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Abstract 

The endemic New Zealand echinoid, Evechinus chloroticus (Valenciennes), 

was collected bi-monthly between May 1999 and June 2000 from Elizabeth Island, 

Doubtful Sound, and held in shallow water sea cages in Otago Harbour, Dunedin, 

New Zealand. Three experiments (Sept-Nov 1999, Dec 1999-Feb 2000, Mar-May 

2000) tested a range of algal diets (Macrocystis pyrifera, Graci/aria chilensis, and 

Ulva lactuca) against an extruded artificial feed during the annual reproductive cycle 

of E. chloroticus (spring-autumn). Diet switching, cumulative gonad growth and 

density factors, in addition to gonad and gut indices, gametogenesis and roe colour, 

were investigated. 

Evechinus chloroticus at Elizabeth Island commenced gametogenesis in late 

winter/spring (July-August 1999) and spawned in early summer (November

December 1999) with a gonad index of 20.25% and 8.30% respectively. The artificial 

diet recorded the largest growth in gonad indices (23.15%, 18.83% and 20.81 %) in all 

three experiments, significantly higher (ANOVA post-hoc LSD; p=0.034) than all 

other diet treatments and field samples. Of the algal diets, Macrocystis pyrtfera 

recorded the largest growth in gonad indices (18.16%, 12.96%, and 18.29%), 

significantly higher (ANOVA post-hoc LSD; p=0.049) than all other algal treatments 

and end field samples. The G. chilensis and U lactuca diets produced negligible 

gonad growth in Experiment 1 and 2. The brightest roe colours were produced on the 

M pyrifera and artificial/M pyrifera diet switch treatments in Experiment 3 during 

the 'recovery' stage of gametogenesis in Elizabeth Island sea urchins. Low mortality 

(0.43%; Experiment 3), feeding rates (lg-urchin/day artificial diet) and experimental 

length (9 weeks) suggest the use of sea cages for experimental E. chloroticus gonad 

enhancement has been realised in this study. 
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1.1 General Introduction 

1.1.1 Sea Urchin Fisheries 

Increased demand for sea urchin roe has launched the development of 

extensive domesticated fishery enhancement techniques and a corresponding 

worldwide expansion of sea urchin fisheries in recent times (Lawrence et al. 1997). 

There is particular concern over the long-tenn viability of all the world's major sea 

urchin fisheries due to the fact that many had few catch restrictions when first 

established and very little baseline data to assess the potential impact of "sustainable" 

harvest levels (Munk, 1992). In the United States, Japan, France, Canada, Mexico, 

Alaska and Chile sea urchin fisheries have expanded so greatly in recent years they 

are now likely to be in decline (Walker and Lesser, 1997; Bureau et al. 1997). This 

may a direct result of current management practices, which are largely ad hoc in 

nature (Hagan, 1996). Regulations are eventually introduced as emergency measures 

rather than a plan aimed at the strategic conservation of the species. In recent years 

aquaculture techniques have provided a reseeding tool for heavily fished areas 

(Lawrence and Bazhin, 1998). 

An example is the California sea urchin fishery, characterized by rapid 

development (from 1971) and minimal regulation. This fishery is primarily based on 

size limits and limited entry (first introduced in 1987). There is now direct evidence 

of a declining catch per unit effort ( 40% since 1989) and serial depletion (McShane, 

1997). Compounding these management issues is the known fact that fishing reduces 

the number of brood-stock and the potential recrnitment of larvae and juveniles 

(McShane, 1997). In addition, recrnitment in sea urchin populations is frequently 

observed to be low and sporadic (Gonzalez et al. 1987; Hart and Scheibling, 1988). 

These factors may inhibit and confound sustainable sea urchin fishery ventures. 

In contrast, the Washington State sea urchin fishery has implemented such 

strategies as rotational closure, fleet reduction, a reduced fishing season, annual 

surveys and limits on the number of divers per boat. These practices are dependent on 

the sustainable harvest levels but do provide some measure of protection (McShane, 

1997). The main management tool utilized by the Japanese for their sea urchin 

fisheries involves restocking areas with cultured juveniles. Unfortunately, the natural 

Japanese production of sea urchins is still in decline nationally (Hagan, 1996). 
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To maintain or expand the world supply of high quality sea urchin roe is a 

major aquaculture opportunity awaiting commercial scale trials (Lesser and Walker, 

1998). Growth of sea urchins is extremely sensitive to environmental factors, 

particularly food quality and quantity, and this can often result in large, 

undernourished sea urchin populations in the wild (Andrew, 1986). In good 

conditions with excess food, however, the gonad will act as a nutritive storage organ 

(Gonor, 1972; Moylan, 1997; Whitaker, 1997). 

Such declines in world fisheries have raised the potential for New Zealand to 

exploit the available market using our large natural populations of Evechinus 

chloroticus, or Kina (McShane, 1992; Brewin, 1996; Goebel and Barker, 1998). Local 

small-scale fisheries are well established around New Zealand. A recent attempt to 

develop a larger scale fishery, such as the experimental fishery for sea urchins in the 

Dusky Sound, Fiordland, in 1992, failed due to variable and low recovery of quality 

roe. The majority of the sea urchins had a bitter taste and a generally poor colour 

(McShane et al. 1996). South East Asian markets desire a roe that is bright orange or 

yellow in colour with a firm, fine textured grain (Shimizu et al. 1995; Hagan, 1996). 

These characteristics were extremely variable in the Dusky Sound fishery and as a 

result a large proportion of the roe did not meet Japanese export standards (McShane 

et al. 1994, 1996). The domestic New Zealand market seems to prefer softer roe and 

appear indifferent to the colour. 

1.1.2 Kina, the New Zealand sea urchin 

The New Zealand sea urchin Evechinus chloroticus (Val.) is an endemic 

regular echinoid common on New Zealand shores, offshore reefs and a number of 

island groups (Dix, 1969). E. chloroticus are primarily sub-tidal animals, but can 

occasionally be found in the intertidal zone in certain areas (McRae, 1958). E. 

chloroticus are commonly referred to as kina (the Maori name for E. chloroticus), and 

have been a valued traditional food of the Maori of New Zealand for many years. At 

present kina are collected by both Maori and Pakeha, supporting a small but 

significant recreational fishery. Small commercial fisheries exist in certain areas 

arotmd New Zealand, such as those exporting frozen roe obtained from dredged sea 

urchins (McShane et al. 1994). 

E. chloroticus anatomy was first described in detail by McRae (1958). Dix 

(1970b) provided early accounts of E. chloroticus biology including the genus, 



) 

) 

) 

) 

0 

3 

habitat, known populations and preliminary ecological surveys. Further studies by Dix 

(1969a,b, 1970a,b,c, 1972) account for a significant proportion of the published 

literature available on the ec.ology and biology of E. chloroticus. Recent publications 

by McShane (1992, 1997; et al. 1994, 1996, 1997), Lamare (1997) and Brewin (1996; 

et al. 2000), Goebel and Barker (1998), and Barker et al. (1998) have expanded this 

base of information. Barker (2001) has reviewed E. chloroticus ecology. 

Figure 1. Evechinus chloroticus (Scale 1:3) 

1.1.3 General biology 

Evechinus chloroticus is widely distributed on hard substrates to depths of 5-

10 metres (with a range < 30 metres) around the coasts of the North and South Island, 

Stewart Island and the Chatham, Three Kings and Snares Islands. Kina are thought to 

be absent around the Kermadec Islands to the north (Dix, 1970a) and the Auckland 

and Campbell Islands to the south (McShane, 1997). Populations can occur as dense 

aggregations of up to 50 individuals per m2
, but this may vary considerably from 

place to place (Dix, 1969). 

Kina generally feed on drift seaweed that attaches to their spines. They are 

motile over small distances and may consume encrusting algae and other particulate 

matter (Andrew, 1989). Alternatively, they can graze on intact plant vegetation, 

inadvertently preventing the colonization of juvenile plants on subtidal reefs due to 

their feeding activities (Ayling, 1978). Large aggregations of kina can eventually 

denude entire reefs of preferred algae species, leaving extensive areas of barren rock. 

Although these sea urchins are described as omnivorous opportunistic feeders, E. 

chloroticus have been shown to favour laminarian and fucoid algae ( such as 
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Macrocystis pyrifera and Carpophyllum sp.) as a food source in the wild (Andrew and 

Choat, 1982; Ayling, 1978). Macro-algae provide the main source of the carotenoid 

pigments (such as the keto carotenoid echinenone) responsible for the yellow-orange 

gonad colour found in a variety of sea urchins around the world (Jong-Westman et al. 

1995b ). The algal diet of kina may influence the colour of the roe and this is 

important in terms of market potential (McShane, 1997). 

Male and female kina are thought to exist in equal numbers in the wild 

(Mc Shane, 1997). Generally, it is not possible to identify the particular sex of mature 

specimens in the field. Size at first maturity can vary considerably depending on the 

area concerned, but is usually somewhere between 40 and 60 mm in test diameter. In 

mature kina, the weight of the roe (gonad) increases proportionally with animal 

weight until the urchin reaches a size of 120 mm (>300 grams) or larger. At this stage, 

large kina usually produce proportionally less roe. A mature female sea urchin can 

produce millions of eggs every spawning season (Mcshane, 1997). 

Gonor (1972) described the seasonal accumulation of nutrients in 'storage 

cells' in echinoids (nutritive phagocytes), and the conversion of these nutrients into 

gametes. This conversion usually resulted in increasing gonad size ( due to gamete 

maturation) and the release of gametes at spawning (Gonor, 1972). Sea urchins store 

nutrients in their three main body components: the gut, gonads and body wall. 

Lawrence and Lane (1982) suggest that the quality of food determines its usefulness 

as a source of nutrients; and that this has strong influences on (1) rate of consumption, 

(2) digestibility, (3) absorption and (4) biochemical composition of body components. 

Proteins, lipids and carbohydrates are deposited in the three main body components 

intracellularly and thereafter accumulate by way of increasing cell numbers 

(Lawrence and Lane, 1982). Macronutrients (proteins, lipids, carbohydrates) and 

micronutrients such as fatty acids, amino acids, minerals, vitamins and trace elements 

in diet may influence growth and gametogenesis in sea urchins (Frantzis and Gremare 

1993). 

It is postulated that the small size of the gut and the body wall make it unlikely 

that either of these components contribute substantially to gonad development (Lane 

and Lawrence, 1982). Pearse and Cameron (1991) do suggest, however, that a certain 

degree of nutrient partitioning occurs between all body components in sea urchins. 

George (1990) determined that the abundance and type of food available to adult sea 

urchins could affect egg size, and therefore larval size, development and survival 
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post-spawning. These conclusions suggest that echinoids need large inputs of 

nutrients to realize gonad growth. Nutrients can be supplied by external sources or 

previously stored nutrients in the nutritive phagocytes (Brewin, 1996). The amount of 

nutrients stored within the gonad varies, depending on the energy required for body 

maintenance and growth. A high quality diet (or alternatively a high quantity diet) 

will therefore maximize gonad development ( due to high nutrient stores) and somatic 

growth (Chatlynne 1969). 

Dix (1970) described the stages in the gametogenic cycle of Evechinus 

chloroticus over the course of an entire year as 'unripe', 'ripe' or 'spent'. Walker 

(1982) later characterised the cellular events associated with gametogenesis for E. 

chloroticus. It was postulated that the nutritive phagocytes provided a "basis for 

organization of the micro-environment of germinal cells" by storing nutrient material 

acquired from feeding. In starved conditions nutrients are likely to be sourced from 

gut and somatic tissue (Walker 1982). Brewin (1996; et al. 2000) used a modified 

version to that described by Byrne (1990) for E. chloroticus, with most stages defined 

mainly from structural appearances of the microscopic features. 

During gametogenesis, stored nutrients are mobilized and absorbed using 

nutritive phagocytes (Walker, 1982). Nutritive phagocytes may also be responsible for 

the re-absorption of relict gametes post-spawning and sometimes pre-spawning (Lane 

and Lawrence, 1979). A general description of the role nutrient phagocytes play may 

be summarized as follows: they proliferate before gametogenesis occurs (resulting in 

an increase in nutrients and, subsequently, gonad index), and they consume relict 

gametes that are not released by the end of the reproductive season (Pearse and 

Cameron, 1991, Walker, 1982). 

A dioecious broadcast spawner, Evechinus chloroticus displays seasonal 

gametogenesis (Dix, 1970a ). Both males and females usually spawn synchronously in 

the wild and release large numbers of gametes (broadcast). The main spawning period 

occurs from January to March, and ripe gonads are usually present from October to 

April, although populations have been found to vary in both the quantity and timing 

of the spawning event (Dix, 1970c; Barker et al. 1998). Gonads are typically arranged 

in five interambulacral regions around the central axis of the sea urchin, and during 

spawning sperm and eggs are forced out through the gonopores (Lamare, 1997). 

Fertilisation occurs in the surrounding seawater and planktotrophic pluteus larvae 

settle out of the water column after four to six weeks (Lamare and Barker, 2001). 
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There is likely to be strong interannual variation in recruitment as well as spatial 

variation among populations in the wild (McShane et al. 1994, Lamare and Barker 

2001). Juveniles adopt a cryptic lifestyle living under rocks and in crevasses until they 

reach 20-30 mm in size (McShane, 1992; Barker et al. 1998). 

Kina, like other sea urchins, grow slowly during their first year. Growth rates 

increase after this period until sexual maturity is reached. Kina will continue to grow, 

albeit slowly, for the entire course of their lives, which can reach a maximum of 20-

30 years in some instances (McShane et al. 1994). It has been suggested that up to 50-

60% of kina larger than 50 mm survive each year and that figure may be much lower 

for juveniles (Andrew and Choat, 1982). Recently these figures have been questioned 

by indications predation may be much higher in the wild (Lawrence, 1997). Predators 

of small kina include crabs, certain asteroids and whelks, and various benthic feeding 

fish. Predators of large kina include octopus, rock lobster, molluscs, benthic fish and 

large asteroids such as Astrostole scabra and Coscinasterias muricata (Andrew and 

Choat, 1982, Andrew and McDiamid, 1991, Barker, 2001). Sea urchin mortality can 

also result from disease (Maes et al. 1986) and environmental turbulence (Barker 

2001). 

1.1.4 The NZ Fishery Perspective 

As mentioned previously, an experimental fishery for Evechinus chloroticus in 

Dusky Sound (1992) failed to provide an acceptable product for the Japanese market. 

When kina arrived at the factory the roe was often milky in colour and oozing, 

suggesting the sea urchins were harvested at the wrong time of year. Complaints from 

Taiwanese processors also indicated that processing practices were inadequate, as the 

roe was deemed too "wet" ( oozy moist roe versus firm, textured roe). 

Until very recently, kina have been managed as a non-ITQ species, and 

divided into ten regional areas around New Zealand. Five areas have no catch limit, 

while the other five have limits amounting to 850 tonnes in total. The average total 

catch for the last decade has been approximately 600-650 tonnes, well below the 

allowable catch limits. Kina will soon be regulated under the Quota Management 

System (Alan Fraser, pers. comm.). 

Brewin (1996) provided a detailed analysis of diet and its effect, under 

experimental conditions, on E. chloroticus roe. Sea urchins were kept in constant 

darkness, and fed a range of macro-algae diets. The results were inconclusive but did 
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suggest enhancement is possible tmder certain conditions. The use of prepared feeds 

for improving the quality of sea urchin gonad prompted a study by Barker et al. 

(1998) to examine this possibility for Evechinus chloroticus. Feeding rates, absorption 

efficiencies, and growth of gut and gonad indices were compared using natural algal 

foods (Macrocystis pyrffera and Ulva lactata) and four prepared diets. 

Soybean and fishmeal feeds produced variable gonad growth indices across 

different sea urchin size ranges, but were predominantly superior to the algae diet. 

The two extruded diets- one based on com grain, wheat middens and kelp, and the 

other based on wheat starch, cellulose, menhaden and soybeans, provided the 

maximum gonadosomatic growth rates for small and large sea urchins in these 

experiments (Barker et al. 1998). This study indicated that it is possible to use 

prepared feeds to enhance gonad growth in Evechinus chloroticus. Sea urchins fed 

prepared diets, however, consistently produced gonads of a light cream to yellow 

colour, whereas those fed algae were often yellow/orange. This suggests that the 

prepared diets may lack some components essential for maximum growth and 

colouration (Miller, 1989; Jong-Westman et al. 1995a; Robinson and Colborne, 1997; 

Barker et al. 1998). 

1.1.5 Natural and artificial sea urchin diets 

As a result of the worldwide decline in sea urchin fisheries there is a growing 

interest towards sea urchin aquaculture and population stock enhancement, reflected 

in part by a number of studies that have investigated roe quality enhancement through 

the use of natural and artificial feeds (Jong-Westman et al. 1995a, 1995b; Lawrence et 

al. 1997; Klinger et al. 1997; Barker et al. 1998). Many studies have discussed 

preferential and selective feeding methods of sea urchins, but it is suggested that the 

diet may actually be a "forced" compromise between preference and availability of 

food in the wild (Andrew, 1986, Bureau et al. 1997). Many studies have shown that 

artificial diets can produce dramatic gonad tissue growth in sea urchins (Barker et al. 

1998; Robinson and Colborne, 1997). 

Motnikar et al (1997) investigated gonad conditioning in the green sea urchin 

Strongylocentrotus droebachiensis using a semi-moist artificial diet enhanced with 

vitamins and minerals. The best artificial diet, while producing superior gonad 

growth, could not improve the colour of the gonad in more than 20% of the sea 

urchins sampled (Motnikar et al. 1997). Robinson and Colbome (1997) also 
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investigated roe enhancement in the same species (Strongylocentrotus 

droebachiensis) using Laminaria longicruris algae ( observed as a preferred diet by 

these authors), and artificial food sources. The rationale for the use of artificial feed 

was derived in part from the difficulties associated with harvesting suitable algae and 

the inaccessibility of some algae habitats at certain times of the year. In addition, the 

artificial feed represented a relatively cheap alternative to natural algal food sources, 

and can be manufactured based on specific diet composition prerequisites (Robinson 

and Colbome, 1997). 

Artificial feeds have also been used to test roe enhancement for 

Strongylocentrotus franciscanus. McBride et al (1996) found that the kelp Nereocystis 

luetkeana produced higher gonad indices than artificial feeds for this species. Pearse 

et al. (1995) found that gonad indices were 2-3 times higher in S. franciscanus sea 

urchins fed artificial diets than those fed kelp. The roe colour of the sea urchins fed 

the artificial diet was generally inferior (Bureau et al. 1997). 

1.1.6 Sea urchin cultivation in the field 

A study by Lawrence et al. ( 1997) examined the enhancement of gonad 

production in the sea urchin, Loxechinus albus, in Chile. In addition to demonstrating 

that extruded feeds are suitable for long-term cultivation of L. albus, field experiments 

were performed in conjunction with land-based aquaria feed trials. Sea urchins were 

placed in cages at specific densities and suspended from long lines in the sea. The 

results for both experimental sets were comparable in terms of gonad index growth. 

Mortality was significantly lower for the caged sea urchins (Lawrence et al. 1997). 

The gonad index of green sea urchins (Strongylocentrotus droebachiensis) 

held in boxes anchored at the surface in Newfoimdland, and provided with ample 

Laminaria digitata for food, increased from 2.2% to 19.7% in 2 months. In the 

laboratory, the gonad index of S. droebachiensis fed Fucus edentatus increased from 

2.2% to 15.5% in 3.5 months (Bureau et al. 1997). In this experiment the anchored 

boxes were superior in terms of gonad index growth. Cuthbert et al. ( 1995) 

demonstrated for the same species that the gonad index of green sea urchins held in 

tanks and fed on L. digitata increased from 3.7% to 19% in 10 weeks and to 30% in 

25 weeks. When the sea urchins were held in cages on the sea floor at 10 metres 

depth, gonad index values increased from 5.6% to 22% after 10 weeks and to 27.5% 

after 25 weeks of feeding on L. digitata. These results show that acceptable gonad 
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growth in sea urchins may be obtained by holding sea urchins in cages/containers in 

the sea (Cuthbert et al. 1995). 

Hatcher and Hatcher ( 1997) recorded that test growth rates for 

Strongylocentrotus droebachiensis of as much as 2 mm per month, or 24 mm per 

year, are possible on suitable diets, which is 2 to 5 times the rates typically produced 

on unsuitable diets. The enhancement of diet quality and quantity produced improved 

tissue and gonad growth within 1 to 5 months, with growth rates of up to 3.4% per 

day, and a 2- to 3-fold increase in gonad mass over the long term (Hatcher and 

Hatcher, 1997). 

Burke (1997) analysed the merits of controlled on-land tanks and submerged 

sea cages for Strongylocentrotus droebachiensis gonad enhancement m 

Newfoundland, based on results tabulated from 2 years of research. Stocking densities 

were lower for the submerged sea cages (2.5 kg/m2
) but start-up costs and capital 

costs were 20% cheaper than land-based cultivation operations. For example, two 

full-time personnel with diving capabilities could successfully run a 10 000 m2 bottom 

culture operation at a start up cost of $20 000-$50 000 ($US), with fixed costs 

estimated at $5 000 ($US) a month. Submerged sea cages therefore appeared to be 

more viable than land-based culture, but there were more risks to be considered such 

as premature spawning, greater yield variation, and less general control over the 

culture operation. Advantages included the use of natural photoperiods and 

temperature in the field operations, which are both closely linked with gonad 

development (Burke, 1997; Blin, 1997). 

1.1. 7 Objectives of this study 

Hayden (1988) identified the major areas of research that require analysis 

prior to the utilization of Evechinus chloroticus as an aquaculture species in New 

Zealand. Firstly, further information was required on the potential size of the resmirce 

and recruitment processes. Recent studies by McShane (1992, 1997; et al. 1994, 

1996), Lamare (1996, 1998, 2000), Lamare and Stewart (1998), Lamare and Barker 

(1999), Lamare and Mladenov (2000) and Brewin et al. (2000) have examined 

reproductive variability and recruitment for E. chloroticus. 

Secondly, it was noted that the development of an artificial feed had the 

potential to influence gonad conditioning, but more research was required on the 

responsiveness of E. chloroticus to a particular food source and the gametogenic 
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conditioning these processes entail (Hayden, 1988). Recent studies by Brewin (1996), 

Barker et al. (1998) and Barker and Goebel (1997) have examined the gametogenic 

cycle and artificial diet experiments for E. chloroticus. 

Thirdly, further information was required regarding ongoing culture 

techniques, pre-harvesting methods, and hatchery conditioning for this species. 

Keesing and Hall (1998) have reviewed the status of world sea urchin fisheries and 

included a brief summary of the state of the kina fishery in New Zealand. It was 

suggested that New Zealand has a "largely unexploited" sea urchin fishery as a direct 

"result of variable quality of product and marginal economics of harvest" (Keesing 

and Hall, 1998). It was determined that while there is potential for the expansion of 

this fishery, it was unlikely that it would become a major producer on a large scale. It 

was, however, suggested that sea urchin aquaculture needs to 1) "address roe 

enhancement as both cost-effective aquaculture and a tool to aid wild fishery 

sustainability" and 2) add value to declining outputs by increasing quality (Keesing 

and Hall, 1998). 

The motivation for the present study was to provide information on the 

viability of a sea-based roe-enhancement operation that could be commercially viable 

for this species. The plan was to take wild sea urchins with gonads of variable quality, 

collected from the wild, and maintain them in a shallow water cage system. Over a 

period of several weeks they would then be fed a number of diets that could 

potentially increase the roe quality over a short period of time. An operation of this 

type could provide a consistent quality roe product and increase the value of the roe 

and the efficiency of processing and harvesting. Collecting, holding and feeding can 

provide a more controlled supply for the market when the harvested species displays 

highly variable condition in the wild. A sea-based operation also entails less start up 

costs than a land-based system (which involves the pumping of sea water), and will 

minimise the impact of fishing on natural populations in the wild. Optimising catches 

by utilising a high proportion (70-80%) of the animals fished means that wild stocks 

are not being wasted to the degree they currently are. 

The basic objectives of this study are to determine the effect of different algal 

diets and an artificial diet on the major aspects of the reproductive biology of 

Evechinus chloroticus that influence the production and quality of roe. These are: 

1) The approximate size of the gonad. Evechinus chloroticus, like many sea urchin 

species, respond to the amount and type of diet available, and this is often reflected by 
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changes in gonad size. As the most favourable sea urchins are those which produce 

maximum amounts of gonad per animal, an ad libitum feeding regime provides the 

best opportunity to increase gonad size in these animals. 

2) The gametogenic cycle. Gametogenesis develops in an identifiable manner for this 

species (Walker, 1998), but the specific timing and ripeness of individuals may differ 

as a result of geographical and spatial differences between populations (Barker et al. 

1998). When gonads are at their ripest, quality is low due to gametes leaking from the 

gonad. This usually occurs from October/November through to Febmary/March, and 

during this period most animals are capable of spawning. The aim of the present study 

was to confirm this cycle and determine the optimal time of year and stage of 

gametogenesis to attempt to enhance gonad growth. This was achieved by running 

experiments through a twelve-month period. 

Both 1) and 2) vary naturally with the cycle of the seasons. The production of 

roe from different diets may also be subject to seasonal variation. Correlating 

experiments over a twelve-month period will allow this variation to be quantified. 
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Sea urchins are highly responsive to diet quality and quantity (Hooper et al. 

1997; Klinger et al. 1997). Food preference has also been observed in many sea 

urchin populations around the world (Klinger and Lawrence, 1985) and has usually 

been found to relate to the nutritional qualities of the diet concerned (Larson et al. 

1980; Jong-Westman et al. 1995a). 

In New Zealand, it has been established that gonad growth in Evechinus 

chloroticus can be experimentally influenced by the choice and availability of a 

particular diet (Barker et al. 1998). Food supply and stocking density are known to act 

as controlling factors influencing gonadosomatic growth in this species under natural 

conditions (Dix, 1970d) and with cages and controlled diets (Andrew, 1986). These 

factors have not, however, been tested experimentally under controlled conditions in 

the sea. The performance of an artificial diet compared to various macro-algae diets is 

also yet to be determined under such conditions. 

Sea urchins are efficient feeders who do not require elaborate husbandry 

procedures in order to survive. Their general hardiness is well known (Jong-Westman 

et al. 1995a). Aquaculture could potentially overcome many of the difficulties 

inherently associated with the Dusky Sound (Fiordland) fishery venture (see General 

Introduction). For example, it is possible to consider gonad variation, colour, size, 

texture and perhaps even taste as separate factors in a controlled environment. 

Aristotle's lantern 

/t 
Spines 

Gonad tissue 

Figure 2. Cross-section of Evechinus chloroticus. Three of the five interambulacral regions are visible, 

and part of the vascular system (Scale 1: 1. 7). 
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The major aims of this study are to: 

1) Provide comparisons between different seaweed and artificial ad libitum feeding 

regimes tmder sea cage based conditions. 

2) Monitor seasonal changes in the gonad and gut indices _of experimental sea urchins 

compared with a field population. 

3) Test the hypothesis that manipulating the diet of caged sea urchins will result in 

significant changes in gonad indices within a short period of time. 

1.2.2 Sampling sites 

The present study first commenced with two pilot trials in May 1999. This was 

followed by three experimental trials between September 1999 and June 2000. 

Initially, the first pilot study was carried out to determine the suitability of the cage 

design in terms of feeding and maintaining live sea urchins. Dissection methods were 

refined at this time. The second pilot trial had the major aim of identifying algal 

species that are readily consumed by Evechinus chloroticus - this was conducted in 

the laboratory to determine feeding rates. The pilot studies were then followed by 

three experiments. The first two experiments lasted 11 weeks in total; both were 

conducted over a half-yearly period (Experiment 1: 8 September - 24 November, 

1999, and Experiment 2: 8 December - 23 February, 2000). Due to an extruded feed 

shortage, low sea urchin numbers and limited available cages, Experiment 3 (9 March 

- 24 May, 2000) ran for a shorter duration. 

Sea urchins collected for the experimental trials were obtained from Elizabeth 

Island in Doubtful Sound, Fiordland (Figure 4). These urchins provided information 

on the reproductive cycle at the field site in addition to being used in the experimental 

trials. Elizabeth Island is located at the inner end of Doubtful Sound in the middle of 

the fiord. The freshwater runoff enters the fiord five kilometres upstream, constituting 

a freshwater layer approximately five meters deep around the island. Sea urchin 

density at Elizabeth Island was estimated to be in the range of 10-15 individuals/m2 

when original samples were collected. This, and the size of the island, suggested that 

the population could sustain the sampling undertaken during the course of this study. 

At the Elizabeth Island site, there appeared to be little macro-algae growing on 

the rock walls, perhaps due to the depth of the freshwater layer. Coralline encrusted 

rock could be found infrequently. Algae such as Ecklonia radiata, Macrocystis 

pyrifera and Carpophyllum jlexuosum are rare at Elizabeth Island but found in other 
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parts of Doubtful Sound (Barker 2001). Few sea urchins were collected below 15 

meters . Bat-stars, starfish, triple-fins, the white sea urchin Pseudechinus huttoni and 

brachiopods were all found within the same depth range (Paul Buisson, pers. comm.). 

On every occasion an attempt was made to collect sea urchins from exactly the same 

spot as the last collection. During the first collection it was noted that a large tree was 

in the water beneath the site and many sea urchins were apparently eating it. At every 

other collection, the site looked like a barren ground. Doubtful Sound therefore 

provided a good site to collect large numbers of sea urchins with variable, low quality 

gonads. 

Sea urchins used for the three experiments were placed within cages in Otago 

Harbour, Dunedin (Figure 5). The designated area, adjacent to the Portobello Marine 

Laboratory wharf, lies between Lower Portobello Bay and Quarantine Island. The 

bottom comprises a sandy substratum and the site receives a strong current flowing 

through this area. Sea urchins are uncommon at this site, despite an abundance of 

macro-algae along the shore (Macrocystis pyrifera, Graci/aria sp., and Ulva lactuca 

are all common). General proximity and ease of access proved the most important 

consideration in cage site selection, thus influencing the location. The sea cages lay 

30 meters offshore from the laboratory (Figure 3). Depth averaged two meters at low 

tide and 4 meters at high tide. The proximity of the cage system to the laboratory 

suggested seawater composition would be comparable between the two. Temperature 

and day length were therefore measured from the laboratory. 

Figure 3. Location of cages adjacent to wharf at the Portobello Marine Laboratory, Otago Harbour, 

Dunedin. Buoys used to provide flotation for the cages are shown between the posts. 
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Figure 5. Map oflaboratory research study site. (1) Map ofNew Zealand showing Otago Harbour, Port 

Chalmers (C) and Portobello (P). (2) Map of Portobello showing place names of the study area 

including the Portobello Marine Laboratory and Aquarium Point 
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1.2.3 Collection of Evechinus chloroticus 

Sea urchins were obtained by S.C.U.B.A to a maximum depth of 15 meters. 

All sea urchins were between 65 and 110 millimetres in diameter. This size range 

represents sexually mature sea urchins, as all were above the minimum size for 

normal maturity in the wild (Dix, 1970c). Growth rates are also thought to be at a 

maximum within this size range (Dix, 1972). 

Due to the freshwater layer, animals had to be sealed in 20L buckets at depth 

(approximately 15-17 per bucket) before being transferred to the boat. This meant that 

all animals were transported out of Doubtful Sound in seawater containing very little 

algae. Transportation to the Portobello Marine Laboratory by road took 6-8 hours 

before urchins could be placed in holding tanks. Overall, animals spent a maximum of 

24 hours within the buckets. Changing the seawater before departure, adding a 1.5L 

plastic bottle containing frozen seawater, or using an aerator provided some measure 

of protection during warm weather. 

1.2.4 Cage system design 

The cage frame (made of standard steel) measures approximately 70 x 70 x 30 

cm. This frame was covered with 6 mm oyster mesh on all sides and attached with 45 

standard cable ties. An opening was left in the top right corner through which food 

could be passed and sea urchins could be collected. This opening was secured with 

two rubber ties containing a hooking mechanism at the unattached end. 

Fifteen cages were used for the first two experiments with four extra cages 

available for the third experiment only. All cages were suspended approximately 2 

metres under the water using nylon rope and shark clips (Fig. 6). Shark clips allowed 

easy removal from the long-line. These clips were attached to a double long-line 

running between two poles 28 meters apart. The double long-line was suspended 

using two mussel floats placed at interim distances along the long-line. 



2.0 metres 

30 cm 

70 cm 

Figure 6. The cage design and layout. 

1.2.5 Experimental design 

/ Attached by "shark clip" 

Opening with 
rubber ties 
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* Covered with 6mm 
oyster mesh and cable 
tied on all sides. 

Some happy sea urchins 

Five different feeding treatments were tested in Experiment 1 (September

November 1999) and Experiment 2 (December-February 2000): Macrocystis pyrifera 

(L) C. Agardh (Phaeophyta), Gracilaria chilensis Bird, McLachlan et Oliveira 

(Rhodophyta), Ulva lactuca Linneaus (Chlorophyta), an artificial diet (soybean 

extruded pellet, Wenger Ltd, composition withheld), and a starved treatment. The 

macro-algae species provide a representation of red, brown and green algae species, 

and all have been used with E. chloroticus previously (Brewin, 1996). The artificial 

diet is made to order, containing a mixture of soybean and algae and other minor 

constituents ( see http://www. card.iastate. edu/publications/texts/99sr89. pdf). 

The 15 cages were divided into 5 diet treatments with 3 replicate cages for 

each treatment (Figure 7). These treatments were then randomly distributed along the 

long-line. Each cage replicate contained 8 sea urchins, or a total of 24 urchins per 

treatment (8 x 3 cages). A starved laboratory treatment of 10 sea urchins was 

maintained in a laboratory tank (100 x 50 x 30 cm) with filtered seawater to provide a 

control to the starved cage treatment (this treatment was not replicated due to 

insufficient sea urchin numbers). This treatment provided a semi-qualitative measure 

of the volume of natural food present in the sea cages (such as fouling material or 

particulate organic matter entering through the cage mesh). 
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Ulva lactata (3) 

Macrocystis (I) ~ I I Ulva lactata (I) 
I 

[[]l'illill] Ulva lactata treatment 

Artificial (2) - Macrocystis (3) ( 
rml Starved treatment 

Macrocystis (2) - - Gracilaria (3) I 
~ Macrocystis treatment 

Starved (1) - ~ Gracilaria (2) I ~ Gracilaria treatment 

Artificial (1) + miilH EiiifiU Artificial (3) I liiiiifl Artificial treatment 

Starved (2) Gracilaria (I) 

Ulva lactata (2) 

> 2 metres at lvf.L. W.S. <] metre at AI.L. W.S. 

Figure 7. Cage system layout with randomly placed treatment replicates in Experiments 1 and 2 

(8/9/1999-25/2/2000). 

In addition, 10 sea urchins were also placed in an identical tank to the starved 

laboratory treatment, and divided into five compartments using cage mesh. Each 

compartment contained 2 sea urchins each, representing all five caged treatments. 

These urchins were then fed the same diets as those in the cages. This treatment 

provided a very limited measure of the respective feeding rates of urchins in the 

cages, as feeding rates could not be determined in mesh cages suspended in the sea. A 

field sample of 10 sea urchins was collected from the Doubtful Sound site at the 

beginning and end of each experiment. This comprised a total of 170 animals per 

experiment (Table 1 ). 
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Table 1. Treatments and replicates in Experiment 1 (September-November 1999) and Experiment 2 

(December-February 2000). 

Treatment 
Macrocystis pyrifera 
Ulva lactuca 
Graci/aria chilensis 
Artificial diet 
Starved cage 
Starved laboratory 
Feeding control 
Initial field control 
End field control 

Re.J?.licates 
3 
3 
3 
3 
3 
1 
5 
1 

No of sea urchins (total) 
24 
24 
24 
24 
24 
10 
10 
27 
10 

Experiment 3 (March-May 2000) comprised 19 cages and a greater number of 

treatments than Experiment 1 or 2 (Figure 9), but only ran for nine weeks. Two 

treatments contained 3 replicates of both the artificial and Macrocystis diet. Each cage 

contained 8 sea urchins each, thus 24 urchins per treatment (Table 2). 

Three replicate cages were fed the Macrocystis diet for the first 5 weeks and 

then the artificial diet for the last 4 weeks. Another three replicate cages were fed the 

artificial diet for the first 5 weeks and then the Macrocystis diet for the last 4 weeks. 

These two treatments served to investigate the potential of diet switching to combine 

favourable features. Each cage contained 8 sea urchins or 24 per treatment. 

Comparisons were made to the singular diet treatments at the completion of the 

experiment (Table 2). 

Table 2. Treatments and replicates for Experiment 3 (March-May 2000). 

Treatment Replicates N (total) llarvest (v,ee~s} 
Feeding treatment 1 8 9 
Macrocystis pyrifera 3 24 9 
Artificial diet 3 24 9 
Macrocystis I AD sv,itch 3 24 9 
AD I Macrocystis sv,itch 

,., 24 9 .) 

Artificial diet 2 10 7 
Artificial diet 2 10 9 
Macrocystis pyrifera 1 16 9 
Macrocystis pyrifera 1 24 9 
Macrocystis pyrifera 1 32 9 
Initial field control 1 10 0 
End field control 1 10 9 
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Two other treatments with two replicates each contained 10 sea urchins fed 

exclusively on the artificial diet. These replicates were successively harvested at 7 and 

9 weeks. These treatments provide an indication of the actual growth of the gonad of 

those animals fed this diet over a short period of time. Lastly, three cages contained 

one replicate of 16, 24 and 32 sea urchins, respectively. Each cage received a 

Macrocystis diet for nine weeks in the same manner (ad libitum). The purpose of 

these final three treatments was to investigate the effect of stocking density on sea 

urchins fed a specific diet within the cage environment (Table 2). 

A field sample of 10 sea urchins was collected from the Doubtful Sound site at 

the beginning and end of Experiment 3. Two sea urchins for each treatment in 

Experiment 3 were kept in the laboratory and used to measure feeding rates, as in 

Experiment 1 and 2 (Table 2). The number of cages and sea urchins, and the lack of 

artificial feed available at the time limited the design of Experiment 3 (the cages 

needed to trial a higher density of sea urchins rather than replicate obvious data). 

10/3/2000 - 25/5/2000 North 

Macrocystis (3) 
/ 

Artificial (2) AD/Macro switch (3) Artificial treatment 

Q Macrocytsis treatment 

Macrocystis (1) Macro/AD switch(!) m Artificial harvest treatment 

AD harvest 7 weeks Artificial (3) 
~ Macro/AD switch treatment 

~ AD/Macro switch treatment 

Macro/AD switch (3) AD harvest 5 weeks 

28 lnetres ~ Macrocystis density treatment 

Macrocystis (2) Macro 32 

Macro 24 AD/Macro switch ( 1) 
Portobello Laboratory 

Artificial (I) AD harvest 9 weeks 

AD/Macro switch (2) 

AD harvest Macro/AD switch (3) 

Cage Design -EX 3 

>2 metres atM.L.W.S. <l metre at lvf.L. W.S. 

Figure 8. Cage set out and replicates for Experiment 3. 
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1.2.6 Source of seaweed 

Macrocystis pyrifera was collected from Aquarium Point, near the Marine 

Laboratory wharf, using a steel grapple at low tide. At this location M pyrifera was 

consistently found in good condition and usually firmly attached. The growing ends 

of the M pyrifera plant have been determined to be the most nutritious part (Brewin, 

1996) and were used in this study. Ulva lactuca was collected from the laboratory 

waterfront and Gracilaria chilensis was collected from the bay facing the New 

Zealand Marine Studies Centre, both at low tide (see Figure 5). All seaweed was 

placed into buckets of seawater, thoroughly rinsed to remove sand and clinging 

bryozoan or hydrozoan species, before being distributed to E. chloroticus in the cages 

and tanks. Animals received fresh seaweed approximately two hours after it was 

harvested. 

1.2.7 Feeding and maintenance 

Caged animals were fed and checked once a week by randomly lifting the 

cages and checking levels of feed present within each. All uneaten seaweed and 

artificial feed was replaced with fresh samples. It was common to find seaweed 

samples in fresh condition at the end of the each week. The aim was to feed all fed 

urchins on an ad libitum basis - this was quantifiable if all fed cage replicates 

contained food when replaced with fresh samples. All cage replicates were checked 

for mortalities every time they were lifted to the surface and fed. Dead or dying 

animals were removed. Effort was made to keep the disturbance to the animals at a 

minimum and lift the cages as little as possible. All cages were cleaned three times 

during the course of the experiment by scrnbbing the outside cage mesh: at 3 and 6 

weeks, and again after each experiment concluded. 

The starved laboratory treatments received no food whatsoever. Sea urchins 

used for the feeding rate treatments were fed a weighed sample of the diet treatments 

for a period of three days at the beginning, middle and end of each experiment. Every 

other week these urchins were fed the same diet on an ad libitum basis. 

Prior to weighing, Gracilaria chilensis and Ulva lactuca were covered with 

paper towels and pressed by hand until water drained in intermittent drips. 

Macrocystis pyrifera was shaken and pressed in the same fashion. Seaweeds were 

then weighed (g) inside a culture dish on an electronic balance, to two decimal places. 
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This weight, termed the wet weight, was then transformed to dry weight usmg 

regression fonnulae outlined in Barker (1998): 

For M pyrifera: f (x)=l.177323E-1 *x + 2.06534E-2 

For U lactuca: f (x)=l.934044E-1 *x + 5.509398E-3 

For G. chilensis: f (x)=l.589215E-1 *x + 1.505974E-2 (Barker, pers. comm.) 

(x)= wet weight in grams. 

The artificial diet was weighed to two decimal places. This is essentially a dry 

weight comparable to that obtained for the algae treatment. Feeding rates were then 

calculated as an average ganimar1daf1 for each diet treatment. The results are likely 

to be a representation of the trne feeding rates only and perhaps over-estimating the 

amount actually eaten inside the tank. Measuring feeding rates in the field proved an 

impossible task with the artificial diet breaking down after a week. Likewise, blotting 

3 kilograms of algae for each treatment is an extremely arduous assignment every 

week. 

This method of acquiring feeding values is intended to be an indication only: 

if the gonad indices are similar for both sets of animals ( cage diet and laboratory diet) 

then the feeding conditions must be comparable also (providing the animals are in the 

same size range). 

Seawater temperatures and day length were collected near the sampling site in 

Fiordland using a data-logger at 12 metres depth. Seawater temperatures, day length 

and daily tidal ranges in the water surrounding the cages were collected using a data 

logger adjacent to the wharf. These data were collected continuously for nine months 

(September 1999-May 2000). 

1.2.8 Dissections 

Experiment 1 and 2 lasted eleven weeks, Experiment 3 lasted 9 weeks. Similar 

studies in other regions of the world have shown this to be an adequate time frame in 

which to promote gonad growth (Cuthbert et al. 1995; Robinson and Colborne, 1997; 

Bureau et al 1997). Ten sea urchins were collected from Elizabeth Island at the 

beginning and end of each experiment and designated the field controls. In total, 

experiments account for nine months growth data, and field samples were collected 

for the entire year. 

At each collection urchins were placed into buckets and transferred to a wet 

laboratory and given fresh seawater. Each urchin was weighed whole after shaking 
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briefly to remove all excess water (green weight). Test diameter was measured in 

millimetres using vernier callipers to one decimal place, across the greatest width of 

the aboral (horizontal) test surface. Sea urchins were then cut in half horizontally and 

rinsed again in seawater and then drained until water dripped intermittently. This 

served to remove most of the faeces inside the body cavity (Figure 5). Animals were 

then weighed (drained weight) before extracting gut and gonad tissue. Gut tissue had 

to be rinsed once more in a large culture dish to remove the rest of the faecal matter. 

All tissue was then placed on pre-weighed aluminium tinfoil. Gonads were scooped 

out with a spoon; gut tissue was removed with tweezers. All tissue was then weighed 

to 0.01 grams. One whole gonad sample from each animal was preserved in 5% 

buffered fonnalin for histological analysis. The gonad colour of all samples was 

visually estimated using the Munsell Book of Colour (1976). 

1.2.9 Gonad and gut index analyses 

Numerous studies have shown that the gonad sizes of E. chloroticus do not 

vary as a function of urchin size (Brewin 1996). The effect of individual size on the 

gonad index is therefore considered negligible. The gonad index is calculated as 

follows: 

G.I. = total drained gonad wet weight (g)+total drained tissue wet weight (g) X 100/1 

(g) 

This method has been used by other authors and is only slightly less accurate than 

drying all tissues to determine total dry weight ratios (Brewin, 1996). Gut indices can 

be calculated in a similar fashion by simply replacing gonad weight with drained gut 

weight. 

Index data for each cage provided a replicate mean, as well as a treatment 

mean (the starved laboratory treatment had only one replicate). All replicate/treatment 

index data were arcsine vx transformed before statistical analysis (Zar, 1984). 

Comparisons between diets were made using ANOVA (Xu and Barker 1990, Barker 

et al. 1998). Bonferroni and Post-hoc LSD tests were used to rank replicates (n=3 in 

Experiment 1 and 2, n=3 in Experiment 3) and diet treatments (n=6 in Experiment 1 

and 2; n=l 1 in Experiment 3). In Experiment 3, harvest times (n=2) and stocking 

density (n=4) were also compared. In this study male and female individuals were 

pooled, as is common practice (Walker, 1982; Andrew, 1986). 
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1.2.10 Histology 

A description of pre- and post-spawning gametogenesis for echinoids can be 

found in Pearse (1969a, 1969b), Lane and Lawrence (1979) and Byrne (1990). The 

gametogenic stages of E. chloroticus are described in Brewin et al. 2000. 

Preserved gonads from each replicate in each treatment were dehydrated using 

a standard procedure before being embedded in paraffin (Tissue-Prep®) and 

sectioned at 7 µm (Humason, 1981, Byrne, 1990). Transverse sections were then 

mounted on glass slides and stained with haematoxylin (Gurr#75290) and eosin 

(yellowish) (Gurr# 45380). Previous work with E. chloroticus has shown that sections 

through entire ovaries have a homogenous gametogenic condition throughout the 

gonad (Brewin, 1996). Therefore, only the middle third portion (medial) of the gonad 

was sectioned (Byrne, 1990). The gametogenic condition of at least 3 females and 2 

males from each replicate and field sample were analysed. The ovaries and testes 

were categorized using morphologically defined criteria. Gonads were defined on a 

scale of 1 to 6: recovery (1), growing (2), premature (3), mature (4), partially spawned 

(5), and spent (6) (Byrne 1990, Brewin, 1996). 

Photographic descriptions of the gametogenic stages and graphs were 

produced from this data. This histological analysis aims to describe the gametogenic 

cycle of the wild population, and determine diet-specific effects on the gametogenesis 

cycle. 

1.2.11 Oocyte size/frequency 

All females from each replicate in Experiment 1, 2, and 3 were analysed using 

an image analysis program (NIH Image 1.6 software) run through a Power Macintosh 

(8600/200). Information on oocyte size frequency was obtained by measuring the 

cross-sectional area of the first 50 oocytes encountered in each ovary using a 

microscope mounted with a video camera (Panasonic digital CP414 ). These included 

ova sectioned through the nucleus and primary oocytes sectioned through the 

nucleolus. Areas were converted to diameter for comparison with other published 

work. Oocytes exhibiting signs of re-absorption and degeneration were not measured. 

Extreme care was taken to remain unbiased and measure all oocytes encountered 

regardless of size. Within each replicate data from all females were pooled and used 
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to determine the oocyte-frequency distributions for each treatment (Grant and Taylor, 

1983). 

Oocyte distribution data from different treatments were compared as 

frequency distributions using a Kolmorogov-Smimov (K-T) two sample test (p=0.05). 

Brewin used a chi-squared test to calculate contingency tables when working with 

oocyte data for this species (Brewin, 1996). A potential problem with the method used 

by Brewin (1996) relates to the formation of the contingency table, which needs a 

control sample. Field samples do not qualify as they are influenced by many factors 

and may not be assumed to have a 'nonnal' distribution. The K-T Test simply 

compares two samples for significant differences in oocyte distributions and was used 

in the present study (David Fletcher, pers. comm.). Three oocyte diameter size classes 

were examined for comparison: small (0-40µm), medium ( 40-80µm) and large (80-

120µm). These size classes are thought to represent the main types of oocytes present 

in this species: previtellogenic, vitellogenic and mature oocytes, respectively (Brewin, 

1996). 
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1.3 Results (I) 

1.3.1 Field Population 

The sub-tidal habitat arotmd Elizabeth Island has already been described earlier in 

the chapter. This section focuses primarily on body indices (gonad and gut indices), 

gametogenic condition, and abiotic factors (temperature and photoperiod) relating to this 

population. These are all considered over the course of the study period (May 1999 to 

June 2000). 

In total, eight field samples were collected throughout the course of a year. The 

gonad indices of all samples taken from Elizabeth Island are shown in Figure 9. From 

May to late September gonad indices are between 18 and 20%. A marked decrease occurs 

between October and mid-November (16% down to 8%). Indices in January (10%), 

Febrnary (12%) and May 2000 (14%) clearly increase from this point. The general index 

pattern (Figure 9) shows a decrease in relative gonad weight consistent with that 

associated with a major spawning event in late spring-early smmner. 
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Figure 9. Drained gonad indices of all field samples taken from Elizabeth Island between June 1999 and 

June 2000. The error bars represent a 95% confidence interval. 
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The gut indices of all field samples are shown in Figure 10. In May, the gut index 

of 4 % appears to have an unusually large standard e1rnr, which may be due to the small 

sample size (n=6). In August the highest gut indices were recorded (5.5%), followed 

immediately by the lowest index, 3.4% in September. Both October (4.2%) and 

November (4.5%) show similar gut indices to that of June, as do January (4.15%) and 

Febrnary (4.6%). By late May 2000, this steady pattern appears to start to decline slowly 

(Figure 10). It would therefore appear that, unlil(e the gonad index, gut indices at this site 

do not follow any clear pattern. 
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Figure 10. Drained gut indices of all field samples taken from Elizabeth Island between June 1999 and June 

2000. The error bars represent a 95% confidence interval. 

Female gametogenesis is described in Figure 11. In May 1999, most sea urchins 

were still in recovery or moving into the growing stage. By August 1999, most sea 

urchins had moved into the premature stage, with approximately 30% still growing. This 

trend continued into September 1999, by which time all sea urchins were premature. In 

October 1999, most of these sea urchins were mature (60%). 
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Figure 11. Female gametogenesis. Yearly field cycle presented with all six stages and the proportions of 

each present in all field surveys. 

D Recovery D Growing 1§1 Premature D Mature Ill Partially spent • Spent 
100% 

90% 1 I" .. ::: 
.) ... 

80% 

~I 70% 

~ 60% 
c,:s -ail 50% 
(.) ... 
~I 40% 

30% 

20% 

10% 

0% 
a, a, a, a, a, 0 0 0 a, a, a, a, a, 0 0 0 a, a, a, a, a, 0 0 0 .... .... .... .... "'-: C"! N N 
,,; ~ ~ ci .... .... c-.i ,,; 
.....: .... co .... .... .... ,,; <i 

N ci ,,; (") N N 
N N 

29 

Figure 12. Male gametogenesis. Yearly field cycle presented with all six stages and the proportions of each 

present in all field surveys. 
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Figure 13. Pooled field gametogenesis. Yearly field cycle presented with all six stages and the proportions 

of each present in all field surveys (both sexes are pooled together). 

By November, most sea urchins were partially spent (90%) and a few were spent 

(10%). In late January 2000 all surveyed sea urchins were spent, but in late February 

2000 most were spent ( 67%) except for a small proportion that were still partially spent 

(34%). This discrepancy most likely resulted from the munber of sea urchins sampled in 

January (n=3) compared to February (n=5). By late May 2000, all female sea urchins 

were in the growing stage (Figure 11 ). 

Male gametogenesis is described in Figure 12. In May 1999, most sea urchins 

were in recovery (75%) and a much smaller proportion had moved into the growing stage 

(25%). By August 1999 all sea urchins were premature. In September 1999, most were 

still premature (67%), but approximately a third had moved into the mature stage (34%). 

By October 1999, two-thirds of all males were mature, and a third were classified as 

partially spent. By November 1999 this figure had risen to 80% partially spent and 20% 

spent. By late January 2000, all sea urchins were spent. In late February 2000 however, 

33% were still partially spent, 34% were spent and 33% were in recovery. Once again it 

is likely that the small sample in January accounts for the difference in gametogenic 

stages between January and February. By late May 2000, 24% were still in recovery and 

76% were growing. To highlight patterns in gametogenesis, both sexes have been pooled 
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in Figure 13. The pattern in Figure 13 is virtually indistinguishable from Figure 11 or 

Figure 12, suggesting males and females exhibit a synchronous gametogenic cycle. 

Oocyte distribution is shown in Figure 14. Figure 14 describes a 150 µm size 

range at 10 µm intervals to determine any discernable patterns that may relate to season, 

but for easy comparison three size ranges are described here, previtellogenic (0-40 ~nn), 

vitellogenic (40-80 µm) and mature (80-120 ~nn) oocytes. In May 1999, only small 

oocytes (0-40 ~Lm) are present. This is usually consistent with a 'growing' stage of 

gametogenesis. In August 1999 oocytes have increased in size into the middle (0-80 ~nn) 

and large (>80 µm) size classes. This is consistent with a 'growing' /'premature' stage of 

gametogenesis when all oocyte size ranges are present in the gonads. In September 1999, 

most oocytes are within the middle (40-80 µm) size range and by October 1999 most 

oocytes are in the large ( <80 ~nn) oocyte range, which suggests that most females were 

'mature' and preparing to spawn. By November 1999, there are still many medium (40-

80 ~n) sized oocytes, but also a far greater proportion of small (0-40 µm) oocytes. The 

loss of large oocytes between October and November provide further evidence for the 

spawning event postulated in the gonad index analysis. By January 2000 there are no 

medium ( 40-80 µm) or large (>80 ~nn) oocytes left in any of the females sampled. 

Between Febrnary and May 2000, a shift from the small oocyte class to the medium 

oocyte class is apparent. These last samples represent spent sea urchins moving into 

'recovery' and 'growing' gametogenic stages (Figure 14). 



) 

32 

7.5.1999 21.8.99 

50 50 

40 40 

30 30 

20 20 

10 10 

0 0 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 0 10 20 30 40 50 60 70 80 90 100110 120130140150 

8.9.1999 20.10.1999 

50 50 

40 40 

30 30 

20 20 

10 10 

0 0 
0 10 20 30 40 50 60 70 80 90 100 110 120 130140150 0 10 20 30 40 50 60 70 80 90 100110120130140150 

% 
25.11 .1999 31 .1.2000 

50 50 

') 
40 40 

30 30 

20 20 

10 10 

-- I ta,-~,,,,,,,,,,,, 
0 10 20 30 40 50 60 70 80 90 100110120130140150 I I 0 10 20 30 40 50 60 70 80 90 100110120130140150 

25.2.2000 24.5.2000 

50 50 

40 40 

30 30 

,) 
20 20 

10 10 

0 o~ ,-.,.--.,..,.,.,.,.. 
0 10 20 30 40 50 60 70 80 90 100110120130140150 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 

Oocyte size range (µm) 

Figure 14. Field oocyte distributions (0-150 µm) displayed with relative percentages (0-50%). 

) 



") 

,) 

I 

33 

1.3.2 Water temperature and day length 

Figure 15 describes the average monthly water temperature in Otago Harbour 

(where the caged experiments took place) and Elizabeth Island. Between October and 

December and December and Febmary average monthly water temperatures increased at 

both sites. This is indicated by (1) and (2) in Figure 15. Both periods contain the sharpest 

increases in average temperature and may have provided a spawning cue. Water 

temperatures at Elizabeth Island increase steadily from June 1999 to January 2000, after 

which there is a steady decrease in temperature between January and June 2000. 

Day length for both the experimental site (Dunedin) and the field site (Fiordland) 

is presented in Figure 16. The shortest day occurred in early Jm1e and the longest in late 

December. The photoperiod pattern for both sites is nearly identical. 

Average gonad indices between June 1999 and Jm1e 2000 are compared with 

average monthly water temperature at the Elizabeth Island site (Figure 17). 
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Figure 15. Average monthly water temperature (0 C) taken from the Portobello Marine Laboratory and 

Doubtful Sound. The drop in temperature following (1) and (2) may be potential spawning cues. 
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Figure 16. Day length extracted from the New Zealand Nautical Almanac (1999 and 2000) for Dunedin and 

Fiordland between June 1999 and June 2000. 
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Figure 17. Pooled gonad index versus average water temperature at Elizabeth Island between June 1999 

and June 2000. 
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Of particular interest is the point where winter drops in temperatures level off 

(September-October) and fast start to increase (October-November) at this site. This 

period correlates strongly with the significant decrease in gonad indices seen in Figure 

17, lending further weight to a potential spawning period at this time. 

1.3.3 Discussion (field population) 

Sea urchins in Doubtful Sound are likely to be in a highly variable reproductive 

condition, both spatially and temporally, for much of the year (Keogh and Mladenov, 

1994). For this reason, sea urchins from one location (Elizabeth Island) and one site only 

have been used for all experimental trials and field samples. 

As stated previously, a large tree was observed to have fallen into the water at the 

site during the first collection in June 1999. It was still there in August, and sea urchins at 

that time were attached to it in numbers. Whether the sea urchins were eating the tree can 

only be speculated on. This source of potential food was, however, absent at this site 

from October onwards. The tree may justify on some level the disparity seen between 

gonad indices in May 1999 and late May 2000 (Figure 9). Likewise, the increase in gut 

indices observed in August 1999 may be due to the presence of the large tree at the site 

(Figure 10). 

A number of features are clear in both male and female gametogenesis at 

Elizabeth Island. Firstly, for both sexes there is a "spent" period in the gametogenic cycle 

(February/March) at tl1is location. Secondly, both sexes mature between late August and 

late October 1999. Thirdly, in May 1999 and May 2000, sea urchins of both sexes are 

either in recovery or growing and not yet premature. It is therefore likely that these sea 

urchins undergo significant vitellogenesis between June and October (Figures 11, 12 and 

13). 

The increase in water temperature at Elizabeth Island correlates strongly with the 

observed decrease in gonad index (Figure 17). Water temperature is more stable at 

Elizabeth Island due to the freshwater layer acting as a barrier to wave action, and some 

wind and solar energy. This layer acts as a barrier because the water temperature and 

salinity is often different, thus creating a buffer zone. The deepwater "open coastal" 

nature of the Elizabeth island site may also influence temperature stability. Temperatures 

from this site have been sampled from approximately 12 metres depth. Conversely, Otago 

Harbour displays a more seasonal monthly water temperature as usually seen in a tidal 



36 

inlet with a relatively shallow body of water (Figure 15). The observed photoperiod is 

identical for both sites (Figure 16). Any apparent photoperiod effect on sea urchins at 

either site is likely to be similar. 
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1.4 Results (II) 

1.4.1 Experiment 1 (8/9/1999-24/11/1999) 

This section of the study displays the results from Experiment 1 (September

November), which took place when sea urchins in Doubtful Sound had not yet 

spawned (pre-spawning). Experiment 2, from December to February, took place over 

the period when most sea urchins had spawned in Doubtful Sound (post-spawning). 

Both occurred during different phases of the gametogenic cycle and encompass a 

large proportion of the annual reproductive cycle. 

1.4.1.1 Growth 

Diameter and weights of urchins used are shown in Table 3 and indicate 

urchins in all treatments were similar in size. Initial and end weights for Experiment 1 

(Figure 18) suggest urchins in all experimental treatments showed no clear increase in 

total weight. All fed sea urchins appear to have slightly increased in weight and the 

starved sea urchin treatments conversely show slight decreases (Figure 18). These 

differences have not been tested for significance. 

Table 3. Initial number (n), weight, diameter and replicates for each treatment in Experiment 1. 

Experiment 1 

Weight (g) Diameter (mm) n (Replicates) 
Mean (s.d) Mean (s.d) 

Gracilaria chilensis 255.51 (15.30) 87.9 (1.68) 24 3 
Macrocystis pyrifera 259.03 (8.114) 88.8 (1.88) 24 3 
Ulva lactuca 244.59 (13.69) 89.5 (1.22) 24 3 
Artificial 246.49 (14.26) 87.7 (1.86) 24 3 
Starved C 247.14 (10.54) 89.2 (1.48) 24 3 
StarvedL 224.38 (14.78) 83.9 (1.93) 10 1 
Init. Control 227.85 (8.286) 89.2 (1.07) 27 1 
End Control 268.00 (11.38) 90.3 (1.38) 10 1 
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Figure 18. Initial and end weights for all treatments in Experiment 1. Error bars represent 95% 

confidence intervals. 

1.4.1.2 Gonad Index 

The mean gonad index for each treatment in Experiment 1 is shown in Figure 

19 and Table 14 (appendix). The initial field control index of 20.18 (± 0.97)% 

indicates that sea urchins at Elizabeth Island had large, mature gonads in early 

September (8-9-1999), but by late November (24-11-1999) this had dropped to 8.40 

(± 0.65)%. During the same period the starved laboratory and starved cage treatments 

also decreased significantly to 14.14 (±1.45)% and 13.21 (±0.97)%, respectively. The 

Gracilaria chilensis treatment resulted in a gonad index that was not significantly 

different (ANOVA post-hoc LSD; p=0.47; f=2423 .1) from either of the starved 

treatments (12.97 ±0.37%). The Ulva lactuca treatment provided a gonad index of 

15.70 (±0.89)% - significantly higher (ANOVA post-hoc LSD; p=0.03; f=2423.1) 

than the G. chilensis, starved cage and starved laboratory treatments (ANOVA post

hoc LSD; p=0.045; f=2423.1). The Macrocystis pyrifera treatment produced a gonad 

index of 18.16 (±0.76)%. This was significantly higher (ANOVA post-hoc LSD; 

p=O. 04 7; f=24 23 .1) than gonad indices recorded for all other macro-algae diets and 

starved treatments. The M pyrifera treatment was not significantly different from the 

initial field sample (ANOVA post-hoc LSD; p=0.106; f=2423.1). All macro-algae and 

starved treatments produced significantly higher gonad indices compared to the end 
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field sample (ANOVA post-hoc LSD; p=0.005; f=2423.1). Conversely, gonad 

indices for these treatments were significantly lower (ANOV A post-hoc LSD; 

p=0.0004; f=2423.1) than the initial field sample. 
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Figure 19. Gonad indices of all sea urchins at the completion ofExperiment 1 (± standard error). 

The artificial diet was the only diet to provide a gonad index that actually 

resulted in any significant (ANOVA post-hoc LSD; p=0.013; f=2423.1) gonad growth 

over the initial field sample. With a gonad index of 23.15 (±1.2)% this diet produced 

better results than all algae treatments. This figure is also much larger than the gonad 

index of the end field sample (Figure 19). 

1.4.1.3 Gut Index 

The gut index for all treatments in Experiment 1 is shown in Figure 20 and 

Table 15 (appendix). A similar pattern to the gonad index is apparent. The initial 

(4.63%) and end (4.56%) field gut indices remain relatively unchanged after 11 

weeks. The starved laboratory (3.52%) and the starved cage (3.67%) treatment are 

both significantly lower (ANOVA post-hoc LSD: p=0.002; f=6096.0) than all other 

treatments and both field samples. The Gracilaria chilensis (4.04%) treatment was 

not significantly different to either field sample (ANOVA post-hoc LSD; p=0.138; 

f=6096.0). The Ulva lactuca (5.08%) treatment was significantly higher than either 
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field sample (ANOVA post-hoc LSD; p=0.013; f=6096.0). In increasing value are 

the Macrocystis pyrifera and artificial treatments, which both have significantly 

higher (ANOVA post-hoc LSD; p=0.02; f=6096.0) gut indices than all other 

treatments (Figure 20). With these three diets, urchins exhibited positive gut growth. 
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Figure 20. Gut indices of all sea urchins at the completion of Experiment 1 (± standard error). 

1.4.1.4 Feeding rate 

The results for the laboratory-calculated feeding rates for Experiment 1 are 

shown in Figure 21. The same patterns are shown for the Graci/aria chilensis, Ulva 

lactuca and Macrocystis pyrifera diets: consumption increases respectively in that 

order and appears to increase with the onset of summer. The artificial diet is 

consumed in slightly larger quantities than the algal treatments. 
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Figure 21. Feeding rates for Experiment 1. Feeding rates were calculated at the beginning, middle and 

end of each treatment. 
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1.4.1.5 Gonad Colour 

Approximate gonad colour for each treatment in Experiment 1 is shown in Figure 

22a and 22b. The colours displayed here are not an accurate representation of the actual 

MW1sell colour codes. They are a visual aid. The initial field sample was not assessed in 

tenns of colour due to the lack of an appropriate reference being available at that time 

(the MW1sell Book of Colour). For each treatment, 60-70% of the gonad colour is 

represented in descending order from most common to least common colour code. The 

end field sample had a large proportion of rich orange-coloured roe. The other 40% of the 

roe was considerably inferior in colour. 

End field sample (60%) 

10 YR 7/12 (30%) 10 YR 7/14 (30%) 

Macrocystis pyrifera (60%) 

10 YR 8/10 (35%) 

Ulva lactuca (67%) 

10 YR 7/12 (27%) 

10 YR 8/12 (25%) 

10 YR 8/8 (22%) 

Graci/aria chilensis (64%) 

10 YR 8/10 (32%) 8.75 YR 7/12 (18%) 

10 YR 7/14 (18%) 

10 YR 7/12 (14%) 

Figure 22a. Approximate colour of the majority of gonads in Experiment 1 treatments. 
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10 YR 7/10 (12.5%) 

8.75 YR 7/14 (8%) 

10 YR 8/6 (13%) 

8.75 YR 7/12 (20%) 

Figure 22b. Approximate colour of the majority of gonads in Experiment 1 treatments. 
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The Macrocystis pyrifera diet produced gonads more orange-yellow in colom 

than the end field sample. The Ulva lactuca diet, while producing some bright-orange 

coloms, also resulted in a proportion of roe with a much lighter hue. The range of colours 

exhibited in the sea urchin roe for this treatment was relatively broad. Approximately 

32% of the sea urchin roe in the Graci/aria chilensis treatment was a light-orange colour, 

but the next two most common colours were considerably brighter. The range of colours 

resulting from the G. chilensis diet was comparable to that exhibited by the M pyrifera 

treatment (Figure 22a). 
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The artificial diet produced a wider range of colours than any other fed diet 

treatments. The most common colours were light orange (20%) and pale/pink orange 

(16%). The other 32% of the roe, ranging from orange to rich orange in colour, was 

comparable to the other fed treatments (Figure 22b ). The starved cage treatment resulted 

in a large range of colours. Some orange coloured roe (18%) was present, but the most 

common colours were light orange and pale orange. The starved laboratory treatment 

produced a range of colours similar to those found in the starved cage treatment (Figure 

22b). 

1.4.1.6 Gametogenic condition (stage) 

The gametogenic condition of male sea urchins at the completion of Experiment 1 

is shown in Figure 23. In early September (8/9/1999) males at Elizabeth Island were 

either in the growing phase (33%) or premature (66%). In November (25/11/1999) this 

same population of males were all in the spent stage (100%), thus indicating the field 

population spawned over the course of this experiment. 

The gametogenic condition of males in cage treatments did not mimic the result 

for the field population. At the end of the experiment, sea urchins in the Macrocystis 

pyrifera treatment were either mature (66%) or partially spawned (33%). Sea urchins in 

the Graci/aria chilensis treatment exhibited slightly more variation in condition. 

Approximately 8% were still premature, 70% were mature, and 20% were partially 

spawned. The Ulva lactuca treatment produced sea urchins either in a premature (15%), 

mature (25%) or partially spawned (60%) condition. 

The artificial diet was the only treatment to produce gonads of similar 

gametogenic condition to the end field sample. Approximately 60% of the sea urchins 

were in the partially spawned phase and theremainder in a spent condition ( 40%). 

The starved cage treatment resulted in few sea urchins in the premature stage 

(10%) as most were in a mature condition (90%). In comparison, the starved laboratory 

males were all in a premature condition (100%). Both starved treatments were less 

advanced in the gametogenic cycle compared to the end field sample, indicating there 

may be an effect resulting from an absence of all food sources. 
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Figure 23. Gametogenic condition observed through histological sections for males (above) and females 

(below) in Experiment 1. 
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The gametogenic condition of all female sea urchins in Experiment 1 is shown in 

Figure 23. The initial field sample (8/9/1999) shows that in Doubtful Sound, 33% of the 

females were in the growing phase and 66% were premature, similar to the male 

population. The end field sample (24/11/1999) clearly indicates that gametogenesis has 

reached the spawning/spawned stage of the cycle for females. Approximately 50% were 

spent and 50% were partially spawned. 

Macrocystis pyrifera, in this experiment, produced 20% mature females and 80% 

partially spawned females. The Gracilaria chilensis treatment produced all partially 

spawned females (100%). Ulva lactuca, like the Macrocystis treatment produced many 

partially spawned (75%) females and few mature (25%) females. The artificial diet 

produced 50% partially spawned and 50% spent female sea urchins only. This is almost 

identical to the female end field sample and very similar to that recorded for the male sea 

urchins (see Figure 23). 

The starved cage treatment, unlike other treatments, had a proportion of females 

in the growing phase (10%). The remainder were approximately divided between the 

premature and mature phases (see Figure 23). In comparison, the starved laboratory 

treatment produced 100% mature female sea urchins only. This represents a different 

gametogenic condition when compared to the starved cage treatment. The male starved 

laboratory sea urchins were also slightly advanced compared to the starved cage 

treatment. 

1.4.1.7 Oocyte size frequencies 

The oocyte size frequency distributions in Experiment 1 are shown in Figure 24. 

The number of females sampled is identical to the numbers described for the 

gametogenic analysis (Figure 23). The initial field sample (8/9/1999) had a small number 

of 0-40µm oocytes and a small number of large (80-120µm) oocytes, the majority being 

in the medium size class (see Figure 24). The end field sample (24/11/1999) had a 

different distribution of oocytes to that found in the initial field sample. Though still a 

small proportion, small oocytes (0-40µm) were more common. All algal treatments 

exhibited similar size frequency distributions (Figure 24). 
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Figure 24 Oocyte size frequency distributions for all treatments in Experiment 1. 
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The artificial diet produced a different oocyte distribution to the algae treatments. 

There was a greater representation of smaller (0-40µm) oocytes, and yet also more 

oocytes larger than 80µm compared to the other fed treatments. Most oocytes are still 

within the middle size range ( 40-80µm). 

The starved cage treatment clearly resembles the artificial diet oocyte distribution, 

with a small shift towards smaller oocytes (Figure 24 ). The starved laboratory treatment 

also had a proportion of small and large oocytes, but very few medium-sized oocyte 

classes (40-80µm). In the starved laboratory treatment the shift towards smaller oocyte 

classes is even more evident. In general, there is a predominance of larger oocytes ( 50-80 

µm) in the fed treatments and the field samples, compared to both starved treatments. 

Oocyte size distributions for all treatments in Experiment 1 and the initial field 

control (8/91999) are shown in Table 4. Oocyte distributions between 0-150 µm (10 µm 

units) in each treatment have been tested using a Kolmorogov-Smirnov two-sample test. 

The main statistic of significance in Table 4 is read left to right from the 95% confidence 

interval. The starved, Graci/aria chilensis, Macrocystis pyrifera and artificial diet 

treatments were significantly different to the initial field sample, as was the end field 

sample. The Ulva lactuca treatment was not significantly different. A lack of very small 

(0-30 µm) and very large (90-120 µm) oocytes in the U. lactuca treatment and the initial 

field sample may explain the observed lack of significance between them. 

Table 4. Distribution table generated from comparisons between all treatments in Experiment 1 and the 

initial field sample using a Kolmogorov-Smironov two-sample test. Alpha values represent a 5/100 chance 

that a replicated result will produce a different outcome to that stated in the table above. The largest 

difference between the compared samples is represented by max d. A significant result indicates the two 

treatments have substantially different (S) oocyte distributions, whereas two similar distributions do not 

(NS). 

Initial field sample vs. Alpha D-alpha Maxd Significant 

Starved cage 0.05 0.132537 0.240952 s 
Starved laboratory 0.05 0.221777 0.346667 s 
Graci/aria chilensis 0.05 0.13581 0.163333 s 

U/va /actuca 0.05 0.146692 0.138333 NS 

Macrocystis pyrifera 0.05 0.128043 0.133333 s 
Artificial Diet 0.05 0.130028 0.178333 s 

End field sample 0.05 0.13581 0.14 s 
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Oocyte size distributions for all treatments in Experiment 1 and the end field 

control (8/91999) are shown in Table 5. Oocyte distributions, between 0-150 µm (10 µm 

units) in each treatment have been tested using a Kolmorogov-Smirnov two-sample test, 

as in Table 4. The results show that no treatment in Experiment 1 had a significantly 

different oocyte distribution to that of the end field control. This result suggests that 

during Experiment 1 caged female sea urchins were eliciting the same gametogenic 

response as female sea urchins in the field. 

Table 5. Distribution table generated from comparisons between all treatments in Experiment 1 and the end 

field control using a Kolmogorov-Smironov two-sample test. Alpha values represent a 5/100 chance that a 

replicated result will produce a different outcome to that stated in the table above. The largest difference 

between the compared samples is represented by max d. A significant result indicates the two treatments 

have substantially different (S) oocyte distributions, whereas two similar distributions do not (NS). 

End field sample vs. Alpha D-alpha Maxd Significant 

Starved cage 0.05 0.132537 0.101905 NS 
Starved laboratory 0.05 0.221777 0.213333 NS 
Graci/aria chilensis 0.05 0.13581 0.063333 NS 

Viva /actata 0.05 0.146692 0.046667 NS 
Macrocystis pyrifera 0.05 0.128043 0.063333 NS 

Artificial Diet 0.05 0.130028 0.098333 NS 
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1.4.2 Experiment 2 (8/12/1999-25/2/2000) 

1.4.2.1 Growth 

Diameter and weights of urchins used are shown in Table 6 and indicate 

urchins in all treatments were similar in size. The initial and end weights for all fed 

treatments were, as in Experiment 1, similar to one another (Figure 25). It is 

interesting to note that in this experiment only the artificial diet sea urchins looked to 

have decreased in weight while all others, including both starved treatments, 

increased. These differences were not tested for significance. 

Table 6. Initial number (n), weight, diameter and replicates for each treatment in Experiment 2. 

Graci/aria chilensis 
Macrocystis pyrifera 
Ulva lactata 
Artificial diet 
Starved C 
Starved L 
Init. field sample 
End field sample 

i 
400 

350 

300 

250 

200 

150 

100 

50 

Weight (g) 
Mean (s.d) 

298.53 (13.17) 
275.71 (11.71) 
313.41 (13.16) 
290.77 (14.15) 
263 .66 (17.61) 
275.39 (19.40) 
268.00 (11.38) 
262.16 (14.06) 

Experiment 2 

Diameter (mm) 
Mean (s.d) 

92.9 (1.42) 
90.8 (1.30) 
94.9 (1.41) 
91.7 (1.45) 
89.3 (2.66) 
90.0 (2.20) 
90.3 (1.38) 
88.4 (1.32) 

D 11 /08/95 D 25/2/00 

n 

24 
24 
24 
24 
24 
10 
10 
10 

(Replicates) 

3 
3 
3 
3 
3 
1 
1 
1 
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Figure 25. Initial and end weights for all fed treatments in Experiment 2. Standard error bars represent 

95% confidence intervals. 
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1.4.2.2 Gonad indices 

The mean gonad indices for all treatments can be seen in Figure 26 and Table 

16 (appendix). The initial field sample index of 8.40 (±0.65)% rose to 12.60 (±0.45)% 

after 11 weeks. The starved laboratory treatment index dropped sharply to 4 .21 

(±0.19)%. The starved cage treatment index of 5.03 (±0.59)% indicates that a similar 

drop in gonad volume occurred in this treatment. 

The Gracilaria chilensis treatment index (6.75 (±0.63)%) was similar to the 

initial field sample. The Ulva lactuca diet treatment provided a gonad index of 10.23 

(±0.74)%, indicating that a small amount of growth occurred during the course of the 

experiment. The Macrocystis pyrifera treatment produced an index of 12.96 

(±0.95)%, higher than all other macro-algae diets, both starved treatments, and the 

initial field sample. The M pyrifera treatment was not significantly different from the 

end field sample (ANOVA post-hoc LSD; p=0.87; f=2587.0). The artificial diet 

treatment index of 18.83 (0.96)% proved to be highly significant (ANOVA post-hoc 

LSD: p=0.007; f=2587.0) over all other treatments in a similar fashion to that seen in 

Experiment 1 (Figure 26). 
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Figure 26. Gonad indices of all sea urchins at the completion of Experiment 2 (± standard error). 
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1.4.2.3 Gut indices 

The gut indices for all treatments in Experiment 2 are shown in Figure 27 and 

Table 17 (appendix). The initial and end field sample indices are not significantly 

different (ANOVA post-hoc LSD; p=0.85; £=3956.8) from one another after 11 weeks 

(4.56% and 4.82%, respectively). Both starved laboratory and cage indices were much 

lower than all other treatments, as they were in Experiment 1. The Graci/aria 

chilensis (5.18%), Ulva lactuca (4.95%), Macrocystis pyrifera (4.79%) and artificial 

(4.88%) diet indices were not statistically different to the end field sample (ANOVA 

post-hoc LSD; p=0.113; £=3956.8). 
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Figure 27. Gut indices(± standard error) for all treatments at the completion of Experiment 2. 

1.4.2.4 Feeding rate 

The results for the laboratory-calculated feeding rates are shown in Figure 28. 

As in Experiment 1, the Ulva lactuca and artificial diet treatments were consumed in 

the greatest quantity (0. 7-1.1 grams/urchin/day) and appear to increase over the 

course of the experiment. The M pyrifera and Graci/aria chilensis treatments were 

consumed at a higher rate in Experiment 2 (0.5-0.6 grams/urchin/day) compared to 
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Experiment 1 (-0.4 grams/urchin/day). The observed increase in consumption m 

Experiment 2 may be due to rising seawater temperatures. The artificial diet was 

consumed in the greatest quantities; E. chloroticus exhibited a marked increase in 

consumption with increasing day length on this diet (Figure 28). 
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Figure 28. Feeding rates for Experiment 2. Feeding rates were calculated at the beginning, middle and 

end of each treatment. 

1.4.2.5 Gonad Colour 

Approximate colour for each treatment in Experiment 2 is depicted in Figure 

29a and 29b. The initial field sample was predominantly a mixture of orange and 

light-orange colours. The end field sample had a wider range of colours in the sample 

and a larger proportion of darker-coloured roe (Figure 29a). 

The Macrocystis pyrifera diet produced a wide range of colours and many 

darker, inferior shades. This treatment and the end field sample were similar in colour, 

in terms of range and optimum hues. Both Ulva lactuca and Gracilaria chilensis 

produced a generally poor roe colour. A few individuals had bright orange roe but 

most gonads had darker, browner hues (Figure 29a). 

The artificial diet, as shown in Figure 29b, produced a consistent light orange

yellow colour range. Positive attributes included a small range of colours and a 

dominant bright orange hue (30%). The starved laboratory and cage treatments 

resulted in an inferior dark colour range compared to the fed treatments (Figure 29b ). 
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Figure 29a. Approximate colour of the majority of gonads in Experiment 2 treatments. 
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Figure 29b. Approximate colour of the majority of gonads in Experiment 2 treatments. 

1.4.2.6 Gametogenic condition (stage) 

55 

The gametogenic condition of all male sea urchins at the completion of 

Experiment 2 is shown in Figure 30. In early December (1999) all Elizabeth Island 

males were spent, and by late February all males were in recovery and starting to 

sequester reserves. The Macrocystis pyrifera diet, likewise, consisted of males either 

in recovery (85%) or spent (15%) stages. 

The Ulva lactata and artificial treatments were similar to both each other and 

the Macrocystis treatment, with varying percentages of males still spent. Most male 

sea urchins in these diet treatments were in recovery. 

The Graci/aria chilensis, starved laboratory and starved cage treatments 

exhibited a deviation from this pattern. In these treatments, in addition to urchins in 

recovery, some individuals appeared to be still mature or partially spent (Figure 30). 



) 

':) 

) 

l 

Testes 

100% 

90% 

80% 

70% 

60% 

50~() 

40% 

30% 

20% 

10% 

0% -+-

] 
§ 
u 
ol ·.;::: 

:.s 

rn Mature • Partially spawnedi!.11 Spent rn Recovery 

n=3 n n=7 n n=9 n n=6 n=S n n=10 n n=6 n n=S 

I I I I 1 1 
:1:r: 

I I I l j l I I I ;,e,,;, I I 
~ 

'[r: 
o,.g e ·:: 
0 » 
"' a. ::,;: 

-~.;!; "'~ g~ 
c,--5 

ol 

~ 
" g 

~ 1 
El 
"' 

Treatment 

~ 
.s 
~ 
5 

.D 

"' ....l 
"Cl 

" 1: 
El 
"' 

0 

8 u 
"Cl 

~ 

56 

Figure 30. Gametogenic condition observed through histological sections for male sea urchins in 

Experiment 2. 

The gametogenic condition of all female sea urchins in Experiment 2 is shown 

in Figure 31. The initial field sample consisted of females either partially spent ( 50%) 

or spent (50%). By late February all urchins were in recovery. Likewise, the 

Macrocystis treatment produced sea urchins in the recovery stage only. The artificial 

treatment consisted of urchins in the recovery (80%) or spent stages (20% ). 

Female sea urchins in the Ulva lactuca treatment were either in the partially 

spent (10%), spent (10%), or recovery stage (80%). In this treatment male urchins 

exhibited a more advanced gametogenic condition compared to the female urchins 

(Figure 31 ). 

Conversely, female sea urchins in the Graci/aria chilensis treatment were in a 

more advanced condition (100% spent) than males. The starved laboratory and cage 

treatments exhibited this trend as well. Most females in both treatments were in the 

recovery stage in addition to a small number (30%) of spent individuals (Figure 31 ). 
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Figure 31. Gametogenic condition observed through histological sections for females in Experiment 2. 

1.4.2. 7 Oocyte size frequencies 

The oocyte size frequency distributions of female sea urchins in Experiment 2 

are shown in Figure 32. The number of females sampled is identical to the numbers 

described for gametogenic analysis (Figure 31 ). The initial field sample had an oocyte 

distribution containing mostly small (0-40µm) or medium ( 40-80µm) oocyte classes. 

By late February the majority of oocytes were 70µm or less, with most occurring 

between the 30µm-60µm size range. 

The oocyte size distribution for the Macrocystis pyrifera treatment suggests 

that female gametogenesis developed at a similar rate to Elizabeth Island urchins. 

Most oocytes were 60µm or less in diameter. The Graci/aria chilensis treatment 

accentuated this distribution pattern even further. Nearly all oocytes were 50µm or 

less in diameter (Figure 32). The Ulva lactuca treatment also produced a majority of 

oocytes smaller than 80µm. This diet produced the largest number of oocytes between 

10-20 µm in diameter. The artificial treatment produced an oocyte distribution similar 

to that observed in the M pyrifera treatment. Female urchins in both starved 

treatments produced no large ( 40-80µm) oocytes and very few medium ( 40-80µm) 

oocytes due to a complete lack of food resources (Figure 32). 
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Figure 32. Oocyte size frequency distributions for all treatments in Experiment 2. 
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Oocyte size distributions for all treatments in Experiment 2 and the initial field 

sample (8/12/1999) are shown in Table 7. Oocyte distributions have been tested as 

described in the results for Experiment 1. All treatments in Experiment 2 are 

significantly different to the initial field sample (95% ). These results suggest that 

female urchins had moved into a different gametogenic phase by the end of the 

experiment. Oocyte size distributions for all treatments in Experiment 2 and the end 

field sample (25/2/2000) are shown in Table 8. All treatments produced oocyte 

distributions significantly different to the end field sample (95%). Table 7 and Table 8 

both imply that gametogenesis in female E. chloroticus at Elizabeth Island did not 

develop at the same rate as caged urchins. This is reflected in the numbers of oocytes 

larger than 60 µm present in both field samples. All fed treatment females had few 

oocytes in this range (Figure 32). 

Table 7. Distribution table generated from comparisons between all treatments in Experiment 2 and the 

initial field control using a Kolmorogov-Smirnov two-sample test. Alpha values represent a 5/100 

chance that a replicated result will produce a different outcome to that stated in the table above. The 

largest difference between the compared samples is represented by max d. A significant result indicates 

the two treatments have substantially different (S) oocyte distributions, whereas two similar 

distributions do not (NS). 

Initial field control vs. Alpha D-alpha Maxd Significant 

Starved cage 0.05 0.1240 0.5917 s 
Starved laboratory 0.05 0.1568 0.6467 s 
Graci/aria chilensis 0.05 0.1069 0.4876 s 

Ulva /actuca 0.05 0.1109 0.3333 s 
Macrocystis pyrifera 0.05 0.1037 0.3058 s 

Artificial Diet 0.05 0.1012 0.3044 s 
End field control 0.05 0.1358 0.2167 s 

Table 8. Distribution table generated from comparisons between all treatments in Experiment 2 and the 

end field control. 

End field control vs. Alpha D-alpha Maxd Significant 

Starved cage 0.05 0.1467 0.6667 s 
Starved laboratory 0.05 0.1753 0.7667 s 
Graci/aria chilensis 0.05 0.1325 0.4781 s 

U/va lactuca 0.05 0.1358 0.4000 s 
Macrocystis pyrifera 0.05 0.1300 0.2192 s 

Artificial Diet 0.05 0.1280 0.2267 s 
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1.4.3 Discussion (Experiment 1 and 2) 

Growth 

In Experiment 1 and 2 there were no significant increases in weight (Figure 18 

and Figure 25). General patterns include a perceptible but not significant increase in 

weight in all fed treatments. In Experiment 1 both starved treatments decreased 

slightly in weight. 

These results are similar to those obtained by Barker et al. (1998), also using 

Evechinus chloroticus. In all three experiments, over a slightly longer period of time 

(3 months), growth in medium and large sea urchins was perceptible but not 

significant. The only significant results were the differences between starved and fed 

sea urchins (Barker et al. 1998). 

Barker et al. (1998) states that large sea urchins can be expected to grow very 

little and starved sea urchins eventually shrink in size. It is also mentioned that during 

autumn and winter growth was superior on algae rather than prepared feeds, and in 

spring there was little difference. It is also postulated that prepared feeds, at least 

those containing no kelp (Klinger et al. 1997), may lack essential components to 

support maximum growth of the calcite test, in particular (Barker et al. 1998). 

In Experiment 1 the slight increase in urchin weight using the artificial diet 

was similar to other fed treatments. In Experiment 2 urchin weight in the artificial 

treatment decreased slightly, whereas algae treatments did not (Figure 25). These 

experiments were performed in spring and summer; the only decrease in weight 

recorded for the artificial treatment occurred in summer. This may be due to the 

proximity of spawning, or perhaps also due to some lack of an essential component 

for growth in the artificial feed (Barker et al. 1998; Klinger et al. 1997). 

Gonad indices 

As mentioned earlier it is likely spawning occurred during Experiment 1 in the 

field population at Elizabeth Island. Therefore, Experiment 1 can be regarded as a 

"pre-spawning" experiment as it commenced prior to spawning. Experiment 2 can be 

regarded as a "post-spawning". 

Barker et al. (1998) studied gonad growth with respect to diet using small, 

medium and large Evechinus chloroticus during these same periods ( over slightly 
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different dates). In the "pre-spawning" experiment, both medium and large sea 

urchins ( which covered the size range used in this study also) fed prepared artificial 

diets produced significantly larger indices than urchins collected from the field or 

those fed algae (Barker et al. 1998). This result is comparable with the present study; 

in Experiment 1 and 2 the artificial diet produced greater indices than all other algae 

treatments and both initial and end field samples. Due to the high initial field sample 

(20. 81 % ) in Experiment 1, all algae treatments were significantly lower than the 

initial field sample. Conversely, due to spawning at Elizabeth Island all diets were 

significantly higher than the end field sample. 

During the "post-spawning" experiment performed by Barker et al. (1998), all 

fed urchins (both algae and prepared diet treatments) had significantly larger gonads 

than urchins from the initial field sample. Gonads from large sea urchin artificial feed 

treatments were not significantly different from field urchins at the end of the 

experiment. They were, however, significantly larger than those fed algae (Barker et 

al. 1998). This result is similar to the present study (Experiment 2) where the artificial 

diet produced significantly greater gonad growth than all other treatments and both 

field samples. 

Gut indices 

Sea urchins can use the gut to store excess nutrients that later become 

available for somatic growth and gamete production (Lawrence et al. 1992). The gut 

index may actually provide a measure of the nutritional condition in this species 

(Barker et al. 1998). When nutrient availability is limited, gut indices may decrease in 

response. 

Experiment 1 (pre-spawning) highlights these functions well (Figure 20). 

Feeding Macrocystis pyrifera, Ulva lactuca and artificial diet treatments resulted in 

significantly larger gut indices than all other treatments and both field samples. These 

diets also provided the largest treatment gonad indices in this experiment (Figure 19). 

Conversely, the Graci/aria chilensis and both starved treatments resulted in 

significantly lower gut indices than either field sample (Figure 20). During the pre

spawning period in sea urchin development, these results suggest that the gut does 

provide a measure of nutritional reserve for Evechinus chloroticus. 

In Experiment 2 (post-spawning) the results cannot be as easily interpreted. 

The initial and end field sample have lower gut indices than all the fed treatments, but 
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the difference is not significant. All starved diet treatments are significantly lower 

than all other treatments and both field samples (Figure 27) supporting the suggestion 

that the gut is a nutrient storage organ. 

Feeding rates 

Feeding rates generally increased during spring (Experiment 1) and summer 

(Experiment 2 (Figure 28). This result is consistent with that observed by Barker et al. 

(1998) and Brewin (1996) for the same species, and by Klinger et al. (1986) and 

Klinger et al. (1997) for Lytechinus variegatus and Strongylocentrotus 

droebachiensis, respectively. Rising seawater temperatures and gamete production 

may be a common factor influencing the feeding rate of sea urchins. 

Barker et al. (1998) found that Evechinus chloroticus consumed more 

of all prepared feeds than seaweeds in autumn, winter and spring. This study has 

obtained a comparable result. Brewin ( 1996) found that, for the same species, the 

ingestion rate of Ulva lactuca was low, Graci/aria chilensis was intermediate, and 

Macrocystis pyrifera was highest (Brewin, 1996). In the present study the 

consumption of these diets by E. chloroticus is reversed in both Experiment 1 and 2. 

In Experiment 1 and 2 Ulva lactuca proved to be ingested at higher rates than all other 

diet treatments. Macrocystis pyrifera and Graci/aria chilensis were both consumed in 

lesser quantities. A similar consumption pattern to Brewin (1996) has been described 

for Strongylocentrotus franciscanus (McBride et al. 1997) and Loxechinus albus 

(Lawrence et al. 1997). Interestingly, the wet weight of algae consumed in this study 

is similar to Brewin (1996), but when converted to a dry weight figure (to conform 

with the artificial diet) the consumption figures are reversed. As the artificial 

treatments produced the greatest gonad growth, it is suggested the artificial feed is of 

higher nutritional value and calorific content. On this diet consumption is greatest 

suggesting that E. chloroticus attraction to the prepared feed is favourable. 

Colour 

Watts et al. (1998) found that two different prepared diets produced varying 

roe colour (ivory white to pale yellow orange and light brown, tan or beige, 

respectively) in Lytechinus variegatus (Watts et al. 1998). Barker et al. (1998) found 

that gonads of urchins fed prepared diets (both meal and extruded) were consistently 

of a light ivory to yellow colour in Evechinus chloroticus. Other authors have noted 
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the lack of success in roe colour manipulation in other species of sea urchins 

(Motnikar et al. 1997; Bureau et al. 1997). Similarly, optimal roe colours have been 

observed to be more prevalent under algae feeding regimes (Cuthbert et al. 1995; 

McBride et al. 1996; Hagan, 1996). 

In Experiment 1 (pre-spawning), roe colour is comparable between all algal 

diets and the end field sample (Figure 22a and 22b ). The artificial and Macrocystis 

pyrifera diet treatments both had the same most common Munsell colour code (20% 

and 35% of all roe samples, respectively). Variation in roe colour was most prevalent 

in the artificial diet and starved cage treatments. The M pyrifera diet in Experiment 1 

represents the most ideal diet in terms of colour. 

In Experiment 2 (post-spawning) there is a general decrease in bright orange

yellow gonad colours and an increase in colour variation (Figure 29a and 29b ). This 

trend is observed in the field population and all algal diet treatments. Many darker 

hues are prevalent, especially in the Graci/aria chilensis treatment. Lighter hues 

feature strongly in both the Ulva lactuca and artificial diet treatments. Both starved 

treatments produced some of the darkest shades found in this experiment. This may be 

due to a) nutritive phagocyte mobilisation effectively removing carotenoids (and 

proteins/lipids/carbohydrates) from the gonads of starved urchins and b) the loss of 

oocytes where carotenoids tend to be concentrated. The end field sample, artificial 

and Macrocystis pyrifera treatments all had preferred roe colours in the highest 

proportions (Figure 31 ). 

These results indicate differences in roe colour in Evechinus chloroticus occur 

depending on whether it is a pre-spawning or post-spawning season. All macro-algae 

diets performed considerably better during the pre-spawning season. This is not ideal 

for commercial exploitation as gonads are large and usually oozing gametes by the 

time Experiment 1 was completed (November). These results indicate that either: 1) 

late gametogenesis may enable sea urchins to store carotenoids differently pre

spawning compared to post-spawning, or 2) the "down" time generally thought to 

occur in many sea urchin species after major spawning events (Robinson, personal 

communication) may have alternatively influenced carotenoid metabolism post

spawning. Alternatively, there may be seasonal differences in carotenoid availability 

in algal diets. 
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Gametogenesis 

Changing photoperiod is often correlated with the initiation of gametogenesis 

in both sexes of some sea urchin species (Walker and Lesser, 1998; Pearse et al. 

1986). In the field population (Figure 4) and Experiment 1 urchins (Figure 23) the 

gametogenic condition generally progressed during late Spring/Summer- at this time 

the photoperiod can be seen to be increasing (Figure 16). Sea urchins had undergone 

gametogenesis and were developing mature ova and sperm by the end of this 

experiment (November). Brewin (1996) found that Evechinus chloroticus develop 

mature gametes during Spring/Summer also, noting that the geographical location of 

the population may influence this trend (Brewin, 1996). 

Experiment 2 (post-spawning) took place during the stage when most sea 

urchins had developed gametes and spawned in part or in full in the field. Female 

gametogenesis for all diet treatment urchins was generally indistinguishable from the 

end field sample in this experiment (Figure 30 and 31 ). Males exhibited signs of 

continued gametogenesis (sperm production) in the Gracilaria chilensis and starved 

cage and laboratory treatments. This result indicates that a lack of sufficient nutrients 

during the immediate post-spawning period may induce male E. chloroticus to initiate 

spermatozoa production. 

Walker et al. (1998) state that male Strongylocentrotus droebachiensis urchins 

may leak nutrients from large nutritive phagocytes as they grow in size. This 

phenomenon may in some cases lead to the initiation of 1) the mitotic division of 

spermatogonia and 2) the production of spermatozoa. This trend was not observed in 

females (Walker et al. 1998). It is possible that starvation and inferior diets may 

provide the catalyst for a similar phenomenon in male E. chloroticus during summer 

months, through the process of removing and mobilising nutritive phagocytes. In both 

Experiment 1 and 2 poor gonad indices and poor roe colour in the starved treatments 

suggest nutrient supplies and subsequently carotenoid have been drained from the 

gonad. Yet the present study found gametogenesis continued in starved male E. 

chloroticus whilst male urchins fed the artificial diet and Macrocystis pyrifera 

appeared to cease gamete production. This result is intriguing and cannot be 

explained. 

Grant and Tyler (1983a, b) state that if microscopic sections of gonads are 

used to measure gametogenic maturity, as in the gametogenic analyses in this study, it 

is worthwhile measuring oocyte sizes in females. The amount of information attained 
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from such an analysis is considerable and provides insight into experimental gonad 

indices fluctuations (Grant and Tyler, 1983a, b). 

Brewin studied these parameters for Evechinus chloroticus using contingency 

table analyses (Brewin, 1996). These tables were used to distinguish between periods 

when there is an accumulation of nutrients in storage cells and the conversion of these 

nutrients into mature gametes, and when this reflects an increasing gonad index and 

eventual release at spawning (Brewin, 1996). This study has adopted the same 

approach as Grant and Tyler (1983a, b) and Brewin (1996; et al. 2000). 

In Experiment 1, all algal diets had similar oocyte size frequencies to the end 

field sample, in which small and medium oocyte size classes were abundant (Figure 

24 ). The artificial diet produced oocytes even further skewed towards the smaller size 

class. In comparison to the initial field sample, these diet treatments and the end field 

sample contained greater proportions of small (0-40µm) and medium ( 40-80µm) 

oocytes. This result suggests that the lack of large oocytes could be attributed to a 

spawning event occurring at the experimental Portobello site. Average water 

temperatures did rise at both Portobello (October) and Elizabeth Island ( early 

November) during the course of this experiment (Figure 15). This may represent a 

sufficient cue to initiate gamete release in Evechinus chloroticus, as noted for other 

species (Brewin et al. 2000; Pearse and Cameron, 1991). Changes in photoperiod at 

both sites were the same (Figure 16). 

Starved sea urchins in Experiment 1 exhibited two trends; both treatments had 

large numbers of small and large oocyte size classes and a distinctive lack of medium 

oocyte size classes. There were no significant differences between any of the 

treatments in Experiment 1 and the end field sample (Figure 24). These findings 

clearly indicate that diet quality ( as reflected in gonad indices) is in no way correlated 

with oocyte development in Evechinus chloroticus during the pre-spawning season. 

All diet and starved treatments resulted in similar oocyte development but not 

necessarily similar oocyte numbers. 

In Experiment 2, conducted during the post-spawning period, the end field 

sample contained a large proportion of medium oocyte size classes ( 40-80µm), a few 

large oocytes (>80µm), and virtually no small oocyte size classes (0-40µm). In 

contrast, the large number of small oocytes and an almost complete lack of large 

oocytes in all fed and starved treatments produced significantly different oocyte 

distributions to both field samples (Figures 31 and 32). This trend is particularly 
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prevalent in the Graci/aria chilensis and starved cage and laboratory treatments. One 

explanation may be that: 1) gamete production is low on these inferior diets during the 

post-spawning period, and 2) the other algal diets and the artificial diet provided 

enough nutrition for urchins to move into the recovery phase. During this phase sea 

urchins start to lay down nutritive tissue, hence the observed increase in gonad indices 

in these treatments (Figure 32). 

Summary 

Experiment 1 and 2 suggest that gonad indices, feeding rates and nutritional 

values of Evechinus chloroticus are superior on the artificial diet. The best diet in 

terms of gonad colour is the M pyrifera diet. Gracilaria chilensis and Ulva lactuca 

are unsuitable diets in comparison. 

At the completion of Experiment 2, most Elizabeth Island urchins were in the 

recovery stage (February 2000). Experiment 3 (March-May) therefore represents the 

ideal time to perform feeding experiments with E. chloroticus. Nutrients available in 

quality diets are stored (for the next gametogenic cycle) in storage tissue at this time. 

Gonad indices, in particular, may increase as a result, possibly beyond that recorded 

for Experiment 1 and 2. 

Experiment 3 will concentrate on only the M pyrifera and artificial diets. As 

M pyr(fera produces the best gonad colour and the artificial diet produces the best 

gonad growth, treatments in Experiment 3 will attempt to combine these features ( diet 

switching). Experiment 3 will also investigate gonad growth in E. chloroticus fed the 

artificial diet for both seven and nine weeks (as a measure of cumulative growth). 

Lastly, the potential effect of different caged urchin density on gonad growth will also 

be considered ( density). 
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1.5 Results (III) 

1.5.1 Experiment 3 (8/3/2000-24/5/2000) 

Experiment 3 (8/3/2000-24/5/2000) used only two diet treatments - Macrocystis 

pyrtfera and the artificial feed. Other factors were investigated in Experiment 3 due to the 

nature of the results of previous experiments. It may be helpful to glance at the methods 

on pages 20 and 21 before reading the following results. In an effort to avoid confusing 

terminology: diet switching refers to both the M. pyrtfera/ Artificial and Artificial/M. 

pyrffera treatments; cumulative gonad growth refers to artificial (7) and artificial (9) 

treatments (brackets denote weeks); and density factors refer to M. pyrifera 16, M. 

pyrifera 24 and M pyrifera 32 treatments (the numbers represent urchins in one cage). 

There is also a standard three replicates of 8 E. chloroticus urchins fed both diets, as in 

previous experiments. 

1.5.1.1 Growth 

Diameter and weights of urchins used are shown in Table 9 and indicate urchins 

in all treatments were similar in size. Initial and end weights (Figure 33) show an increase 

in weight in all treatments at the end of the experiment (May 2000). These differences 

were not tested for significance. 

Table 9. Initial number (n), weight, diameter, and replicates for each treatment in Experiment 3. Grouped 

treatments are numbered a ( diet switch), b ( density factor) and O 
( cumulative growth factor). 

Experiment 3 

Weight (g) l)iameter(mm) n (Replicates) 
Mean(SE) Mean (SE) 

M pyrifera a,b 276.22 (12.38) 91.5 (1.29) 24 3 
Artificial a,b,c 293.76 (12.28) 91.8 (1.55) 24 3 
Macro+ Artificial a 275.41 (12.28) 89.6 (1.68) 24 3 
Artificial+Macro a 262.67 (8.438) 88.4 (0.95) 24 3 
Macro 16 b 283.27 (29.07) 88.6 (3.62) 16 1 
Macro 24 b 271.43 (13.90) 88.8 (1.64) 24 1 
Macro 36 b 286.42 (13.72) 89.9 (1.63) 36 1 
Artificial 7 weeks 0 296.06 (21.99) 91.3 (2.43) 20 2 
Artificial 9 weeks 0 318.96 (23.46) 92.5 (2.18) 20 2 
Initial field sample 262.16 (14.06) 88.4 (1.32) 10 1 
End field sample 302.35 (15.56) 88.9 (1.78) 10 1 
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Figure 33. Initial and end weights for all experimental treatments in Experiment 3. Standard error bars 

represent 95% confidence intervals. 

1.5.1.2 Gonad indices 
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The gonad indices for all treatments can be observed in Figure 34 and Table 18 

(appendix) . All treatments resulted in substantially larger indices than the end field 

sample. The gonad indices for the diet switch treatments in Experiment 3 are 

shown in Figure 35. The initial field sample of 12.81 % in early March is lower than the 

end field sample (14 .85%). Both these indices are significantly smaller than those 

recorded for all diet treatments (ANOVA post-hoc LSD; p=0.001 ; f=11540.0). The 

standard Macrocystis pyrifera treatment produced a gonad index of 18.29%, significantly 

higher (ANOVA post-hoc LSD; p=0 .001; f=ll540.0) than either field sample but 

significantly less (ANOVA post-hoc LSD; p=0.0013; f=ll540.0) tl1an the standard 

artificial diet treatment (20 .81 %). The results for the two diet switch treatments fall 

between these two values . The artificiaVMacrocystis switch diet index (19.19%) appears 

to be higher than the Macrocystis diet, but the results were not significant (ANOVA post-
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hoc LSD; p=0.34; f=ll540.0) . The Macrocystis/artificial switch is higher agam 

(20.45%). 
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Figure 34. End gonad indices of all sea urchins in Experiment 1 (± standard error) . 

The gonad indices for the cumulative gonad growth treatments are shown in 

Figure 36. The artificial 7-week treatment produced a gonad index of 19.07%, compared 

to the artificial 9-week diet index of 19. 86%. These results are not significantly different 

(ANO VA post-hoc LSD; p=0.34; f= 11540.0) indicating urchins elicited a similar 

response in both treatments. This result would suggest the majority of growth in the 

gonad in both treatments occurred before the ih week of the experiment. The standard 

artificial treatment indices (20.81 %) were not significantly different from either the 7-

week (ANOVA post-hoc LSD; p=0.052; f=l1540.0) or 9-week (ANOVA post-hoc LSD; 

p=0.098; f=ll540.0) artificial treatments. 
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Figure 35. End gonad indices for both diet switch treatments, initial and end field samples, and the 

Macrocystis pyrifera and artificial diet treatments (± standard error). 
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Figure 36. End gonad index for the cumulative gonad growth treatments (artificial (10) 7 weeks and 

artificial (10) 9 weeks). Indices are compared with the standard artificial (8) treatment and the initial and 

end field samples (± standard error). 
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The results for all density treatments in Experiment 3 are presented in Figure 37. 

It is apparent that Macrocystis pyrifera provides significantly more gonad growth than 

that experienced in the field population at Elizabeth Island (12.81 % average gonad 

indices increasing to 14.85%). There are four density treatments. The standard three 

replicates of 8 sea urchins resulted in a gonad index of 18.29% make up one treatment. 

Three other treatments consist of one replicate of either 16, 24 and 32 sea urchins per 

cage. The gonad indices for these treatments were 19.64%, 19.55% and 19.42%, 

respectively. All three are marginally but not significantly (ANOV A post-hoc LSD; 

p=0.101; f= 11540.0) larger than the standard 8 M., pyrifera treatment. 
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Figure 3 7. End gonad indices for the density treatments and initial and end field controls in Experiment 3. 

Standard errors represent 95% confidence intervals. 
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1.5.1.3 Gut Index 

The gut index for all treatments in Experiment 3 is shown in Figure 38 and Table 

19 (appendix) . The gut index is very variable in all fed treatments. The initial field 

sample (4.65%) is significantly higher (ANOVA post-hoc LSD; p=0.011; f=14475.0) 

than tl1e end field sample (3 .91 % ) . Diet factors may have changed at Elizabeth Island 

over the course of this experiment. 
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Figure 38. Gut indices of all sea urchins at the completion of Experiment 3. Standard error bars represent 

95% confidence intervals. 

The gut indices for all diet switch treatments is shown in Figure 39. The standard 

M. pyrifera treatment produced a gut index of 5.82%, significantly larger (ANOVA post

hoc LSD; p<O.0001; f= 144 7 5. 0) than either field sample. The artificial/Macrocystis 

switch treatment (5.37%) and Macrocystis/arti.ficial switch treatment (5.62%) were both 

significantly larger (ANOVA post-hoc LSD; p=0.0034; f= 14475.0) than eitl1er field 

sample but not significantly different from one another (ANOVA post-hoc LSD; p=0.18; 
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f= 144 7 5. 0). The artificial treatment produced a gut index of 5 .41 %, within the range of 

the other diet treatments. 
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Figure 39. Gut indices for all diet switch treatments and initial and end field sample in Experiment 3. 

Standard error bars represent 95% confidence intervals. 

The cumulative growth gut index treatments are shown in Figure 40. These results 

do not mimic the gonad index trends seen in Figure 36. The end field sample (3.91 %) 

was significantly lower (ANOVA post-hoc LSD; p>0.0001; f=l4475.0) than all otl1er 

indices. 

The 7-week artificial treatment (4.55%) and the initial field sample (4.65%) were 

similar, indicating no growth in the gut occurred witl1 this treatment. The 9-week 

artificial treatment (4.97%) was significantly higher (ANOVA post-hoc LSD; p=0.025; 

f=l4475.0) than the 7-week treatment. This result was not observed in the gonad indices 

of these treatments (Figure 50). The standard artificial treatment (5.41%) is significantly 

higher (ANOVA post-hoc LSD; p=0.013; f=l4475.0) than all other cumulative growth 

treatments. This result is consistent with that observed for gonad indices (Figure 50). 
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Figure 40. End gut indices for all cumulative gut index treatments and initial and end field samples in 

Experiment 3. Standard error bars represent 95% confidence intervals. 

The gut indices for all density treatments are shown in Figure 41. The M. pyrifera 

C8) and M. pyrifera C16) treatments are nearly identical to each other C5.82% and 5.91 % 

respectively). Both produced significantly higher CANOVA post-hoc LSD; p<0.0001; 

f= 144 7 5. 0) gut indices than either the initial or end field sample. 

The M. pyrifera C24) and M pyrifera C32) treatments produced gut index values of 

5.32% and 4.79% respectively. These values are significantly larger CANOVA post-hoc 

LSD; p=0.0002; f=l4475.0) than the end field sample, but significantly smaller (ANOVA 

post-hoc LSD; p=0.008; f=l4475.0) than either Macrocystis (8) or Macrocystis C16) 

treatments. 
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Figure 41. End gut indices for all density treatments and initial and end field samples in Experiment 3. 

Standard error bars represent 95% confidence intervals. 

1.5.1.4 Feeding rate 

Feeding rates for the artificial and Macrocystis pyrifera diets in Experiment 3 are 

shown in Figme 42. The M. pyrifera diet was consmned by mchins in much smaller 

quantities (-0.5g/sea urchin/day) in all experiments in comparison to the artificial diet. 

The artificial diet was consumed at an average of 0.9g/ sea urchin/day over the 

summer/autt.nm1 period. This is considerably larger than the consmnption rate observed in 

spring ( -0. 7 g/sea urchin/ day). 
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Figure 42. Feeding rates for Experiment I, 2 and 3. Feeding rates are calculated at the beginning, middle 

and end of each treatment. Graci/aria chilensis and Ulva lactata were not used in Experiment 3. 
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1.5.1.5 Gonad Colour 

Approximate gonad colour for each treatment in Experiment 3 is depicted in 

Figure 43a, 43b and 43c. Nearly 60% of the initial field sample consisted of three colours 

ranging from bright orange to darker shades, the remainder dark in colour. The end field 

sample contained a wider range of orange hues (Figure 43a). 

Standard artificial (8) treatment colours were inferior to either field sample, with 

some browner hues evident. Nearly 30% of standard (8) Macrocystis treatment gonads 

were a bright orange shade and the remainder were darker in colour (Figure 57a). 

Artificial (10) seven-week treatment colours were more consistent but generally darker 

than the most common colours in both field samples. The artificial (10) nine-week 

treatment is similar to the artificial (8) treatment (Figure 43b ). 

The artificial/M pyrifera switch treatment produced a bright orange/yellow colour 

in over 60% of the gonads. The Macrocystis/artificial switch had a wider range of colours 

but 50% of the gonads were also bright orange-yellow. Both treatments contain a larger 

proportion of bright colours than the end field sample (Figure 43b ). 

The M. pyrifera (16) density treatment produced results comparable to both diet 

switch treatments. Nearly 60% of the gonads were bright orange-yellow in appearance. 

Over 50% of the roe colours in the M pyrifera (24) density treatment were a similar hue 

also. Both treatments contained a larger proportion of suitable colours than the end field 

control. The M pyrifera (32) density treatment was similar in colour composition to the 

initial and end field samples (Figure 43c ). 

Four of the brightest orange/yellow Munsell colour codes observed in Experiment 

3 gonads are shown at the bottom of Figure 43c. They are presented in no particular order 

and should be consulted directly from the Munsell Book of Colour. The first code, 8.75 

YR 7/14, was most common in the M pyrifera/art:ificial switch diet treatment (12.5%). 

The second and third codes (6.25YR 7/16 and lOYR 8/14) were most common in tl1e M. 

pyrifera (16) treatment (26.7% and 8.3%, respectively). Lastly, tl1e 10 YR 7/14 was most 

common in theM pyrifera (24) treatment (16.6%). 
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Figure 43a. Approximate gonad colour of field samples and standard artificial and Macrocystis treatments 
in Experiment 3. 
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Figure 43b. Approximate gonad colour of cumulative growth and diet switch treatments in Experiment 3. 
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Figure 43 c. Approximate gonad colour of density treatments in Experiment 3. A list of the four best colours 

is included. 
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1.5.1.6 Gametogenic condition 

The gametogenic condition of all male urchins at the completion of 

Experiment 3 can be seen in Figure 44. The initial field sample consisted of males 

either in recovery (66.6%), or spent (34%). The end field sample was in recovery 

(100%) only. 

Most fed urchins were in a similar condition, with between 30% and 80% of 

all males in the recovery stage. The remainder were in the spent stage. The M 

pyrifera (16) and M pyrifera (32) treatments were nearly identical to the end field 

sample. These results suggest that experiments undertaken at this stage in the year 

(March-May) result in post-spawning gonad growth only. 
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Figure 44. Gametogenic condition observed through histological sections for male sea urchins in 

Experiment 3. 
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The gametogenic condition of all female urchins in Experiment 3 is shown in 

Figure 45. The initial field sample consisted of females in recovery (66%), or spent 

(34%). The end field sample consisted of females either in recovery (50%), or 

growing (50%). In all diet treatments, with the exception of M pyrifera (16), females 

were at a similar stage of development to the field samples, in either a spent, recovery 

or growing stage. The M pyrifera ( 16) treatment produced females in the growing 

stage of gametogenic development only. 

This result was unique compared with all other treatments and both field 

samples. The other density treatments had few (0-10%) females in the growing stage, 

whilst the end field sample only had 50% and is the most comparable to the M 

pyrifera (16) treatment. One suggestion for the M pyrifera (16) treatment result may 

be that all M pyrifera density treatments exhibited a similar pattern to that observed 

for the end field sample. The M pyrifera (16) treatment is only a little further 

advanced in gametogenic condition than either the M pyrifera (24) or (32) sea urchin 

treatments. The end field sample condition lies roughly between them. 

The diet switch treatments contained females in either a spent, recovery or 

growing condition. The M pyrifera/artificial switch treatment has 10% of female 

urchins in a growing stage; the artificial/M pyrifera switch treatment has 20% of 

female urchins in a spent stage. This variety in gametogenic condition has been 

recorded despite the fact that female urchins in both treatments were fed the same 

diet. Such a result would suggest that there could be a preferential order to the 

switching between algal and artificial feed diets. Both cumulative growth treatments 

were in recovery only (100%). 
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Figure 45. This histogram shows the relative frequencies of the major ovarian stages found m 

histological sections offemales in Experiment 3. 

1.5.1. 7 Oocyte size frequencies 

The oocyte size frequency distributions of female urchins in Experiment 3 are 

shown in Figure 46a and 46b. The initial field sample had a proportion of small (0-

40µm), medium (40-80µm) and large oocyte size classes (>80µm). Nearly all oocytes 

in the end field sample were in the medium size class (40-80µm). No oocytes larger 

than 80µm were present in the end field sample. The 7- and 9- week artificial 

treatment urchins produced small oocytes (0-40µm) only. No oocytes larger than 

70µm were recorded. The standard artificial treatment was indistinguishable from the 

7- and 9- week treatments. No large oocytes were present in any of these treatments, 

which is consistent with the end field sample. 
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Figure 46a. Oocyte size frequency distributions for cumulative growth, artificial and Macrocystis 

treatments, and both field samples in Experiment 3. 

The standard M pyrifera, artificial/M pyrifera and M pyrifera/artificial switch 

treatments contained both small (0-40µm) and medium (40-80µm) oocyte classes. No 

large oocytes were present in these treatments, consistent with the end field sample. 
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Figure 46b. Oocyte size frequency distributions for diet switch and density treatments, and both field 

samples in Experiment 3. 

The M pyrifera (16) treatment produced a large proportion of oocytes in the 

medium oocyte size class (40-80µm) and a smaller proportion of oocytes in the small 

size class (0-40µm) . The number of oocytes in the 70-90 micron size range is larger 

than that of any other treatment The M pyrifera (24) treatment contained a large 
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proportion of medium oocyte size classes. The M pyrifera (32) treatment had an 

oocyte distribution centred between medium ( 40-80µm) and small oocyte (0-40µm) 

size classes. With the exception of the M pyrifera (16) treatment, these results are 

consistent with the end field sample. 

Oocyte size distributions for all treatments in Experiment 3 and the initial field 

sample are shown in Table 10. All artificial diet treatments produced significantly 

different distributions to the initial field sample, as did the M pyrifera 32 treatment. 

The initial and end field samples were not significantly different (Table 10). The 

Macrocystis 16 and Macrocystis 24 treatments were also not significantly different to 

the initial field sample. 

Table 10. Distribution table generated from comparisons between all treatments in Experiment 3 and 

the initial field control using a Kolmorogov-Smirnov two-sample test. Alpha values represent a 5/100 

chance that a replicated result will produce a different outcome to that stated in the table above. The 

largest difference between the compared samples is represented by max d. A significant result indicates 

the two treatments have substantially different (S) oocyte distributions, whereas two similar 

distributions do not (NS). 

Initial field sample vs. Alpha 0-alpha Maxd Significant 

Artificial 7-weeks 0.05 0.1280 0.2733 s 
Artificial 9-weeks 0.05 0.1300 0.3167 s 
Artificial (8) 0.05 0.1325 0.2095 s 
Macrocystis (8) 0.05 0.1280 0.2200 s 
Artificial/Macrocystis 0.05 0.1300 0.2367 s 
Macrocystis/Artificial 0.05 0.1264 0.2027 s 
Macro 16 0.05 0.1467 0.0617 NS 

Macro24 0.05 0.1467 0.1467 NS 

Macro32 0.05 0.1403 0.1907 s 
End field sample 0.05 0.1467 0.0933 NS 

Oocyte size distributions for all treatments in Experiment 3 and the end field 

sample can be seen in Table 11. All treatments other than Macrocystis 16 and 

Macrocystis 24 produced significantly different oocyte distributions to the end field 

sample. Both Table 10 and 11 indicate that, as suggested, the gametogenic condition 

of the diet switch treatments were comparable to the end field sample and thus not 

significant. 
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Table 11. Distribution table generated from comparisons between all treatments in Experiment 3 and 

the initial field control using a Kolmorogov-Srnirnov two-sample test. Alpha values represent a 5/100 

chance that a replicated result will produce a different outcome to that stated in the table above. The 

largest difference between the compared samples is represented by max d. A significant result indicates 

the two treatments have substantially different (S) oocyte distributions, whereas two similar 

distributions do not (NS). 

End field sample vs. Alpha D-alpha Maxd Significant 

Artificial 7-weeks 0.05 0.1154 0.3311 s 
Artificial 9-weeks 0.05 0.1176 0.3775 s 
Artificial (8) 0.05 0.1204 0.2686 s 
Macrocystis (8) 0.05 0.1154 0.3133 s 
Artificial/Macrocystis 0.05 0.1176 0.2450 s 
Macrocystis/Artificial 0.05 0.1136 0.2110 s 
Macro 16 0.05 0.1358102 0.1050 NS 

Macro24 0.05 0.1358102 0.1550 NS 

Macro 32 0.05 0.1288408 0.2440 s 
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1.5.2 Discussion (Experiment 3) 

Growth 

In Experiment 3 there were no significant increases in urchin weight (Figure 

33), similar to Experiment 1 and 2 (Figure 18 and Figure 25). A perceptible increase 

is apparent in all experiments, but this may be due to growth of the body tissues. 

Somatic calcite test growth is negligible over the nine-week period (8/3/2000-

24/5/2000). 

Gonad indices 

Experiment 3 corresponds to the same period during which Barker et al. 

(1998) examined Evechinus chloroticus gonad indices. The dates are different by 

approximately two months but the generalised period of "growth", as determined by 

nutritive tissue development and gametogenesis initiation, encompasses the period 

between March and October. One major difference between Experiment 3 and the 

"growth" experiment performed by Barker et al. (1998) lies in the fact that the latter 

ran for 12 weeks and in this study Experiment 3 ran for only 9 weeks. There was 

insufficient artificial diet available to conduct a longer experiment in this study. In the 

present study and in Barker et al. (1998) prepared artificial feeds produced larger 

gonad indices and a lighter hue of roe colour than algal diets. 

The gonad indices for all fed urchins in Experiment 3 are similar to 

Experiment 2. All fed treatments produced significantly larger indices than the initial 

and end field samples and the best gonad growth was recorded in the M 

pyrifera/artificial diet treatment and the standard artificial diet treatment (Figure 40), 

indicating both diets performed in a similar fashion. 

Gonad growth in this study is also similar to several other studies where 

superior gonad growth was achieved on artificial diets (Motnikar et al. 1997; 

Robinson and Colbome, 1997; Pearse et al. 1995; Lawrence et al. 1997); growth 

achieved on "preferred" algae sources (McBride et al. 1996; Bureau et al. 1997; 

Cuthbert et al. 1995); and growth achieved using field cultivation (Lawrence et al. 

1997; Burke, 1997; Blin, 1997; Hatcher and Hatcher, 1997). The potential of sea cage 

cultivation as a tool for gonad enhancement of Evechinus chloroticus has been at least 

partially realised in this study. These results suggest that it is possible to use prepared 
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feeds to produce gonads throughout the year using this sea cage cultivation method. 

The potential for kina aquaculture remains unclear as stocking densities, site 

variations, variations in stock from different areas around NZ, and issues with diet 

and roe colour have yet to be fully addressed. 

Robinson and Colborne (1997) found that field cultivation of 

Stronglocentrotus droebachiensis using cages resulted in unexplainable changes in 

the distribution patterns of the drained weight gonad index in the various feeding 

treatments. This was attributed to either sub-lethal handling effects or potential 

differences in feeding behaviours of the animals in the cages (Robinson and Colborne, 

1997). This phenomenon was not experienced in this study, indicating that Evechinus 

chloroticus may be a more suitable species for cage system culture than S. 

droebachiensis. 

Changes in gonad indices over the entire nine months 

Figure 47 shows changes in gonad growth in all three experiments using the 

artificial and M pyrtfera diets. 
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Figure 47. Changes in gonad indices with artificial feed and Macrocystis pyrifera diets, including 

comparisons to the initial field index at the beginning of each experiment. The standard error bars 

represent 95% confidence intervals. 
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During Experiment 1, sea urchins were mature and ready to spawn. Using the 

artificial diet at this time resulted in low gonad growth. In Experiment 2 and 3 gonad 

index growth was much larger. The M pyrifera diet produced a much larger indices 

increase in Experiment 2 and 3 than in Experiment 1, due to stage of the reproductive 

cycle at this time. Growth in gonad indices using both diets is consistent once 

spawning has been completed (Experiment 2 and 3). The artificial diet treatments in 

this study have realised significant gonad growth over all other treatments and field 

indices in spring, summer and autumn. The significance of these treatments has 

already been listed in the results (pages 39, 51 and 69). 

Gut indices 

Experiment 3 represents an important period of the sea urchin reproductive 

season, during which growth in body indices occurs. It is also the only experiment in 

this study in which the field population gut index decreased over time (Figure 38). 

Barker et al. (1998) found a similar decrease in gut indices occurred in the field 

during a similar period (February to May) and concluded that: 1) high food levels may 

have been available over summer, and 2) during this time nutrients were not required 

directly for gametogenesis. 

Nearly all fed treatments produced significantly larger gut indices than the 

initial or end field sample, with the exception of the Macrocystis 32 and artificial 7-

week and 9-week treatments. This result indicates that the effectiveness of the gut, as 

a storage organ, may be influenced by either density or the duration of the experiment 

when using prepared feeds. 

The density treatments in Experiment 3 provide evidence of this (Figure 41 ). 

The M pyrifera 8, M pyrifera 16 and M pyrifera 24 treatments all resulted in 

significantly larger gut indices than either field sample. The trend in gut indices for 

these treatments was to decrease with increasing density of animals, and this is clearly 

seen in the M pyrifera 32 treatment. This treatment resulted in indices that were 

significantly lower than all other fed treatments, and not significantly different from 

the initial field control. These same density treatments produced large gonad indices 

indistinguishable from one another (Figure 34). Such results indicate that density may 

affect secondary nutrient storage processes in Evechinus chloroticus. Gonad growth 

may be a higher priority than nutrient storage in the gut at high densities in E. 

chloroticus. 
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It has been observed in other species that food quality does not have any effect 

on the size of the gut (Klinger et al. 1994, 1995). Fernandez and Pergent (1998) state 

that neither food type nor environmental parameters affected the gut indices following 

six month feeding trials with Paracentrotus lividus. The results for Experiment 3 

would suggest that it is not food quality but the density of individuals and the 

availability of adequate food resources that determines growth in gut indices in 

Evechinus chloroticus. There may be further seasonal differences i.e. between pre

spawning, post-spawning and growing periods (Experiment 1 versus Experiment 2 

and 3). 

Feeding rates 

It has been observed that feed preference and subsequent ingestion rates may 

not be correlated with algal calorific content for Loxechinus albus (Gonzalez et al. 

1993) and for Strongylocentrotus droebachiensis (Larson et al. 1980). Other authors 

have also suggested that calorific content is only one factor associated with food 

preference (Brewin, 1996; Fernandez and Pergent, 1998). In the present study the best 

gonad growth was associated with the Ulva lactuca (Experiment 1 and 2) and 

artificial diets (all experiments). Macrocystis pyrifera was consumed in the smallest 

quantities. The artificial diet provided the greatest gonad growth and predictably, was 

also ingested in the largest quantities. Most diet treatments exhibited a general 

increase in consumption over spring/summer. 

Sea urchins around the world have been noted for peculiar feeding behaviours. 

Avoidance of calorie rich food has been observed in Strongylocentrotus 

droebachiensis (Larson et al. 1980), S. purpuratus and S. franciscanus (Vadas, 1968, 

1977) and S. intermedius (Fuji, 1962, 1967). The results from this study generally 

imply that the inferiority in gonad growth associated with the Graci/aria chilensis diet 

is reflected in the consumption rate (Experiment 1 and 2). Ulva lactuca proved to be 

the "preferable" algal diet to E. chloroticus and yet only produced small increases in 

gonad indices (Experiment 1 and 2). The prepared feed was consumed in the largest 

quantities, and thus not avoided at all. These general patterns suggest that calorific 

content is only one factor affecting food preference in Evechinus chloroticus. 
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Feeding rate gonad indices (assumption only) 

The gonad indices of sea urchins used to record the laboratory feeding rates in 

all three experiments can be seen in Table 12. No feeding rate urchins produced 

significantly different gonad indices to those recorded for the three experiments. Such 

a small sample size usually results in a large standard error and therefore less chance 

exists for any significant differences to be found. The lack of difference in gonad 

indices between laboratory and caged urchins in all three experiments does suggest, 

however, that both were indistinguishable as feeding 'environments' for E. 

chloroticus. 

Table 12. Mean gonad indices of sea urchins used to calculate feeding rates for Experiment 1, 2 and 3. 

Standard errors are shown in addition to significance (95%) from one another (Y or N). 

Exp_eriment 1 

Caged gonad index Feeding rate gonad index Significant? 

Graci/aria chilensis 12.93% (±.0.54) 11 .56% (±.1 .35) N 

Ulva lactuca 15.71 % (±.0.92) 16.73% (±.1.59) N 

Macrocystis pyrifera 18.05% (±.0.71) 17.43% (±.1.92) N 

Artificial diet 22.92% (±.1.09) 19.20% (±.2.68) N 

Experiment 2 

Caged gonad index Feeding rate gonad index Significant? 

Graci/aria chi/ensis 7.52% (±.0.44) 8.23% (±.0.95) N 

Ulva lactuca 10.37% (±.0.61) 9.68% (±.1.36) N 

Macrocystis pyrifera 12.96% (±.0.49) 13.21 % (±.1.75) N 

Artificial diet 18.83% (±.0.66) 19.20% (±.2.38) N 

Experiment 3 

Caged gonad index Feeding rate gonad index Significant? 

Macrocystis pyrifera 18.30% (±.1.00) 18.12% (±.2.70) N 

Artificial diet 20.81 % (±.0.95) 21.64% (±.1.60) N 

Colour 

In Experiment 3 the range of roe colours increased in the field population over 

time, but the two most consistent colours were the same (Figure 43a). The standard, 

7-week and 9-week artificial diet treatments resulted in an inferior range of colours. 

Many dark brown and dark orange hues were evident with some lighter shades and a 

few optimal colours (Figure 43a, 43b ). In contrast, the artificial/M pyrifera switch 

produced an entirely different gonad colour regime. Nearly 75% of these sea urchins 

contained roe with bright orange-yellow colours. The same can be said of the M 



1 

93 

pyrifera!artificial and M pyrifera 8, 16, 24 and 32 treatments. All produced many 

desirable roe colours (Figure 43c ). 

Gonad colours in Experiment 3 have been classed as either ' optimum', 'good' 

or 'poor' in Figure 48. The main feature in Figure 48 is how the percentage of 

optimum and good colours or poor colours (based on the range provided) relates to 

sea urchin size. Sea urchins smaller than 92 mm produced roe with optimum or good 

colour hues in 60% of all samples. Sea urchins greater than 92 mm only produced 

28% by comparison. Likewise, the percentage of poor colours in sea urchins greater 

than 92 mm is three times that recorded for sea urchins less than 92 mm. This result 

suggests larger sea urchins produce poorer quality colours in general, regardless of 

diet. Figure 49 and 50 represent some of the optimum colours displayed in Figure 48 

in actual Evechinus chloroticus sea urchins. 

<9ptinuun~ 

8.75YR 7/14 6.25YR 7/16 lOYR 8/14 10 YR 7/14 

(fa.od~ 

8.75 YR 6/14 6.25 YR 7/14 8.75 YR 7/12 8.75 YR 6/12 10 YR 7/12 

10 YR 6/10 10 YR 6/8 7.5 YR 5/10 10 YR 5/10 

• 
Less than 92 mm in diameter: Optimum and Good Colours- 59% 

Poor Colours-10.7% 

Greater than 92 mm in diameter: Optimum and Good Colours- 28% 
Poor Colours- 30. 7% 

9'<UJ4~ 

Figure 48. These colours, from the Munsell Book of Colour (1976), were present in gonads in 

Experiment 3. These colours are not indicative of"optimum" or "good" colours in general. 
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Figure 49. Cross section through a sea urchin fed Macrocystis pyrifera. This bright yellow colour is 

almost ideal, and the gonad index is approximately 18-20%. This photo was taken in May 2000. Scale 

1:1.2 

Figure 50. Roe from two sea urchins fed Macrocystis pyrifera. This photo was taken in May 2000. 

Scale 1:1.6 
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The general pattern in Experiment 3 indicates that the addition of an algae diet 

provides a more desirable roe colour than prepared artificial feeds alone during late 

summer/autumn in Evechinus chloroticus. Both diet switch treatments clearly show 

the benefit of the inclusion of a macro-algae component. There is little difference 

between four or five weeks feeding on Macrocystis pyrifera. Density of urchins did 

not appear to affect this pattern (Figure 43c). Barker et al. (1998) also found superior 

colours were obtained using algae feeds during autumn for this species. Therefore, 

these results indicate that further refinement of the artificial diet used here may be 

necessary for large-scale gonad production. A recent diet formulated by Robinson 

(personal communication) may provide a feasible alternative. 

Gametogenesis 

In Experiment 3 all male sea urchins were either spent or in the recovery 

stage (Figure 4 7). The effect of starvation was not analysed during this experiment. 

All female sea urchins were slightly more advanced than males as many were well 

into the growing stage by late May. The M pyrifera 16 density treatment proved to be 

a umque treatment in terms of oogenic development in this experiment. This 

treatment had significantly more females in the growing stage than all other 

treatments (Figure 48). 

The trend in increasing numbers of small oocytes seen in Experiment 1 and 

Experiment 2 continues in Experiment 3 also. All diet treatments contained a large 

proportion of smaller oocytes (Figure 49a and 49b ). Oocyte distribution analyses 

reveal that only the Macrocystis 16 and Macrocystis 24 treatments and the end field 

sample were significantly different from the initial field sample (Table 10). Similarly, 

only the M pyriferal6 and M pyrifera 24 treatments were significantly different from 

the end field sample (Table 11 ). 

There is no obvious explanation as to why the M pyrifera 16 treatment 

perfonned differently from any of the other density treatments in Experiment 3. 

Urchins were fed the same amount of Macrocystis and recorded similar gonad 

indices. This treatment did have the highest gut index of all the density treatments, but 

all that this confirms is that Macrocystis is a nutritionally beneficial diet. 

Walker et al. (1998) state that the gametogenic analyses perfonned in the 

present study and in many other studies (Pearse et al. 1986; Byrne, 1990; Brewin, 

1996; Meidel and Schiebling, 1998; Walker and Lesser, 1998) may not provide an 
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ideal picture of the detailed cellular events occurring during gametogenesis. Other 

techniques have been suggested to be more useful, including: 1) Stereo logical data on 

the relative abundances of nutritive phagocytes and gametes at various stages of the 

reproductive cycle, 2) high-resolution histology using plastic sections, and 3) 

molecular biology and the use of vitellogenin and the c-myc protein to track nutritive 

phagocyte and gamete development, respectively (Walker et al. 1998). This study 

lacked this level of gametogenic interpretation and it is advised that future studies 

should investigate these factors for Evechinus chloroticus. 

Mortality 

Mortality during all experiments is shown in Table 13. In Experiment 1 and 2, 

approximately 6% of all caged sea urchins died before the fifth week; most deaths had 

occurred by the third week. Conversely, only 0.43% of all sea urchins in Experiment 

3 died. This is much lower than either Experiment 1 or 2. 

Table 13. Mortality figures, treatments and approximate date of death for Experiment 1, 2 and 3. 

Percentages represent the proportion of all sea urchins that died during each experiment. 

No. No. No. 
Experiment 1 died Date Ex eriment2 died Date Ex eriment3 died Date 

*Starved cage 2 Week2 Starved cage 4 Week2 *Macrocystis (16) 1 Week2 

*Ulva lactata 2 Week2 *Graci/aria chilensis 1 Week2 

*Graci/iaria chilensis 2 Week3 *Ulva lactata 2 Week4 

*Macrocystis pyrifera 4 Week5 *Macrocystis pyrifera 1 Week 1 

Artificial diet 2 Week3 

Total ( out of 150) 10 6.70% otal (out of 150) 10 6.70% ITotal (out of 228) 1 0.43% 

The artificial diet had the fewest deaths. The starved cage treatment recorded 

the largest losses, followed by the Macrocystis pyrifera treatment. It is suggested that 

most deaths would have occurred due to sub-lethal handling methods used during the 

initial collection and transporting of animals from the wild. Experiment 3 highlights 

that good handling methods will result in the least number of deaths. When sea 

urchins arrived from Doubtful Sound they were left in the containers and ambient 

seawater was added first before removing them. The temperature difference between 

the containers and the ambient laboratory seawater was recorded as 2.5 °C. If sea 

urchins had been placed directly into the ambient seawater this difference may have 
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been enough to initiate temperature shock and additional stress in many urchins. This 

sort of sub-lethal handling can transpire into a number of deaths during the 

experimental analysis (Dinnel et al. 1988). In retrospect, during Experiment 1 and 2 

this may have occurred. Sea temperatures were high at Portobello when urchins 

arrived at the beginning of Experiment 2. 
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1.6 General Discussion 

Experimental limitations have hampered the ability to 1) examine fine-scale 

cellular events, such as is described in Walker et al. (1998), and 2) accurately 

determine roe colour influences and feeding rates. For example, there is a suggestion 

in the experimental data that male and female spawning events were not completely 

synchronous yet this cannot be quantified in the present study. Despite these 

shortcomings, plenty of evidence is available to conclude that field cultivation is 

entirely possible for this species. Mortality figures, the consistency of the artificial 

diet breakdown in seawater, and the consistency in gonad indices between 

experimental replicates are all positive attributes of field cultivation. 

Growth in large E. chloroticus is minimal during spring, summer and autumn. 

The artificial diet used in this study may lack an essential component necessary for 

somatic growth (Barker et al. 1998), especially during summer months. Further 

research focusing on smaller E. chloroticus (e.g. 30-60mm) using a similar diet may 

shed more light on growth patterns and factors in E. chloroticus. 

Gonad indices were significantly greater in all artificial diet treatments than in 

any other fed treatment in the present study. Graci/aria chilensis and Ulva lactuca 

represent unsuitable algae species for E. chloroticus cultivation. The Macrocystis 

pyrifera diet provided the greatest increase in gonad indices of all algal treatments in 

spring and summer. As the feeding rate observed for this diet was less than all other 

algal diets it is suggested that M pyrifera has a higher nutritional content. Food 

"preferences" in this study have indicated calorific content is only one influencing 

factor, as the M pyrifera and Ulva lactuca treatment results attest. 

Sea urchin density and the availability of food resources may influence gut 

growth in E. chloroticus in summer and autumn. Gut indices increased in all fed 

treatments in spring. At higher densities, E. chloroticus may 'concentrate' on gonad 

growth almost exclusively, borne out by the results for body tissue indices in 

Experiment 3. 

Feeding rates generally increased in spring and summer before decreasing 

again in autumn and winter (Barker et al. 1998). Despite being ingested at the highest 

rates by E. chloroticus, Ulva lactuca produced a generally poor range of roe colours 

compared to M pyrifera. This result also suggests nutritional benefit may be only one 

factor influencing food preference in E. chloroticus. 
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Colour appears to be directly related to 1) the quality of diet and 2) the 

inclusion of a macro-algae component. In this study the Macrocystis pyrifera diet 

provided the largest proportion of optimal roe colours. Fed in conjunction with the 

artificial diet in Experiment 3 ( diet switching) the M pyrifera diet noticeably 

improved roe colour compared to artificial diet-only treatments. 

Inferior diets may influence the gametogenic cycle in E. chloroticus during 

summer. Sea urchins in most treatments moved through the gametogenic stages as 

anticipated with respect to season (premature-mature (spring), partially spent-spent 

(summer), recovery-growing (autumn)). It is suggested that the highest urchin 

densities per cage in this study (16, 24 and 32) are of a similar gametogenic condition 

to the end field sample because these treatments mimic field conditions most closely 

(Experiment 3). Further research that investigates gametogenic condition and body 

tissue growth at much larger urchin densities ( 40,80, 100 etc) is required. 

Gamete development had already commenced at the start of Experiment 1 in 

the Elizabeth Island population. Evidence is noted for a spawning event at both sites 

during this experiment (gonad indices, gametogenic condition and oocyte 

distributions). This period (pre-spawning) is therefore unsuitable for E. chloroticus 

cultivation. 

The optimal period for sea cage cultivation using Doubtful Sound sea urchins 

1s estimated to be between late January and May (late summer/autumn). This 

estimation is based on the Elizabeth Island population sample. At this time, urchins 

have spawned and are laying down nutritive tissue (recovery), resulting in superior 

gonad growth potential. Experiment 2 and 3 support this statement. 

Sub-lethal handling methods are to be avoided when transplanting sea urchins 

from one environment to another. Gradual seawater acclimatisation is highly 

recommended. E. chloroticus are easily transported but the potential effects of 

thermal shock are subtle and may result in urchin deaths anywhere up to five weeks 

later. It may be that feeding behaviours, excessive handling, spine damage and 

temperature shock may contribute towards a 'cumulative injury' type of mortality that 

is not detected until well after the urchin has started to decompose. 

It is hypothesised that sea urchins between 70mm and 90mm produced the 

best response in tenns of colour improvement when fed a suitable diet such as 

Macrocystis pyrifera. Larger E. chloroticus fed any of the diets used in this study 
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were generally darker in roe colour. When Experiment 2 and 3 urchins were dissected 

this trend was umnistakable. 

The potential use of both artificially prepared diets and suitable algal diets 

such as M pyrifera to gain 1) considerable gonad indices growth, and 2) optimal 

colour and texture, has been realised in this study. 

Diet switching has real potential for E. chloroticus field cultivation, as a 

cheaper alternative and as a means to bypass current scientific efforts to improve 

prepared diet fonnulations. Roe colour and gonad indices were generally 

indistinguishable between diet switch treatments in Experiment 3. This result strongly 

suggests that: a) feeding urchins M pyrifera either 5 or 9 weeks makes little 

difference in tenns of eventual roe colour, and b) feeding urchins prepared feeds for 

either 5, 7 or 9 weeks makes little difference in terms of potential gonad growth. E. 

chloroticus responded positively to diet manipulation and the present study 

adequately demonstrates the aquaculture potential of this species. 

• • • 
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1. 7 Appendix 

Table 14. All gonad index data for Experiment 1 displayed in terms of statistical significance between 

one treatment and another. Treatments are labelled 1-8, and mean indices and standard errors are 

shown. Two different forms of ANOV A have been included. The LSD Post-Hoc test outlines the main 

significant results- higher than, lower than or not significantly different. The Bonferroni Post Hoc test 

is a more powerful statistical analysis that is not often used in this sort of study. It has been included to 

target results that may only be marginal using the LSD test. Nevertheless, the LSD Post-Hoc test is 

main focus for the discussion of the results. 

Treatment Mean Gonad Index 1 SE LSD Post Hoc (<0.05) Bonferroni Post Hoc (<0.05) 

Significantly: Significantly: 

Initial control (1) 20.03% 0.85% * Higher than-2,3,4,5,8 * Higher than-2,3,4,5,8 

* Lower than-7 * Lower than-

* NS different-6 . NS different-6,7 

Starved laboratory (2) 14.07% 1.70% * Higher than-8 * Higher than-

* Lower than-1,6,7 * Lower than-1,7 

* NS different-3,4,5 * NS different-3,4,5,6,8 

Starved cage (3) 13.16% 0.92% * Higher than-8 * Higher than-

* Lower than-1,4,6,7 * Lower than-1,6,7 

* NS different-2,5 * NS different-2,4,5,8 

Ulva Jactuca (4) 15.71% 0.92% * Higher than-3,5,8 * Higher than-8 

* Lower than-1,7 * Lower than-1, 7 

* NS different-2,6 * NS different-2,3,5,6, 

Graci/aria chilensis (5) 12.93% 0.54% . Higher than-8 . Higher than-

* Lower than-1,4,6,7 * Lower than-1,6,7 . NS different-2,3 • NS different-2,3,4,8 

Macrocystis pyrifera (6) 18.05% 0.71% . Higher than-2,3,5,8 * Higher than-3,5,8 

* Lower than-7 * Lower than-7 

* NS different-1,4 * NS different-1,2,4 

Artificial diet (7) 22.92% 1.09% * Higher than-1,2,3,4,5,6,8 * Higher than-2,3,4,5,6,8 

* Lower than- * Lower than-

* NS different- * NS different-1 

End control (8) 8.39% 0.70% . Higher than- * Higher than-

Lower than-1,2,3,4,5,6,7 Lower than-1,4,6,7 

NS different- NS different-2,3,5, 
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Table 15. All gut index data for Experiment 1 displayed in terms of statistical significance between 

one treatment and another. Treatments are labelled 1-8, and mean indices and standard errors are 

shown. The LSD Post-Hoc test (ANOVA) outlines the main significant results- higher than, lower than 

or not significantly different. 

Treatment Mean Gut Index 1 SE LSD Post Hoc (<0.05) 

Significantly: 

Initial control (1) 4.67% 0.12% * Higher than-2,3 

* Lower than-5,6,7 

* NS different-4,8 

Starved laboratory (2) 3.52% 0.09% * Higher than-

* Lower than-1,4,5,6,7 ,8 

* NS different-3 

Starved cage (3) 3.56% 0.17% * Higher than-

* Lower than-1,4,5,6,7,8 

* NS different-2 

U/va /actuca (4) 4.18% 0.11% * Higher than-2,3 

* Lower than-5,6,7 

* NS different-1,8 

Graci/aria chilensis (5) 5.25% 0.19% * Higher than-1,2,3,4,8 

* Lower than-6,7 

* NS different-

Macrocystis pyrifera (6) 5.63% 0.18% * Higher than-1,2,3,4,5,8 

* Lower than-

* NS different-7 

Artificial diet (7) 6.06% 0.14% * Higher than-1,2,3,4,5,8 

* Lower than-

* NS different-6 

End control (8) 4.58% 0.15% * Higher than-2,3 

* Lower than-5,6,7 

* NS different-1 
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Table 16. All gonad index data for Experiment 2 displayed in terms of statistical significance between 

one treatment and another. Treatments are labelled 1-8, and mean indices and standard errors are 

shown. Two different forms of ANOVA have been included. The LSD Post-Hoc test outlines the main 

significant results- higher than, lower than or not significantly different. The Bonferroni Post Hoc test 

is a more powerful statistical analysis that is not often used in this sort of study. It has been included to 

target results that may only be marginal using the LSD test. Nevertheless, the LSD Post-Hoc test is 

main focus for the discussion of the results. 

Treatment Mean Gonad Index 1 SE LSD Post Hoc (<0.05) Bonferroni Post Hoc (<0.05) 

Significantly: Significantly: 

Initial control (1) 8.39% 0.70% * Higher than-2,3 * Higher than-2,3 

* Lower than- 5,6,7,8 • Lower than-6,7,8 . NS different-4 * NS different-4,5 

Starved cage (2) 4.34% 0.20% . Higher than- * Higher than-

* Lower than-1,4,5,6,7 ,8 * Lower than-1,4,5,6,7 ,8 

* NS different-3 * NS different-3 

Starved laboratory (3) 5.21% 0.54% * Higher than- * Higher than-

* Lower than-1,4,5,6,7,8 * Lower than-1 ,5,6,7 ,8 

* NS different-2 * NS different-2,4 

Graci/aria chilensis (4) 7.52% 0.44% * Higher than-2,3 * Higher than-2 

* Lower than-5,6,7,8 * Lower than-5,6,7,8 

* NS different-1 * NS different-1,3 

Ulva lactuca (5) 10.37% 0.61% * Higher than-1,2,3,4 * Higher than-2,3,4 

* Lower than-6,7 ,8 * Lower than-7 

* NS different- * NS different-1,8 

Macrocystis pyrifera (6) 12.96% 0.49% * Higher than-1,2,3,4,5 * Higher than-1,2,3,4,5 

* Lower than-7 * Lower than-7 

* NS different-8 * NS different-8 

Artificial diet (7) 18.83% 0.66% * Higher than-1,2,3,4,5,6,8 * Higher than-1,2,3,4,5,6,8 

* Lower than- * Lower than-

* NS different- * NS different-

End control (8) 12.81% 0.54% * Higher than-1,2,3,4,5 * Higher than-1,2,3,4 

* Lower than-7 * Lower than-7 

* NS different-6 * NS different-5,6 
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Table 17. All gut index data for Experiment 2 displayed in terms of statistical significance between 

one treatment and another. Treatments are labelled 1-8, and mean indices and standard errors are 

shown. The LSD Post-Hoc test (ANOV A) outlines the main significant results- higher than, lower than 

or not significantly different. 

Treatment Mean Gut Index 1 SE LSD Post Hoc (<0.05) 

Significantly: 

Initial control (1) 4.58% 0.15% • Higher than-2,3 . Lower than-. NS different-4,5,6,7 ,8 

Starved cage (2) 3.35% 0.16% . Higher than-. Lower than-1,4,5,6,7 ,8 

• NS different-3 

Starved laboratory (3) 3.95% 0.42% . Higher than-. Lower than-1,4,5,6,7 ,8 . NS different-2 

Graci/aria chilensis (4) 5.11% 0.17% • Higher than-2,3 . Lower than-

* NS different-1,5,6,7,8 

Ulva lactuca (5) 5.22% 0.17% • Higher than-2,3 

• Lower than-. NS different-1,4,6,7,8 

Macrocystis pyrifera (6) 4.99% 0.14% . Higher than-2,3 . Lower than-

• NS different-1,4,5,7,8 

Artificial diet (7) 5.06% 0.15% . Higher than-2,3 

* Lower than-

* NS different-1,4,5,6,8 

End control (8) 4.65% 0.32% * Higher than-2,3 

* Lower than-

* NS different-1,4,5,6,7 
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Table 18. All gonad index data for Experiment 3 displayed in terms of statistical significance between 

one treatment and another. Treatments are labelled 1-11, and mean indices and standard errors are 

shown. Two different forms of ANOV A have been included. The LSD Post-Hoc test outlines the main 

significant results- higher than, lower than or not statistically different. The Bonferroni Post Hoc test is 

a more powerful statistical analysis that is not often used for this sort of biological study. It has been 

included to target results that may only be marginal using the LSD test. Nevertheless, the LSD Post

Hoc test is the main focus for the discussion of the results. 

Treatment Mean GI 1 SE LSD Post Hoc (<0.05) Bonferroni Post Hoc (<0.05) 

Significantly: Significantly: 

Initial field control (1) 12.81% 0.55% * Higher than- * Higher than-

* Lower than-2,3,4,5,6,7,8,9, 10 * Lower than-2,3,4,5,6,7,8,9,10 

* NS different-11 * NS different-11 

Macrocystis (2) 18.30% 1.00% * Higher than-1,11 * Higher than-1,11 

* Lower than-7, 10 * Lower than-

* NS different-3,4,5,6,8,9 * NS different-3,4,5,6,7,8,9,10 

Macrocystis 16 (3) 19.64% 0.78% * Higher than-1, 11 * Higherthan-1,11 

* Lower than- * Lower than-

* NS different-2,4,5,6,7,8,9,10 * NS different-2,4,5,6,7,8,9,10 

Macrocystis 24 (4) 19.55% 0.59% * Higher than-1, 11 * Higher than-1, 11 

* Lower than- * Lower than-

* NS different-2,3,5,6,7,8,9,10 * NS different-2,3,5,6,7,8,9,10 

Macrocystis 32 (5) 19.42% 0.34% * Higher than-1,11 * Higher than-1, 11 

* Lower than- * Lower than-

* NS different-2,3,5,6,7,8,9,10 * NS different-2,3,4,6,7,8,9,10 

Artificial/Macrocystis (6) 19.20% 0.76% * Higher than-1, 11 * Higher than-1, 11 

* Lower than-10 * Lower than-

* NS different-2,3,4,5,7,8,9 * NS different-2,3,4,5,7 ,8,9, 1 O 

Macrocystis/artificial (7) 20.45% 1.04% * Higher than-1,2, 11 * Higher than-1, 11 

* Lower than- * Lower than-

* NS different-3,4,5,6,8,9,10 * NS different-2,3,4,5,6,8,9, 1 O 

Artificial 7-weeks (8) 19.07% 0.60% * Higher than-1, 11 * Higher than-1, 11 

* Lower than-10 * Lower than-

* NS different-2,3,4,5,6,7,9 * NS different-2,3,4,5,6,7 ,9, 1 O 

Artificial 9-weeks (9) 19.86% 0.99% * Higher than-1, 11 * Higher than-1, 11 

* Lower than- * Lower than-

* NS different-2,3,4,5,6,7,8,10 * NS different-2,3,4,5,6,7 ,8, 1 O 

Artificial (10) 20.81% 0.95% * Higher than-1,2,6,8, 11 * Higher than-1, 11 

* Lower than- * Lower than-

* NS different-3,4,5,7 ,9 * NS different-2,3,4,5,6,7 ,8,9 

End field control (11) 14.85% 0.92% * Higher than- * Higher than-

* Lower than-2,3,4,5,6,7,8,9,10 * Lower than-2,3,4,5,6,7,8,9,10 

* NS different-1 * NS different-1 
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Table 19. All gut index data for experiment 3 displayed in terms of statistical significance between one 

treatment and another. Treatments are labelled 1-11, and mean indices and standard errors are shown. 

The LSD Post Hoc test (ANOV A) outlines the main significant results- higher than, lower than and not 

statistically different. 

Treatment Mean Gut Index 1 SE LSD Post Hoc (<0.05) 

Significantly: 

Initial field control (1) 4.65% 0.32% * Higher than-11 

* Lower than-2,3,4,6,7, 10 

* NS different-5,8,9 

Macrocystis (2) 5.82% 0.29% * Higher than-1,4,5,6,8,9, 10, 11 

* Lower than-

* NS different-3,7 

Macrocystis 16 (3) 5.92% 0.25% * Higher than-4,5,6,8,9, 10, 11 

* Lower than-

* NS different-2,7 

Macrocystis 24 (4) 5.32% 0.10% * Higher than-1,5,8, 11 

* Lower than-2,3 

* NS different-6,7,9,10 

Macrocystis 32 (5) 4.80% 0.07% * Higher than-11 

* Lower than-2,3,4,6,7, 10 

* NS different-1,8,9 

Artificial/Macrocystis (6) 5.37% 0.26% * Higher than-1,5,8, 11 

* Lower than-2,3 

* NS different-4,7,9,10 

Macrocystis/artificial (7) 5.62% 0.11% * Higher than-1,5,8,9, 11 

* Lower than-

* NS different-2,3,4,6, 1 O 

Artificial 7-weeks (8) 4.55% 0.19% * Higher than-11 

* Lower than-2,3,4,6,7 ,8,9, 10 

* NS different-1,5 

Artificial 9-weeks (9) 4.97% 0.15% * Higher than-1,8, 11 

* Lower than-2,3,7, 10 

* NS different-4,5,6 

Artificial (10) 5.41% 0.24% * Higher than-1,5,8,9, 11 

* Lower than-2,3 

* NS different-4,6,7 

End field control (11) 3.91% 0.14% * Higher than-

* Lower than-1,2,3,4,5,6,7,8,9, 10 

* NS different-
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