachs of Howella sherboni and Diretmus argenteus were dominated by
crustacean zooplankton, particularly species of Pleuromamma. Chauliodus sloani
was entirely piscivorous, feeding mainly on small (<50 mm SL) lanternfish (Young
et al. 1994). Although not generally as abundant as the myctophids this group fill a
similar position in the food chain. Many of these species have relatively deep vertical
ranges and therefore are also prey to deeper living species such as orange roughy
(Bulman and Koslow 1992).

Pelagic Fish 10 to 50 cm
This group includes the pelagic omnivores (eg. Trachurus declivis) and pelagic
piscivores (eg. Brama brama). Among the most common pelagic fishes in this size

range off the Tasmanian east coast are jack mackerel (Trachurus declivis), Ray’s
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bream (Brama brama) and redbait (Emmelichthys nitidus). Jack mackerel feed
exclusively on krill (Nyctiphanes australis) over the continental shelf, but feed on
lanternfish (Lampanyctodes hectoris) over the continental slope (Blaber and Bulman
1987). Redbait off the coast of South Africa eat a very similar range of prey (Meyer
and Smale 1991). Ray’s bream fed on squid and fish in the 2-10 cm size range;
particularly on lantern fish. They also fed on pelagic crustacea < 2 cm size,

particularly pelagic amphipods (Blaber and Bulman 1987, Young et al. 1994).

Large Pelagic Omnivores

Off eastern Tasmania the main top predators are tuna (mainly southern bluefin tuna
but also albacore and yellowfin tuna), and sharks (mainly blue sharks Prionace
glauca but also shortfin mako sharks Isurus oxyrhynchus). The diet of southern
bluefin tuna was dominated by fish and squid between 10-50 cm in size (Chapter 9).
However, pelagic crustacea (particularly amphipods) <2 cm were also important.
Prey were commonly surface or epipelagic in distribution, and some, such as jack
mackerel and juvenile Gould’s arrow squid (Nototodarus gouldi), were typically
associated with the continental shelf. The diet of the main oceanic sharks is very
similar to that of southern bluefin tuna consisting mainly of pelagic fish, squid and

crustacea (Stevens 1984, J. Young, unpublished data).

Bathypelagic Omnivores

Orange roughy (Hoplostethus atlanticus) is a deepwater species living below 700 m
depth (Bulman et al. in press), and is therefore below the depth range of this study.
However, as its diet includes many of the micronekton species that spend their
daytime at depth, information on its trophic relations is appropriate. Although orange
roughy feeds on fish, crustacea and squid, the species mix is quite different to that
eaten by mid- to epipelagic feeders such as southern bluefin tuna. For example,
myctophid (eg. Lampichthys procerus and Lampanyctus species) and stomiatoid
fishes (eg. Chauliodus sloani), rare in the diet of southern bluefin, are eaten by
orange roughy. Similarly, deepwater crustaceans (eg. Acanthephyra pelagica and
Gnathophausia ingens) are absent in the latter but are common prey of orange
roughy (Bulman ahd Koslow 1992). No predators of orange roughy (excluding
fishers) have been identified (C. Bulman, CSIRO Pers. Comm.).
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The Seabed |

This thesis has concentrated mainly on the midwater fauna off eastern Tasmania.
However, there is a complex and species-rich fish fauna inhabiting the seabed from
the shelf to well below 1000 m. As yet there is little data on trophic relationships on
the shelf (although see Chapter 2). However, a recent study of demersal fish on the
shelf found significant variations in biomass between years (Jordan 1997). Jordan
attributed these differences to interannual variations in the regional oceanography

driving changes in coastal productivity.

The interactions of the demersal fish fauna of the upper slope, however, have been
well documented by Blaber and Bulman (1987). They identified four trophic
categories — pelagic piscivores, epibenthic piscivores, epibenthic invertebrate
feeders and benthopelagic omnivores. Underwater photography also revealed areas
of seabed on the upper slope covered in ophiuroids (brittle stars) with their own suite

of predators (eg. Centriscops humerosus) (Blaber et al. 1987).

Seabirds

Large seabirds such as shy albatross (Diomeda cauta) eat a very similar range of
prey to pelagic fish greater than 50 cm. Gales (1993) lists fish, cephalopods and
crustacea as important in their diet. The diet of small seabirds such as fairy prion
(Pachyptyila turtur) and shearwater (Puffinis tenuirostris) has much in common with
the diet of fish in the 10-50 cm size class. Both species eat mainly euphausiids, as

well as small fish and squid (Marchant and Higgins 1990).

“Bottom Up” Versus “Top Down” Effects

In the introduction to this thesis I mentioned the perspective offered by Harris and
Griffiths (1987) that “bottom up” rather than “top down” effects were important
determinants of community structure in the waters off eastern Tasmania. This
follows the general view that there is a relationship between fish production and food
production (Mann 1993). To an extent this study supports that view (eg. see Chapter
2). However, one possible hypothesis for the disappearance of lanternfish from the
shelf break in winter could have been through massive predation by larger species
such as blue grenadier and jack mackerel (Bulman and Blaber 1987), supporting the
idea of a trophic cascade. As the lanternfish in this case is one of the few species in

these waters restricted in their distribution such an hypothesis is plausible. However,
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as zooplankton biomass decreases during this period it may be that there was
insufficient food to support dense aggregations of lanternfish. Perhaps, in such an
open-ended system, there is room for both positions. In any case, it may be that the
impact of such effects is more subtle, particularly as the east coast of Tasmania is
only a temporary home for top predators such as tuna. For example, it may be that
changes in primary production — through variations in the regional oceanography —
may be reflected more in the condition of these temporary inhabitants, rather than in
more absolute terms such as mortality. Anecdotal accounts are certainly reported (as
yet unquantified) by tuna fishers of catches of tuna that in some years are in “good”
(fat) condition but in other years are in “poor” condition (W. Whitelaw, CSIRO,

Pers. Comm.).

Summary

The food chain off eastern Tasmania is best described as a number of separate ones,
linked to water depth and substrate, but also linked horizontally by larger, mobile
predators such as southern bluefin tuna. Vertically, these chains can be linked by
benthopelagic predators such as blue grenadier and vertically-migrating midwater
fishes and crustacea. Further, the diurnal migrations of some of these groups place
them in a pelagic food web during the night and a demersal food web during the day.
Consequently energy from epipelagic production, passing through these mesopelagic

species, may be retained in surface waters or passed into deeper waters.

COMPARISONS WITH OTHER AREAS

The intriguing feature of the species mix in the upper 400 m of the water column off
eastern Tasmania is the similarity it holds with other southern and northern
hemisphere near-shore environments. For example, off South Africa although the
main krill species is Nyctiphanes capensis, the main myctophid is Lampanyctodes
hectoris, and mackerel (in their waters Trachurus trachurus) and southern bluefin
tuna are also common (Crawford 1980). Off New Zealand the krill species is also N.
australis but the mackerel is T. murphyii (Jones 1990). Off California yet another
species of Nyctiphanes — N. symplex — is prey for larger predators including
albacore tuna Thunnus alalunga (Fiedler and Barnard 1987), also a common species
off eastern Tasmania. All of these areas are washed by boundary currents and in the
southern hemisphere are greatly influenced by the position of the subtropical

convergence (eg. Pakhamov et al. 1994). Therefore, the relationships and patterns
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demonstrated in the present study, and their links to top predators such as SBT, can

have far wider applications than just for the east coast of Tasmania.

Of more immediate interest to me, however, are the parallels that can be drawn from
this study to other areas along the Australian coastline through which species such as
southern bluefin tuna pass. We know a good deal about the movements of southern
bluefin in the Australian Fishing Zone but apart from the studies off eastern
Tasmania there is little information on why the tuna aggregate in the places they do.
For example, there are “staging grounds” for southern bluefin off southeastern NSW
and the Great Australian Bight (GAB). Are these areas feeding grounds for the tuna
or are they there for some other reason? In the case of the GAB it has been suggested
that the tuna use the shelf waters as a thermal refuge — the region is dominated by
the warm extension of the Leeuwin — from which they make forays into the colder,
more productive surrounding waters to feed. I have just led a cruise (Southern
Surveyor Cruise 1/98) to the Bight where one of our objectives was to examine the
biological basis for tuna aggregations in the area. Preliminary analyses show little
potential prey where the fish concentrate — and are fished. However, significant
amounts of potential prey were found over the shelf break or inshore around the
many reefs and islands (Young in preparation). The hope in the future is to devélop a
model of the movements and trophodynamics of southern bluefin tuna in the
Australian Fishing Zone. Understanding the relationships between tuna and prey
stocks will take on considerable importance if we find cross linkages with other
fisheries. For example, our preliminary study in the GAB found that inshore and
shelf-break waters had large amounts of potential feed such as the pilchard Sardinops
neopilchardus. As this species supports a fishery in its own right understanding the

impact of SBT on it takes on special significance.

SAMPLING LIMITATIONS AND SOME NEW STRATEGIES

Brandt (1981) listed a number of limitations to a study he did on the midwater fishes
associated with a warm core eddy off eastern Australia. These limitations included
small sample sizes due to gear avoidance and escapement, gear bias influencing the
type and size of fish caught, the lack of an adequate opening-closing net system and
limited temporal coverage (ship time is very expensive!). Brandt’s comments in that
paper illustrate the technical difficulties encountered in studying deepwater

environments and echo earlier comments by Angel (1977). The latter proposed that
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each sampler offered only a “limited window into the spectra of variability”. Further,
manipulative studies of the deep oceans, similar to those done in near-shore
environments (eg. Underwood et al. 1983), are not generally feasible. In that sense,
progress in the study of deepwater ecology, it could be argued, has lagged behind.
However, it is becoming apparent that the proper management of many fisheries will
depend in some part on an understanding of the physical and biotic environment in
which they are found. Below I will report on some of the more recent advances that I
have been involved in, and which have added to my understanding of the systems I
have studied. I will also comment on areas where more work or different strategies
are needed. Some of the most important developments in recent times are those in
acoustics and electronics. However, as very little of my work has dealt with these

areas of research I will not discuss them here.

Sampling Techniques

Lack of replication is perhaps one of the most confounding problems faced by
biologists working in deep water. Ship time is expensive and thus restricted and if
bad weather coincides with the timing for a particular piece of research then the
number of samples usually suffers. Therefore, it is necessary to devise sampling
programs that can be replicated but that can be performed quickly so that ship time is
not too lengthy. There have been considerable advances in net technology,
particularly in plankton nets, which have gone some way to address this problem.
The more frequent use of multiple net systems such as the MOCNESS and
BIONESS systems (Weibe et al. 1976, Sameoto et al. 1982) has revealed a great deal
of information on the vertical distribution of midwater fishes and zooplankton.
However, the horizontal distribution of these species can be confounded by limited
sampling with few replicates (Brandt 1981). The problem of patchiness in ocean
environments has been dealt with at length (Omori and Ikeda 1984). In a separate
study of larval southern bluefin tuna we found that too few samples can have a
dramatic effect on our understanding of their distribution (Davis et al. 1990). In
Chapter 3 I described a system of sampling which enabled replication of samples for
the estimation of macrozooplankton biomass in different water masses. A plankton
(bongo) net was deployed over a grid of small area (~5 km”) and towed obliquely for
20 minutes (Young 1994). This technique enabled us to sample as many as tweﬂty
times in the same water mass in less than a day giving us statistically useable

numbers of samples to compare, in my case, the relative biomass of different water
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masses (Chapter 3). Using one type of net, however, provides only a limited view of
the midwater fauna present. I found that by using a series of net types and sizes it
was possible to develop a broader picture of distribution and abundance of the

midwater fauna.

Net Technology

One of the greatest advances in understanding the distribution in space and time of
oceanic fauna is the development of nets which can simultaneously sample different
depths. Although they have been used in northern hemisphere studies for some time
their use in Australian research has been slow, largely with the difficulty in making
the various systems work. Earlier studies I have been involved in were greatly
limited by this fact (Young and Anderson 1987, Young 1989). For example, the
modified RMT 1+8 (Griffiths et al. 1980) was an efficient sampler but the
electronics designed to open and close the net rarely worked (Brandt 1983).
However, in recent years I have been involved in the use and development of a
midwater sampling device, the ‘Midoc’ net (Pearcy et al. 1977), which has allowed
us to begin developing a three dimensional view of the midwater fauna. To my
knowledge the vertical distributions presented in Chapters 3 and 4 are the first
published accounts for midwater fishes in Australian waters that were not

‘contaminated’ by fauna from above the depth at which the sample was taken.

We need, however, to encourage the use of standard nets by deepwater ecologists.
Much the same as oceanographers apply strict practices for sampling the midwater
we will need to standardize our own systems of collecting otherwise the opportunity
of building up a coherent view of the midwater will be confounded by the biases of

the various nets in use.

Other Sampling Technologies

The use of nets, however, will always be hampered by such factors as avoidance and
escapement by animals either smaller, faster or larger than for which the net is
designed. For example, Daly and Macaulay (1988) found that net catches of
Euphausia superba were only 4% of acoustic estimates. Further, for some groups
such as cephalopods, nets capture only the smaller or slower species. The
prominence of squid in the stomachs of southern bluefin tuna (Chapter 9) and their

scarcity in net samples off eastern Tasmania (Chapter 3) supports this conclusion.
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There is a requirement, therefore, for other ways of sampling the midwater fauna.
One development in recent times has been the use of ‘intelligent’ tags on large
predators to determine not only their patterns of movement and behaviour, but those
of their prey. One of these tags, the ‘archival’ tag, which is being developed by
CSIRO, is giving us extraordinary insights into the movement and behaviour of
southern bluefin tuna. Combined with more traditional techniques such as those
employed on research vessels our understanding of many species will grow
enormously over the next few years. For example, in May 1994 a southern bluefin
tuna with an archival tag (J. Gunn, CSIRO, pers. Comm.) swam through the waters
of eastern Tasmania at the same time we were sampling these waters from FRV
Southern Surveyor (see Chapters 3 and 4). Although only preliminary data are
available, we are “ground-truthing” the movement of the tuna using physical

oceanographic data from that research cruise.

Taxonomy of Species or Size?

The taxonomy of midwater fish and zooplankton, although improving, is not well
documented for Australian waters and the number of trained taxonomists is small.
Added to this the length of time needed for species identification it is rarely possible
to identify all that is in the samples, particularly in the case of the zooplankton.
However, one of the constants that keeps appearing in this study was the importance
of size, as opposed to the recognition of individual species (although species such as
Nyctiphanes australis [Young et al. 1993] and Lampanyctodes hectoris [Young and
Blaber 1986] are exceptions off Tasmania), in understanding ecosystem interactions.
For example, a proportional increase in macro- over microzooplankton is usually
found in nutrient enriched waters (Bays and Crinsman 1983). By measuring the size
structure of the main zooplankton taxa, rather than the more lengthy identification of
individual organisms, water productivity or lack thereof can be determined quickly.
To this end we have been investigating the use of silhouette photography (Davis and
Weibe 1985) to investigate differences between different water masses off the coast

of southeast NSW (Berry and Young in preparation).

Ocean Colour
Satellite imagery is an important tool in understanding the processes leading to
aggregations of fish (eg. Laurs et al. 1984, Fiedler et al. 1984). Initially, these

satellites provided large-scale views of surface temperature that could be linked to
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fish distributions. Further refinement led to the ability to detect “ocean colour”, a
measure of the amount of chlorophyll, and hence productivity, in the surface waters
of the world’s oceans (Smith 1981, Longhurst et al. 1995). However, even though
ocean colour has been in existence in the northern hemisphere for some time it has
yet to be used consistently in Australia waters. I am presently involved in a project
that will aim to link recently available ocean colour data with catches by the longiine
tuna fisheries scattered along eastern Australia. Its use will greatly improve our
understanding of the productivity of ocean currents in the Australian region,
particularly off eastern Australian. A spin-off from this work is the development of
an underway sampler for fluorescence originally designed to calibrate the satellite
imagery. We have just deployed two of these systems on tuna longline vessels
working off the NSW coast.

Long Term Monitoring

With all the developments and advances in recent times in Australian marine science
there are still some glaring omissions and, for me, one of the greatest is the lack of
long term monitoring stations of physical and biological parameters around the coast
of Australia. The Maria Island station off eastern Tasmania is the only long term
monitoring station on the east coast of Australia. It has been running for nearly 50
years and measures physical parameters (Harris et al. 1987). However, nowhere
around Australia are such long term data sets for plankton available, even though
there is a perception that “fluctuations in fish stocks are linked, via the plankton, to
climatic variation” (Harris and Griffiths 1987, see also Polovina 1996). The value of
long term monitoring has been proven in the northern hemiéphere in many instances
where failure of pulses of particular “indicator” zooplankton species, particularly of
copepods, have been linked to recruitment failures in a number of commercial
fisheries (eg. Cushing 1982). The value of such long-term studies was highlighted by
a thirty year investigation of California zooplankton which showed that interannual
variability in plankton abundance was greater than that between seasons (Chelton et
al. 1982).

Closer to home, a recent study of twenty years of Antarctic krill data (funded from
the northern hemisphere) proposed a complex and innovative model of krill
recruitment dynamics, which would not have been possible without a lengthy time

series (Siegel and Loeb 1995). It could be argued that with the global coverage of
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sea-surface temperatures by satellite imagery, and our growing understanding of
cyclic processes such as the El nino, the use of indicator plankton species is
redundant. However, the recent example of the mass pilchard mortality around
Australia, and the mystery as to why it occurred, highlighted our lack of long term
knowledge of changes in prey fields. In fact, a research cruise initiated to examine
the phenomenon had as one of its objective to sample the plankton to test whether
starvation was a possible cause of the mortalities (Griffin et al. 1997). Ironically, the
long term study referred to above off California (Chelton et al. 1982) was begun in
response to fluctuations in the local sardine fishery. The failure again last year (1997)
of the jack mackerel fishery off eastern Tasmania may have been predicted if
sampling of the plankton had continued. We are presently examining samples taken
on a voyage around Tasmania by RV Franklin during this period (Bradford and
Young in preparation). Preliminary results indicate a similar scenario to that found in
1988/89 (Chapter 2). That is, water temperatures above 16°C over the shelf led to the

disappearance of krill.

The reasons for the lack of these long-term studies have a great deal to do with the
way research funding is allotted presently, usually on a three-year cycle. As
institutional funds are in short supply and the benefits of long term studies is just that
— loﬁg term — it will take a shift in emphasis from the present-day culture of user

pays before a commitment to longer term projects such as these is possible.

CONCLUSIONS

Although the earlier studies in this thesis were concerned mainly with single species
it soon became clear that there was a great deal of interconnection between them,
underlain by strong seasonal and interannual oceanographic cycles, off eastern
Tasmania. The link between inshore and offshore was of similar importance. The
latter studies, therefore, have been concerned with exploring these connections,
particularly in relation to the commercial fisheries in the area. The relevance of two

of these studies are outlined below.

The first of these studies showed the link between fluctuations in the strength of the
East Australia Current, and the availability of jack mackerel to the fishery — a flush
of warm water generated by a major anti El nino (or La nina) event led to the

disappearance for a time of its main prey, Nyctiphanes australis (Young et al. 1993).
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Understanding these patterns has important implications for the management of the
jack mackerel fishery. Monitoring of the species composition of the zooplankton of
the east coast of Tasmania in relation to the physical oceanography could lead to

predictive models of potential catches of jack mackerel.

The second series of studies (Young ef al. 1996a & b, Young ef al. 1997) revealed
the importance of shelf and slope waters to populations of southern bluefin tuna off
eastern Tasmania. Previously, the front separating tropical and subantarctic waters
was seen as the main reason for concentrations of southern bluefin tuna off eastern
Tasmania during autumn (Shingu 1980). However, my studies indicated that it was
the shelf that provided an important prey source, mainly jack mackerel, for the tuna.
As management of the jack mackerel is the responsibility of the state while the
federal government is responsible for tuna, effective management must include

dialogue between the two.

The close ecological linkages between these two fisheries supports the notion then of
devising wider, discipline-based studies which have as their goal linking the physical
and biological environment with top-order predators, particularly when the latter are

the focus of commercial fisheries.
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