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ABSTRACT 

Sperm whales (Physeter macrocephalus) are deep-diving marine mammals . 
found in all oceans of the world and occupy a wide range of environmental conditions 

(Best 1979; Rice 1989). There is no real consensus in describing the perfect sperm 

whale habitat, yet most of the literature classifies factors affecting their distribution 

between four distinct but closely linked categories: prey availability, underwater 

topography, oceanography and biological productivity. Few comprehensive studies 

aiming to understand the relationships between sperm whale distributions and any of 

these factors have been performed. Many investigators jump directly into attempting to 

relate sperm whale distributions to convenient environmental variables, thereby fishing 

around for significant statistical correlations rather than trying to understand the complex 

processes and trophic level interactions that control the distributions (Jaquet 1996). 

The Kaikoura Canyon on the East Coast of New Zealand is an excellent location 

to study sperm whales and their habitat. In this region, the well-documented male sperm 

whale population occupies the area year-round (Childerhouse 1995). Although the 

reasons why sperm whales prefer to spend extended periods of time in the canyon are 

unknown, extensive use of this region by sperm whales probably indicate a significant 

level of activity at lower trophic levels and very high biological productivity (Jaquet 1999). 

Unfortunately, sporadic research conducted in the Kaikoura Canyon during the 1960-?0s 

revealed little about prey distribution, productivity or basic oceanographic processes. 

Since sperm whales off Kaikoura are the centre of a major whale-watching industry, it is 

important to describe the sperm whale habitat so we can determine to what extent 

whales are able to move away from the area if they want to avoid the whale-watching 

boats. 

In this study, I used a combination of several techniques including satellite data 

and in-situ field measurements to describe and develop a general understanding of large 

and small-scale oceanographic and biological processes off Kaikoura. Results from a 

literature review and sperm whale prey distribution data showed that sperm whale 

distribution off Kaikoura can be influenced by prey distribution and availability. However, 

oceanographic systems in this region may be a determinant factor influencing prey 
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distributions and productivity across many trophic levels. Satellite images of Sea Surface 

Temperature revealed that mesoscale eddy features offshore might affect the general 

circulation pattern within the canyon, especially in winter and early spring. Enhanced 

primary f)roductivity was also associated with these large-scale eddies, as shown by the 

inspection of SeaWiFS Ocean Color data covering the sampling periods. In-situ CTD 

measurements across the main axis of the Kaikoura Canyon emphasised the dynamic 

and variable oceanographic conditions in this area. Downwelling, small-scale eddy 

locked in place by the bathymetry and evidence of internal waves were also observed. 

However, no strong and persistent upwelling event was recorded. 

This study suggests that in-canyon oceanographic features may play a major role 

in concentrating and retaining production off Kaikoura, although offshore processes may 

greatly contribute to the enhancement and advection of production in this area. Such a 

complex combination of processes acting outside and within the canyon may explain 

why this habitat can sustain many trophic levels, including a semi-permanent sperm 

whale population. 
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PREFACE 

Two years ago I landed in New Zealand and, that day, it was the beginning of a 

child's dream. I always aimed to explore and experience beautiful places, especially if 

water, mountains and forests are there all around you to inspire inner peace, strength 

and respect. I also came to New Zealand to follow my own path, not the one that was 

chosen for me. At the end of the day, we are all alone. So why not make the most of it? 

I think this project came up by chance (or by faith?). Kaikoura is where the 

mountains meet the sea, so here I was, one day, discussing with my supervisors to be a 

project involving sperm whale habitat and GIS (Geographic Information Systems) 

applications. As my ultimate career goal is to have my own GIS/Environment consultant 

company, this project was the first milestone of a long journey. The last two years were 

filled with long days at work (I have to admit!), not much social time or holidays, some 

(hum ... ) bike rides all over the country, but also filled with a sense of accomplishment, 

something like the end of a ten-year life-project. 

The energy and time spent on this work helped me to develop research and 

analytical skills, acquire knowledge in marine biology and oceanography, perfect my GIS 

skills but also appreciate teamwork effort to the fullest. The University of Otago Marine 

Mammal Research Group is more than only focused on studies, research and projects. 

It is something like a big (American?) family, with some ups and downs, but mostly all 

brothers and sisters always looking forward to have a good time. 

Before making official acknowledgements, I would like to sincerely thank my 

supervisors for their precious help during the past two years. Firstly, Cheers! to Mark 

Gibbs's patience for my continuous inquiries. Since I started as a complete beginner in 

oceanography, I believe his advice contributed to develop the researcher skills I hold 

today in this area. I also thank Liz Slooten for her objective comments on my work (and 

our crazy time together!). Her inputs as a marine biologist made me realise how it can 

sometimes be difficult to mingle physical and biological science. I guess this is what 



environmental sciences are all about ! ! ! I am very grateful to Liz and Mark for their 

interest into my cycling and having to cope with my racing bike on the boat and all the 

field trips! 

. 
I would also like to thank everyone that provided data presented in my thesis. 
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They are Michael Uddstrom (NIWA) for the AVHRR SST data, Owen Anderson (NIWA) 

for hapuku and squid distribution data, Christopher Richter for the sperm whale 

distribution figure (Figure 7), Ben Knight for the SST movie and Seren Penty (Ministry of 

Agriculture and Fisheries) for fisheries data on squid and hapuku. Thanks also to Matt 

Pinkerton and Ken Richardson (NIWA) who provided the processed SeaWiFS images 

obtained from the SeaWiFS Project (Code 970.2) and the Distributed Active Archive 

Centre (Code 902) at the Goddard Space Flight Centre, Greenbelt, MD 20771. 

My fieldwork would not have been possible without the help of (in any particular 

order!) Steven Dawson, Deanna Clement, Christoph Richter, Liz Slooten, Mark Gibbs 

and Natalie Jaquet. Special thanks to Hamish Bowman to help me solve problems with 

the CTD! Brian Grant and Greg Byrom, present and past Spatial Lab Managers, were 

also very helpful for software and computer support during my work at the University of 

Otago. Extra thanks to Mark, Liz, Hamish, Christoph and Deanna for their useful and 

funny anecdotal comments on the following manuscript. 

This research has been funded by an Otago Research Grant, an University of 

Otago Post-Graduate Scholarship, a Quebec Government Scholarship offered by the 

Fonds des Chercheurs et d'Aide a Ia Recherche (FCAR) and the New Zealand Whale 

and Dolphin Trust. I also want to acknowledge the technical and financial contributions 

of the Departments of Marine Science, Surveying, Environmental Science and Zoology. 

I consider myself very lucky to have been involved in such a well-funded project. 

Without any doubts, this whole experience (because writing a thesis is an 

experience!) was definitely enriched by the enthusiasm of my fellow co-workers and 

friends. I met amazing people trough cycling and study in Dunedin who gave me a lot of 

hope in life. They are (again, in no particular order!) Robbie and Helen van der Loo, 

Donna and David (the Alien) Thomson, Dave (Rolly) Rowlands, Jon (Jonno) Cornwall, 

Kirsty Fleming, Nathan (the Nomad) Dahlberg and all my fellow friends that came all 



vi 

over to New Zealand to study because they are fascinated by what this country has to 

offer. These friends inspired me strength; patience; initiative and assertiveness, but they 

also helped me in different ways to become a more confident person. I owe them many 

good laughs too! They all deserve a good handshake, a large smile and two kisses (the 

Quebec way, of course!). 

Today, I realise even more how important it is to live up to your dreams and your 

own aspirations. My dad always told me to never wait after anyone to do what I wanted 

to do, whatever the consequences. So I did. I think he lived up to that himself since he 

is now sailing all the seas of the world making them his new home ... 

But this is only the beginning. I am now ready to take up many more challenges. 

What about some cycling all over the world now? 

I hope that you will enjoy reading this thesis as much as I did writing it, 

Good luck in your own projects, 

Sincerely, 

Fanny © 
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CHAPTER I 

GENERAL INTRODUCTION 

Sperm whale distribution 

Sperm whales (Physeter macrocephalus) are found in all oceans of the world 

and occupy a wide range of environmental conditions, from the equator to the edges of 

the polar pack ice (Best 1979; Rice 1989). Sperm whales are also the most dimorphic of 

all cetaceans since females seldom reach 13m but males can grow up to 13-18m (Best 

1979). Females and calves generally inhabit warmer waters between 40°N and 40°S in 

mixed schools of about 20-40 individuals (Best 1979). By contrast, male sperm whales 

are more solitary and may undergo extensive seasonal poleward migrations (Best 1979; 

Caldwell eta/. 1966). The exact reasons of these migrations are not well understood but 

the ability of some males to penetrate southern latitudes might be driven by access to a 

different food supply (Best 1979). Since only the largest males breed, there is a 

premium on growing as fast as possible, hence migrations to the polar oceans may be a 

strategy to meet higher energy requirements (Best 1979; Smith and Whitehead 1993). 

Sperm whales are also deep-diving marine mammals and can reach depths up to 

3195m (Rice 1989). Male sperm whales may on average spend 30-49 minutes 

underwater and 8-11 minutes at the surface (Jaquet 1999). Deep-living species of 

cephalopods (squids) are preferred by these cetaceans but in certain areas like Iceland 

(Martin and Clarke 1986), the Bering Sea (Kawakami 1980) and New Zealand (Gaskin 

and Cawthorn 1967a) fish make up an important component of the diet (50% or more). 

Factors affecting their wide distribution are numerous (Volkov and Moroz 1977) 

and there is no real consensus in describing the perfect sperm whale habitat. Most of 

the literature classifies factors affecting their distribution into four distinct but closely 

linked categories: prey availability, underwater topography, oceanography and biological 
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productivity. Few comprehensive studies aiming to understand the relationships 

between sperm whale distributions and any of these factors have been performed. 

Furthermore, many investigators jump directly into attempting to relate sperm whale 

distributions to convenient environmental variables, thereby fishing around for significant . 
statistical correlations rather than attempting to understand the complex processes and 

trophic level interactions that control the distributions (Jaquet 1996). Perhaps, a more 

logical approach is to attempt to understand the site-specific relationships on a small 

scale, beginning with characteristics of sperm whale prey since there is likely to be a 

strong relationship between prey distribution and sperm whale density. For example, 

convincing studies in the California Bight have shown that the distributions of dolphins 
(Delphinus sp.) and their principal prey anchovies, match almost exactly (Hui 1979). 

Likewise, Viale and Frontier (1994) clearly related the presence of sperm whales to high 
abundance of deep biomass in the Mediterranean. 

It is crucial to identify and document prey species prior to relating sperm whale 
distributions with prey distribution. However, little is known about the main sperm whale 

prey species, especially cephalopods (Best 1979). Few deep living squids are caught by 

fishers (Clarke 1993) and research from bottom trawls tends to undersample the squid 

population since the larger animals tend to be fast enough to escape from the nets 

(Rodhouse eta/. 1992). Hence the only usable information on sperm whale diet remains 

the stomach contents of whales caught during whaling expeditions in the 1950-70s. This 

is the best sampling method for adults and near-adults species of squids (Fiscus 1989) 

although scat sampling with a net behind the whales may provide this information in the 

future (Smith and Whitehead 2000). 

Sperm whale prey species ultimately depend on primary production hence it is 

reasonable to attempt to seek relationships between whales and primary productivity. 

However, while site-specific relationships between baleen whales and regions of high 

primary productivity or oceanographic features have been found (Brown and Winn 1989; 

Fiedler eta/. 1998), they remain elusive for sperm whales (Gibbs eta/. 2000a; Viale and 

Frontier 1994). Unlike baleen whales, sperm whales occupy the highest trophic level. 

Therefore, timelag between aggregations of deep biomass and plankton patches and 

temporal or spatial delays between oceanographic events and changes in ocean 
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productivity account for the difficulty to define any significant relationships between 

sperm whales and primary production (Jaquet 1996; Jaquet and Whitehead 1996). 

3 

It _is also important to understand the oceanography of the studied area since 

prey may use current systems for larval dispersion, transport or migration. In the past, 

investigators have linked complex circulation systems (Gaskin 1971; Selzer and Payne 
1988; Smith and Whitehead 1993), thermal boundaries between water masses (Andre et 

a/. unpublished; Volkov and Moroz 1977), eddies (Tynan 1997; Waring eta/. 1993), 

powerful currents (Gaskin 1971; Tynan 1997; Waring eta/. 1993) and upwelling (Andre 

eta/. unpublished; Foerster and Thompson 1985; Smith and Whitehead 1993) to 

productive areas and high sperm whale abundance. However the reasons why 

oceanographic features and areas of high primary production attract sperm whales 

cannot be dearly determined by most of these studies. 

Since the interactions between biological and physical processes are complex 

and not well understood, it is therefore very difficult to find strong relationships between 

environmental variables and distribution of sperm whales and sperm whale prey, 

especially if they are deep-living species. Nonetheless, studying the general dynamics 

of an ecosystem in terms of oceanographic processes and primary productivity may 

provide insights into the specific processes leading to the concentration and retention of 

production needed to sustain high trophic levels and a high abundance of prey. 

The Kaikoura Canyon 

Sperm whales are known to inhabit continental shelf boundaries (Andre et a/. 

unpublished; Kenney and Winn 1986; Waring eta!. 1993) and regions of very deep and 

steep underwater topography (500-1500m) (Jaquet 1999; Jaquet and Whitehead 1996; 

Whitehead and Smith 1993) although encounters are regular in shallow water (50-200m) 

(Chessum 1992; Scott 1997; Whitehead eta/. 1992). Sperm whales are also found in 

deep submarine canyons (Hooker et a/. 1999; Jaquet 1999; Kenney and Winn 1987) and 

associations between upwelling, enhanced production and higher sperm whale 

abundance in canyons are common in distribution studies (Brown and Winn 1989; 
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Foerster and Thompson 1985; Gaskin 1964; Jaquet and Whitehead 1996; Kenney and 

Winn 1987; Scott 1997; Whitehead eta/. 1992). Year-round presence of young male 

sperm whales is found in submarine canyons like The Gully, Nova Scotia (Hooker et a/. 

1999; Whitehead eta/. 1992) and Kaikoura, New Zealand (Jaquet 1999). Although 

sperm whales are known to prefer these particular canyons, the dominant physical and 

biological processes acting in these regions and the reasons why steep bathymetry 

attract sperm whales are not well understood in most cases. However, the particular 

morphology of underwater canyons (converging walls towards the canyon's head) may 

create a channel for prey species so they accumulate at the canyon's head (Scott 1997). 

It is also likely that the local oceanography is influenced by canyon's morphology, so a 

combination of processes may act in favour of prey aggregation in submarine canyons. 

Selzer and Payne (1988) also hypothesised that the steep slopes of canyons provide a 

wider range of habitats and greater species richness, thus greater feeding opportunities 

for sperm whales. 

The Kaikoura Canyon on the East Coast of New Zealand sustains important 

commercial and recreational fishing industries and large populations of marine 

mammals. This canyon is also an excellent location to study sperm whales and their 

habitat. It is very close to the mainland and readily accessible by small boats. Members 

of the interdisciplinary University of Otago Marine Mammal Research Group have 

conducted seasonal non-invasive sperm whale behavioural research off Kaikoura since 

1992 at fine spatial and temporal scales (Chessum 1992; Childerhouse 1995, 1996; 

Dawson and Jake 1996; Jaquet 1999). In this region, the well-documented semi

permanent male sperm whale population is composed of 60-108 individuals, some of 

which return to the area in later years, some occupy the canyon year-round and others 

are only transient (Childerhouse 1995). These whales are the centre of a major whale

watching tourism industry, hence it is important to describe the sperm whale habitat so 

we can determine to what extent whales are able to move away from the area if they 

want to avoid the whale-watching boats. 

Unlike for example the Monterey (Petruncio eta/. 1998), Blanes (Ardhuin eta/. 

1999) or Barrow Canyons (MCmchow and Carmack 1997; Signorini eta/. 1997), the 

hydrology of the Kaikoura Canyon has never been investigated in great detail and we 

have little knowledge of the processes maintaining its diverse marine habitat. Sporadic 
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research conducted in the 1960-70s revealed little about prey distribution, productivity or 

basic oceanographic processes. Garner (1953) hypothesised that the adjacent general 

oceanic circulation may to some extent control the inshore oceanography. Gaskin 

(1971) also suggested that regular upwelling events in the area initiate this diverse and . 
productive environment although there is no evidence to date that strong upwelling 

events occur (Gibbs eta/. 2000a). Other processes like internal waves and small-scale 

eddies have been proposed as possible triggering mechanisms of local production 

(Gibbs eta/. 2000a). Although the reasons why sperm whales prefer to spend extended 

periods of time in the canyon are unknown, extensive use of this region by such males 

probably indicate a significant level of activity at lower trophic levels and very high 

biological productivity (Jaquet 1999). However, to date, no research effort has been 

directed towards either the abundance or distribution of prey species or the fundamental 

physical and ecological processes occurring in the region. 

The original motivation for this study was to attempt to identify the factors that 

may lead to the long residence time of sperm whales off Kaikoura. It was soon 

discovered that we really had no understanding of the fundamental processes acting in 

the region, hence the specific aim became to identify and describe the major physical 

and biological processes affecting this area. It is important to highlight here that I am not 

trying to answer questions such as "Why are the whales at Kaikoura?" and "Why is the 

Kaikoura Canyon so productive?" or to explore sperm whale distribution and biology in 

great detail. I see this project as the step preceding further investigations of 

relationships between sperm whale distribution and environmental variables. Where 

possible, I have attempted to elucidate important physical and biological processes and 

how they relate to each other. I used a combination of several techniques including 

satellite data and in-situ field measurements to develop a general understanding of large 

and small-scale oceanographic and biological processes off Kaikoura. This will lead to a 

better understanding of the sperm whale habitat functioning in this region, therefore 

encouraging future in-depth applied research on sperm whale ecology and physical and 

biological processes. 

Each chapter of this thesis investigates a different factor affecting sperm whale 

distribution. Chapter 2 summarises what is known of sperm whale prey species and 

evaluates the uniqueness of the Kaikoura sperm whale habitat in terms of underwater 
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topography in the New Zealand Economic Exclusive Zone (NZEEZ). Chapter 3 

investigates the oceanographic circulation off Kaikoura using Advanced Vety High 

Resolution Radiometer Sea Surface Temperature (AVHRR SST) satellite data and in

situ Conductivity-Temperature-Depth (CTD) profiles of the water column. Chapter 4 

illustrates the variability of primary productivity off Kaikoura with Sea-Wide-Field-of-View 

Sensor (SeaWiFS) Ocean Colour images and fluorescence CTD profiles. Comparisons 

with other submarine canyons, development of hypotheses, research recommendations 

and conclusions are found in Chapter 5. 
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CHAPTER II 

SPERM WHALE PREY DISTRIBUTION OFF KAIKOURA 

Introduction 

Sperm whales are deep diving marine mammals and can reach depths of 3195m 

(Rice 1989). Knowing that they feed on deep-living prey (Rice 1989) and that only about 

500 m2 of a possible 270 million km2 of deep-sea -floor around the world have been 

sampled using scientific methods (Gage 1996), we can easily comprehend that the 

remoteness of the great ocean depths limits our capacity to study sperm whales and 

sperm whale prey (Clarke 1985). 

Kawakami (1980) and Clarke (1986) thoroughly reviewed sperm whale diets 

around the world. These studies revealed that sperm whales generally catch medium

size (0.95m, 400-500g) deep-water species of cephalopods like Onychoteuthids, 

Ommastrephids, Octopeuthids, Histioteuthids and Cranchiids. They also regularly take 

specimens weighting more than 1 kg and occasionally up to 1 OOkg (Caldwell eta/. 1966; 

Clarke 1993). Larger squids (2-3m in mantle length (ML)) (e.g. Architeuthis sp. and 

Moroteuthis robusta) are taken by male sperm whales in higher latitudes (Caldwell eta/. 

1966). Nevertheless, it is difficult to describe sperm whale diet as catches are generally 

site-specific (Kawakami 1980). For example, in certain areas like Iceland (Martin and 

Clarke 1986), the Bering Sea (Kawakami 1980) and New Zealand (Gaskin and 

Cawthorn 1967a), fish make up an important component of the diet (50% or more). 

Furthermore, depending on the region, 77.5% of cephalopods eaten possess luminous 

organs, 82% are neutrally buoyant (Smith and Whitehead 1993) and 53-78% are 

ammoniacal (Clarke 1986; Kawakami 1980). 
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The sole available information on sperm whale diet off Kaikoura comes from the 

quantitative examination of nine stomachs of whales taken during whaling operations in 

the nearby Tory Channel during the early 1960s (Gaskin and Cawthorn 1967a, b). 

Squids were found in 51% of the stomachs, Onychoteuthids (especially Moroteuthis sp.) 

dominating any other prey species by occurrence (46%) and weight (74.8%). Various 

fishes made up the remaining 49% of the stomach content (by occurrence), the New 

Zealand groper Po/yprion oxygeneios (or "hapuku" in Maori) being the most common. 

Unfortunately, this sample size is small and it is not possible to evaluate if it is 

representative of the male sperm whale diet off Kaikoura. Since Moroteuthis ingens 

(warty squid)· and Polyprion oxygeneios (hapuku) were the main prey species identified 

in this region, it is worthwhile investigating their abundance and distribution in relation to 

sperm whale distribution in this area. 

This first chapter aims to give an overview of what we know about Kaikoura. In 

the first section, I will describe the underwater topography of my study site, the Kaikoura 

Canyon, and compare the topography this region in terms of slope gradients with other 

submarine features in the New Zealand Exclusive Economic Zone (NZEEZ). In the 

second section, I will summarise the available information on warty squid and hapuku 

distributions around New Zealand. Lastly, I will present some hypotheses relating sperm 

whales, prey and bathymetry off Kaikoura. It is important to mention here that I am not 

testing any hypothesis or trying to infer any relationships between sperm whales, their 

prey or the Kaikoura habitat. I am only presenting what we know about the Kaikoura 

Canyon. 
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Underwater topography in the NZEEZ 

and the Kaikoura Canyon 

Study site: the Kaikoura Canyon 
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The Kaikoura Canyon is located on the East Coast of New Zealand (42°30 

173°40) (Figure 8), just south of the Kaikoura Peninsula. The 14km long canyon is 

perpendicular to the coast and the steep walls reach down to 3000m depth in the 

deepest sections. The sea floor also drops to 1 OOOm within 2km from shore at the head, 

near Goose Bay (Figure 1 ). The Canyon is bordered to the south by the Conway 

Through, which forms a shallow submarine plateau perpendicular to the main canyon's 

axis. The bathymetry of the Conway Trough is relatively even and flat compared to the 

main canyon. An underwater ridge separates the Trough from the open ocean. 

Figure 1: Kaikoura Canyon bathymetry and adjacent areas (reproduced from Lewis (1998)) 
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Slope gradients of submarine features in the NZEEZ 

Sperm whales are known to inhabit continental shelf boundaries (Andre et a/. 

unpublished; Kenney and Winn 1986; Waring eta/. 1993), regions of very deep and 

steep underwater topography (500-1500m) (Jaquet 1999; Jaquet and Whitehead 1996; 

Whitehead and Smith 1993) and submarine canyons (Hooker eta/. 1999; Jaquet 1999; 

Kenney and Winn 1987). Since the highest occurrence of sperm whales around New 

Zealand is found in Cook Strait and Kaikoura (Gaskin 1964 ), I was interested to know 

how the Canyon's topography compares with other continental shelf gradients around 
New Zealand. 

Slope gradients of 38 sampling areas were calculated from nautical charts of the 

New Zealand Oceanic Series (1 :1 ,000,000) (Figure 2). Areas were selected if they met 

at least one of the following three criteria: (1) the slope gradient was obviously steep 

(the isobaths were very close together), (2) a submarine canyon was present, or (3) 

other topographic features (i.e. oceanic islands, trench, rise or trough) were present. At 

each location, a transect line of length I (in km) was drawn from the 250m to the 2000m 

isobath in the direction of the steepest slope gradient. This depth range was chosen as 
it corresponds to the depths reached by foraging sperm whales (Hooker et a/. 1999; 

Jaquet 1999; Martin and Clarke 1986; Whitehead et a/. 1992). The gradients (G) 

between the 250 and 1 OOOm isobaths, 250m and 1500m isobaths and 250m and 2000m 

isobaths were calculated. These three different gradients were determined since some 

of the steep features cover only a small depth range. The gradients were calculated in 

% according to: 

G = 100 *(max depth- min depth) I I 

All distances were converted to metric units (metre) with the equivalence 1 min of 

latitude= 1 nautical mile (nm) = 1.852 km. If more than one oceanographic feature was 

of interest in the same area, the gradients along multiple transects were determined 5 

nm apart. 
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Figure 2: Location of the sampling transects used for the calculation of the continental 
slope gradients in the NZEEZ. The plain lines indicate the transects. The dotted lines are 
leading arrows. Some transects are difficult to see (e.g. on the West Coast) since the 
topography was very steep in some areas. 

Table 1 lists the top 20 steepest gradients around New Zealand and classifies 

the transects according to the three different depth ranges. The sampled transects were 

grouped by study area: the North Island (NI), the South Island East Coast (SIE), the 

South Island West Coast (SEW) and the New Zealand Islands (ISL). The steepest slope 

profiles for each study area are illustrated in Figure 3. The shelf at all the sites listed is 

very abrupt considering a mean global continental slope of 2.5°/o (Pinet 1998). The 

slope from 250m to 1 OOOm is generally the steepest and tends to level off as we go 

deeper to 2000m. Regardless of the exact location of the transect, the West Coast of 

the South Island has by far the steepest bathymetry but the Kaikoura Canyon has the 

steepest bathymetry of the East Coast. Furthermore, the slopes of the Auckland Ridge 

(96.38°/o ), Doubtful Sound (83.15o/o ), the Kaikoura Canyon (82.68°/o) and the Pahaua 
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Canyon (81.26o/o) drop between 39° and 45° between 250m and 1 OOOm (Figure 3). We 

can observe that the slope near the Auckland Islands and the Auckland Ridge continues 

to drop down deeper past 2000m, whereas the shelf levels off in the Kaikoura and 

Pahaua canyons . . 

.. ....... 

- - -East Cape 

\ -.-.-. Pahaua Canyon 

- - -Doubtful Sound 

-- - --Milford Sound 

........ Auckland Islands 

Figure 3: Continental shelf profiles of the steepest gradients per study area around New 
Zealand 

My results suggest that the Kaikoura Canyon is not the steepest area in the 

NZEEZ although it dominates the classifications off the East Coast (Table 1 ). 

Consequently, other factors that may be unique to Kaikoura may act to favour the 

presence of whales in this region. Inconsistency in the amount of information available 

for the other studied areas (Figure 2) however leads to difficulties in comparing the 

Kaikoura Canyon sperm whale habitat with other sperm whale habitats around New 

Zealand. 

In the 1960s, sperm whales have been taken off the West Coast, the Chatham 

Islands and Stewart Island by pelagic whaling expeditions (Gaskin 1973). Only 

occasional sightings are now made off the West Coast (Lusseau 2000) and Chatham 
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Table 1: Top 20 steepest slope gradients around New Zealand between the (a) 250-1000m 

isobaths, {b) 250-1500m isobaths, {c) 250-2000m isobaths, and {d) the average gradient 

over 1750m, between the 250-2000m isobaths. The study areas selected are the North 

Island (NI), South Island West Coast {SIW), the South Island East Coast {SIE) and the 

New Zealand oceanic islands {ISL). 

(a) 250m to 1000m isobaths 

Name Area Gradients 
Auckland Ridge ISL 96.38% 

Doubtful Sound SIW 83.15% 

~!~~~~-~~¥~~--------- S/E 82.68% ------- -------------Pahaua Canyon Nl 81.26% 

Auckland Islands ISL 64.25% 

Fjorland Basin SIW 55.44% 

Milford Sound SIW 55.44% 

East Cape Nl 54.18% 

Antipodes Islands ISL 48.43% 

Solander Trough South ISL 48.19% 

Cascade Point S/W 41.58% 

Mahia Peninsula N/ 40.63% 

McDougall Trough ISL 38.55% 

Three Kings Trough Nl 35.43% 

So/ender Trough East S/W 33.26% 

Puysegur Trench (2) SIW 33.26% 

Madden Canyon NJ 32.51% 

Snares island ISL 32.13% 

North Cape Nl 28.35% 

Puysegur Trench (1) SIW 15.12% 

(c) 250m to 2000m isobaths 

Name Area Gradients 

Auckland Ridge ISL 48.19% 

Auckland Islands ISL 32.13% 

Milford Sound S/W 27.72% 

McDougall Trough ISL 27.54% 

Solander Trough South ISL 27.54% 

Cascade Point S/W 18.48% 

Fjorland Basin SIW 16.63% 

Doubtful Sound SIW 16.63% 

East Cape NJ 16.25% 

So/ender Trough East SIW 15.12% 

Puysegur Trench (2) SIW 13.86% 

Antipodes Islands ISL 13.84% 

Snares island ISL 12.85% 

Three Kings Trough Nl 10.90% 

Whenuanuipapa Nl 9.03% 

Puysegur Trench (1) SIW 8.32% 

Pahaua Canyon Nl 7.74% 

Pitt Island ISL 6.89% 

~i!<.~~~~ £.<!1! Y~'!- ----- --- SIE 5.91% ------- .......................... 

Puysegur Bank SIW 5.36% 
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{b) 250m to 1500m isobaths 

Name Area Gradients 

Auckland Ridge ISL 64.25% 

Auckland Islands ISL 38.55% 

Fjorland Basin SJW 33.26% 

Milford Sound SIW 33.26% 

Solander Trough South ISL 32.13% 

Doubtful Sound S/W 27.72% 

McDougall Trough ISL 27.54% 

East Cape Nl 27.09% 

Antipodes Islands ISL 24.21% 

So/ender Trough East S/W 23.76% 

Cascade Point SIW 23.76% 

Three Kings Trough Nl 23.62% 

~i!<~~~~ £.<!'!¥5'!!.--------- S/E 23.62% ------- ----------------------
Mahia Peninsula Nl 20.32% 

Snares island ISL 19.28% 

Puysegur Trench (2) SIW 18.48% 

North Cape Nf 14.17% 

Pahaua Canyon Nl 12.50% 

Whenuanuipapa Nl 9.56% 

Puysegur Trench (1) SIW 9.24% 

(d) Average gradient over 1750m 

Name Area A vg gradients 

Auckland Ridge ISL 69.61% 

Auckland Islands ISL 44.98% 

Doubtful Sound SIW 42.50% 

Milford Sound SJW 38.80% 

~!!<~~~~ £.<!'!¥~'!--------- S/E 37.40% ------- ----------------------
Solander Trough South ISL 35.95% 

Fjorland Basin SIW 35.11% 

Pahaua Canyon Nl 33.83% 

East Cape Nl 32.51% 

McDougall Trough ISL 31.21% 

Antipodes Islands ISL 28.83% 

Cascade Point SIW 27.94% 

Solender Trough East SIW 24.05% 

Three Kings Trough Nl 23.32% 

Puysegur Trench (2) SJW 21.87% 

Mahia Peninsula Nl 21.86% 

Snares island ISL 21.42% 

North Cape Nl 15.86% 

Madden Canyon Nl 14.69% 

Puysegur Trench (1) SJW 10.89% 
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Islands and, if whales are present in the other areas, no official reports are available. By 

contrast, Cook Strait and Kaikoura are well investigated as they were easily in reach of 

the former Tory Channel whaling station (Gaskin 1968, 1971; Gaskin and Cawthorn 

1967a, b). Consequently, sighting effort and accessibility are certainly important to 

consider when evaluating the amount of available information on likely sperm whale 

habitats in the NZEEZ since most of the steep areas are located offshore (e.g. southern 

offshore Islands, Chatham Islands) or in regions often influenced by bad sea conditions 

(e.g. West Coast). By contrast, the inshore presence of the whales off Cook Strait and 

Kaikoura is favourable to whaler or researcher activities. 

The reasons why steep bathymetry or underwater canyons attracts sperm 

whales are not well understood. Abrupt slopes can possibly provide more substrate area 

for marine life, a wider range of habitats and greater species richness (Selzer and Payne 

1988), therefore enhancing feeding success for sperm whales. The particular 

morphology of underwater canyons may also influence the local oceanography in such a 

way that a combination of processes may act in favour of sperm whale prey aggregation, 

concentration and enhanced production. Thereafter, it is important to study sperm whale 

prey so we can understand how submarine topography and oceanographic processes 

may influence their distribution, and consequently, sperm whale distribution. 
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Warty squid and hapuku: What we know 

Warty squids (Moroteuthis ingens) 

Figure 4: Adult Moroteuthis (here Moroteuthis knipovichi) are medium-size (275 mm ML) 
to very large (1600 mm ML) (photo from Piatkowski (2001 )). 

Most of what we know about the Onychoteuthid Moroteuthis ingens comes from 

research undertaken by Jackson (1993, 1997, 1998) since this ammoniacal species is 

not targeted commercially in New Zealand and reports of bycatch are not mandatory. M. 

ingens is a fast swimming and voracious sub-Antarctic species living in the great depths 

of the Southern Ocean between 800-11 OOm (Jackson 1997). This circumpolar species 

has been associated to bathymetric features, oceanic fronts, convergence zones, 

eddies, and upwelling regions (Coelho 1985). Adult Moroteuthis are medium-size (275 

mm ML) to very large (1600 mm ML). Only two genera of cephalopods, the giant squid 

Architeuthis and the cranchiid Mesonychoteuthis, grow larger than this genus. Annual 

migrations are common for this species as the squids may be required to travel long 

distances to spawn upstream in current systems. M.ingens do not migrate on energy 

reserves like fish do, hence cannibalism on smaller squids of the same species is one 

way of surviving the migrations (O'Dor 1988). M.ingens is sexually dimorphic, the female 

growing twice as fast than the male and weighting five times more. Depth distributions 

suggest that M.ingens shift from a pelagic stage during its early life to a demersal adult 

existence (Jackson 1993). Although, only females migrate to deeper water when they 

mature, to move into preferred egg deposition sites (Jackson 1997). M.ingens is a 

terminal spawner with the death of the females at or shortly after spawning. Maximal 

growth rates are therefore essential for this short-lived annual species. 
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Jackson eta/. (1998) explored the diet of M.ingens off New Zealand. It appeared 

from this study that lantern fish might be the principal prey for M.ingens off Kaikoura. 

However, since lantern fish is widely distributed in the Canyon's region, Gibbs et a/. 

(2000a) eon eluded that the distribution of this species cannot give us valuable in-sight 

into M.ingens distributions in this area. The most reliable distribution data on warty 

squids comes from the Ministry of Agriculture and Fisheries (MAF) research trawls 

database (Anderson eta/. 1998). Owen Anderson (NIWA, Wellington) provided positions 

and depth data for 5943 trawls where M.ingens was identified. The corresponding 

distribution maps were generated with Map INFO v. 6.0. (Figure 6). Ammoniacal squid 

like M.ingens rarely extend their distribution into coastal shelf waters shallower than 

200m (Clarke 1986) (Figure 6(c)). We can observe that warty squid mainly occupies 

depths between 400m and 1500m in areas of steep topography and along continental 

shelf boundaries, the Chatham Rise and most of the Campbell Plateau (Figure 6(a)). 

This sub-Antarctic species is also limited to areas dominated by cold Subantarctic water 

{SAW). It is known that squids are more fecund and grow larger in cooler waters (O'Dor 

1992), therefore SAW conditions off Kaikoura at depths below 400m (see Chapter 3) are 

suitable to sustain large populations of cephalopods (O'Dor 1988). M.ingens is not 

targeted commercially therefore we are likely to find much larger individuals in the 

canyon than in an exploited population, providing good feeding opportunities for sperm 

whales. 

Little is reported on the distribution of juvenile Moroteuthis due to their possible 

confusion with the genus Onykia (Jackson 1993). However, we do know that larvae, 

juveniles and subadults Moroteuthis inhabit midwater in epipelagic zones over tops of 

seamounts, slopes or oceanic depths (Jackson and Mladenov 1994). Jackson and 

Mladenov (1994) have shown that the Chatham Rise on the east coast of New Zealand 

is the main spawning ground for Moroteuthis. In this region dominated by the Subtropical 

Front (STF) (Figure 8), conditions are optimal to sustain rich and productive marine 

ecosystems (2000a). This is especially important for short-living species and weak

swimming juvenile cephalopods as they tend to benefit from accumulation of production 

at convergence zones (Bakun 1996). Furthermore, juvenile squid commonly use current 

systems to follow the movement of rich food supplies (O'Dor 1988) which allows for a 

wide distribution of the species (Nesis 1993). Despite an eastward mean current 
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transport along the Rise during most of the year {Chiswell 2000a; Sutton 2000), 

evidence of westerly flow reversal on the northern Rise during spring/summer {Chiswell 

and Sutton 1998; Heath 1983; Nodder 2000) combined with high eddy dispersion 

mechani~ms may favour the transport of juvenile squids to Kaikoura. The return of 

mature squids to the Chatham Rise for the austral winter spawning season (Jackson 

1997) occurs coincidentally with a consistent easterly flow along the Rise (McCiatchie 

2000), therefore favouring squid migrations from Kaikoura to the Chatham Rise 

spawning ground. 

Hapuku (Polyprion oxygeneios) 

Figure 5: Commercially caught hapuku (Po/yprion oxygeneios) are 
between 50-140cm long but fishes are mature at about 85 em (Johnston 
Fishery technical Report No.159)(photo from Lee (2001 )). 

Hapuku, or New Zealand groper, is widely distributed around 

New Zealand in depths varying between 50-600m (Figure 6(a)). Owen 

Anderson (NIWA, Wellington) provided positions and depth data from 

the MAF research trawl database (Anderson et a/. 1998) for 1857 

trawls where P.oxygeneios was identified. Hapuku mainly inhabits the 

continental shelf (Figure 6(a)) on flat, rough or smooth bottoms (Paul 1995). Compared 

to the wide distribution of warty squid, hapuku seems restricted to shallow depths, 

especially along the east coast of the southern offshore Stewart, Snares and Chatham 

Islands. According to Beentjes and Francis (1999), there are two distinct stocks of 

hapuku in the NZEEZ, one off the North Island and one off the South Island. Little is 

known of the North Island stock. However, Beentjes and Francis (1999) suggest that 

fishes from the South Island stock migrate north in winter to spawn in Cook Strait. They 

travel along the South Island East Coast and pass close to Kaikoura. This route 

corresponds well to the principal commercial hapuku fishing areas off Oamaru, Kaikoura 

and Cook Strait. 

This slow growing demersal species can live for up to 16 years (Johnston, 

Fishery technical Report No.1 59) and is a significant target for long line and set net 
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fisheries. Commercially caught hapuku are 50-140cm long (Paul1995) but the fish 

reaches maturity at 85-89cm (Johnston, Fishery technical Report No.1 59). Mature, 

strong-swimming hapuku with well-developed gonads are caught near Kaikoura in late 

winter- early spring along the shelf-edge at 1OOm depth (Francis 2001, personal . 
communication), therefore indicating that the larger fish are undergoing their spawning 

migration. Catches are very seasonal and peak in May-August (Beentjes and Francis 

1999; Jaquet 1999). In Cook Strait, hapuku are taken before or after spawning and little 

is known of spawning fishes. They may occupy different locations, move into mid-water 

or may not be attracted to bait (Francis 2001, personal communication). Paul (1995) 

suggested that hapuku have a high level of residency in certain areas. However, 

Malcom Francis (2001, personal communication) emphasized that fish may only 

temporarily occupy these "hot-spots". Hapuku larvae and juveniles are thought to drift in 

surface waters (20m depth) for about 3 years before reaching maturity and moving into 

deeper water (Francis 2001, personal communication). However, the trajectories 

followed by the juveniles and their final travel destinations are not known (Francis 2001, 

personal communication). 

The Ministry of Agriculture and Fisheries (MAF) database was investigated in this 

study to gather information about hapuku catches off Kaikoura. However, these data 

were unhelpful as the Quota Management System does not distinguish between hapuku 

and bass (Polyprion americanus) (Paul1995). Bycatch can also be significant in certain 

areas and it is assumed that recreational fishers may take a large amount of hapuku. 

The later amounts are not reported in the MAF database. Moreover, the MAF data 

compilation methods are not appropriate for the use I wanted to make of these data. In 

particular, there was no indication of fishing effort and the Quota Management Areas are 

too vast to pinpoint exact takes for the Kaikoura area. For example, the Hapuku-Bass 

Fishery Management Area including Kaikoura is comprised of the whole South Island 

East Coast and has a total area similar to the area of the whole South Island. 
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Figure 6: Distribution of sperm whale prey species from research bottom trawls (Anderson 
eta/. 1998) (a) in the NZEEZ and (b) east of Kaikoura (KK). Each dot represents one 
research trawl. Depth distribution of both species is illustrated in (c). 
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Hypotheses relating sperm whales, prey and 

Kaikoura Canyon bathymetry 
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Sq\Jid and hapuku occupy very different habitats with depth segregating their 

distribution. Figure 6(c) distinctly shows that hapuku is found in shallower water (mainly 

0-200m) than warty squids (mainly 400-1200m). It is also clear that these species are 

found over the Chatham Rise, west of Stewart Island and along the whole east coast, at 

different depths (Figure 6(a)). However, the underwater topography of the Kaikoura 

Canyon appears to provide a suitable habitat for both species and allows them to coexist 

in a very small area. Concentration of the prey at a small spatial scale may improve 

sperm whale feeding success if the whales have to spend less energy searching for 

food. Furthermore, depth segregation (Figure 6(c)) and the vertical alignment of the prey 

in the canyon itself may influence foraging strategies for sperm whales, providing them 

with an opportunity to feed on both species during the same dive. 

If we assume that an average male sperm whale consumes 365 tons (metric) of 

food per year (Berzin 1971) and that the Kaikoura population is composed of 60-108 

individuals (Childerhouse 1995), approximately 21 900 - 39 420 tons of fish and squid 

would be required to feed the whales each year. The intense recreational and 

commercial fishing activities in this region indicate that the canyon sustains a large and 

varied biomass of fish and squid. Consequently, the year-round abundance and 

concentration of prey in the Kaikoura Canyon by comparison with other areas of the 

NZEEZ may be a decisive factor influencing residency of the sperm whale population in 

this area since the whales almost display foraging behaviour (Jaquet 1999). 

The seasonal distributions of the whales also appear to match fluctuations in 

prey availability as Chessum (1992) related the inshore movement of the whales in 

winter to abundance of hapuku in the shallow waters of the Conway Trough and Jaquet 

(1999) associated the whales with steep underwater relief in summer (Figure 7). 

Effectively, hapuku commercial catches peak off Kaikoura during May-August (Jaquet 

1999). This is also the time of the year where hapuku was most abundant in sperm 

whale stomachs (Gaskin and Cawthorn 1967a; Johnston, Fishery technical Report 

No.1 59). By contrast, squid biomass appears to be highest in summer (Jaquet 1999) 
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and the distribution of the whales along the steep slopes during this season would match 

well the deep waters inhabited by warty squid. 

(a) (b) 

Figure 7: Sperm whale distributions off Kaikoura in (a) summer and (b) winter (Figures by 
Christoph Richter) 

This association between the presence of different prey and sperm whale diet off 

Kaikoura is however paradoxical. Firstly, since hapuku must migrate south after 

spawning, fishes should also be available for the whales in summer. However, Kaikoura 

fishers do not report important catches during this season (Jaquet 1999) and little is 

known of hapuku southward migrations apart that they may occur in October-November 

(Francis 2001, personal communication). It is possible that fishes travel at the surface, 

further offshore, in looser aggregations or in mid-water, therefore they are more difficult 

to catch by fishing nets (Francis 2001, personal communication) or may not make 

suitable prey for sperm whales. During summer, squids appear to be more abundant 

(Jaquet 1999) than at any other time of the year. However, this species may not be a 

reliable food supply for the whales since squids are subject to extensive spawning 

migrations and dramatic fluctuations in numbers and biomass due to their dependency 

on patchy food resources (Jaquet 1999). Consequently, sperm whales may need to rely 

on other food species when squid biomass decreases (likely in winter when mature 

warty squid leave for the Chatham Rise to spawn). Since hapuku appear to be more 
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available in winter as fishes migrate north to Cook Strait, the distribution of sperm 

whales off Kaikoura in winter is likely to match the distribution of hapuku. 

21 

Furthermore, Chessum (1992) and other Kaikoura researchers sometimes noted 

lower sperm whales densities or occasional whale 'disappearance'. These workers 

suspect that the whales may go feeding outside the study area boundaries on these 

occasions since the whales often 'reappear' after a few days. However, we do not know 

if the whales feed on hapuku or on other species during these 'disappearances', or at 

any other time. By contrast, the researchers found increased sperm whale densities 

inshore during winter (although whales are more abundant in summer) and explained 

this shift in distribution by the inshore presence of hapuku. 

Sperm whales may also voluntary switch from a squid diet (mainly squids, less 

hapuku) to a mixed diet as hapuku become more readily available or easier to catch in 

winter. Calorific values of fish being two to four times higher than values for 

cephalopods {Clarke 1986), hapuku could provide the whales with different nutrients 

than soft ammoniacal squids. Hence, sperm whales may feed on both hapuku and 

squids all year, in different proportions depending of prey availability. Higher energetic 

value of hapuku (but lower numbers) can therefore compensate for lower abundance of 

squids and availability of a different food supply may provide the Kaikoura pubertal 

males with an opportunity to help them grow faster. 

It is important to highlight that our investigation of sperm whale prey distributions 

is mainly based on the MAF research trawl database. However, the use this database is 

limited. Specifications on specimens caught, time of the day or date of the trawl were 

not included in data collection, therefore lacking information on some biological aspects 

of prey species. Secondly, coverage of the NZEEZ is limited for the Fiordland Coast and 

parts of the Challenger Plateau. This limits our understanding since we may not be able 

to tell if the prey are present in these areas. Positions of some trawls can also be offset 

by several nautical miles as positioning methods varied throughout data collection 

(Anderson eta/. 1998). Consequently, we could only draw very general conclusions on 

the distribution of warty squids and hapuku in the NZEEZ. 
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Summary 

Exceptional sperm whale abundance in submarine canyons in New Zealand is 

only repor:ted for Kaikoura (Gaskin 1964), although other areas have not been 

thoroughly investigated. Abrupt slopes and increasing depth can offer more substrate 

area for marine life, thus providing opportunity for a wider range of habitats. For 

instance, because of the steep and deep bathymetry of the Canyon, hapuku and warty 

squid can coexist in a very small horizontal area. Vertical alignment of these species 

may therefore influence foraging strategies for sperm whales. Steep bathymetry may 

also be associated with better acoustic properties, hence enhancing sperm whales 

echolocation capacities (Rice 1989). 

At this stage, it is difficult to explain why there are more whales in Kaikoura, 

although a combination of steep topography and location in relation to major current 

systems may play an important role in distinguishing the Kaikoura Canyon from other 

regions and oceanic features in the NZEEZ. For instance, increased northward 

Southland Current flow inshore in winter (Chiswell1996) may favour spawning 

migrations of hapuku and influence their route by pushing them inshore in the study 

area. Variations in sperm whale distribution off Kaikoura have been related earlier to 

variations in oceanographic conditions (Gaskin 1968) and Kaikoura sperm whale 

researchers (Chessum 1992; Childerhouse 1995; Jaquet 1999) suggest that the 

movement of food species is probably influenced by ocean circulation. Thereafter, 

sperm whales may move in response to environmental conditions to exploit changes in 

prey abundance. Since I am assuming that sperm whale are found in areas of high prey 

abundance, it is important to understand factors that may influence prey distribution. In 

order to understand the impacts of oceanographic processes on the prey, and 

consequently on sperm whale distribution, the next chapter will focus on the description 

of offshore and inshore oceanography off Kaikoura. 
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CHAPTER III 

PHYSICAL PROCESSES 

Introduction 

The Kaikoura Canyon is located at the north-western edge of the Subtropical 

Front (STF). The STF is the main oceanographic feature off the East Coast of the South 

Island and supports very high biological productivity as well as major hoki, orange 

roughy, oreo and ling fisheries (NIWA 2000). On the southeast coast of the South Island, 
the STF is known locally as the Southland Front (Figure 8). This front follows the coast 

until it meets the Chatham Rise and then turns eastwards at about 44°S. The Rise 

therefore presents a topographic barrier constraining the latitudinal movement of water 

masses (Sutton 2000). Consequently, the STF is the boundary between warm, saline, 

nutrient-poor subtropical water (STW) to the north and cool, less-saline, nutrient-rich 

subantarctic water (SAW) to the south (NIWA 2000). Satellite thermal images of the 

surface front show meanders and eddy features hence this is an area of high variability 

and complex circulation patterns (Hadfield 1999; McCiatchie 1998; McCiatchie eta/. 

1998). 

Just east of Banks Peninsula, the Mernoo Gap (or Saddle) is a depression in the 

Chatham Rise that allows northward extensions of SAW from the Southland Front to 

reach lower latitudes. A surface tongue of cool water, the SAW wisp, flows north towards 

Cook Strait over the Mernoo Gap for most of the year (Uddstrom and Oien 1999). Many 

workers have identified this feature from field measurements (Heath 1972a, 1976) and 

AVHRR SST data (Barnes 1985; Gibbs and Shaw submitted; Shaw and Vennell 

submitted). The wisp has a strong seasonal signal and retreats southward sporadically 

in winter and early spring (Shaw and Vennell submitted). On these occasions, the wisp 

appears to be blocked south of Kaikoura by a mesoscale cyclonic cold-core eddy (Gibbs 

and Shaw submitted; Shaw and Vennell submitted; Vincent et a/. 1991) and southwards 

extensions of STW are observed (Shaw and Vennell submitted). 
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Eddies are rotating masses of water that can cause rapid and large changes in 

current speed and direction over small areas. In some regions like North Cape, large

scale eddies are the main mechanism in which nutrients and heat are exchanged 

between different water masses (Laing and Sutton 2000). In the Southern Hemisphere, . 
cyclonic eddies rotate clockwise and always have colder water at the centre (cold-core 

eddies). By comparison, anti-cyclonic eddies rotate counter-clockwise and have warmer 

water at the centre (warm-core eddies). Cold and warm core eddy-like features can be 

seen on an AVHRR SST dataset and identified by a region of cold water surrounded by 

warmer water (cold-core eddy) and warmer water encircled by colder water (warm-core 

eddy). Sometimes, cold and warm core eddies are adjacent to one another and form 

eddy pairs, or vortex pairs. It is sometimes difficult to distinguish eddy types from sea

surface temperature satellite data as summer surface heating or winter cooling can cap 

the cores. Thereafter, one has to sometimes interpret the circulation direction from the 

shape of surface isotherms to determine if the eddy has a warm or cold core (Aristegui 

eta/. 1997; Nilsson and Cresswell1981). An example of a cold-core eddy is presented 

in Figure 9(a). 
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Figure 8: General circulation patterns off the East Coast of the South Island (Shaw (1998)) 



Chapter Ill: Physical processes 25 

The general circulation pattern off Kaikoura is characterised by mesoscale 

eddies. All studies have shown that the largest and most stable feature east of Kaikoura 

is the anti-cyclonic Wairarapa Eddy (40°S 180°E) (Figure 8- E1). South of the 

Wairarapa Eddy, the 100km wide anti-cyclonic Hikurangi Eddy (42.3°S 176°E) is the . 
largest and warmest patch of water closest to Kaikoura (Figure 8 - E2). Vincent et a/. 

(1991) and Barnes (1985) attribute the changeable strength and position of both eddies 

to East Cape Current variability. Increase in water transport in the East Cape Current 

may also help the formation of smaller-scale eddies (Heath 1975; Vincent eta/. 1991 ). It 

is possible that these smaller eddies are guided south by winds (Chiswell and 

Roemmich 1998; Heath 1972b) and bottom topography and become trapped either in 

the Hikurangi Trench or at the intersection of the continental shelf and the Chatham 

Rise. Dominant seasonal modes of a 3-year archive of twice-daily AVHRR SST images 

(April 1989 - March 1992) showed that a cyclonic eddy occupies the area just east of 

Kaikoura (42.6°S 174.5°E)(Figure 8- E3)(Gibbs and Shaw submitted). Gibbs and Shaw 

(submitted) showed that this feature was centred further south in winter than summer, 

there by probably affecting the flow of the SAW wisp by blocking its northward extension. 

Barnes (1985) and Vincent eta/. (1991) have also identified a smaller anti-cyclonic 

warm-core eddy (Figure 8 - E4) sitting just south of E3 on the edge of the Mernoo 

Saddle (43.5°S 174.5°E). Mesoscale eddies and other perturbations generated offshore 

submarine canyons can increase the complexity of the flow adjustment within the 

canyon (Carmack and Kulikov 1998; MOnchow and Carmack 1997). 

Unlike for example the Monterey (Petruncio eta/. 1998), Blanes (Ardhuin eta/. 

1999) or Barrow Canyons (MOnchow and Carmack 1997; Signorini eta/. 1997), the 

hydrography of the Kaikoura Canyon has never been investigated in great detail and 

sporadic research conducted in the 1960-70s revealed little about basic oceanographic 

processes. Historical studies show confusion in the interpretation of the water masses 

(Shaw and Vennell submitted). However, researchers agree that the canyon is a region 

of marked day-to-day variability resulting from complex interactions between STW, 

SAW, river outflow, upwelling and tidal currents (Garner 1953). Workers also regularly 

report surface and subsurface patches of STW, mainly in winter and early spring. Heath 

(1972a) associated these intrusions to a tongue of STW coming from the Hikurangi 

Trench, Houtmann (1965) to the upwelling of canyon waters originating from the 

Southland Current and Garner (1953) and Bradford (1966) to East Cape Current 
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southward extensions. All these studies agreed that the STW tongues were of short 

duration, frequent and originating from further offshore, at least at the surface. 
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Figure 9: A cold-core eddy is represented by a CTD profile of temperature (reproduced 
from Naval Pacific Meteorological and Oceanography Center (2001)) in (a) and schematic 
representations of (b) upwelling and (c) downwelling (adapted from University of 
Connecticut (2001 a) and (2001 b)) for a coast facing east in the Northern Hemisphere (i.e. 
like in Kaikoura). An internal wave pattern north of the Chatham Rise is shown by an 
echogram in (d)(NIWA 2001). 
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The role of upwelling in submarine canyons is of general interest in cross-shelf 

exchange of nutrients with the open ocean. There are many mechanisms that lead to 

upWelling in canyons. For example, the complex interactions between narrow 

submarine canyons and large-scale coastal current systems and mesoscale eddies may 

provoke topographically-induced upwelling (Carmack and Kulikov 1998; MOnchow and 

Carmack 1997; Signorini eta/. 1997). Wind-driven upwelling may also occur (Ardhuin et 

a/. 1999; Carmack and Kulikov 1998). Like in Figure 9(b), wind blowing strongly along

shore for a period of time combined with Coriolis deflection can push water away from 

the coast. This net water transport is called Ekman transport and is to the left in the 

Southern Hemisphere (Olga and Helmut 2001 ). Consequently, deep cold nutrient-rich 

water from beneath will tend to flow upward to replace surface water, bringing bottom 

nutrients to the illuminated layers (see UPW_mov.gif (Crowley 2001) on the CD-ROM). 

This process often results in important production blooms and trans-coastal upwelling 

events can be up to 4-6 times larger than events generated offshore (Ardhuin eta/. 

1999). By contrast, strong along-shore winds in the opposite direction can bring offshore 

water near the coast (Figure 9(c)) and generate downwelling. In theory, this process is 

similar to upwelling but the Ekman transport is onshore. Surface water "piles up" and 

sinks, generating downwelling. Although downwelling does not enhance production, it 

may help to concentrate weak-swimming organisms not strong enough to escape the 

downwelling but able to resist entrainment to greater depths by regulating their vertical 

positions (Bakun 1996). 

In the Kaikoura Canyon, Gaskin ( 1971) suggested that the productive 

environment is generated and sustained by regular upwelling events. Although 

Houtmann (1965) and Garner (1953) identified upwelling over the Conway Trough, there 

is no evidence to date that strong upwelling events really occur. An example of strong 

upwelling along a coast facing east like Kaikoura is presented in Appendix C. Reported 

upwelling events in other canyons are episodic and last only a few days (Carmack and 

Kulikov 1998; MOnchow and Carmack 1997), therefore suggesting that low-resolution 

oceanographic sampling is likely to miss upwelling occurrences. However, wind patterns 

off Kaikoura suggest that classical wind-driven upwelling or downwelling events may 

happen along this coast. In theory, strong northerly winds would trigger upwelling, 

whereas strong southerly winds would generate downwelling (Heath 1972b) (see 



Chapter Ill: Physical processes 

Figures 9(b) and (c)). In this area, both northerlies and southerlies can blow for a 

significant period of time hence we might expect both downwelling and upwelling to 

occur. Although, if any of these processes occur, there must be someone there to 

observe, record and measure the event. 
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Small-scale eddies locked in canyons by the bathymetry have been identified in 

the Astoria (US West Coast) (Hickey 1997) and Blanes Canyons (Catalan Coast, 

Mediterranean Sea) (Ardhuin eta/. 1999) as principal mechanisms triggering local 

upwelling. Uplifting of deep water along the edges of the eddies pumps nutrients into 

the euphotic zone, thereby enhancing productivity in their periphery. In both canyons, 

eddies form above the canyon's rim and different circulation patterns occur below them. 

For instance, the flow field at 1OOm in the Astoria Canyon is undisturbed by the canyon 

topography, whereas a cyclonic circulation pattern occurs at depths between 40m and 

1OOm (Hickey 1997). By comparison, the circulation in the Blanes Canyon is weak 

above the canyon rim (upper 50m) but an anti-cyclonic eddy characterises the flow just 

below, in the upper part of the canyon (1 D0-200m). Two mechanisms have been 

proposed by the authors to explain the formation of these eddies. Firstly, the strong 

stratification in the upper layers may be able to disconnect the flow from the underlying 

bottom hence eddies are able to form in the sheltered waters of the upper part of the 

canyons. Secondly, the relaxation period following upwelling (Hickey 1997) or 

downwelling (Ardhuin eta/. 1999) creates favourable conditions for eddy formation but 

the intensity of these processes seems to depend on the canyon's topography and other 

local oceanographic processes. Furthermore, eddies were observed to be strongest 

between 12h (Hickey 1997) and 48h (Ardhuin eta/. 1999) after relaxation and can be 

disrupted by strong wind events. Consequently, these small-scale eddies are highly 

dependant on wind patterns and are only temporary features since strong wind events 

can quickly disrupt them. 

Internal waves are another oceanographic process that can enhance productivity 

in an area (Figure 9(d)). As they undulate up and down into the water column, internal 

waves are able to bring nutrients and denser water from the bottom to the euphotic zone 

for a period of time. They can also affect mixing, sediment transport, nutrient and fish 

distribution, acoustic propagation, and optical clarity (Petruncio eta/. 1998). In the 

Monterey Canyon in California, these subsurface phenomena can have amplitudes as 



Chapter Ill: Physical processes 29 

large as 60-120m (Petruncio et a/. 1998 ). The constraining effects of submarine canyon 

topography can also promote the formation of large internal waves since internal wave 

movement is steered by the canyon's walls. For example, the internal waves in the 

Monterey Canyon move along a path parallel to the canyon's floor and are reflected in 

deeper water when the bathymetry is steep. Internal wave kinetic energy is increased at 

the canyon's head because depth changes and canyon walls converge. Petruncio eta/. 

(1998) also suggest that the internal waves found in the Monterey Canyon might have 

originated from large bathymetric features beyond Monterey Bay. By comparison, back

scattering experiments have shown the existence of large internal waves of 20-120m 

amplitude on the northern side of the Chatham Rise (NIWA 2001 )(Figure 9(d)). In this 

case, it is possible that these internal waves penetrate the Kaikoura Canyon and play a 

particular role in canyon's hydrodynamics. 

Eddies, internal waves, upwelling and downwelling can all be measured 

quantitatively by traditional oceanographic sampling. Ideally, high-resolution time-series 

of current meter data and CTD casts should be done and repeated regularly to get a 

good understanding of processes occurring in the Kaikoura Canyon. However, 

collecting field data involving the utilisation of boats and oceanographic equipment is 

very expensive, especially if work has to be carried over large spatial scales. Another 

way of investigating large areas and performing analysis on larger scales is to use 

remote sensing satellite technologies (McCiatchie 1998; McCiatchie eta/. 1998). 

However, these technologies only record data of the first microns of the ocean surface. 

Since sperm whales are deep-diving organisms and utilise a wide range of water 

temperatures and environmental conditions (Best 1979; Rice 1989), it is incorrect to 

assume that meaningful relationships can be found between their distribution and 

satellite surface measurements. Vertical structures in all biological and environmental 

variables are complex and often not apparent from the surface water properties (Vincent 

eta/. 1991) therefore we chose to undertake an optimised sampling strategy involving 

the collection of in-situ (CTD) and remotely sensed data (AVHRR SST). 

Understanding of circulation and productivity within the canyon and the region 

immediately offshore must be gained in order to elucidate processes that may influence 

sperm whale prey distribution. This chapter aims to describe the general circulation 

patterns off Kaikoura inferred from satellite data and CTD profiles. In the first section, 
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the variability in surface ocean features in my study area will be described using AVHRR 

SST data. In-canyon dynamics will be outlined by CTD field data of temperature and 

salinity in section two. Finally, influence of offshore oceanography on canyon's 

processes will be discussed in section three. 
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Offshore processes: AVHRR SST satellite data 

Data sources 

The US National Oceanic and Atmospheric Administration (NOAA) Advanced 
Very High Resolution Radiometer (AVHRR) onboard a satellite measures solar and heat 
radiation reflected or emitted by the Earth and the atmosphere (Uddstrom 1999). Once 
or twice daily, the satellite passes over New Zealand and transmits these data to a 
receiving station in Wellington. The high-resolution (1.1 km2

) data is stored in the NIWA 
SST Archive (NSA) and newly developed algorithms are used to process and determine 
the Sea Surface Temperature (SST) fields from the radiance emitted from the sea 
surface (Uddstrom eta/. 1999; Uddstrom and Oien 1999). 

For this study, SST data corresponding to my field sampling weeks (Table 3) 
were visually inspected for obvious cloud cover. Cloud contamination is an important 
issue for New Zealand (Aoteaoroa), the "Land of the long white cloud". Since clouds 
mask features over the ocean and New Zealand is often covered by clouds, cloud-free 
data over a specific area is therefore very difficult to obtain. For instance, from the 2190 
SST images used by Shaw (1998), only 207 (9.5%) were moderately cloud free within 
the region of the Mernoo Saddle. Com positing cloud-free satellite passes over a chosen 
number of days is one way to mitigate this. Therefore, only the relatively cloud-free 
satellite passes over my offshore study area (40-45°S 170-175°E) were selected and 
extracted from the NSA. Dr. Michael Uddstrom at NIWA Wellington kindly processed 
mean SST values (SO ±0.59°C) (Uddstrom and Oien 1999) from the chosen data. The 
data collected from multiple satellite passes for each field sampling period were then 
averaged together to make a composite image of SST. Each composite was saved as a 
.GIF file. All AVHRR SST data presented in this chapter can be examined at a higher 
resolution on the CD-ROM included with this work (refer to Appendix B for CD-ROM 
content). 
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AVHRR SST data analysis 

Unlike Gibbs and Shaw (submitted) and Shaw and Vennell (submitted), complete 
analysis 9f SST data are well beyond the scope of this project. Rather, I aim to use the 
SST data to help describe the synoptic oceanographic conditions off Kaikoura during my 
sampling periods. In order to achieve this, composite images were yisually inspected 
and data were imported in the Geographic Information System (GIS) Maplnfo v.6.0 to 
overlay labels permitting a simplified image interpretation, see Figure 10. The SST off 
the north-east coast of the South Island is presented in Frames A while the same image 
is zoomed off Kaikoura in Frames B. The sampling CTD transect used in this study (see 
Inshore processes) is shown as a white line south of the Kaikoura Peninsula on all B 
Frames. The template map used for Frames A did not include the dotted areas at the 
top of the images. Therefore, these areas are marked NO DATA despite the existence 
of SST coverage there. Dr. Michael Uddstrom corrected this for th·e October data 
(Figure 10(f)). The same colour scale was used for all images and is displayed at the 
top of Frame A for each sampling period. The shades of grey observed especially in the 
region south of the Subtropical Front are areas affected by cloud cover. 

Figure 10: NSA composite AVHRR SST images for the enlarged field sampling weeks: (a) June 17-19, 1999, (b) March 5-11, 2000, (c) May 25-31,.2000, (d) June 1-10, 2000, (e) July 6-13, 2000, and (f) October 26-28, 2000. The SST off the North East Coast of the South Island is mapped in Frames A while the same image is zoomed off Kaikoura in Frames B. The same colour scale is used for all figures, shades of blue representing SAW and shades of red STW. Shades of grey randomly dispersed on the images are regions affected by cloud cover. The sampling transect used in this study is shown as a white line south of the Kaikoura Peninsula on all B Frames. Abbreviations used on the images are as follow: 

Banks 
CCE 
E3 
E? 
ECC 
KK 
MG 
NW 
SAW 
STW 
WCE 

Banks Peninsula 
Cold core eddy 
Cold core eddy (after Shaw 1998) 
Eddy, turbulence or transitory feature 
East Cape Current southward extension 
Kaikoura 
Mernoo Gap 
Neritic Water 
Subantarctic Water 
Subtropical Water 
Warm core eddy 
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(a) ECC southward extensions of STW intermix with SAW from the SC in a well
defined cyclonic eddy (E3). A weak anticyclonic eddy is apparent at 43.1 °S 17 4.2°E 
and forms an eddy pair with E3. The eddy pair seems to block the northward 
extension of the SAW wisp. Warm ECC and SC waters are found off Kaikoura and 
NW dominates inshore. 

(b) SST signatures suggest the presence of an eddy pair at the location of E3 and 
E4 east of Kaikoura. The SAW wisp and the SC are deviated inshore by the eddy 
pair. The ECC extends further south of the North Island and water is warmer than 
in any other image. Neritic waters inshore are also warm. 
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(c) Areas of turbulence are associated with a patch of warm water detached from 
the ECC. There is evidence of an eddy pair east of Kaikoura. E3 is well defined 
but the SAW wisp seems to push trough the eddy. Warm STW is associated with 
E3 eddy boundaries and the SC is pushed inshore. 

~~~ 

(d) These images follow immediately data presented in (c). Eddy-like surface 
signatures seem to fade suggesting that eddies are only transitory oceanographic 
features. The SAW wisp appears to have disrupted E3 and the warm STW patch 
detached from the ECC dissipated. Both SC and SAW wisp flow further offshore 
than in 1 O(c). · 
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(e) Mesoscale eddies have weak SST signatures. A clockwise circulation direction 
suggests the presence of the cyclonic eddy E3 while an anti-clockwise pattern 
may indicate the position of a warm-core eddy, possibly the Hikurangi Eddy (E2-
Figure 8). The SAW wisp is blocked by E3. NW are cold inshore and mix with SC 
waters. 

(f) Features in these images are not very well defined apart from the ECC 
southward extensions. A patch of warmer water seems to detach from the ECC 
and circular patterns of the surface isotherms indicate areas of turbulence. The 
SC flows inshore of the SAW wisp but moves offshore near Kaikoura. 
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Oceanographic features signatures from A VHRR SST satellite readings 

Before thoroughly analysing the SST data, it is important to identify the known 

oceanogr()phic features in our offshore study area. The most obvious feature off the East 

Coast of the South Island is certainly the Subtropical Front (STF). The STF is clearly 

shown on the SST data by a region of high SST gradient along 44° of latitude. If we look 

particularly at Figure 10(a), we_ can also see another sharply defined thermal front in 

Cook Strait that is bordered to the north by the warm D'Urville Current (DUC). This front 

was also observed by Barnes ( 1985) and Vincent et a/. ( 1991 ). Uddstrom (2000b, 

personal communication) believes that the cold band of water south of the DUG is 

associated with wind-driven upwelling. Therefore, recent weather conditions may 

influence the strength and position of the thermal boundary (Vincent eta/. 1991) but, to 

our knowledge, there is no field study confirming the presence of an upwelling front in 

this area. North-east of this thermal front, the Wairarapa Coastal Current (Chiswell 

2000b) flows north along the East Coast of the North Island. This feature is well shown 

on Figure 10(a) by a yellow band of water immediately adjacent to the Wairarapa Coast. 

Just east of the Wairarapa Current, a large patch of warm STW of variable dimensions is 

representative of the southern-most extent of the East Cape Current (ECC). The 

surface signature of the ECC east of Kaikoura appears as a complex pattern of 

southward extensions of STW. Meanders, turbulence and eddy-like features are also 

common in this region and often associated to the ECC extensions. 

The main current along the East Coast of the South Island is the Southland 

Current (SC). On all images, the SC is well defined by a band of homogenous colour 

(generally green) following the bathymetric contours of the continental shelf. The cool 

subtropical water contrasts against the colder subantarctic water of the Subtropical Front 

to the east. The Southland Current flows north and passes near Kaikoura, hence 

surface inshore waters at Kaikoura have similar characteristics of nearshore water 

further south. The SC mixes with the DUC and ECC waters just north of Kaikoura and 

shares properties with the Wairarapa Coastal Current (Chiswell2000b). East of the SC, 

the SAW wisp is clearly shown by a band of cooler water extending northwards through 

the Mernoo Saddle. Depending on the sampling period, the position of the wisp varied 
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between about 43-44°8. Shaw and Vennell (submitted) estimated the mean 

temperature of the wisp at 11.82 ± 0.1 °C from a 3-year AVHRR SST dataset. 
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Synoptic oceanographic conditions off Kaikoura from composite A VHRR SST data 

during the field sampling periods 

A closer look at each of the AVHRR SST images shows a well-defined cyclonic 

eddy feature at the location of E3 (see Figure 8) just east of Kaikoura in June 1999 

(Figure 10(a)). This feature seems to entrain STW from the East Cape Current (ECC) 

and SAW from the Southland Current (SC). If we look at Figure 10(a) Frame B, a small 

counter-clockwise feature (43.1°S 174.2°E) is apparent south of E3 and may correspond 

to E4 (see Figure 8). From this image, it appears that these two eddies form an eddy 

pair and block the northward extension of the SAW wisp. These eddy features also 

seem to bring STW offshore of the Kaikoura Canyon but also appear to push the SC 

further inshore. However, in this particular case, ECC STW waters do not quite reach 

our sampling transect (Frame B) thus neritic waters (NW) from coastal runoff and SC 

water just offshore dominate the canyon's area. 

The March 2000 data (Figure 1 O(b)) supports the presence of the eddy pair 

observed in June 1999. However, this time, the eddies have weaker surface signatures. 

This is probably the result of local surface heating throughout the summer which may 

have blurred the SST signatures of the eddies as increased evaporation or thickening of 

the surface mixed layer during this season may impair the accuracy of satellite readings. 

The higher SST during this early-autumn sampling week are also highly noticeable since 

red and yellow (13.5-1rC) colours dominate over blue and green (9-13.5°C), in 

comparison with all the other images. By contrast to Figure 1 O(a), the eddy pair 

observed in these data do not entirely block the passage of SAW through the Mernoo 

Saddle. The SAW wisp however appears to be deviated by the eddies and SAW can 

almost reach Kaikoura. Neritic waters are warmer than in June 1999 since summer 

heating is greater in the shallowest sections of the continental shelf. 
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Variability in the region east of Kaikoura is well shown in Figures 10(c) and 10(d). 

Initially, the field sampling period was from May 29 to June 3, 2000. However, cloud 

cover greatly limited the amount of AVHRR SST data available and a browse through 

the NSA data suggested completely different circulation patterns within a 2-week period. 

I therefore decided to separate the data into a week before my sampling week Figure 

10(c) and another 10 days of data that included that sampling period Figure 10{d). In 

the first series of images (Figure 10(c)), we can see a large patch of STW detaching 

from the ECC and a well defined cyclonic eddy feature (E3). However, neither of these 

is present in Figure 1 0( d). This suggests that intense surface mixing may dissipate 

features in this area within a least 1 0 days, therefore proposing that patches and eddy

like features can be temporary. Another interesting observation can be made from these 

data. In Figure 10(c), E3 and the eddy pair are clearly seen on the images but the SAW 

wisp seems to push through E3 and disrupts the circulation. On the next dataset Figure 

10(d), E3 disappears completely, leaving us with a possible warm-core eddy (E4) and 

the SAW wisp extending further north than the Kaikoura Canyon. We can also notice 

that the SC is further inshore in Figure 1 0( c) than in Figure 1 0( d) and this is associated 

to the presence of E3. 

SST data in July 2000 Figure 10(e) appears to be affected by winter cooling 

since SST patterns are very homogenous. However, a clockwise circulation pattern 

suggests the presence of the cyclonic eddy E3 while an counter-clockwise direction may 

indicate the position of a mesoscale warm-core eddy at the location of the Hikurangi 

Eddy (E2- Figure 8). As suggested by the interactions of E3 and the SAW wisp during 

the other sampling weeks, we may suppose that E3 is present in the area since the 

SAW wisp is blocked south of Kaikoura. Neritic waters in July 2000 are the coldest of all 

my SST data and this can be explained by rapid cooling of the shallow water above the 

continental shelf in the winter season. 

Finally, Figure 1 O(f) mainly shows southward extensions off the ECC for my 

October 2000 sampling week. A small patch seems to detach of the ECC east of the 

Wairarapa Coast and the arrows show circulation patterns inferred from the SST 

isotherms. The SAW wisp is found just south of Kaikoura and canyon's water seems to 

be of Southland Current origin. This image does not show well-defined features in 

comparisons with the other images. However, fast summer heating of the sea surface in 
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spring may account for this lack of definition of the SST patterns. I also noted during 

fieldwork that Kaikoura experienced about 3 weeks of very calm and sunny weather 

(clear skies) in mid-October, therefore probably increasing evaporatibn rates at the 

surface and influencing satellite readings. 

39 
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Inshore processes: CTD profiles 

In order to investigate oceanographic processes within the Kaikoura Canyon, we . 
undertook a field study program involving CTD (Conductivity-Temperature-Depth) 

profiling. Normally, CTD sampling at sea is conducted from large vessels. Since this 

type of surveys is very expensive and is not often repeated more than once or twice a 

year, the amount of data gathered can be small. We could not afford such surveys for 

this study as our time and budget were limited. Therefore, we deployed the SBE-19 

University of Otago Marine Science Department Field CTD from CETOS (Figure 11 (a)), 

a small 6.6 m rigid-hulled inflatable boat powered by a 90hp outboard motor. The boat 

was mainly used for sperm whale behaviour research and was not equipped for 

oceanographic sampling. Therefore, we fitted a purpose-build electrical winch and A 

frame to CETOS (Figures 11(c) and (d)). Since we had to conduct research from a 

small boat, bad weather conditions and rough sea often interrupted our work, especially 

when we were sampling further offshore. Only days of fair weather conditions were 

sampled. Winds less than 15 knots, swell less than 2m and very little or no rain were 

considered acceptable (Figure 11 (b)). These limitations also somewhat compromise 

research from large vessels. 

Sampling strategy 

Five sampling trips were performed for our main study (see Table 3). On our first 

trip from June 16 to 18 1999, measurements were taken from the RV Catalyst, a large 

15m catamaran, with the SBE-19 Field CTD. Three transects were chosen to represent 

the different dimensions of the canyon - longitudinal (transect 1) and latitudinal (transect 

2)- and the latitudinal portion of the Conway Trough (transect 3) (Figure 12(a)). The first 

two transects were approximately 12 km in length and the third transect was 8km in 

length. The stations were regularly spaced approximately 1 nm (1.7 to 2.3 km) apart in 

order to achieve a high-resolution synoptic view of the canyon's processes. Time spent 

at each station (including travel time) varied between 30 minutes for the shallowest 

station (96 m) to 50 minutes for the deepest station (489 m). The location of the 18 
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sample sites was recorded with a Garmin 12XL GPS with a typical accuracy of 30 m. 
Each transect was sampled once but favourable weather conditions allowed for the 
replication of the second transect on June 18. 

Figure 11: (a) CETOS, our research vessel, (b) Acceptable sea conditions for CTD 
sampling off Kaikoura, (c) The University of Otago Marine Science Department SBE-19 
Field CTD is mounted on the A frame at the back of CETOS and (d) Liz Slooten and the 
purpose-build electrical winch. 
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Figure 12: Kaikoura Canyon bathymetry and sampling transects for (a) the preliminary 
study (Transects (T) 1 to 3) and (b) the main study. The red stations in (b) are the same as 
in (a). The yellow stations were added to the initial transect (T1) so we could extend 
sampling further offshore. Note that two stations from T1 were dropped since high 
resolution was only needed at the canyon's head (stations 1 to 4 in (a)). 

The analysis of the CTD profiles performed during the preliminary study showed 

that the main transverse axis of the Kaikoura Canyon {Transect 2) reveals more about 

the canyon's dynamics than the other transects. Transect 2 then became the only 

sampling line for the main study (Figure 12(b )). The transects were run in a west-east 

direction, from the shore {head of the canyon near Goose Bay) to the open ocean. We 

extended Transect 2 offshore for a total transect length of 11.5nm (25km) to facilitate 

association of field measurements with satellite data. We optimised our sampling 

strategy within the constraints imposed by weather and boat size by dropping some 

intermediate stations to allow enough time to sample the whole transect. Stations 1 to 5 

were located 1 nm apart for higher resolution near the head of the canyon but 2nm 

separated stations 5 to 9. Table 2 gives the final nominal theoretical positions of the nine 

sampling stations but true positions were recorded at each sample site during field work 

with a Garmin 126 GPS. Each sampling transect started at station 1 and about 4 hours 

of fieldwork was required to sample all nine stations. All data gathered including 

incomplete transects was used in the analysis. Data from Transect 2 of the preliminary 

study (June 16 and 18, 1999) was reprocessed to be consistent with data from the main 

study so that it could be used in the analysis. 
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In addition to routine CTD profiling, internal wave sampling was attempted on 

June 2, 2000. Since internal waves can be represented on graphs by a change of 

temperature and salinity through time at a fixed point, station 4 in the middle of the . 
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canyon was occupied continually for 4 hours from 9:17am (t=O) to 12:29pm 

(t=193min)(NZST). For the first three casts, the CTD was held at the top and the bottom 

for about 13 minutes. For all the other casts, this holding interval was reduced to 3 

minutes. The only reason for varying the holding intervals was experimentation to 

determine the best strategy to sample internal waves in the canyon. Unfortunately, this 

internal wave sampling was not repeated since the emphasis was rather placed on the 

CTD transects for the remaining of the study. 

Table 2: Theoretical GPS positions of CTD stations along the sampling transect. The 
distance (Dist) is the distance between the stations, in nautical miles (nm) and kilometres 
(km). The depth corresponds to values from the nautical chart (Studman 1998). 

Latitude (S) Longitude (E) Dist (nm) Dist (km) Depth (m) 

42 28.29 173 33.80 50 

42 28.75 173 

42 29.35 173 

42 29.85 173 

42 30.95 173 

42 32.00 173 

42 33.05 173 

42 34.15 173 

42 35.20 173 

35.00 

36.30 

37.50 

40.00 

42.50 

44.90 

47.35 

49.85 

500 + 

500 + 

500 + 

500 + 

500 + 

500 + 

500 + 

500 + 

The maximum depth to which our CTD can travel is 500m, which corresponds to 

the depth rating at which the fluorometer can operate. Since Heath ( 1975) observed that 

most changes were detected in the first 500m, variations decreasing in size with 

increasing depth, our 500m sampling depth limit is not thought to affect the general 

interpretation of the CTD casts even if the sea floor was located another 1 000-2000m 

below. Temperature, salinity and fluorescence were recorded every half-second for a 

minimum depth of 1OOm for the first station (station 1) to a maximum depth of 490m for 
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all other stations. The CTD was calibrated at the start of the project. The units chosen for 
the measured variables are Celsius (°C) for Potential Temperature, Practical Salinity 
Units (PSU) for salinity and Jlg/L (of seawater)( or mg/m3

) for chlorophyll-a derived from 
CTD fluorescence readings. Potential temperature was preferred for the analysis . 
because pressure at depth increases local temperature values. Potential temperature is 
the in-situ temperature corrected for heating from compression (Contributors 1989). 
Some general fluorescence results are mentioned in this section but they will be 
presented and discussed in greater detail in the next chapter. 

Six sampling weeks were spread throughout the year 2000 (Table 3) to sample 
oceanographic processes during different seasons. My choice of dates was also 
dependent on the work of other Marine Mammal Group researchers in Kaikoura as to 
optimise the use of the boat, facilitate accommodation and minimise transportation costs 
and travelling time. CTD bookings made by other CTD users in the Marine Science 
Department and availability of senior researchers experienced with CETOS were also 
limiting factors in the choice and length of the sampling weeks. My initial aim was to get 
a total of 15 sampling days spread out over fieldwork periods. This objective was not 
achieved due the failure of the CTD's internal lithium batteries during the October trip. 
Since the combination of satellite data and previous successful CTD surveys constituted 
a useful dataset and neither the boat nor the researchers were available past our 
December field trip, I decided to work with the data already gathered to complete this 
project. 

Table 3: Kaikoura Canyon CTD sampling scheme 

Number of 
Actual number of CTD sampling periods possible 

sampling days sampling days 

June 16- 18, 1999 3 3 
March 15- 18, 2000 4 2 
May 29 - June 4, 2000 6 4 
July 2- 9, 2000 7 2 
October 23 - 29, 2000 7 2 
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Data processing 

CTD data was initially processed with SEASOFT, a DOS application allowing for 
the conversion of data from the CTD output to text files. EXCEL 97 was used to convert 

the text files, regrouping data for all stations sampled during the day into a single 

spreadsheet. This intermediate step was necessary before producing contour plots with 

SURFER v.7 (Keckler 1994). Vertical profiles of salinity, potential temperature, depth 
and chlorophyll-a concentration were then determined in SURFER v.7 using triangular 
interpolation methods (Keckler 1994 ). All software packages were available in the 

Marine Science Department and chosen because they are reasonably straightforward to 
use. 

However, it can be difficult to identify water masses directly from CTD profiles. 

The most common tool in oceanography: Temperature (T)- Salinity (S) diagrams- was 

therefore used to help us characterise water masses in the Kaikoura Canyon. This well
established method was used to construct the first model of global ocean circulation. 

When the characteristics of the water masses are known, they can be identified from 
their location on TS diagrams. Since both heat and salt are conserved at depths, a 

water mass that has a certain temperature (T) and salinity (S) signature will retain its "T

S" relationship as it circulates around the deep ocean (Chiswell 1998). Following this 
method, TS plots for each CTD transect were produced in EXCEL. Neritic water (NW), 

Subtropical water (STW) and Subantarctic water (SAW) are identified on the graphs 

according to Shaw's (1998) definitions (Table 4). As points physically close in space 

tend to have similar TS ratios, sampling stations were grouped together to facilitate 

visual interpretation. Generally (or otherwise mentioned), stations are labelled inshore 

(stations 1 to 4}, centre (stations 5 to 7) and offshore (stations 8 and 9). Values located 

between the ranges of NW, STW or SAW indicate mixing of water of two different 

origins. 
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Table 4: Temperature and salinity characteristics of water masses off Kaikoura (from Shaw 
(1998)) 

Watermasses Temperature (°C) Salinity (PSU) 

Neritic water (NW) 9-14 33.8-34.6 . 
Subtropical water (STW) 10-13 34.6-34.9 

Subantarctic water (SAW) 7-12 34.3-34.5 

Results 

CTD work off Kaikoura provided insight on the vertical structures of temperature, 

salinity and chlorophyll-a concentration along the central axis of the canyon. I present in 

this section the temperature profiles and the TS diagrams for each sampling day. The 

complete CTD dataset can be found in Appendix A. A general overview of the data 

suggests very high variability in oceanographic processes in this area and most changes 

seem to occur in the top 150m. Water in the intermediate layer (150-300m) is generally 

well mixed and TS profiles midway between the SAW and STW justify this. All CTD 

plots show that water near 480m is of subantarctic origin with temperatures fluctuating 

around 7 .8°C. 

Figure 13 depicts the situation in the canyon in my first sampling week in June 

1999. On June 16 (Figure 13(a)), a weak upwelling was recorded. The general dipping 

of the isotherms across the transect suggest that a small eddy was observed that day. It 

is very difficult to determine if the eddy (if this is an eddy) had a warm or cold core since 

the eddy signature is not well defined and we can only see half of it. However, both 

temperature and TS plots suggest that the eddy entrained waters of subtropical origins 

at the surface near station 5 (see Figure 18). In this particular case, the eddy may have 

been a temporary feature since its signature is weak two days later (Figure 13(b )). The 

only evidence showing the presence of the eddy on June 18 (Figure 13(b)) is the slight 

tilting of the isotherms below 250m between stations 3 and 5. STW properties, as 

shown on the TS diagram for these two stations (Figure 13(b-ii)), therefore suggest that 

the eddy is an area of mixing between STW and SAW. Neritic water of lower salinity 

(33.8- 34.2 psu) is observed inshore at stations 1 to 4 on both days but also at station 5 

on June 18 (Figure 13(b )). 
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Figure 13: CTD field data collected on (a) June 16 and (b) June 18, 1999: (i) Potential 
Temperature tc) and (ii) TS diagrams 
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Figure 14: CTD field data collected on (a} March 6 and (b) March 8, 2000: (i} Potential 
Temperature (0 C} and (ii) TS diagrams 
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The transects sampled on March 6-8 2000 (Figure 14) are very alike hence 
suggesting that oceanographic processes were relatively stable during that week. 
Surface temperatures were the highest recorded in all our sampling periods and reached 
a maximum of 16.91°C on March 6 (Figure 14(a-i)). Both days show evidence of 
downwelling as suggested by the general downward tilting of the isotherms near the 
coast. This process appears to be strongest on March 8 (Figure 14(b-i}) since the slope 
of the isotherms is greatest. A closer look at the TS plots for both days (Figures 14(a-ii) 
and (b-ii)) highlight that canyon waters can be of different origins and that many 
processes can affect this area. In this case, the inshore stations are mainly influenced 
by cold/low salinity water (neritic water characteristics) while the offshore stations are 
warmer and of higher salinity (STW characteristics). The centre stations are an area of 
mixing between STW and SAW. 
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Figure 16: CTD field data collected on (a) July 5 and (b) Jl!IY 7, 2000: (i) Potential 
Temperature (oC) and (ii) TS diagrams 
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Figure 17: CTD field data collected on October 26, 2000: {i) Potential Temperature {0 C) and 
(ii) TS diagrams 

Figure 15 is a good example of STW intrusions in the canyon. On May 29, 2000 

(Figure 15(a)}, a patch of surface STW is apparent atstation 4 on both temperature and 
TS plots. Three days later on June 1 (Figure 15(b)), the STW patch sunk to 125m while 
another patch can be inferred from the diagrams near station 8, at a similar depth. The 

TS plot for May 29 and June 1 (Figures 15(a-ii) and (b-ii)} show that stations 4 and 8 

have matching water characteristics. Likewise, stations located at the edges of the first 

patch (stations 3 and 5} share water properties. Stations 1-2 and 6-7 appear to be 

located in intermediate areas but they are also influenced by the intrusions. However, 

the pattern on June 3 (Figure 15(c)) is complicated by strong downwelling in the inshore 

stations. This downwelling seems to have pushed the patches further offshore, one of 

them sinking down to 300m. The TS profiles for that day (Figure 15( c-ii)) are very 

variable, especially for station 7. Nevertheless, it is clear that stations 8 and 9 are under 

the influence of the intrusions and hence have definite STW properties. 

On July 5, 2000 (Figure 16(a)), a strong downwelling event was observed. The 

coldest surface water temperature recorded in this survey (1 0.41 °C) also corresponds to 

that day. July 7 (Figure 16(b)) shows the same pattern than July 5 but, since only 3 
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stations were sampled on that day, interpolation of the data was difficult with SURFER 
and, consequently, the temperature plot is difficult to read (Figure 16(b-i)). However, the 
TS diagrams for the two days are very similar and highlight the predominance of neritic 
and subantarctic water. There was no trace of STW during this sampling period. 

The data presented in Figure 17 shows reasonably stable conditions. Neritic 
water is found inshore on October 26, 2000 and water is well mixed in the centre of the 
transect. During this sampling day, I experienced technical problems with the CTD. 
Consequently, some data is missing below 300m at stations 4 and 5 but this does not 
seem to affect our interpretation of the data as SURFER interpolates missing data points 
if valid data is available before and after erroneous data. 
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Figure 18: Density (sigma-t) plots for (a) June 16, 1999 and (b) March 8, 2000 

Density (sigma-t) was derived in Seasoft from salinity, temperature and pressure 
values extracted from CTD data for June 16, 1999 (Figure 18(a)) and March 8, 2000 
(Figure 18 (b)). These two sampling days were chosen as examples of upwelling 
(Figure 18 (a)) and downwelling (Figure 18 (b)) conditions. We can firstly see that the 
density profiles are very similar to the temperature plots (Figures 13(a-i) and 14(a-i)). 
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This suggests that, in these two cases, temperature influences more seawater density 

than salinity or pressure. On June 16, 1999 (Figure 18 (a)), warm water is found further 

offshore between 150-300m. Since cold water has a higher density than warm water, 

the pressure gradient is in the inshore direction. Water is deviated to the left in the 

southern nemisphere, therefore currents at stations 2 and 3 (at the pycnocline or density 

gradient) flow out of the page in a southward direction. This suggests that water at 

stations 2 to 5 can be of subtropical origins or can be entrained in an anti-cyclonic eddy 

locked in place by the bathymetry (see Figure 13(a)). On March 8, 2000 (Figure 18 (b)}, 

the density gradient is offshore hence indicating that the warmer water inshore is flowing 
north. It is possible that this water mass is the Southland Current. 

Figures 19 and 20 show the results of internal wave sampling performed on June 
2, 2000. Temperature and salinity values were extracted from the data set every 25m in 
order to construct the graphs. As we mentioned earlier, my methods varied during the 4-

hour sampling period. For the first 3 casts, the CTD was held at the top and the bottom 

for about 13 minutes. For all the other casts, this holding interval was reduced to 3 

minutes. This difference in sampling is noticeable in Figure 19, larger amplitudes being 

found during the first 75 min. It is possible that this discrepancy in methods influences 

some of the results since the larger sampling interval picks up larger variations in water 

characteristics while small sampling intervals recorded the subtle changes. For most 
t 

profiles, variations in temperature also correspond to variations in salinity. Since internal 
waves act as mixing mechanism between different water masses (Petruncio eta/. 

1998)(here STW and SAW}, it is logical that characteristics of the water passing at 

station 4 oscillate with time. 

We can see from Figure 19(a) that large variations in temperature and salinity 

begin near 1OOm. There is also some evidence that STW (identified by a temperature of 

12.2°C and a salinity of 34.9 PSU at 100m) was present at station 4 in the first 50 

minutes of sampling. Lower values were found later hence indicating the presence of 

lower salinity or mixed water. In Layer 1 (Figure 19(b)), large changes occurred at 125m, 

150m and 275m and variations in salinity are more defined than for temperature. Again 

STW appears markedly in the profiles at 125m and 275m as indicated by the very high 

salinity values at these two depths. Layer 2 (Figure 19(c)) shows that variations are 

slight for both temperature and salinity. Below 300m, temperatures tend to stay constant 
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Potential temperature (left) and Salinity (right) at station 4 on June 2, 
2000. Continous sampling started at 9:17am (t = 0) and finished at 
12:29pm (t = 193min). Large variations in the profiles might indicate the 
presence of an internal wave in the canyon. The most insteresting 
variations are represented by thicker lines. 
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for each depth while salinity varies around 34.5 PSU. Temperature generally decrease 

with depth but there is a significant increase of about 0.2°C at 75 minutes. This 

corresponds to our change in sampling interval. It is therefore possible that this method 

did not permit identification of large amplitude changes but could record small variations 

between water characteristics. Consequently, slight variations in salinity (about 0.01 

PSU), especially in Layer 1 and 2 show up well on all the graphs after 75 minutes. 
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Figure 20: TS diagram for data collected at station 4 on June 2, 2000 between 9:17am and 
12:29pm (NZST) 

Figure 20 shows the TS plots for the first four casts at t=O (A), t=20min (B), 

t=43min (C) and t=63min (D). These casts were chosen as the larger variations in water 

characteristics were found in the first 75 minutes and plotting all the casts made it very 

difficult to read the TS diagram. Interestingly, all profiles show considerable fluctuation 

between STW and SAW characteristics between 1 06-258m for A, 95-278m for B, 18-

220m for C and 60-300m for D. This may confirm that an internal wave was displacing 

and mixing STW and SAW water at station 4 while we were sampling on June 2, 2000. 

However, longer time series of measurements would be needed before drawing any 

definitive conclusions about the presence of internal waves in the canyon since what we 

recorded may have only been a tidal signal. 
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Discussion 

The SST data highlighted the prominence of strong eddy fields off Kaikoura, 
especia}IY in winter. Uddstrom and Oien (1999) also suggested that mesoscale eddies 
may be important features during this period since complex circulation patterns near the 
Subtropical Front are more complex when the STW is rapidly cooling in late autumn and 
early winter. However, most of these eddies are likely to be transitory (Uddstrom 2000a, 
personal communication) as they dissipate quickly in surface signatures of SST (Figures 
10(c) and 10(d)). Counter-rotating eddy pairs are often found on the northern side of the 
Chatham Rise (McCiatchie 1998) where eddy kinetic energy is highest (Chiswell2000a). 

Interestingly, strong East Cape Current SST signatures generally correspond to 
complex circulation and well-defined eddy features to the south (compare Figures 1 0( a) -
1 0( d) to 1 0( e) and 1 O(f) ). The impact of the southward transport of STW from the ECC 
just north of the Chatham Rise was also evident in Uddstrom and Oien's (1999) analysis. 
The main eddy feature located close to Kaikoura was identified as a mesoscale cyclonic 
cold-core eddy (E3). The surface signature of this eddy was also stronger in the winter 
SST data and this area appears to be subject to the most intense surface mixing in our 
offshore study area, as evidenced by the constantly changing thermal patterns. Since 
E3 was clearly defined in both June 1999 and 2000 SST data, this suggest that 
mesoscale eddies off Kaikoura may be recurrent features in this area. When the eddy is 
present, warm ECC waters are found off Kaikoura. Moreover, all surface and 
subsurface intrusions of STW identified by the CTD plots can also be matched with 
strong SST occurrences of E3. These STW patches and their associated high salinity 
(above 34.8 psu) and fluorescence values suggest that the Kaikoura canyon is 
influenced by far field oceanographic processes. Other research confirms the 
occurrence of these intrusions in winter (Houtmann 1965) and in summer (Bradford 
1966, 1972; Garner 1953; Heath 1975; Shaw and Vennell submitted). However, the 
actual process by which the arrival of an eddy leads to an intrusion still needs to be 
identified. Numerical simulations offshore of Jervis Bay, Sydney, suggest that a 
combination of winds and currents may explain such intrusions (Gibbs eta/. 2000b). Off 
Kaikoura northward transport of SAW by southerly winds in winter (Chiswell 1996) may 
strengthen the SAW wisp, therefore calm days or strong winds from another direction 
may create opportunities for STW to intrude in the background SAW. The presence of 
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these STW intrusions indicates that offshore processes may play a role in the canyon's 
hydrodynamics. 

0~ most images, the SAW extension is found off Kaikoura but its passage is 
often blocked by the presence of a cyclonic eddy feature (E3). This blockage is mainly 
observed during the winter months and corresponds to the southward position of the 
eddy. STW from the eddy and SAW from the wisp also seem to interact and mix 
intensely, at least at the surface (Figure 1 0( c)). Contrarily to the belief of the 
predominance of the SAW wisp off Kaikoura in winter, the images revealed that E3 is 
often present offshore at this time of the year. The combination of E3, the SAW 
extension and the resulting STW intrusions suggest that there is a transitional period in 
winter and early spring. However, the SAW wisp can rapidly disrupt the surface 
circulation and intrude into E3 in a period as short as 10 days (Figures 10(c) and 10(d)). 
Although, if E3 is a permanent or semi-permanent deep eddy, conditions favouring the 
movement of SAW into the area can fade its surface signature and E3 would not appear 
clearly in the SST data. Otherwise the SST field would show a well-defined eddy feature 
(Figure 1 O(a)). This transition period may also be related to dynamic changes caused by 
rapid surface heating in early spring. Furthermore, both wisp and cyclonic eddy may co
occur all year long, the SAW influence being dominant in winter off Kaikoura because it 
moves further inshore. On these occasions, SC waters are also found further inshore. 

Shaw and Vennell (submitted) and Gibbs and Shaw (submitted) were the only 
workers to target their efforts on E3 but they did not propose any formation mechanism. 
The cited literature and a closer look at my AVHRR SST data suggest two possible 
formation mechanisms. The first hypothesis considers the general circulation off the 
north-east coast of the South Island (Figure 21 ). As described by Heath (1972a), 
circulation in this area is mainly composed of the East Cape Current STW extensions, 
the Southland Current and the less pronounced D'Urville Current. Therefore, E3 could 
be a consequence of the southeast deflection of the DUC encountering the Hikurangi 
Eddy, the flow being enhanced by the shearing effect of the East Cape and Southland 
Currents. A change in vorticity at right angles to the direction of flow along with 

deflection by the bottom bathymetry (Hikurangi Trench and Chatham Rise) {Uddstrom 
2000a, personal communication) and the presence of a landmass (South Island) may 
provide more opportunities for eddy formation. The main large-scale variability is 
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potentially induced by variations in the three inflows (Heath 1972a); dramatic variations 

in any of the current systems may have a strong influence on the strength and position 

of E3. For example, fluctuations in the Southland Current seem to affect the stability, 

gradient~ and position of the STF (Chiswel11996). E3 was also shown to be centred 

further south in winter than summer (Gibbs and Shaw submitted) when the ECC 

extensions and intrusions were found off Kaikoura. The second proposed mechanism is 

based on eddy formation off the East Australian Coast {EAC) (Nilsson and Cresswell 

1981 ). In this area, eddies are formed by a pinch-off of a poleward meander of the East 

Australian Current at the Tasman Front (Figure 22). Nilsson proposed that a westward 

propagating baroclinic wave ("C") along the front causes meanders of the EAC ("A") to 

pinch off and form a closed and separate eddy ("B"). The EAC reforms north of the eddy 

and the process begins again. Irregularities in the eddy formation rate may be directly 

attributable to the irregular length of the meanders of the Tasman Front. A similar 

scenario can be applied to the variability in the East Cape Current. Southward 

extensions of the ECC or separation of warm patches as observed in May 2000 (Figure 

10(c)) may generate eddies features in the area. Stronger semi-permanent eddies may 

form only if the currents provide the ideal conditions (as stated in the first hypothesis), 

otherwise, patches may dissipate in a matter of days making eddies temporary surface 

features only (Figures 10(c) and 10{d)}. Eddies off Kaikoura may consequently be just a 

succession of periodic events locked and stopped by the bathymetry (Gibbs and Shaw 

submitted). 

Unlike E3, E4 is not as well defined and only evident in June 2000 (Figure 1 0( d)). 

E4 appears to be part of an eddy pair, therefore is formed only when E3 is present. By 

contrast to Barnes (1985), my SST dataset does not clearly depict the Hikurangi Eddy 

(42.12°S 175.68°E). Only counter-clockwise flow in June 1999 (Figure 10(a)), March 

(Figure 10(b)) and July 2000 (Figure 10(e)) let us infer its presence and position. 

However, since Barnes (1985) described this eddy as a deep stable feature below 700m 

in the head of the Hikurangi Trench, we may not be able to observe a well-defined eddy 

on the SST images. My offshore study area was not large enough to observe the 

Wairarapa Eddy (E1 - Figure 8). 
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Figure 21: Proposed mechanisms for eddy formation off Kaikoura using NSA composite 
SST data for (a) June 17 -19, 1999 and (b) July 6-13, 2000. Both scenes show a cyclonic 
cold core eddy (E3) possibly formed by the shears of the East Cape (ECC), D'Urville (DUC) 
and Southland (SC) Currents. The Wairarapa Coastal Current is also shown (WCC). The 
colour scale is the same as data presented in Figure 10. 

(C) 

Figure 22: Proposed mechanism for eddy formation along the Tasman Front, East 
Austra lia (Nilsson and Cresswell1981). Eddies ("8") are formed by a pinch-off of a 
poleward meander ("A") of the East Australian Current caused by westward propagating 
barocl inic waves ("C") along the front. 
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CTD work off Kaikoura provided insight on the vertical structures of temperature, 

salinity and chlorophyll-a concentration (see Chapter 4) along the central axis of the 

canyon. A general overview of the data suggests very high variability in oceanographic 

processes in this area. Non-seasonal and spatial variations of temperature and salinity . 
are not uncommon and this has previously been observed by Heath ( 1975). Differences 

in daily profiles propose that the area is characterised by intense mixing, especially in 

the top 150m. Maximum surface temperatures varied from 10.41°C in winter (Figure 

16(a)) to 16.91°C in early autumn (Figure 14(a)). Salinity minimums were recorded close 

to shore and probably result from freshwater runoff by the Kowhai and Kahutara Rivers 

(Houtmann 1965). Neritic water of lower salinity (33.8- 34.2 PSU) was often observed 

inshore at stations 1 to 4 (i.e. Figure 13) and water in the intermediate layers ( 150-300m) 

was generally well mixed. The middle of the canyon (near station 4) appears as the most 

variable area of the study site. My dataset reveals that it is the only station being 

influenced by freshwater runoff (Figure 16(a)), STW surface (Figure 15(a)) and 

subsurface (Figure 15{b)) intrusions, eddy features (Figure 13(a)) and internal waves 

(Figures 19 and 20). Furthermore, homogenous distribution of water properties and 

homothermal structure of the water column is generally indicative of strong vertical 

mixing. These conditions were observed mainly in the winter months (Bradford 1966) 

when SAW dominates in the area. However, this pattern is disturbed by intrusions of 

warm subtropical water in the surface layer (0 -150m) and at 250-350m depth (Figure 

15). 

Strong, persistent upwelling events were not observed during fieldwork by 

contrast to popular belief. However, on June 16 1999 (Figure 13(a)), weak upwelling 

along the boundaries of an eddy was noticed. The eddy had STW characteristics and 

was associated with higher subsurface productivity than the surrounding waters. In this 

particular case, this eddy may have been a temporary feature as it was not sampled two 

days later (Figure 13(b )). Such eddies locked in place by the bathymetry can occur off 

Kaikoura and have been modelled previously (Gibbs eta/. 2000a). Downwelling was 

recorded on,March 8 (Figure 14(b)), June 3 (Figure 15(c)) and July 5, 2000 (Figure 

16(a)) as shown by the general downward tilting of the isotherms near the coast. 

Chlorophyll-a concentration was low during the downwelling events. Furthermore, 

fluctuations of water properties between 60 and 300m at station 4 on June 2, 2000 

suggest the presence of internal waves in the canyon. The depth range of the 
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fluctuations is also consistent with the amplitudes of internal waves observed in the 

Monterey Canyon (Petruncio eta/. 1998). Longer time series of measurements would be 

necessary before drawing definitive conclusions about the presence and influence of 

internal w_aves in the canyon. 

Despite the relative novelty of submarine canyon research, my observations 

closely match ones performed in other canyons around the world. I found evidence of 

temporary eddy features locked in place by the bathymetry; downwelling; internal waves; 

and intrusions of STW. However, seasonal variations in stratification, complex 

topography, canyon geometry and strength of the processes play a major role in shaping 

specific features of canyon circulation (Ardhuin eta/. 1999; Carmack and Kulikov 1998; 

Munchow and Carmack 1997), therefore comparisons with other canyons are difficult. 

Most canyon studies cited in this chapter underline the importance of a canyon's head in 

intensifying oceanographic processes. For example, Ardhuin eta/. (1999) believe that 

the head plays a particular role in enhancing upwelling while Petrucio eta/. (1998) affirm 

that internal waves may be greatly focused there, where steep walls converge and the 

depth changes. I did not find any evidence of enhanced processes at the head of the 

Kaikoura Canyon possibly apart from strong downwelling events. However, my low

resolution dataset does not permit us to draw any conclusions in this regard. Upwelling 

events were also common in other canyons, especially in the Blanes Canyon (Ardhuin et 

a/. 1999). In this case, strong wind-driven upwelling events were the only mechanism 

capable of flushing waters trapped in the canyon by a small eddy. Therefore, particles 

do not drift away and remain within the canyon unless upwelling occurs. If a similar 

process occurs in the Kaikoura Canyon, this has major implications for sperm whale 

prey since the eddy may help in concentrating and retaining them in the Canyon. This 

will be discussed further in Chapter 5. 

In this project, I did not attempt to use CTD data to sea-truth the AVHRR SST 

data since my transect did not intersect with any of the features identified on the SST 

images. Furthermore, work by Uddstrom and Oien (1999) has shown that most of sub

monthly variance in the NZEEZ arises from changes in surface temperature at the daily 

to weekly timescale. Spatial SST gradients of up to 4°C are also found in locations 

affected by air-sea interactions, as in the lee of the Kaikoura Mountains. Therefore, it is 

likely that any sporadic event smaller than 1.1 km2 (the resolution of the SST data) was 
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missed by AVHRR data (Brown and Winn 1989) but also by CTD data since I sampled 
at very small temporal scale (4 hours). Differences in data type make comparisons 
difficult since each CTD transect is only a 4-hour « snap-shot » of the oceanography 
within th.e canyon while composite SST images are 3-10 day SST averages over a 
1 .1 km2 area. Deeper features like eddies extending over greater depths {Uddstrom and 
Oien 1999) will also be missed by the SST data because the satellite only surveys the 
top microns of the ocean surface. Hence, eddy existence is highly contestable from 
short-term time series of SST data unless extensive fieldwork is undertaken and CTD 
data acquired simultaneously with AVHRR SST data. Furthermore, I found that large
scale features (i.e. E3 or the SAW wisp) might be common off Kaikoura for most of the 
year. However, the capture of their surface signature by the SST data during the field 
weeks may only have been related to chance since we might have been sampling when 
these features were present. 

Long term variability, temporal and spatial scales of offshore processes observed 
in this study could be investigated using a combination of both monthly and daily SST 
averages available from the NIWA commercial website. However, specific remote 
sensing analysis using raw SST data would be required to validate any hypotheses or 
conclusions drawn from this data. This was beyond to scope of this study therefore no 
attempts were made in this respect. In the future, targeted research on the mesoscale 
features observed in this study (especially E3) from SST data would however be very 
useful to document the hydrodynamics variability in this area. Satellite altimetry using 
Sea Surface Height (SSH) could also be combined with SST analysis to enhance our 
understanding of the oceanography off Kaikoura (Contributors 1989; Nilsson and 
Cresswell 1981 ). SSH technology aims to map the dynamic sea surface topography in a 
way similar to meteorological charts. Since warm water expands, warm-core eddies 
would be characterised on SSH data by a mount in the sea surface and cold-core eddies 
by depressions (Murphy eta/. 1998). Another way to detect eddies (Laing and Sutton 
2000) is to use long term measurements (i.e. lasting more than 6 months) of current 
velocity. Time consuming surveys and problems concerning eddy identification can be 
overcome if eddies are tracked with drifting buoys or if high-resolution CTD data and 
Expendable BathyThermograph (XBT) sections across the eddy are taken. Future 
research off Kaikoura should consider a combination of SST and CTD data acquired 
simultaneously (see Appendix C). Close attention to the prevailing weather when 
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interpreting logical surveys and inspection of tidal and meteorological data would be also 

important considerations for more in-depth studies into the canyon's dynamics. The use 

of a larger boat can also provide better possibility of completing each transect and 

extending. the sampling line further offshore. It is worth mentioning here that the total 

budget for this project corresponds to only half a day of sea time for a large research 

vessel. 

This chapter illustrated the strong variability in the SST field and the Kaikoura 

Canyon oceanography from AVHRR SST and CTD data. The SST data highlighted the 

prominence of strong eddy fields while the CTD data showed high variability in the 

canyon's hydrodynamics. Since areas of high sperm whale abundance were found in 

regions dominated by eddy features in the Mediterranean, Viale and Frontier (1994) 

suggested that old eddies may evolve in diversified ecosystems. This will be explained 

further in Chapters 4 and 5. In Chapter 4, I will focus on the description of primary 

productivity off Kaikoura and in the canyon itself so we can perhaps establish links 

between oceanographic processes and areas of enhanced productivity. 
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CHAPTER IV 

P·RIMARY PRODUCTIVITY 

Introduction 

Primary productivity is the process by which new organic matter is produced by 

phytoplankton: microscopic algae at the base of the marine food web. These algae 

contain chlorophyll-a pigments and utilise solar energy to fix available carbon by 

photosynthesis. Levels of primary production generally result from complex interactions 

between ocean circulation, underwater topography, grazing by zooplankton and 

availability of nutrients and light. In the NZEEZ, productivity is often greatest at frontal 

systems such as the Subtropical Front where nutrient availability increases in the 

euphotic zone from the mixing of water masses of different transparency, chemical 

properties and nutrient characteristics (Vincent eta/. 1991 ). At the STF, cold, 

macronutrient-rich, iron deficient SAW mixes with warm, macronutrient-poor, relatively 

micronutrient-rich (especially iron) STW (Boyd et a/.1999; Gallet a/. 1999). 

Phytoplankton concentration is higher at the STF than in any other surrounding areas 

throughout the whole year (Chang 1998; Hadfield 1999). At the STF, chlorophyll-a 

concentrations at the surface can reach values up to 3.42 j.lg/L (Bradford-Grieve et a!. 

1997; Gall eta/. 1999) and episodic blooms are common (McCiatchie 1998). However, 

STW to the north has a classical cycle of vernal and autumnal chlorophyll blooms with 

levels varying from 0.13 to 0.94j.lg/L (Gallet a/. 1999). Spring blooms in STW are 

generally the result of increased light availability while autumn blooms are caused by 

upwelling of a fresh supply of nutrients when the denser surface layer overturns as a 

result from surface cooling (Bakun 1996). SAW to the south shows a weak but 

detectable annual cycle reaching a minimum in late winter and a maximum in late 

summer/early autumn with no evidence of large-scale blooms. Average chlorophyll 

concentration in SAW rarely exceeds 0.4 j.lg/L (Gall eta/. 1999; Murphy eta/. in press). 
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By comparison to STW and SAW, the Subtropical Front has a low spatial 

homogeneity of phytoplankton distribution. This patchiness across the STF is thought to 

be driven by the physical dynamics at the frontal interface (NIWA 2000), hence the 

heterogeneous nature of the frontal zone may explain variable production rates in this . 
area (Gallet a/. 1999). As revealed in the preceding chapter, the general circulation 

pattern east of Kaikoura is characterised by mesoscale eddy features. Along the STF, 

eddy-like features can change on short time scales. Consequently, spatial patterns of 

plankton and chemical properties that move with the eddy flow field are likely to be 

highly variable both across and along the frontal boundary (McCiatchie 1998). Plankton 

variability and abundance in the Mernoo Gap region is also associated with the 

interactions of anticyclonic eddies, Southland Current, SAW wisp, and STW and SAW 

mixing further east over the Chatham Rise (Bradford 1982). Since the Kaikoura Canyon 

is located at the north-western edge of the Subtropical Front, this area is most likely to 

be influenced by a combination of the processes affecting productivity at the STF, in the 

region of the Mernoo Saddle and in STW and SAW. 

Eddy features can also be responsible for important horizontal transport and 

distribution of nutrients, heat, mass and chlorophyll-a (Chiswell and Sutton 1998). In 

Gran Canaria {Aristegui eta/. 1997) and at Jervis Bay along the Sydney Shelf (Gibbs et 

a/. 1997), eddies have been associated to local nutrient enrichment. For example, deep 

water uplifts along edges of newly formed cold-core eddies. Productivity is enhanced 

along the eddy boundary since nutrients are pumped into the euphotic zone along with 

the uplifted water (Marra eta/. 1990). As the eddy ages, the flow velocity in the eddy 

decreases. This creates conditions that are more stable and favourable to increased 

phytoplankton biomass. By contrast, warm-core eddies may have enhanced production 

in their centres since upwelling may occur in this area (Aristegui eta/. 1997). Permanent 

and semi-permanent eddy features lasting longer than a few weeks may also evolve in 

even more structured ecosystems (Viale and Frontier 1994 ), providing feeding 

opportunities and highly productive habitats for many trophic levels. The biological 

effects associated with eddy features however depend on many factors including 

chlorophyll content of the source water forming the eddy; response time of planktonic 

organisms; intensity, surface manifestation and lifespan of the eddy; and degree of 

interaction between the eddy and its surrounding waters (Aristegui eta/. 1997). 
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Associations between upwelling, enhanced production and sperm whales in 

submarine canyons are common in distribution studies (Brown and Winn 1989; Foerster 

and Thompson 1985; Gaskin 1964; Jaquet 1999; Kenney and Winn 1987; Scott 1997; 

Whitehead eta/. 1992). However, it is difficult to associate sperm whales with upwelling 

areas since these whales feed on deep-living prey. Nevertheless, workers often theorise 

upwelling occurrences as an explanation of higher productivity in areas occupied by 

sperm whales despite the lack of in-situ oceanographic measurements. Along with the 

results from a DieCAST numerical circulation model for the Kaikoura Canyon (Gibbs et 

a/. 2000a), my study showed no strong evidence of persistent upwelling events off 

Kaikoura. However, internal waves and small-scale eddies locked in place by the 

bathymetry may enhance productivity in this area. Upwelling events can be witnessed 

on remotely-sensed satellite data of SST and ocean colour (Vincent eta/. 1991; Zeldis et 

a/. 1998) by observing higher chlorophyll concentration at the temperature gradient 

boundary between coastal and upwelled waters. Again, recent AVHRR SST studies off 

Kaikoura did not find strong evidence of upwelling events. In fact, Gibbs and Shaw 

(submitted) did not observe any strong upwelling signatures along the Kaikoura coast in 

their 3-year AVHRR SST image dataset. However, it is possible that these events are 

too small (less than 1.1 km2 corresponding to AVHRR pixel resolution) and sporadic to 

show on SST data. 

This chapter will firstly investigate productivity in my offshore study area using 

Sea Wide-Field-of-View (SeaWiFS) ocean colour satellite imagery at large and small 

temporal and spatial scales. Secondly, CTD profiles of fluorescence will seek to 

highlight correspondences between canyon processes and distribution of phytoplankton. 

I will discuss my findings within the present understanding of the circulation east of 

Kaikoura in the last section. 
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Offshore processes: SeaWiFS satellite images 

Data sources 

Since September 1997, the NASA SeaWiFS Project satellite has measured 
ocean colour across all oceans of the world. Like AVHRR SST data, sophisticated 
algorithms accounting for light scattering in the atmosphere, changes in ambient sunlight 
and other geophysical parameters are applied to the radiances (light intensities) 
received by satellite sensors to estimate chlorophyll-a concentration (NASA 2000). 
Statistical combination of several views of the same region is also used to filter clouds 
and haze (Murphy eta/. in press). 

The monthly 9km resolution Global Area Coverage (GAC) data from September 
1997 to April 2000 used in this section were taken directly from Murphy eta/. (in press) 
but the view was restricted to the offshore study area (40-45°S 170-175°N). 4km GAC 
satellite passes over New Zealand were browsed on the NASA SeaWiFS website 
(http://seawifs.gsfc.nasa.gov, Accessed December 5, 2000} and all cloud-free 4km GAG 
passes over Kaikoura corresponding to my field weeks were selected for further 
processing by Matt Pinkerton and Ken Richardson at NIWA Wellington. Since the 
satellite-receiving station in Wellington only began operation in June 2000, 1.1 km LAC 
high-resolution images were only available for the June, July, and October 2000 field 
trips. When available, these 1.1 km data were preferred to the 4km GAC data since they 
are of higher resolution. Detailed description of GAG and LAC data products and ocean 
colour measurements can be found at http://seawifs.gsfc.nasa.gov/SEAWIFS.html 
(Accessed December 5, 2000) and Murphy eta/. (in press) further discuss data 

processing used in this project. All SeaWiFS data presented in this chapter can be 
examined at a higher resolution on the CD ROM included with this work (refer to 

Appendix B). 
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Data limitations 

The SeaWiFS mission aims to measure chlorophyll-a concentration with less 

than ± 35% error. However, it is not clear whether this target is achieved since imperfect 

correction for optical effects of the atmosphere and sensor degradation may influence 

the accuracy of the algorithms used to derive chlorophyll-a concentration in the NZEEZ 

(Murphy eta/. in press). The results of a preliminary evaluation of these algorithms show 

that chlorophyll levels below 0.6 J,Jg/L are well estimated. For concentrations between 

0.6 and 1.4 J.Jg/L, chlorophyll levels are over-estimated by up to 126% (Murphy eta/. in 

press). Furthermore, SeaWiFS algorithms for coastal areas are still too imprecise at 

present to detect local and small-scale high production events. Coastal chlorophyll-a 

measurements are less accurate than open-ocean estimates because of the influence of 

Colored Dissolved Organic Matter (CDOM) run off and high levels of suspended 

inorganic material in the water (Murphy eta/. in press). Chlorophyll levels in coastal 

areas should therefore be interpreted with caution. 

Like AVHRR SST measurements, cloud cover limits greatly the use of SeaWiFS 

images. On average, 1 out of 10 satellite passes over New Zealand presented on the 

NASA website were reasonably cloud-free. Consequently, short-lived phytoplankton 

blooms (a few days) can be missed completely or may disproportionately affect the 

composite value of chlorophyll (Murphy eta/. in press). Considerable spatial, seasonal 

and interannual variability in the distribution of phytoplankton also affect relationships 

between ocean colour and chlorophyll concentration. Furthermore, like SST satellite 

data, SeaWiFS data is a measure of surface concentration of chlorophyll-a. Since, in 

seawater, peaks in phytoplankton abundance often occur near the thermocline (about 

1 0-40m depth) forming the Deep Chlorophyll Maximum (DCM), the spectral reflectance 

of phytoplankton at the surface may negligibly reflect the true phytoplankton abundance 

(Davies-Colley and Kirk 1995). For example, Chang (1998) has shown that spring 

bloom concentrations of chlorophyll-a are highest at 1Om below the surface over the 

STF, hence absolute values shown by SeaWiFS data is likely to be much lower than the 

actual phytoplankton concentration. It is also important to highlight that variations in 

productivity can be related to the time of the day at which satellite observations were 

made. Since diel migration of organisms can affect biomass at the surface (Jaquet and 
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Whitehead 1996), surface chlorophyll measurements are not necessarily a good index of 

the total water column standing stock of chlorophyll (Vincent eta/. 1991 ). Nonetheless, 

surface chlorophyll is a valuable indicator of general production patterns in the ocean. 

Sea WiFS data analysis 

Monthly Sea WiFS averages : 9km GAC resolution 

Figure 23 shows SeaWiFS monthly chlorophyll-a concentration at 9km GAC 

resolution from September 1997 to April 2000. The dataset shows very high variability 

and complex phytoplankton distribution patterns from one month, one season and one 

year to the next. In general, May, June, July and August (austral winter) are the least 

productive months. September, October, December (late spring) and March, April (early 

autumn) are characteristic of spring and autumn bloom conditions over the Chatham 

Rise and east of Kaikoura (Murphy et a/. in press). Especially in summer and early 

autumn, high chlorophyll-a concentrations are found in the region immediately east of 

Kaikoura and south of the Wairarapa Eddy. 

Well-known or strong oceanographic features signatures are commonly visible in 

SeaWiFS images. For instance, the semi-permanent Wairarapa Eddy (41°S 178.5°E) is 

identified by a circular region of low chlorophyll concentration surrounded by higher 

concentrations in November 1997. This type of ocean colour signature is typically 

related to eddy-like features. The Hikurangi Eddy is also shown in March 1999. 

SeaWiFS data from February to April of all years also show a well-defined cyclonic 

tongue in the phytoplankton distribution (i.e. February 1999 and 2000) that corresponds 

approximately to the location of E3. Another small eddy feature appears regularly in the 

data just east of the Mernoo Gap at the location of E4 on many images (i.e. April 1998 

and September 1999). The SAW wisp is clearly defined by a low chlorophyll-a 

concentration tongue through the Mernoo Saddle on all winter scenes (June, July and 

August). 



Figure 23: Monthly 9km GAC SeaWiFS data from September 1997 to April 2000 
(from Murphy eta/. (in press) 
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Fieldwork images : 4km GAC and lkm LAC resolution 

The 4km GAC and 1.1 km LAC data presented in this study are greatly influenced 

by cloud cover (black patchy areas on the images) but it is still possible to deduce . 
chlorophyll distribution patterns from the visible data. Data are not available for the 

black areas delimited with a straight line since this line indicates the edge of the satellite 

pass (i.e. Figure 24(b)). An overview of the field images corroborates the previous 

observations made for the 9km GAC data that winter is the least productive month, 

whereas spring and early autumn are the most productive. The Southland Current is 

also well shown on most images by a band of low phytoplankton concentration running 

parallel to the East Coast (i.e. Figure 25(a) and (b)) and north of Banks Peninsula (i.e. 

Figure 28(d)). 

(a) (b) (c) 

Figure 24: 4 km GAC SeaWiFS data covering the June 1999 fieldwork period: (a) June 13, 
(b) June 14, and (c) June 18, 1999 

On June 13 1999 (Figure 24(a)), a weak eddy signature is visible at the location 

of E3. However, the next day, the patch of higher chlorophyll (about 0.5 IJg/L) 

associated with the eddy has dissipated (Figure 24(b)). Figure 24(c) does not reveal 

much information as the study area is greatly covered by clouds. 
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(a) (b) (c) (d) 

Figure 25: 4 km GAC SeaWiFS data covering the March 2000 fieldwork period: (a) March 3, 
(b) March 4, (c) March 11, and (d) March 12, 2000 

By contrast to June 1999, most of the March 2000 scenes show a very strong E3 

chlorophyll signature (Figure 25). However, this productive tongue is less well defined on 

March 11 (Figure 25(c)) and has almost disappeared on March 12 (Figure 25(d)). An 

isolated patch of phytoplankton just south of the tongue may also indicate the presence 

of a warm-core eddy (Figure 25(a) and (b)). The locations of the curl and the chlorophyll 

patch can be related to the locations of the eddy pair (E3 and E4) observed on the 

March 2000 AVHRR SST images. Data presented in this figure also matches very well 

to the corresponding 9km GAC data. 

(a) (b) 

Figure 26: SeaWiFS data covering the May-June 2000 fieldwork period: (a) 4km GAC for 
May 27 and (b) 1.1km LAC for May 31, 2000 
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In May 2000, the study area is characterised by variability on a daily timescale 

(Figure 26). High productivity is observed on May 27 (Figure 26(a)) but lowest 

chlorophyll concentrations are shown on May 31 (Figure 26(b )). Interestingly, the warm 

STW patch identified on the SST data in May 2000 (Figure 1 0( c)) can be associated to a . 
high chlorophyll patch on May 27 2000 (Figure 26(a)). 

(a) (b) 

Figure 27: 1.1 km LAC SeaWiFS data covering the July 2000 fieldwork period: (a) July 8 
and (b) July 9, 2000 

July 2000 (Figure 27) shows low productivity off Kaikoura. However, we can 

notice some high concentration phytoplankton north of Banks Peninsula and in Golden 

Bay. It is likely that these signatures correspond to CDOM from water runoff therefore 

are not truly indicating higher chlorophyll concentrations. 

(a) (b) (c) (d) 

Figure 28: 1.1 km LAC SeaWiFS data covering the October 2000 fieldwork period: (a) 
October 23, (b) October 26, (c) October 28, and (d) October 30, 2000 
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Figure 28 illustrates the autumnal chlorophyll bloom and very complex 

phytoplankton distributions are found over the whole study area. I was fortunate to 

obtain reasonably cloud-free SeaWiFS data covering the 15 days period from October 

16 to October 30, 2000 as shown in Figure 29. This figure shows that productivity in this 

region can be enhanced dramatically in only two weeks. On October 16 (Figure 29(a)), 

productivity is relatively low off Kaikoura but phytoplankton is blooming by October 30 

(Figure 29(h) ). E3 can be inferred from a cyclonic circulation on October 16 and 17 

(Figures 29(a) and (b)) and the Hikurangi Eddy is well shown on October 19 and 21 

(Figures 29(c) and (d)). 

(d) (e) (f) (g) 

Figure 29: 1.1 km LAC SeaWiFS data from October 16 to 30,2000: (a) October 16, (b) 
October 17, (c) October 19, (d) October 21, (e) October 23, (f) October 26, (g) October 28, 
and (h) October 30, 2000 
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Inshore processes: Fluorescence and productivity 

rn a similar manner to the relationship between phytoplankton biomass and 
chlorophyll-a abundance used in satellite analysis, CTD fluorometer readings can be 
used to estimate chlorophyll-a concentration in the water column (Vincent eta/. 1991 ). A 
Wet Star Fluorometer was mounted on the Department of Marine Science SeaBird-19 
CTD and fluorescence was profiled in conjunction with salinity and temperature during 
my fieldwork trips. All CTD data is presented in Appendix A. Please refer to Chapter 3 
Inshore processes for data sources and sampling strategy. In this section, I will 
compare fluorescence data with the temperature profiles and processes identified in 
Chapter 3. 

On June 16 1999 a small eddy locked by the bathymetry was observed (Figure 
30(a-i)). The highest chlorophyll a value for that day (2.91Jg/L at 30m near station 5) can 
be related to a patch of STW associated to the eddy (Figure 30(a-ii)). Furthermore, the 
slight upwelling along the edge of the eddy does not break the surface. However, the 
overall distribution of phytoplankton shows an upward trend similar to the orientation of 
the upwelling. 

On June 18 1999, the water column was well stratified (Figure 30(b-i)) and 
chlorophyll values of 1.5-2.0 IJg/L have been recorded as deep as 150-200m (Figure 
30(b-ii). Interestingly, phytoplankton distribution is complex with patches of 2.0 IJg/L at 
100m (station 3) and 150m (station 5). Phytoplankton abundance follows an undulating 
pattern and concentrates at station 3 where the subsurface maximum was found (2.8 
1-19/L). There is no evidence of STW at the surface as it was observed on June 16 
(Figure 30(a-i)). However, STW shows in the TS plot (Appendix A2 (d)) near 300m at 
station 4 and corresponds to a patch of phytoplankton (0.6 IJg/L). This suggests that the 
presence of STW in this area may be associated to higher productivity. 
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Figure 30: CTD field data collected on (a) June 16 and (b) June 18, 1999: (i) Potential Temperature (0 C} and (ii) Fluorescence (Chlorophyll-a in (Jg/L) 
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Figure 31: CTD field data collected on (a) March 6 and (b) March 8, 2000: (i) Potential Temperature (°C) and (ii) Fluorescence (Chlorophyll-a in j.Jg/L) 
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Figure 33: CTD field data collected on (a) July 5 and (b) July 7, 2000: (i) Potential Temperature (0 C) and (ii) Fluorescence (Chlorophyll-a in J.Jg/L) 
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Figure 34: CTD field data collected on October 26,2000: (i) Potential Temperature (°C) and (ii) Fluorescence (Chlorophyll-a in pg/L) 

Figures 31 (a-i) and (b-i) illustrate a downwelling event; weaker on March 6, 2000 
(Figure 31 (a-i)) and stronger on March 8 (Figure 31(b-i)). The distribution of chlorophyll-a 
appears greatly affected by this event. On March 6 (Figure 31 (a-ii)), concentrations of 
phytoplankton are found much deeper near the coast, while on March 8 (Figure 31 (b-ii)) 
the distribution follows an undulating pattern. This possibly indicates internal wave 
activity. 

The highest chlorophyll-a concentration recorded during this study was 10.8 J.Jg/L 
at station 9 on March 6 (Figure 31 (a-ii)). Another patch of high concentration (8.2 J.Jg/L) 
was found at station 6 where downwelled water starts to sink. Two days later (Figure 
31(b-ii)), only 5.75 J.Jg/L was reported from station 6, therefore suggesting that 
productivity is displaced relatively quickly in this area. 

The May-June field trip was characterised by STW intrusions at the surface 
(Figure 32(a-i)), 120m (Figure 32(b-i)) and 150m-300m (Figure 32(c-i)). Productivity was 
highest (5.0 J.Jg/L) on May 29 (Figure 32(a-ii)) and associated with surface STW but June 
1 and June 3 do not show high chlorophyll concentrations with the deep intrusions. I am 
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not however in the position to confirm if these intrusions have moved from one day to 
another or if they are daily isolated events. Downwelling was also observed on June 3 
(Figure 32(c-i)), displacing the deep STW patches . 

. 
A strong downwelling event was observed on July 5, 2000 (Figure 33(a-i)). 
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However, even while chlorophyll seems to accumulate where the water starts to sink 
(stations 5-6), phytoplankton concentration remains relatively low (2.6 J.Jg/L). It is 
interesting to highlight the absence of STW along the transect during this period 
(Appendix A8 (d)). Figure 33(b-ii) does not reveal much information about chlorophyll-a 
distribution as only three stations were sampled that day. 

On October 26, high chlorophyll concentration were recorded (8. 71 J.Jg/L) near 
station 4 (Figure 34-ii). The water column appears reasonably well stratified despite the 
evidence of slight downwelling near the coast. Chlorophyll values up to 1.5-2.0 J.Jg/L 
were recorded as deep as 150-200m depth all along the transect. 
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Discussion 

SeaWiFS data presented in this chapter matches well with oceanographic . 
features identified on AVHRR SST data in Chapter 3. For example, I found higher 
productivity around the edges of the mesoscale cyclonic eddy E3 and in the centre of E4 
on all SeaWiFS data for March 2000. The position of E3 can also be inferred from an 
apparent high productivity clockwise swirl off Kaikoura on the 4km GAC image for June 
13, 1999 (Figure 24(a)) and on the 9km GAC scenes at other times (November 1997; 
February, March, September, October, December 1998; February and March 1999) 
(Figure 23). Since well-defined features need to be reasonably consistent in 
phytoplankton distribution to show on monthly 9km GAC data, these observations may 
suggest that E3 is a semi-permanent feature appearing regularly in the productivity 
patterns of this area, especially in early autumn. The remains of old eddies may also 
appear on SeaWiFS data as large homogenous patches of high productivity instead of a 
nicely defined curl (e.g. compare E3 on May 31 (Figure 26(b)) with Figure 26(a)). As the 
eddy ages, the flow velocity in the eddy core decreases creating stable conditions 
favourable to increased phytoplankton biomass (Aristegui eta/. 1997). Maximum 
chlorophyll values (>1.25 J.lg/L) were also found at the locations of the Wairarapa and 
Hikurangi eddies in other field studies (Bradford 1982). Furthermore, the warm STW 
patch identified on the SST data in May 2000 (Figure 10{c)) can be traced by a high 
chlorophyll patch on May 27, 2000 (Figure 26(a)). 

Both SeaWiFS data and in-situ measurements of fluorescence confirm that 
winter is the least productive period of the year off Kaikoura and that blooms occur in 
spring and autumn. It appears that nutrient enrichment related to the mixing of warm, 
macronutrient-poor, relatively micronutrient-rich (especially iron) STW with cold, 
macronutrient-rich, iron deficient SAW (Boyd eta/. 1999; Gallet a/. 1999) may contribute 
to the high phytoplankton abundance in this area. Apart from the spring and autumn 
blooms, high phytoplankton abundance seems independent of the season. Therefore it 
is possible that the strength of the offshore circulation determines productivity patterns, 
the most dominant oceanographic feature imposing particular conditions favourable or 
not to phytoplankton growth. For instance, despite winter being the least productive time 
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of the year, interactions between the SAW wisp and STW entrained by offshore eddies 
may be able to initiate small scale production blooms off Kaikoura. It is also possible 
that southward extensions of STW from the ECC are greater in early autumn, therefore 
enhancing conditions for phytoplankton growth when STW extensions meet SAW near 
or at the STF. 

Field fluorescence data revealed that surface chlorophyll-a concentrations along 
the sampling transect were between 0.1-2.5 (.lg/L. Maximum values were generally 
found at stations 3, 4 and 5 and all profiles displayed a Deep Chlorophyll Maximum at 
about 25m with maximum recorded concentrations up to 8.2-1 0.8 J.lg/L. The lowest 
chlorophyll-a concentrations (2.0- 3.0 J.Jg/L) were found in June and July (winter) while 
fluorescence was greatest during spring (8.71 (.lg/L- Figure 34-ii) and early autumn (10.8 
(.lg/L- Figure 31 (a-ii)). These periods correspond to the spring and autumn blooms in 
the area. Higher productivity was also associated with STW intruding into the canyon. 
These intrusions also correspond to strong eddy signatures offshore, as revealed by 
both SeaWiFS and AVHRR SST images. Data for March 2000 (Figures 10(b), 25 and 
34-ii) and May 29 (Figures 10(c), 26(a) and 32(a)) are the best example illustrating this. 
Furthermore, the highest chlorophyll-a value for June 16, 1999 can be related to the 
edge of an eddy locked in place by the bottom bathymetry (Figure 30(a)). When the 
water column is well stratified, values of 1.5-2.0 IJg/L have been recorded as deep as 
150-200m (Figures 30(a-ii) and 34-ii). Possible internal wave patterns were apparent in 
the phytoplankton distributions on March 8, 2000 (Figure 31 {b-ii)). Previous 
phytoplankton studies off Kaikoura also showed similar chlorophyll-a concentrations to 
data gathered in this study (Bradford 1966, 1982). 

These findings refute previous beliefs favouring regular persistent upwelling 
events as initiators of higher biological biomass in the area. In fact, the only small-scale 
occurrence of upwelling was related to a small-scale eddy and no upwelling was 
observed on the SeaWiFS data. However, my CTD dataset revealed many downwelling 
events and I observed higher concentration of phytoplankton between stations 4 and 6, 
where water starts to sink (as indicated by the downward tilting of the isotherms). In 
theory, phytoplankton and weak swimming organisms tend to accumulate in this area 
since they are just strong enough to resist the downwelling (Bakun 1996). The irregular 
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oceanographic processes observed off Kaikoura may be important to the overall 
productivity of the area since areas of enhanced productivity may appear as local 
sporadic events of various intensities. Small-scale productivity blooms also seem to 
dissipate or get displaced reasonably quickly in this region. For instance, a maximum of . 
10.8 J.Jg/L was recorded at station 9 on March 6, 2000 (Figure 31 (a)) and 2 days later, 
only 5.75 J.Jg/L was reported from station 6 (Figure 31(b)). 

Strong features showing on AVHRR SST images are not always evident on 
SeaWiFS data. For example, the cyclonic eddy E3 is very well defined in June 1999 on 
the SST data (Figure 1 O(a)) but, apart for a circular patch of higher chlorophyll 
concentration on June 13 (Figure 24(a)), the eddy is not apparent for the June SeaWiFS 
4km GAC data (Figure 24 ). However, large eddy-like phytoplankton distributions 
patterns apparent on ocean colour images do not always correspond to well-defined 
SST features since capping of eddy cores by surface warming or cooling may disguise 
SST eddy signatures. Furthermore, the presence of an eddy offshore doesn't 
necessarily mean higher productivity. In fact, depth of the mixed layer, strength of the 
mixing processes and light availability should not be disregarded as factors affecting 
phytoplankton growth despite the presence of intense circulation patterns (Gallet a/. 
1999). In this study, it was not possible to directly associate high chlorophyll field values 
and SeaWiFS features in the Kaikoura Canyon itself. SeaWiFS algorithms for coastal 
areas still need to be improved (Murphy eta/. in press) and the low resolution of my 
dataset (1 km, 4km and 9km) do not permit us to resolve phytoplankton patterns at such 
small scale. If regular persistent upwelling was occurring within the canyon, it would be 
revealed in the images as a contrast between the nearshore water above the canyon 
and nearshore water elsewhere along the coast. No evidence of this was found in the 
SeaWiFS data. 

The SeaWiFS dataset suggests that offshore processes like mesoscale eddy 
features are likely to be the greatest factor influencing productivity patterns off Kaikoura 
as we did not find any strong evidence of processes contributing to local production (i.e. 
upwelling). However, physical processes initiating and supporting primary production 
are not necessarily the same processes required to support activity at higher trophic 
levels. Strong mixing of SAW and STW off Kaikoura may initiate a biological response at 
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the lower trophic levels. However, it is not yet clear how this results in an abundance of 
prey species for the whales (Gibbs and Shaw submitted). Sustained production at high 
trophic levels in this area may also rely on more than one process to maintain a 
diversified ecosystem. The last chapter of my study will summarise the information . 
presented in the previous chapters keeping in mind my initial aim, to describe the sperm 
whale habitat off Kaikoura. 
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CHAPTER V 

GENERAL DISCUSSION AND CONCLUSION 

The Kaikoura Canyon is located at the north-western edge of the Subtropical 
Front, a region of consistent biological primary production (Murphy eta/. in press) and 
home of major deep-water fisheries (NIWA 2000). The Canyon is an important marine 
habitat since it sustains significant commercial and recreational fishing industries and 
large populations of marine mammals. In particular, the male sperm whale population 
supports a major whale-watching tourism industry, as the whales are found relatively 
close inshore. 

Male sperm whales off Kaikoura occupy the area year-round (Jaquet 1999). 
However, the reasons why these males prefer to spend extended periods of time in the 
Kaikoura Canyon are unknown although are likely to be associated with the year-round 
availability of prey. Previous extensive research on the sperm whale population has 
elucidated aspects of the vital rates of the populations and some aspects of the feeding 
ecology (Chessum 1992; Childerhouse 1995; Jaquet 1999). To date, no research effort 
has been directed towards either the abundance and distribution of prey species or the 
fundamental physical and ecological processes occurring in the region. The original 
motivation for this study was to attempt to identify the factors that may lead to the long 
residence time of sperm whales off Kaikoura. However, it was soon discovered that we 
really had no understanding of the fundamental processes acting in the region, hence 
the specific aim became to identify and describe the major physical and biological 
processes affecting this area. 

The diverse marine populations inhabiting Kaikoura and the extensive use of this 
region by sperm whales probably indicate a significant level of activity at lower trophic 
levels, hence creating a favourable habitat for sperm whale prey and other marine 
mammals. Bakun (1996) highlighted that three processes must occur if habitats are to 
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be productive over multiple trophic levels: (1) the enrichment of the food web by 
physical processes, (2) the concentration of food species, and (3) circulation 
mechanisms that enable a population to maintain itself in a continually moving fluid 
environment. It is worthwhile exploring each of these factors in the context of the . 
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Kaikoura Canyon so we can formulate hypotheses on the functioning of the sperm whale 
habitat in this area. 

If we assume that sperm whales remain at Kaikoura because of an abundance of 
prey, then it is logical to attempt to firstly seek descriptive relationships between prey 
and factors likely to affect their distributions: underwater topography, oceanography and 
biological productivity. However, we know very little on sperm whale prey and the only 
available data on sperm whale diet off Kaikoura come from the examination of nine 
sperm whale stomach contents (Gaskin and Cawthorn 1967a). In that study, Gaskin and 
Cawthorn (1967a) identified that warty squid (Moroteuthis ingens) and hapuku (Polyprion 
oxygeneios) were mainly caught by sperm whales in this region (see Chapter 2). 
Unfortunately, warty squids are not taken commercially off Kaikoura thus the only 
information we have on this species comes from research by Jackson (1993, 1997; 
Jackson eta/. 1998; Jackson and Mladenov 1994 ). Similarly, few studies have been 
done on hapuku and work by Beetjes and Francis (1999) is the only recent investigation 
documenting hapuku movements and migrations. 

The only available distribution data for hapuku and warty squids is contained in 
the MAF Research Trawls Database (Anderson eta/. 1998). The analysis of these data 
(see Figure 6) suggested that hapuku and warty squid habitats are segregated by depth, 
hapuku being mainly found between 50-600m and warty squid between 400-1500m. It 
appears that hapuku distribution is constrained to the shallow waters of the continental 
shelf whereas warty squids live along the steep edges or in deeper waters. In this case, 
the bathymetry of the steep/deep Kaikoura Canyon and the neighbouring shallow/flat 
Conway Trough offer potential habitats to both species. Since these two underwater 
topographic features are very close in space, it is possible that this creates greater 
opportunities for sperm whale prey to congregate in this area. Prey may also overlap 
horizontally because of the steep bathymetry, hence the whales may have the 
opportunity to feed on both warty squids and hapuku during the same dive, when 
possible. 

ScienceAriel
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The steep and deep sections of the Kaikoura Canyon have also been associated 
with higher sperm whale densities in summer whereas sperm whales were also found 
over shcdlower areas in winter (Jaquet 1999) (see Figure 7). Jaquet (1999) 
hypothesised that the seasonal changes in sperm whale distributions may be associated 
with variations in prey biomass, sperm whales being able to exploit the most abundant or 
available food species depending on the season {hapuku in winter and warty squids in 
summer). Consequently, sperm whale distributions suggest that hapuku are likely to be 
more abundant off Kaikoura in winter while the squids may be more numerous in 
summer. However, at this stage, it is not possible to test this hypothesis since we know 
so little about prey, oceanography and biological productivity in the Kaikoura Canyon. It 
is also beyond the scope of this thesis to establish relationships between prey and any 
environmental variables. Nevertheless, we can make assumptions in this regard to help 
us understand how the Kaikoura marine ·habitat functions. 

We know that hapuku migrates north to Cook Strait to spawn in winter and pass 
along a route close to Kaikoura (Beentjes and Francis 1999). It is possible that hapuku is 
only passing through at this time but fishes may also get trapped in the canyon or stop 
and congregate for a while to exploit the abundant food resources of the Canyon. In this 
case, this could provide an explanation for sperm whales being found feeding in shallow 
water in winter. By contrast, sperm whales may be able to feed on squids year-round 
since the whales are found in deeper water in winter and summer (Jaquet 1999) (Figure 
7). However, since warty squids are an annual species, they will be subject to large 
fluctuations in biomass and therefore may not be a reliable food source for the whales all 
year. Warty squid and hapuku are also likely to be influenced differently by 
environmental conditions since their mode of locomotion and life-span differ. In fact, 
hapuku are strong swimmers (Johnston, Fishery Technical Report No.1 59) whereas 
warty squids are weaker swimmers than hapuku. In this case, warty squids are likely to 
use and rely more on ocean circulation systems to travel and allow for a wide distribution 
of the species. Moreover, since warty squid is a short-lived species by comparison to 
hapuku, these squids have to maximise energy intake and expenditure to grow and 
eventually travel back to their spawning grounds on the Chatham Rise. Successful 
populations of warty squid hence require consistent favourable environmental conditions 
to sustain a large biomass. 
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For Kaikoura, three scenarios can be proposed: warty squid can be either 
produced within the Kaikoura region, advected from offshore by circulation systems or a 
combination of both. Firstly, if we assume that warty squids spend their existence in the . 
Kaikoura Canyon, they must be able to find prey in sufficient quantity. We know that 
warty squid feed on lantern fish in this area (Jackson eta/. 1998) therefore high 
production at lower trophic levels and/or high primary productivity is conditional to 
support large warty squid prey populations. At this time, we do not have enough 
evidence to support that site-specific oceanographic processes like strong and 
consistent upwelling events instigate high primary production in the Kaikoura Canyon 
(see Chapter 4). Nonetheless, it is possible that processes like internal waves and 
upwelling originating from small eddies locked in place by the bathymetry may play a 
significant role in canyon's nutrient budget by generating short-lived, sporadic and small
scale productivity blooms sufficient to support small fish populations. For instance, small 
unstable eddies similar to what we observed off Kaikoura (see Figure 13(a)), combined 
with upwelling favourable winds, have been shown to trigger large phytoplankton blooms 
on the Sydney shelf (Gibbs eta/. 1997). However, other processes that were not 
identified or investigated in this study (e.g. interactions of coastal trapped waves with 
bottom topography, internal waves, shelf-break fronts or wind stress) can also result in 
significant production blooms and hold important roles in the maintenance of a diverse 
marine environment like they do in other canyons (Ardhuin eta/. 1999; Carmack and 
Kulikov 1998; Hickey 1997). Continuous flux of organic matter from the continental shelf 
(particularly during spring) can be channelled to the open ocean by the canyon's 
bathymetry and also contribute to enhance local primary production in canyons (Gili et 
a/. 1999), especially at the canyon's head (Vetter 1998). The likely short existence and 
episodic nature of the later oceanographic events or temporal delays between, for 
example, an upwelling and the onset of production, may explain why studies off 
Kaikoura (including this study) failed to associate nutrient enrichment with well-identified 
oceanographic processes or to relate these processes with the appropriate biological 
response. 

By contrast, processes acting at the Subtropical Front are favourable to 
phytoplankton growth (NIWA 2000; Bradford 1982). Since the Kaikoura Canyon is 
located at the north-western boundary of the STF, it is likely that Kaikoura can be 



Chapter V: General discussion and conclusion 89 

affected by similar conditions. My data suggested that nutrient enrichment might occur 
when SAW from the SAW wisp and STW from the East Cape Current interact. These 
interactions, either in the form of STW intrusions (Figures 10(c) and 31) or subtropical 
eddy V:'aters invading the whole area (Figures 10(b) and 30), were also related to 
mesoscale eddy-like features (E3 and E4) positioned offshore east of Kaikoura. These 
observations suggest that high phytoplankton biomass in the Kaikoura Canyon can be 
produced offshore and advected into the area by circulation systems. In this case, the 
canyon may be able to support high primary production necessary for juvenile warty 
squid growth and development. 

If primary production originates from offshore, circulation systems may also 
entrain juvenile or adult warty squids into the Kaikoura area. For example, it is 
conceivable that a westerly flow reversal along the northern edge of the Chatham Rise in 
spring/summer (Chiswell and Roemmich 1998; Heath 1983; Nodder 2000) combined 
with strong eddy dispersion mechanisms at the STF encourages the transport of juvenile 
squids to Kaikoura during this period. By comparison, cephalopod larvae off the South 
American Shelf and at the Antarctic Polar Front showed marked association between 
cephalopod species distribution and large scale oceanographic features, mesoscale 
eddies and fronts (Rodhouse eta/. 1996; Rodhouse eta/. 1992). 

In areas affected by strong eddy fields like at the STF, turbulent diffusion in the 
frontal eddy system can alter trajectories and speed of travel for some individuals 
(Bakun and Csirke in press). For example, Chiswell and Roemmich (1998) investigated 
retention rates of rock lobster larvae within the Wairarapa Eddy. Workers found that 
larvae could be trapped within the system for a year or more; long enough for long-lived 
weak swimming larvae to grow into sexually mature adults. Thereafter, it is possible that 
the cyclonic flow of E3 off Kaikoura entrains juvenile squids from the Chatham Rise for a 
certain period of time. While some individuals may remain trapped within the eddy 
circulation, some of them may be able to 'escape' and disperse elsewhere. Some 
individuals may also get transported to the Kaikoura Canyon, maybe within the STW 
intrusions observed in this study or by other means. This remark may not apply to 
hapuku since this strong-swimming species appears to travel mainly along the coast in 
shallower waters than warty squid. However, I should note here that the migration of 
hapuku could be helped by the northward flow of the Southland Current but that fishes 
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may travel further offshore than we think depending on the position of the SC. In fact, 
the SST data suggested that the SC may be influenced by the presence of E3 east off 
Kaikoura since the position of this current was further inshore when the eddy was well
defined.(e.g. Figure 10(a)) and further offshore in other occasions (e.g. Figure 10{d)). 

Despite the likely favourable influence of offshore circulation systems in bringing 
warty squid into the Kaikoura Canyon, the same mechanisms may also take prey away 
from the area. For example, other cephalopod species (e.g. 1/ex argentinus) 
advantageously exploit different aspects of oceanographic systems during different life 
stages, with larval phases concentrating on the shelf and the adult phases exploiting the 
currents for migrations between spawning and feeding grounds (Rodhouse et a/. 1992). 
Therefore, independently of warty squids being produced off Kaikoura or advected in the 
area, some other processes must act to concentrate and retain them in the canyon. 
Concentration of food species in a small area like the Kaikoura Canyon is advantageous 
for young pubertal male sperm whales since energy otherwise spent on food seeking 
can be used for accelerated growth. 

In a marine environment, concentration processes may take different forms. 
Firstly, weakly swimming organisms may accumulate in convergence zones or in 
downwelling areas since they are strong enough to resist the downward flow 
entrainment but not enough to escape it (Bakun and Csirke in press). Plumes, eddy-like 
turbulence and currents may also play an important role in this process (Murphy et a/. in 
press). If flow convergence or downwelling occur on consistent temporal and spatial 
scales, small predatory organisms like squid larvae may definitely benefit from such a 
concentration of small food particles (Bakun 1996; Bakun and Csirke in press). When 
this process works its way up the trophic levels, sufficient food supply can be provided at 
the highest trophic levels (Bakun and Csirke in press). Studies by Stefanescu eta/. 
(1994), Sarda eta/. (1994) and Vetter (1998; Vetter and Dayton 1998) showed that fish 
abundance and biomass was higher in submarine canyons than outside, in the 
neighbouring areas. Mean fish or crustacean weight was also smaller inside the canyon, 
hence suggesting that canyons may be a recruiting ground for some species 
(Stefanescu eta/. 1994) and are important sites of enhanced secondary productivity 
(Vetter 1998). Since my CTD data revealed the presence of downwelling events and 
density gradients (or small-scale frontal zones), the above 'retention' theory offers a 
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possible hypothesis for species concentration off Kaikoura making this habitat suitable 
for aggregations of fish and squids . 

• Secondly, eddy features can act to retain prey as rotating circulation patterns in 
eddies are self-contained. This has been observed in many areas (Chiswell and 
Roemmich 1998; Fiedler eta/. 1998; Gibbs eta/. 2000a) but the mechanisms leading to 
retention of prey can also be site-specific. For instance, local wind forcing in the Blanes 
Canyon (Ardhuin eta/. 1999) causes the flow above the canyon's rim to disconnect from 
the flow within the canyon, a small eddy forming in-between. In this case, it is possible 
that such processes lock deep species into the restraining underwater topography and 
traps other in the eddy while it may also allow displacement of surface productivity by 
surface currents. Consequently, small-scale eddy features like I observed in the 
Kaikoura Canyon on June 16, 1999 (Figure 13(a)) may contribute to trap warty squids at 
depths but retain hapuku closer to the surface in the eddy circulation for a certain time, 
consequently providing local sources of prey for sperm whales. 

Furthermore, marine life is often abundant in places such as seamounts (Bakun 
1996) or banks like the underwater ridge between the Conway Trough and the open 
ocean (see Figure 1 ). The formation of a Taylor column structure, or anticyclonic 
circulation under the sea surface around these areas may generate local upwelling 
events up the steep flanks of the bank. Consequently, the water in that area may get 
continually enriched from deep-rising nutrients. Oceanic circulation around the bank can 
also concentrate species and stop them from dispersing. Feeding success is therefore 
likely to be enhanced ih these regions. 



Chapter V: General discussion and conclusion 92 

Conclusion 

fn summary, the interactions of underwater topography, oceanography and 
biological productivity may provide all the ingredients to sustain large and varied marine 
populations in the Kaikoura Canyon. Sperm whale prey distributions are likely to be 
affected by the availability of habitats, firstly determined by the topography, but also by 
oceanographic processes that provide ways of transport and enrichment of the area at 
lower trophic levels. On the other hand, sperm whales will benefit from mechanisms 
encouraging advection, retention and concentration of food species over a small area so 
they maximise energy otherwise spent on food seeking for other purposes like 
accelerated growth. 

Despite the relative novelty of submarine canyon research, my observations 
closely match ones performed in other canyons around the world. For example, I found 
evidence of offshore mesoscale eddies (Carmack and Kulikov 1998; MOnchow and 
Carmack 1997), small-scale eddies locked in place by the bathymetry (Ardhuin et a/. 
1999; Hickey 1997; Yankovsky and Chapman 1997) and internal waves (Petruncio eta/. 
1998). These similarities between oceanographic processes occurring in the Kaikoura 
Canyon and in other canyons highly suggest that our canyon behaves similarly in terms 
of complexity and diversity of oceanographic processes. Consequently, further studies 
in this area may be able to identify and describe in greater detail mechanisms enhancing 
and supporting production in this area. Remotely Operated Vehicles, video cameras 
and submersibles could also be used to identify fish assemblages and habitats, hence 
gaining information on sperm whale prey and secondary productivity in the canyon. 
These methods were used successfully in the Monterey (Lauerman 1998; Matsumoto 
and Robison 1992; Widder eta/. 1989), Soquel (Yoklavich eta/. 2000), Scripps and La 
Jolla Canyons (Vetter 1998; Vetter and Dayton 1998) in California, USA. 

Sperm whale surveys could also be done in conjunction to oceanographic 
sampling although relationships between sperm whale distribution and oceanographic 
processes are difficult to establish as these whales occupy the highest trophic levels. I 
found that oceanographic processes are highly variable in the Kaikoura Canyon. 
Surveys would therefore need to be extensive and intensive to gather a significant 
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amount of data to make the establishment of relationships between sperm whale 
distribution and environmental variables realistic. Unfortunately, sperm whales are 
difficult to study as they spend most of their time underwater (Jaquet 1999). I would 
conseq~ently recommend investigating further oceanographic and biological processes 
off Kaikoura to better understand this habitat before attempting to find relationships 
between these processes and sperm whale distribution. 

Past distribution sperm whale data could however be investigated in conjunction 
with past satellite imagery to see if major oceanographic changes have an impact on the 
general distribution of the whales. Time-series analysis of SST data could reveal 
interesting information on the occurrence and formation of mesoscale eddies off 
Kaikoura and general oceanographic patterns that may influence in-canyon processes. 
For example, the SST movie produced in Matlab v.7 by Ben Knight and presented on 
the CD-ROM (SSTmovie.avi, see Appendix B) demonstrates daily and seasonal 
variability of oceanographic processes off the East Coast of New Zealand. The 50km 
global AVHRR SST data set (zoomed into 36°-55°S 150°-180°E) (NOAA 2001) from 
March 13, 1999 to November 21, 2000 used to make this movie suggest that southward 
extensions of the East Cape Current occur regularly in May-June, maybe enhancing 
mesoscale eddy formation offshore (eddies are illustrated by closed circular areas - e.g. 
November 24, 1999 and February 19, 2000). Smaller resolution SST data (i.e. 1 km2

) 

could be used in a similar way and analysed using remote sensing techniques to 
understand oceanographic dynamics off Kaikoura and make hypothesis about how 

offshore processes may influence the canyon. 

Satellite imagery obtained for this project provided an overview of water masses 
and primary productivity distribution off Kaikoura. I did not make a detailed analysis of 
these data using remote sensing techniques since this was outside the scope of this 
study. However, the application of satellite data, especially using descriptive methods, is 
severely limited in NZ waters without concurrent vertical in situ ground truth information 
(Vincent eta/. 1 991 ). Subsurface features are missed by satellite data and relationships 
with in situ data is difficult to quantify when only 1-3 satellite passes are available per 
day, most of which may be completely or partly obscured by clouds. Future research on 
SST and biological productivity off Kaikoura should consider simultaneous application of 
physical and biological profiling in the ocean (CTD) with real-time satellite imagery of 
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SST, productivity and Sea Surface Height (SSH) data, especially to define the vertical 
and horizontal structure phytoplankton and associated oceanographic features (Vincent 
eta/. 1991 ). New technologies like Remote Sensing and Geographic Information 
System~ can become a very useful tool in future sperm whale studies. Predictive 
distribution models similar to some developed for north Atlantic right whales (Eubalaena 
g/acialis) (Moses 1995) are likely to emerge as more data become available on sperm 
whale prey and habitats. GIS are a very useful tool in marine biology since these 
programs can process large amounts of data from different sources and new data can 
easily be added to the systems (Xavier eta/. 1999). 

CTD sampling off Kaikoura was greatly limited by weather conditions as a small 
boat was used for this study. I would therefore recommend the use of a larger boat (e.g. 
the University of Otago research boat RV Munida) in the future so sampling transects 
can be completed and make data collection more consistent. A larger vessel would also 
allow the extension of the sampling line further offshore and make analogies with SST 
data possible. If internal wave sampling has to be repeated, data will need to be 
gathered continuously for a longer time period (e.g. 96 hours) than four hours like it was 
in this study. The later recommendations regarding CTD and internal wave sampling 
would also permit to feed the already existing numerical circulation model of the 
Kaikoura Canyon (Gibbs eta/. 2000a) with a better dataset, hence realistic predictive 
scenarios of oceanographic processes can be generated for this region. 

Finally, my study of the sperm whale habitat off Kaikoura unveiled interesting 
information about the distribution of sperm whale prey species, offshore and in-canyon 
oceanography and biological productivity. This project was unique considering my 
restricted budget. Despite limitations imposed by the weather for both CTD and satellite 
data, the general approach I followed encompassed many aspects of the sperm whale 
habitat but also elucidated aspects of its functioning. I realise that this work did not 
investigate in-depth any of the identified processes, although I hope that my results help 
other scientists to refocus their on-going research projects and develop research and 
management priorities. It is important to gain an understanding of this region before 
trying to establish relationships between sperm whale distribution and environmental 
variables or evaluate impacts of environmental hazards such as climate change to the 
sperm whale population and the whale-watching industry. 
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APPENDIX A 

CTD PROFILES AND TS PLOTS 
FOR ALL SAM::PLED TRANSECTS OFF KAIKOURA 

Figure A1: June 16, 1999 
Figure A2: June 18, 1999 
Figure A3: March 6, 2000 
Figure A4: March 8, 2000 
Figure AS: May 29,2000 
Figure A6: June 1, 2000 
Figure A7: June 3, 2000 
FigureA8: July 5, 2000 
Figure A9: July 7, 2000 
Figure A10: October 26, 2000 
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FigureA1: CTD profiles and TS plot from data collected on June 16,1999. (a) Potentia temperature (Celcius), (b) Salinity (PSU), (c) Fluorescence (ug/L) and (d) Temperature- Salinity Plot. The non-labeled stations were from the 
preliminary study but were dropped for the main study although data is 
presented here. 
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Figure A2: CTD profiles and TS plot from data collected on June 18, 1999. (a) Potential temperature (Celcius), (b) Salinity (PSU), (c) Fluorescence (ug/L) and (d) Temperature- Salinity Plot. The non-labeled stations were from the preliminary study but were dropped for the main study although data is presented here. 
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Figure A3: CTD profiles and TS plot from data collected on March 6, 2000. {a) Potential temperature (Celcius), (b) Salinity (PSU), (c) Fluorescence (ug/L) and (d) Temperature- Salinity Plot. 
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Important: This CD ROM was included with this work to allow the readers to explore the 
remote sensing data set at a higher resolution. This data is not for public use. Dr. 
Michael Uddstrom and Matt Pinkerton NIWA (Wellington) provided AVHRR SST and 
SeaWiFS respectively. Ben Knight (University of Otago, Department of Marine Science) produced the SST movie. The upwelling movie was reproduced with the· permission of 
the author, Mike Crowley, from http://marine.rutgers.edu/mrs/upwelling.html (Accessed 
on March 10, 2001). 

Filename File description 
SSTmoV1e.av1 

SST _jun99.gif 

SST_marOO.gif 

SST_ mayOO.gif 

SST _junOO.gif 

SST _ju/OO.gif 

SST_ octOO.gif 

SWF_mthly.doc 

SWF _jun1399.tiff 

SWF_mar300.tiff 

SWF mar400.tiff 

SWF _may2700.tiff 

SWF_may3100.gif 

SWF oct1600.tiff 

SWF oct1700.tiff 

SWF oct1900.tiff 

SWF oct2100.tiff 

SWF oct2600.tiff 

SWF oct3000.tiff 

Ammat1on of 50km dally NOAA AVHRR SST data 
SST data covering the June 1999 sampling period 
SST data covering the March 2000 sampling period 
SST data covering the May 2000 sampling period 
SST data covering the June 2000 sampling period 
SST data covering the June 1999 sampling period 
SST data covering the June 1999 sampling period 

Monthly SeaWiFS averages from September 1997 to April 2000 
4km GAC SeaWiFS data for June 13, 1999 
4km GAC SeaWiFS data for March 3, 2000 
4km GAC SeaWiFS data for March 4, 2000 
4km GAC SeaWiFS data for May 27,2000 
1km LAC SeaWiFS data for May 31, 2000 
1km LAC SeaWiFS data for October 16, 2000 
1km LAC SeaWiFS data for October 17, 2000 
1km LAC SeaWiFS data for October 19, 2000 
1km LAC SeaWiFS data for October 21, 2000 
1 km LAC SeaWiFS data for October 26, 2000 
1 km LAC SeaWiFS data for October 30, 2000 
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APPENDIX C 

UPWELLING ALONG THE NEW JERSEY COAST 

The following description of upwelling events along the New Jersey Coast has 
been reproduced from http://marine.rutgers.edu/mrs/upwelling.html with the permission 
of the author, Mike Crowley (Institute of Marine and Coastal Sciences, Rutgers 
University, New Jersey). It is relevant to provide an example of a strong upwelling on a 
coast facing east (although the New Jersey Coast is in the Northern Hemisphere) to 
compare with analogous upwelling processes possibly occurring off Kaikoura. AVHRR 
SST and CTD data are also presented to illustrate upwelling along the New Jersey 
coast. In the future, in-situ CTD and AVHRR SST data for my study area could be used 
simultaneously like it is done below in order to achieve a better understanding of the 
oceanography off Kaikoura. 

Life Cycle of an upwelling Event along the New Jersey Coast 

During the summer months, the sun heats the surface of the ocean near the New 
Jersey coast. This warming causes stratification (warm surface/cold bottom). Typically, 
winds during the summer months are from the southwest, bringing hot humid air up from 
the Gulf of Mexico. However, these winds do not blow the surface layer to the northeast, 
but to the southeast. This 90 degrees difference in wind and water current direction is 
caused by to the earth's Coriolis force. When the warm surface water is blown offshore, 
the cold bottom water rises and brings sediment up from the bottom, sometimes causing 
phytoplankton blooms (see the upwelling movie (UPW_mov.gif) on the CD ROM). 

When winds continue to blow from the southwest after an upwelling has begun, 
the upwelling areas tend to converge around four consistent centers: Long Branch, 
Barnegat Inlet, Great Bay Inlet, and Hereford Inlet (Figure C1 ). The upwelling band is 
believed to converge into small, weak eddies at approximately 50 km intervals and 
temperatures at the beach can vary up to 1 0°C. 
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Figure C1: Multiple upwelling centres along the New Jersey Coast in July 1994. 
{a) The upwelling begins on July 21, 1994 at four distinct areas. On July 23 {b), the 
upwelling is found along the coast and small eddies have developed in the four 
upwelling centres on July 25 {c). 

(a) (b) 

(c) 

Temperature in Celsius 
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Figure C2: CTD transects combined with AVHRR SST data off the New Jersey Coast on (a) 
August 51993, (b) July 27 1995, and (c) July 111996. The CTD cross-sections (top left 
corner) from station A1 to A7 are performed once a month during the fall, winter, and 
spring and once a week during the summer (weather permitting) by the Institute of Marine 
and Coastal Sciences, NJ. Large X's indicates the stations on the satellite images. The 
data show that the cold water at depth has risen to the surface and pushed the warmer 
water away from shore. 
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12:26 GMT 
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