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General abstract 

Climate change in the Southern Ocean is posing problems in many coastal areas 

where changes in ocean currents affect dispersal, water temperature and nutrients so 

that the ecological balance of the rocky reefs is adjusted. Although changes have 

occurred in the past as a normal part of marine ecosystems, the current rapid rate of 

change introduces special challenges. Research on the negative effects of climate 

change on marine ecosystems is most common, although the arrival of new species 

through range extension can also be positive where this brings new commercial 

opportunity. The overall objective of this thesis was to guide the development of 

best practices to optimise the emerging commercial fishery of the range extending 

edible sea urchin, Centrostephanus rodgersii. By optimising the fishery, a cost-

effective method can be developed to combat the climate-driven negative impacts of 

C. rodgersii, which include the formation of extensive urchin barrens and

subsequent negative impacts on lucrative traditional fisheries. The objective was

achieved via pre-harvest investigations into the natural influences on gonad

biochemistry as well as roe enhancement opportunities, and post-harvest research

on handling stress and waste utilisation. Economic returns in urchin roe fisheries are

highly dependent on roe quality, with 10-fold increases in value from low to high-

quality roe based on macroscopic characteristics. As such even small advancements

in fishery processes can lead to large economic rewards.

In Chapter 2, the effect of seasonality, feeding habitat and sex on urchin gonad 

physical parameters and biochemical composition is described. In this study, C. 

rodgersii showed a pattern of gonad growth and biochemical composition similar to 

other echinoids, while only minor differences were found between gonad of animals 

from kelp bed and barrens habitat. Protein was the main gonad macronutrient 

followed by lipids, with males being higher in proteins and females in lipids. 

Triacylglycerol was the main class of lipids in both sexes. No differences in gonad 

colour were found between urchins in kelp and barrens while it was observed a 

higher accumulation of lipids in urchins feeding in kelp areas compared to the 

barren ones. Gonad of both sexes had good texture and firmness between September 

and June during recovery and maturation, while were softer and difficult to handle 

and process at the spawning stage. It has long been held that urchins from barrens 
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habitat have poor roe quality and should be avoided by urchin fishers, whereas I 

was able to demonstrate that urchins living in barrens possess not only gonad of 

acceptable commercial yield but also good fatty acids and amino acids profile. 

Urchins living in the barrens represent an unfished stock available to be targeted by 

the fishery which by doing so would alleviate the urchins fishing pressure on the 

kelp beds while at the same time reducing the urchins’ population density in the 

barrens allowing the recovery of algae cover. 

In Chapter 3 an experimental feeding trial was undertaken to examine the potential 

for supplementary feeding to enhance the quality of C. rodgersii gonad. Growth of 

gonad in urchins provided with the formulated feed pellets was similar to growth of 

a wild control, whereas there was little growth of urchin gonad in the fresh algae 

diet treatments. There was however a pattern of accumulation in biochemical 

components from the algae to the gonad. These preliminary results show that gonad 

yield enhancement through urchin farming is at the moment unnecessary given the 

large availability of urchins with good yield along the Tasmanian eastern coast in 

both barrens and kelp habitats. However, it provides a starting point for further 

studies aimed at improving the quality aspects of the gonad, namely colour, texture 

and flavour. Specifically, results showed a selective accumulation of sweet taste 

amino acids in gonad of urchins fed the algae Ulva spp. Further development should 

be addressed in gonad sweet and umami taste enhancement in short time aiming at 

the production of high-priced A-grade roes. 

In Chapter 4, the effect of post-harvest handling techniques on urchin stress was 

explored by a simulated harvest and post-harvest storage experiment that mimicked 

current harvest practice in the commercial fishery. Live urchins collected during the 

fishing season with mature gonad were exposed to different environmental 

conditions to investigate the effect of air exposure and storage during fishing, as 

well as storage post-fishing, on gonad quality prior to processing. High temperature, 

wind and storage time were shown to increase stress and premature death of 

animals, as did storage at low temperatures. Protecting the urchins from direct wind 

and sunlight, storing them at ambient seawater temperature and minimising shell 

damage reduced stress and mortality and preserved gonad quality. Centrostephanus 

rodgersii survival after the harvesting is greatly determined by air exposure, storage 
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conditions and time prior to processing. The results show that optimising post-

harvest handling techniques can vastly improve roe quality and economic returns. 

Both fishers and processors should employ practices aimed at reducing stress and 

mortality from the moment of harvesting to the moment of processing with the 

ultimate goal of preserving maximum freshness and gonad quality. 

In Chapter 5 the waste of sea urchin processing was analysed for its nutrient content 

and applied as an organic fertiliser in an experimental growth trial with greenhouse 

tomato plants. Dried urchin shell powder at the highest rate of addition produced 

vegetative growth comparable to a control fertiliser solution but resulted in only half 

of the fruit production due to macronutrient exhaustion. Results show the urchin 

waste product has a distinct profile of both macro and micronutrients with high 

bioavailability for uptake by plants, indicating potential commercial development. 

The fertiliser trial demonstrated that urchin waste, which is the majority of biomass 

landed, has the potential to be used as an organic soil ameliorant and plant fertiliser. 

In doing so it will reduce the environmental impact and costs of waste disposal 

while simultaneously promoting the economic viability of the urchin fishery and 

maximising the economic return creating economic value of the waste product. 

This thesis provides some clear directions for changes in current fishery practice 

and provides also a clear direction for further research on maximising roe quality 

and utilisation of urchin waste products. Utilising the key findings of this thesis the 

commercial C. rodgersii harvest fishery will be able to be optimised with increased 

profitability. Collecting urchins from barrens habitat would reduce the population 

density and therefore reduce the grazing pressure on the rocky reef allowing the 

recovery of algae cover. The recovery of the Tasmanian rocky reef would benefit 

the ecosystem and other compartments of the fishery like Abalone and rock 

lobsters. A better understanding of C. rodgersii population dynamic related to 

gonad quality will improve the management of the resource and the urchin fishery 

in the long term. 
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Chapter 1 General introduction 

1.1 Sea Urchins biology and ecology 

1.1.1 General urchin biology 

Sea urchins are free-moving marine invertebrates that belong to the phylum 

Echinodermata, class Echinoidea. More than 1000 species are described (Kroh & 

Mooi 2013) living in all the oceans from the intertidal zone to the great depths of 

the abyssal plain, representing an important component of marine benthic 

communities in hard substrates (rocks) and soft bottomed habitat (Furman & Heck 

2009). Many species are primarily herbivorous (Lawrence 1975), however as 

reported by (Vance 1979) on the diadematid Centrostephanus coronatus urchins can 

also feed upon a wide range of invertebrates like sponges, bryozoan, ascidian, 

crustaceans, annelids, and other echinoderms. Sea urchins are spherical, oval or 

flattened and covered with spines. A digestive tract, five gonad, and a very 

specialized water vascular system with its external appendages, the tube or 

ambulacral feet characterize their anatomy (Ziegler et al 2008). The space between 

the major organ systems is composed of the main body cavities (the perivisceral 

coelom) that are filled with coelomic fluid. Sea urchin skeleton is made up of 

interlocking calcium carbonate plates and spines. The test is enclosed by the 

epidermis and is therefore an endoskeleton. The mouth, on the underside of the 

body, has a complex dental apparatus called Aristotle’s lantern, which is also made 

of calcium carbonate enriched in magnesium (Ma et al 2009). The teeth of 

Aristotle’s lantern grow continuously and are typically extruded to scrape algae and 

other food from rocks. The reproductive cycle of sea urchins can be generally 

divided into four main phases. In both males and females these phases are: (1) a 

major spawning period; (2) a period of post-spawning or recovery; (3) a period of 

gonad weight increases due to enlargement of the nutritive phagocytes; (4) a period 

of intense gametogenesis when the gonad rapidly develop gametes in preparation 

for spawning (Byrne 1990, Byrne et al 1998, James et al 2018, Kelly 2000). 

Depending on the species, several seasonally-variable environmental factors such as 

photoperiod, temperature and food availability play an important role in regulating 
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the different stages of gametogenesis (proliferation, growth and maturation) and 

breeding (Kennedy & Pearse 1975). 

The life history strategy of urchin’s varies depending on the habitat, food 

availability and disturbance caused by water energy and predators (Lawrence 1990). 

In the deep seas and Antarctic waters, disturbance from predators is low (Aronson et 

al 2007) and high water energy is absent but food quality and availability is low 

(Thistle 2003). In these environments stress-tolerant slow-growing species able to 

withstand long periods of starvation are present. At deeper depths in the tropical 

reef sea urchins find shelter from the energy of the waves in the crevices of the 

rocks and corals, their density is limited by competition for space and the poor diet 

consisting of reef seaweed and much sediment, the production is low and survival is 

high (McClanahan 1998). Tropical seagrass beds are characterized by high primary 

productivity (Williams 2001). In this environment, climatic conditions can be 

extreme and predation intense. Sea urchins of tropical sea bed grow rapidly, mature 

early and have a short life span (Ebert 1982). In kelp forests sea urchins feed on 

macroalgae assemblages and on the seabed rich in drift produced by kelp (Harrold 

& Pearse 1987), to avoid predators and water turbulence they adopt cryptic 

behaviour finding shelter in crevices and under the rocks. In these seas, production 

is high; urchins have access to high-quality food, but they might compete for the 

limited shelters (Andrew 1993). In shallow water and on the continental shelf many 

predators like durophagous brachyuran crabs, lobsters, sharks, rays, and teleosts can 

prey on sea urchins (Lawrence 2013b). The removal of target predators can lead to 

an increase in urchin populations allowing grazing to reduce algal biomass (Steneck 

et al 2003). At higher densities, sea urchins can considerably modify the 

composition of subtidal communities (Hereu et al 2012). Complex, biodiverse 

benthic communities turn into flats dominated by encrusting algae, known as 

“barrens” through the urchins overgrazing activity (Wright et al 2005). Removal of 

top predators has repeatedly been shown to indirectly cause overgrazing of marine 

plants by for instance sea urchins (Harrold & Pearse 1987, Steneck et al 2003). 
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1.2 Centrostephanus rodgersii  

1.2.1 Distribution 

Centrostephanus rodgersii is a large echinoid, abundant in shallow, subtidal, rocky 

habitats along the southeast coast of Australia. In the 1960s the southern distribution 

limit of C. rodgersii was reported to be the islands in eastern Bass Strait and 

extended by the late 1970s to northeastern Tasmania where is known with the 

common name of Longspined sea urchin. Over time the southern limit extended 

south along the east coast of the island to the Tasman Peninsula, with individuals 

now reported across the southern edge of the state (Edgar et al 2005, Ling 2008). 

The transport and settlement of C. rodgersii larvae in the colder water off the 

Tasman Sea has been driven by the East Australian Current (EAC) extension, 

(Ridgway 2007), with eddies and warm water pockets extending further south due 

to climate change (Walker & Wilkin 1998). 

The northern limit of C. rodgersii in Australia is reported for the Solitary Islands, 

New South Wales, where it lives on algae and hard corals, while at its southern limit 

it is found with cold-water algae such as Phyllospora comosa and Ecklonia radiata 

(Andrew & Byrne 2007). In New South Wales, C. rodgersii can be found abundant 

in shallow water, becoming less dense at depths of ca. 20 m where individuals 

found shelter in crevices and fractures of the rocks (Andrew & O'Neill 2000, 

Andrew & Underwood 1989). In Tasmania, C. rodgersii is found in slightly deeper 

water, with highest abundances between depths of 15 and 25 m (Ling & Johnson 

2009, Ling & Keane 2018, Stuart-Smith et al 2010). Offshore, at a depth of 50 m in 

the New Zealand Star Bank, and NE Bass Strait high-density populations of C. 

rodgersii inhabit granite outcrops in association with sea whips (Primnoella 

australasiae) and sponges (Beaman et al 2005, Perkins et al 2015). 

1.2.2 Biology 

Centrostephanus rodgersii is described as fast-growing species compared to other 

echinoids (Ebert 1982), the maximum test diameter recorded in Tasmania is 133mm 

(Ling & Johnson 2009). Larger, faster-growing individuals of C. rodgersii with 

thicker tests and shorter spines are found in macroalgae habitat, while urchins living 

in barrens are reported to be smaller with thinner test (Ling & Johnson 2009). C. 
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rodgersii adjusts its body growth with food availability and in barrens habitat 

quantity and quality of food is limited (Ling & Johnson 2009). Studies aimed at 

estimating growth and age, shows that C. rodgersii can reach 50 mm test diameter 

(TD) at 4-5 years of age and urchins with test diameter between 110-130 mm can be 

25-35 years old (Ling et al 2009a, Pecorino et al 2012). Andrew (1993), reported 

growth of 40mm in the first year in a population from New South Wales. 

Comparison of urchin populations from different locations showed that in New 

South Wales and New Zealand growth is faster than in Tasmania, suggesting the 

colder water temperature in southern Australia may influence the growth rate 

(Pecorino et al 2012). Density of C. rodgersii can be very high in barrens and 

subsequently food limited. Reduction in the urchin density can improve growth 

through an increased supply of food to those that remain (Blount & Worthington 

2002). A New South Wales manipulative field experiment showed that 

improvements in both colour and yield of barren urchin gonad occurred after three 

months when density was reduced by as little as 33% (Blount et al 2017). A 

significant increase in yield occurred when density was reduced by 66%. 

1.2.3 Feeding behaviour 

Like other species of Diadematidae (Carpenter 1984, Ogden et al 1973) C. rodgersii 

is light sensitive and shows nocturnal feeding habit (Andrew & Byrne 2007, 

Andrew 1993, Andrew 1994, Flukes et al 2012, Ling & Johnson 2012). After 

grazing, and before dawn, C. rodgersii tend to return to the same crevice to avoid 

daylight predators (Flukes et al 2012, Jones & Andrew 1990, Nelson & Vance 

1979). 

Centrostephanus rodgersii is omnivorous and forage on a wide range of algal 

species like Ecklonia radiata, Phyllospora comosa and Sargassum spp. (Hill et al 

2003, Jones & Andrew 1990, Strain & Johnson 2009), as well as other organisms 

attached to the rock surface. Foliose kelp, sponges, erect bryozoa, and tunicates are 

the main choice while encrusting coralline algae and encrusting bryozoa are avoided 

(Vance 1979). The tropical species Centrostephanus coronatus, also feed upon a 

wide range of invertebrates (Vance 1979). 
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1.2.4 Predators 

The wrasses Achoerodus viridis and Notolabrus tetricus are reported to pray on C. 

rodgersii (Andrew & Underwood 1989, Gillanders 1995, Nelson & Vance 1979). 

Day-active predatory fishes do not remove urchins from their shelters, but attack 

and consume urchins placed in normal feeding locations during the daytime, as also 

reported for the wrasse Pimelometopon pulchrum on C. coronatus (Nelson & Vance 

1979). Shark Heterodontus portusjacksoni and rock lobster Jasus edwardsii are 

nocturnal predators and can actively feed on C. rodgersii (Ling et al 2009b, 

McLaughlin & O'Gower 1971). Durophagous brachyuran crabs, octopi, rays, and 

other teleosts that co-occur on rocky reefs can also predate on small adults and 

juveniles of C. rodgersii (Lawrence 2007). Both rock lobsters and wrasses, 

including Achoerodus viridis feed by flipping C. rodgersii onto their aboral side, so 

exposing the vulnerable peristome to attack (Byrne & Andrew 2013). 

1.2.5 Reproductive Cycle 

The annual reproductive cycle of Centrostephanus rodgersii is typical of 

diadematoids, with a period of gonad growth where reserves accumulate in the 

nutritive phagocytes followed by mobilisation of the reserves during gametogenesis 

prior to spawning. Sexes are separate but occasionally hermaphrodites are 

encountered (King et al 1994, O'Connor et al 1978). Gametogenesis is influenced by 

photoperiod and commences in April-May when day-length decreases. Spawning 

occurs during the austral winter; however, the length of spawning is variable lasting 

nearly a month in northern New South Wales ending by July (Byrne et al 1998, 

O'Connor et al 1978). A longer spawning period is reported for urchin populations 

in the south coast of New South Wales, Tasmania and New Zealand (Byrne et al 

1998, Ling et al 2008, Pecorino et al 2013). The spawning follows a latitudinal 

trend being longer where the sea temperature remains cool. Reproductive output is 

also dependent on the amount of reserves that can be accumulated in the gonad, 

which derive from food quantity and quality (Andrew 1986, Byrne 1990, Ebert 

1968). The timing of gametogenesis is reported similar in barrens and fringe 

habitats, however reproductive output differs markedly between locations and 

habitats. Fringe urchins on the edge of barrens are reported to have significantly 
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larger gonad than their barrens conspecifics, hence the production of gametes is 

greater and extend over a longer period (Byrne et al 1998). 

1.3 Links between habitat and urchin roe quality 

1.3.1 Kelp forest and Barrens 

Kelp forests are described as phyletically diverse, structurally complex and highly 

productive components of cold-water rocky marine coastlines (Steneck et al 2003). 

Factors linked to climate change and the periodic event of El Niños (Tegner & 

Dayton 1991) along with overfishing and other human activities can cause 

measurable impacts on kelp forest ecosystems, however well-developed kelp forests 

are most threatened by herbivory, usually from sea urchins (Steneck et al 2003). 

Deforestation events caused by the overgrazing of sea urchins have occurred more 

and more frequently in the last 20-30 years. Cases are reported for 

Strongylocentrotus spp. in central California kelp forest (Watanabe & Harrold 

1991), North East Atlantic (Hagen 1995) and Eastern Canada, Nova Scotia (Breen 

& Mann 1976). A review of at least 16 events of sea urchin overgrazing of 

seagrasses is reported by (Eklöf et al 2008). The outcome of the overgrazing is the 

formation of barrens described as benthic communities on rocky subtidal reefs that 

are dominated by urchins and coralline algae (Filbee-Dexter & Scheibling 2014). 

Barrens are characterized by low primary productivity and low food-web 

complexity relative to kelp communities and are generally considered a collapsed 

state of the kelp ecosystem (Filbee-Dexter & Scheibling 2014). 

In New South Wales almost 50% of the reef area has already been converted to 

barren habitat due to C. rodgersii catastrophic overgrazing (Andrew & O'Neill 

2000). In eastern Tasmania urchin barrens are expanding, in 2002 a survey reported 

3% of barrens formation while a resurvey conducted in 2017 report a 15% increase 

of barrens area with extended barrens in the north-east and small patches of 

“incipient barrens” more common in the south-east (Johnson et al. 2005, (Ling & 

Keane 2018). However, small barrens areas are thought to be precursors for the 

development of more extensive barrens habitat (Byrne & Andrew 2013, Johnson et 

al 2005). 
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C. rodgersii is capable of maintaining the state of barren indefinitely with relatively 

few individuals able to prevent the algae cover from re-establishing (Andrew 1993), 

and the scarcity of food in barrens does not pose a problem to urchin survival (Ling 

et al 2014). In addition, the greater depth at which barrens occur in Tasmania, 

(Perkins et al 2015), makes more difficult any control measures. 

The small home-range and limited movement of C. rodgersii lead to a gradual 

process of barren creation, by progressive increase in local barrens from individual 

urchins, with larger barrens forming with increased densities of urchins (Andrew & 

Byrne 2007). This mechanism of barrens formation differs from that described for 

Strongylocentrotus spp. that start a feeding front of kelp in aggregation with other 

conspecifics during day-night activity (Rogers-Bennett 2007). Observations and 

experimental studies have shown that sea urchins are primarily responsible for 

causing and maintaining the barrens habitat they occupy (Fletcher 1987). Where 

mass mortality of sea urchins caused by disease, storms or changes in salinity 

occurred, changes in reef habitat structures followed (Andrew 1991). A study 

conducted in Tasmania demonstrated that the removal of C. rodgersii from patches 

of “incipient barrens” resulted in a rapid recovery of macroalgal habitat (Ling 

2008). 

1.3.2 Sea urchin barrens: problems and control methods 

In Tasmania, the two most valuable species for the fishery, black‐lipped abalone 

(Haliotis rubra) and southern rock lobster (Jasus edwardsii), with a combined value 

of $150‐170M, are strictly dependent on shallow rocky reefs where the highly 

productive seaweed beds with high diversity of associated other invertebrates 

provide both shelter and food source (Johnson et al 2011). 

The substantial biomass of the longspined sea urchin (Centrostephanus rodgersii) is 

a threat to the reef productivity since the ‘barrens’ habitat result in reduced 

invertebrate biomass and diversity, unable to support commercial fisheries for 

abalone or rock lobster (Johnson et al 2005). In the early 1970s, a population 

explosion of green urchins in Nova Scotia and the subsequent formation of many 

coralline barrens co-occurred with a dramatic decline in commercial landings of 

American lobsters (Homarus americanus) (Garnick 1989). 
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Removal of C. rodgersii from barrens resulted in recovery of seaweeds (Andrew & 

Underwood 1993, Hill et al 2003), however where some methods were 

demonstrated to be effective on a small scale, the application on extensive coastal 

areas might be unfeasible. 

Chemical control includes the use of toxic substances (e.g., formalin copper 

sulphate, hydrochloric acid and ammonia). Quick-lime or calcium oxide CaO has 

been used to kill Asterias amurensis (Goggin 1998), to reduce the green sea urchin 

Strongylocentrotus droebachiensis in the Northwestern Atlantic (Bernstein & 

Welsford 1982) and in the management of urchins in kelp beds in Southern 

California (Strand et al 2020, Wilson & North 1983). 

The use of quicklime is proved to be effective in achieving high killing rates of sea 

stars and sea urchins (Bernstein & Welsford 1982, Rolheiser et al 2012), but it 

requires  long exposure in contact with animals epidermis. The application on C. 

rodgersii would involve operations at a considerable depth, making the work slow, 

physically difficult and potentially expensive (considering the time that a diver can 

spend underwater, the number of treated specimens and the cost of diver per hour), 

however, an engineering solution that does not involve divers but plans to pump 

down the quicklime is proposed. Quicklime is known to be harmful to echinoderms 

but much less harmful to other organisms (Shumway et al 1988). Nonetheless, small 

scale trials in Tasmanian waters should investigate the possible detrimental effect 

on other marine life before a broad scale application in order to consider the practice 

environmentally and socially ethical. 

Species invasions that occur at geographic scales often preclude complete 

eradication (Green et al 2017). Culling activities contribute to local invasion 

suppression and alleviate invasion effects (Côté et al 2014). Systematic culling on 

C. rodgersii has given excellent results by drastically reducing the density of 

urchins and patches of barrens were quickly recolonised by canopy-forming kelps 

(Tracey et al 2015). Even though it has proved an effective method in restricted 

areas, the application has limits set by both high costs and logistics (Sanderson et al 

2016). Larger barrens occur at depth between 15-30m (Johnson 2013) and this 

limits the ability of divers to control on sea urchins due to limited dive times at 

these depths. 
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The over-exploitation and eradication of highly valuable vertebrate apex predators 

have often triggered an increase in the population of herbivores, leading to 

widespread deforestation of algae (Strong & Frank 2010). The drastic reduction of 

sea urchin predators such as sea otters in the North Pacific and cod in the North 

Atlantic has allowed these populations of herbivores to grow out of control (Estes et 

al 1978, Hagen 1983). However, a rapid and extensive modification of algal species 

composition and a dramatic increase in kelp biomass was observed following the 

return of sea otters in some areas (Duggins 1980). 

In Australia, the large rock lobster Jasus edwardsii is a key predator of sea urchins 

(Pederson & Johnson 2006) and several studies showed a direct relationship 

between development of sea urchin barrens and fishing of their predators (Sala et al 

1998). Rock lobsters have nocturnal feeding habits and therefore have access to a 

wider size range of sea urchins than do the day-active fishes (Ling & Johnson 

2012). Large rock lobsters (≥ 140 mm carapace length, 1.4 kg weight) are the most 

important predators of C. rodgersii, and likely the only predators capable of preying 

on the largest sea urchins (Ling & Johnson 2012). In Tasmania, experimental work 

in marine reserves showed that natural control of urchins’ population can be 

achieved by protecting their principal predators. Marine reserves have higher 

abundance of larger sized, rock lobsters, as well as other large predators such as the 

wrasse Notolabrus tetricus, resulting in fewer sea urchins and consequently reduced 

patches of barrens (Edgar & Barrett 1999, Ling & Johnson 2012). This is consistent 

with the formation of large barrens along eastern Tasmanian reefs where rock 

lobster populations are at very low levels (Ling et al 2009b). 

A manipulative study has been conducted aimed to increase the predation of 

lobsters on C. rodgersii either by translocating large rock lobster in incipient 

barrens and by removing fishing pressure on sea urchin predators (Johnson 2013). 

On a small pilot scale, the measures adopted demonstrated effectiveness in limiting 

sea urchin population expansion and facilitated some restoration of algae cover in 

areas of small incipient barren. However, on extensive barrens predation on urchins 

by lobster was unable to restore habitat (Johnson 2013). 

Commercial harvesting of sea urchins for urchin control is feasible. Internationally, 

urchins are collected for the characteristic taste of their gonad and in the Asian 
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market, especially in Japan, premium quality gonad are sold at high prices (Sun & 

Chiang 2015). Some countries where sea urchins were considered pests 30 years 

ago are now applying stock recovery programs due to excess harvesting (Harris & 

Tyrrell 2001). 

In Australia, a small fishery for sea urchins exists but the harvest is insufficient to 

control urchin density. Economic limitation resides in the variability of the gonad’s 

quality (Byrne & Andrew 2013). Only premium gonad reach high prices and 

characteristics of good quality are the colour, yield and texture (Reynolds & Wilen 

2000). It has been reported that sea urchins that graze in kelp bed generally have 

larger roe than sea urchins of a similar size in barrens (Byrne et al 1998), relating 

this to the availability of better quality food. 

Commercial fishermen have interest in harvesting only sea urchins from kelp beds 

or the fringe of barrens, as a result, population of urchins in extensive barrens 

persists at high density and inhibit the recovery of algae cover. This abundance of 

urchins represents a substantial potential resource if a mechanism can be found to 

improve the economic viability of urchins from barrens. 

Natural stocks of sea urchins in some regions of the world have been overexploited 

due to the constant and increasing demand for urchin’s roe (Pais et al 2007), 

therefore, research and industry have had a strong interest in the development of sea 

urchin aquaculture (Carboni et al 2014, Liyana-Pathirana et al 2002a) and in the 

utilisation of unfished wild stocks of sea urchins on barrens. Studies aimed to 

improve urchin gonad yield and quality feeding algae or artificial diet have been 

performed on Strongylocentrotus droebachiensis (Carrier et al 2017, Siikavuopio et 

al 2007a), Mesocentrotus nudus (Takagi et al 2017), and Evechinus chloroticus 

(Phillips et al 2010). 

The development of a suitable artificial diet able to increase urchin gonad yield in 

relative short time preserving the quality characteristics of colour and taste has been 

investigated for decades (Hammer et al 2004, Hammer et al 2006a, Hammer et al 

2006b, Hammer et al 2012, Liyana-Pathirana et al 2002a, Pearce & Robinson 2010, 

Pearce et al 2002a, Pearce et al 2002b, Pearce et al 2002c, Pearce et al 2004, 

Phillips et al 2010, Senaratna et al 2005). Fresh algae as diet source have often 

resulted ineffective in increasing gonad yield compared to formulated diets (Carrier 
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et al 2017, McBride et al 2004, Shpigel et al 2005, Siikavuopio et al 2007a, Woods 

et al 2008). Artificial diets on the contrary, allowed a rapid gonad’s increase but 

produced light-coloured and soft gonad (Barker 1998, Pearce et al 2002a, Watts et 

al 1998).  

Along the coast of Tasmania, there is a great availability of sea urchin 

Centrostephanus rodgersii, but the quality is variable and dependent on several 

factors. It is necessary to understand better, how seasonality and the environment 

affect the quality characteristics to turn the sea urchins into profitable seafood 

through aquaculture practices. 

1.3.3 Sea urchin fishery 

Worldwide, the sea urchin fishery is the most important among the commercial 

exploitation of the echinoderms. Sea urchins gonad, usually called “roe” or “uni”, 

are culinary delicacies in many parts of the world (Stefansson et al 2017). The roe 

of sea urchins is considered a prized delicacy in Asian, Mediterranean and Western 

Hemisphere countries and is a sought-after luxury food in Japan. The world 

production of sea urchin fishery is difficult to estimate because apart from the 

commercial fishery, artisanal sea urchin fisheries along the coasts of many tropical 

countries are largely unrecorded (Andrew et al 2002). 

The global commercial sea urchin fishery is centred on the Japanese market, which 

consumes more than 80% of the world’s production (Sonu 2003). Japan import 

urchin roe from at least 13 countries (Sloan 1985), among which USA, Chile, South 

Korea and Canada are the largest. France is the world’s second-largest consumer of 

sea urchin roe (Hagen 1996). 

Production of roe progressively increased until 1995 when 120,306 t of landed sea 

urchins have been recorded (Andrew et al 2002). In some countries, however, 

concentrations of fishing effort and lack of management system have led to 

depletion of natural populations and worldwide production of roe has been 

declining since 1995. In 1998, the total catches were estimated at 90,257 t and since 

then worldwide sea urchin fishery fluctuate around 70,000-80,000 t with over half 

of this catch supplied from the Chilean fishery for Loxechinus albus (Andrew et al 

2002). 
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There are several edible species of sea urchins and some are economically important 

for the urchin fishery (Lawrence 2001). Following depletion through intensive 

fisheries for some species, restocking programs have been established in place in 

countries like Japan, Canada, France, Philippines (Couvray et al 2015, Juinio-

Menez et al 2008, Unuma et al 2002). 

Among the edible sea urchins, some commercially important are the red sea urchin 

Strongylocentrotus franciscanus, common along the West Coast of North America 

from Baja California to the Aleutian Archipelago (Tegner & Dayton 1981), the 

green sea urchin Strongylocentrotus droebachiensis which is handpicked by divers 

in the coastal waters of British Columbia and Maine, but smaller fisheries are 

prosecuted in Alaska, Washington and Iceland (Perry et al 2002). Japan harvests six 

species of sea urchins in its waters: Strongylocentrotus nudus, Strongylocentrotus 

intermedius, Hemicentrotus pulcherrimus, Pseudocentrotus depressus, Anthocidaris 

crassispina and Tripneustes gratilla, a further nine species are consumed but 

catches are small and restricted to local areas (Kawamura 1993). In Chilean waters 

is collected the red sea urchin Loxechinus albus (Vásquez 2007). Paracentrotus 

lividus is common in the Mediterranean Sea and the Atlantic east coast and is one of 

the most intensely harvested benthic invertebrate species for commercial and 

recreational purpose (Fernández-Boán et al 2012, Guidetti et al 2004, Pais et al 

2012). The sea urchin Evechinus chloroticus is widely distributed around New 

Zealand but attempts to establish a commercial fishery have not succeeded because 

of the poor product quality and low recoveries (Barker 1998, McShane et al 1994). 

On the Australian east coast, small fisheries exist for three species of sea urchins, 

the Longspined (black) Sea Urchin Centrostephanus rodgersii, the Shortspined 

(white, purple) Sea Urchin Heliocidaris erythrogramma and the red urchin 

Heliocidaris tuberculata (Blount et al 2003). 

The economic viability of sea urchin fisheries is greatly dependent on the 

marketable condition of the roes (Blount et al 2017). Gonad yield and colour are 

often variables among wild populations, and some animals present roes that do not 

meet commercial markets requirements (Blount & Worthington 2002, James & 

Heath 2008). 
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Gonad quality can be affected when sea urchins are exposed to sudden 

environmental changes. Some urchin species are less tolerant than others to 

increases in water temperature, turbulence, hypoxia (Siikavuopio et al 2007b). For 

instance, the fishing activity can generate metabolic stress in sea urchins due to 

handling procedures, emersion, exposure to environmental factors, transport, 

vibrations and overall delay from the moment of collection to the processing phase 

(Reynolds & Wilen 2000, Warren & Pearce 2020).  

The coelomic fluid of echinoderms is an indicator of metabolic stress since 

particular groups of cells present in the fluid called coelomocytes are activated to 

contrast inflammatory process (Matranga et al 2005, Matranga et al 2000, Pinsino et 

al 2007). A group of cells called red spherule coelomocytes have anti-inflammatory 

properties and when they are released in great numbers the coelomic fluid from 

transparent become brownish and turbid, this could potentially affect the quality and 

colour of the gonad (Coates et al 2018). The stress response of C. rodgersii to 

collection and handling could be assessed monitoring variations in coelomic fluid 

parameters. 

Variation in the size and colour of roe observed in wild populations has also been 

shown to be related to the availability of food (Meidel & Scheibling 1998). 

Centrostephanus rodgersii is the most abundant species in NSW (Blount et al 

2017). This is reflected in commercial catches, which have been dominated by C. 

rodgersii since 2001. Difficulties with the reliable harvesting of good condition roe, 

and therefore, the costs of harvesting and processing sea urchins, have slowed the 

fishery’s development. Annual catches in NSW have fluctuated around 50 tonnes 

and from 1998 to 2018 the total catches accounted for 806 tonnes, despite 

(Worthington & Blount 2003) indicating that sustainable catches of C. rodgersii of 

200–1000 tonnes could be possible. In the state of Victoria catches for C. rodgersii 

around the same period were less consistent and are reported around 328 tonnes.  

In Tasmania, the sea urchin fishery started in the 1980s with the harvest of 

the ’Shortspined’ sea urchin Heliocidaris erythrogramma. The commercial fishery 

for the Longspined sea urchin C. rodgersii started in 2008 in St. Helens on the 

northeast coast of the State. The total annual catch started and remained at 100 tonnes 
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or less until the 2017/18 season, when the catch increased to 185 tonnes, then tripling in 

2018/19 to 560 tonnes (Cresswell et al 2019, Keane et al 2019). 

Sea urchin fishery harvests worldwide will probably remain around 100,000 tonnes 

per year or decline (Andrew et al 2002). When wild stocks decline, the demand 

created in the marketplace’s raises the price of the product and, consequently, 

culturing is more likely to become economically viable (Kelly 2005). 

1.4 Biochemical composition 

1.4.1 Role of proteins, lipids, carbohydrates, fatty acids and amino acids in 
urchin roe quality. 

The macro and micro composition of sea urchin gonad is important both 

biologically and nutritionally. Proteins have a structural role and serve as energy 

substrate especially in male gametes (Marsh & Watts 2007b). Major yolk protein 

(MYP) accumulates in developing gonad nutritive phagocytes of both male and 

female sea urchins before gametogenesis (Unuma et al 2003). Protein metabolism 

will also influence lipid metabolism since some transport proteins and enzyme 

activity are responsible for supplying the essential fatty acids for gamete 

development (Cook et al 2007). 

Carbohydrates in the guts and gonad of sea urchins are mostly present in form of 

glycogen (Taylor et al 2017). During gamete development, glycogen accumulates in 

the nutritive phagocytes, contributing to increases in gonad weight (Lawrence et al 

1966) (Giese 1966). Glycogen content decreases before spawning as it is used for 

the synthesis of egg components mainly lipids and glycoproteins (Doezemcl 2012). 

Much of the glycogen of the gonad is found in the gametes themselves, mostly in 

the eggs but also in sea urchin sperm (Unuma et al 2003). 

Lipids are a major source of metabolic energy for urchins and provide essential 

materials for the formation of cell and tissue membranes (Matson et al 2012). They 

are essential for the physiology and reproductive processes providing hormones, 

vitamins, and pigments for body function and development (Castell et al 2004). 

Lipids have been found to be dominant in the gonad of Psammechinus miliaris and 

Paracentrotus lividus (Cook & Kelly 2007, Montero-Torreiro & Garcia-Martinez 
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2003), Strongylocentrotus droebachiensis (González-Durán et al 2008, Liyana-

Pathirana et al 2002a, Liyana-Pathirana et al 2002c), Anthocidaris crassispina and 

Salmacis sphaeroides (Chen et al 2010). Neutral lipids represent the major lipid 

fraction (Cook et al 2007, González-Durán et al 2008, Zárate et al 2016), which in 

sea urchin consist predominantly of triacylglycerols. Free fatty acids, sterols and 

polar lipids serve as oxidative substrates to provide energy (ATP) or for 

incorporation into phospholipids (Marsh & Watts 2007b). Phospholipids are the 

building blocks for the lipid bilayer, the universal component of all animals’ cell 

membrane. 

Fatty acid composition is important as it influences flavour and storage 

characteristics (Archana & Babu 2016). Animals accumulate lipids from their diets 

and the type of diet can influence or alter the fatty acids composition. For instance, 

the presence of specific fatty acids or their ratio in urchin gonad tissue can provide 

information on their diets. This information can be useful in aquafarming to help 

formulate a feed that meets the requirement of the species. In urchin gonad, the fatty 

acids profile is also important as it determines the nutritional value. 

Monounsaturated and Polyunsaturated FAs are considered healthy components and 

long-chain PUFAs Omega 3 have been studied extensively for their anti-

inflammatory and antioxidant activity and prevention of cardiovascular disease. In 

sea urchins, fatty acids are an important energy source, and, in addition to their 

possible use during gametogenesis, they are needed by spermatozoa for swimming 

(Mita & Nakamura 1998); in ova, they can be important for larval development and 

survival during dispersal (Sewell 2005, Unuma et al 2003). Moreover, 

polyunsaturated fatty acids have important structural roles in membranes and are 

needed for the synthesis of eicosanoids (active biological compounds that are 

known to be implicated in reproduction) (Archana & Babu 2016). 

The amino acid composition of urchin gonad is important in two aspects, namely 

nutrition and flavour (Hall 1992). The composition of total amino acids (TAA) 

affects the nutritional value of the food, while free amino acids affect the flavour. 

Komata (1964) found that the characteristic amino acids in sea urchin are glycine, 

alanine, valine, glutamine, and methionine, with glycine and alanine contributing to 

sweetness, while valine was responsible for bitterness and glutamine to the umami 
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taste of sea urchin roe. Dincer and Cakli (2007) found glycine to be the dominant 

FAA in sea urchin gonad of P. lividus in spring and summer. Glycine was also 

found the major FAA in the gonad of green sea urchin S. pulcherrimus (35 to 41%) 

of total FAA and S. droebachiensis (18–60%) of total FAA (Komata et al 1962, Lee 

& Haard 1982). According to Lee and Haard (1982), S. droebachiensis contained 

the highest FAA content when the gonad were fully matured and ready to release 

gametes, while amino acid reserves, in general, are depleted following spawning. In 

addition to glycine, there are several key FAA such as arginine, lysine, alanine, 

serine, glutamic acid, and methionine which are important for the taste profile of 

urchin roe (Lee & Haard 1982). Amino acids are the building blocks of proteins and 

enzymes that may act as catalysts for energy production. Deficiency or excess of 

one or more of the amino acids is known to limit protein synthesis, growth, or both 

(Murai 1992). Therefore, a balanced assimilation of amino acids in the body tissues 

is necessary to support optimum growth, development, and health. FAAs are also 

known to play a role in osmoregulation neutralizing the dehydrating effect of the 

saline environment (Diehl 1986). 

1.4.2 Seasonal variation 

Several studies have documented seasonal variation in the biochemical composition 

of urchins (Liyana-Pathirana et al 2002c, Murata et al 2020, Rocha et al 2019, 

Symonds et al 2009, Verachia et al 2012b, Zárate et al 2016) and the allocation 

pathway of the components in body tissues (Beddingfield & McClintock 1998, 

Guillou et al 2000, Schram et al 2018). The biochemical component of sea urchin 

soft tissues (gonad and guts) appears to vary seasonally, while the mineral structure 

(test, spines, and jaws) remain stable (Montero-Torreiro & Garcia-Martinez 2003). 

Accumulation and mobilization of macronutrients in the gonad follow an annual 

pattern controlled by the reproductive cycle (Byrne et al 1998). This reproductive 

cycle is linked to seasonal changes in temperature and photoperiod (Walker et al 

2007), although the quantity and quality of food can also influence gonad growth 

(Marsh & Watts 2007a). Generally, carbohydrates accumulate during gonad 

development but decrease in the last months of gonad maturation (Fernandez 1998). 

Proteins usually increase during gonad growth and maturation stages, decreasing 

with spawning, whereas glycogen accumulates in nutritive phagocytes but declines 
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when gametogenesis initiates (Marsh & Watts 2007a). Changes in lipid content are 

less clear but tend to be similar to that of glycogen, with higher levels during the 

growing phase and a decrease before spawning (Fernandez 1998, Montero-Torreiro 

& Garcia-Martinez 2003). The accumulation of protein and carbohydrate in the 

nutritive phagocytes confer gonad’ texture and firmness relative to the percentage of 

moisture, with increasing moisture negatively affecting texture and firmness.  
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1.5 Objectives 

The primary objectives of this study were: 

To investigate the effect of seasons, site, feeding habitat and sex on the proteins, 

lipids, carbohydrates, ashes, and moisture content in the C. rodgersii gonad. 

To provide information to the fishery on nutritional quality and best season to 

harvest C. rodgersii. 

To study the potential of C. rodgersii as an aquaculture species, in particular the 

possibility of gonad enhancement through selective feeding in the short term. 

To assess the conditions to which C. rodgersii is exposed during the collection for 

commercial purpose and how environmental and human factors contribute to the 

loss of quality of the gonad prior to the processing. 

To repurpose the waste produced from the C. rodgersii urchin fishery, utilising it as fertiliser 

for agricultural crops. 
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Chapter 2 Effect of season, site, feeding habitat, and sex on the 

biochemical composition of Centrostephanus rodgersii gonad 

2.1 Abstract 

The Longspined sea urchin, Centrostephanus rodgersii, is an edible marine species 

targeted to capture fisheries activity due to its gonad or “roe”. The abundance of 

local C. rodgersii is high and remains underexploited. The market value of sea 

urchins is corresponding to the quality of the gonad. However, due to lack of 

information on this species, development of the industry has become challenging. 

Within this context, the present study assessed the annual cycle of gonadal growth, 

nutrients storage and examined the effects of seasonal changes on C. rodgersii 

gonad appearance and biochemical composition. Specimens (n=420) were randomly 

collected from kelp beds and barrens grounds on two locations (Sloop Rock and 

Elephant Rock) at the east coast of Tasmania on seven occasions between March 

2018 and February 2019. The gonad were mature during summer and autumn, 

followed by gametogenesis, and spawning occurred throughout the winter. In 

spring, gonad were spent on nutrients and followed a period of recovery. Ovaries 

and testes showed differences in colour and the biochemical components and a clear 

seasonal variation related to the gonad cycle. Male gonad showed a brighter yellow 

colour with more whiteness during gametogenesis. Testes were higher in proteins, 

carbohydrates, sweet taste amino acids, and important fatty acids; C18:0, C20:1n9, 

DHA, ARA and Σꞷ6. Female gonad showed a more intense yellow colour and 

greater levels of lipids and umami taste amino acids with major fatty acids were 

C16:0, C18:1n9, EPA; SDA and LA. In general, C. rodgersii gonad presented high 

levels of carbohydrates and proteins, triacylglycerol (TAG) was the dominant 

component of lipid classes, fatty acids were rich in PUFAs, and major amino acids 

were Arginine, Glycine, Lysine, Glutamic Acid and Aspartic Acid. These findings 

demonstrate that the quality of C. rodgersii gonad is associated with seasonal 

variation suggesting June and December as the best periods for the commercial 

harvest as the gonad were at the developing and matured stages rich in nutrients in 

both sexes and attractive colour. Gonad quality traits decreased from the 

commencement of spawning (July) through the recovery period. Moreover, findings 
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of this study demonstrated that the quality of gonad from urchins living in the 

barrens is comparable with that of animal collected in kelp beds in terms of 

appearance, yield and nutritional aspects, therefore harvesting from the barrens is 

possible. 

2.2 Introduction 

The Longspined Sea Urchin, Centrostephanus rodgersii (A. Agassiz, 1864), is 

abundant in shallow, subtidal, rocky habitats along the southeast coast of Australia 

(King et al 1994). Over the past three decades, the species has extended its range 

southward (Edgar et al 2005, Johnson et al 2005, Ling et al 2008) as transport and 

settlement of larvae in the warming water off Tasmania was facilitated by the 

strengthening East Australian Current (EAC), (Ridgway 2007). Centrostephanus 

rodgersii is an edible species that is targeted by fishers for the commercialisation of 

the gonad or “roe”. Abundance is locally very high and remains largely 

underexploited commercially. The Tasmanian commercial sea urchin fishery began 

in the 1980s with the harvest of the ’Shortspined’ sea urchin Heliocidaris 

erythrogramma. The fishery for C. rodgersii started in 2008 on the Northeast Coast 

(St. Helens) but lack of familiarity with the species has made difficult the 

development of this industry and over the years the catch rates have remained low. 

Between 2008 and 2015 less than 100 tonnes were collected annually, however, a 

subsidy program introduced in 2016 encouraged the fishery and over 1000 tons 

have been harvested from 2018 to August 2020. 

Scepticism in developing the C. rodgersii sea urchin fishery resided in the 

observation of inconsistency in gonad colour, shape, granularity and taste that 

resulted in some animals not suitable for the market. The fishery of sea urchins 

focuses on the export of gonad to the Asian markets which have high-quality 

standards and roes are graded according to specific criteria, with corresponding 

acquisition prices. The high costs inherent in the harvesting, transport and 

processing of animals and the potential results of an aliquot of non-marketable 

gonad or low-grade roes, initially discouraged the idea to pursue this business as it 

did not seem economically feasible. 
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Several studies have investigated the ecology and reproductive cycle of C. rodgersii 

in Australia (Andrew & Byrne 2007, Byrne & Andrew 2013, Byrne et al 1998, King 

et al 1994) and New Zealand (Pecorino et al 2012, Pecorino et al 2013), as well as 

the range extension and larvae settlement in Tasmanian waters (Johnson et al 2011, 

Johnson et al 2005), and the overgrazing impact on the kelp forest and consequent 

barrens formation (Ling & Johnson 2009, Ling et al 2009b, Ling et al 2014). 

At present, little is known about C. rodgersii gonad' biochemical composition, the 

proportions in macro components as well as the profile in fatty acids and amino 

acids that characterize the species, how the accumulation of nutrients define the 

gonad quality traits and if these are influenced by different feeding habitat and 

seasonality. Seasonal changes in urchin gonad biochemical composition have been 

investigated in other commercially exploited urchin species, including 

Paracentrotus lividus (Arafa et al 2012, Martinez-Pita et al 2010, Mol et al 2008, 

Montero-Torreiro & Garcia-Martinez 2003, Rocha et al 2019), Strongylocentrotus 

droebachiensis (Liyana-Pathirana et al 2002b), Evechinus chloroticus (Verachia et 

al 2012b), Arbacia dufresnii (de Vivar et al 2019, Zárate et al 2016), Tripneustes 

gratilla (Chen et al 2013), Psammechinus miliaris (Cook et al 2000). 

Sea urchins, in preparation for the reproductive season, go through a phase of 

accumulation of reserves (protein, lipid and glycogen) that are stored in the nutritive 

phagocytes (Byrne et al 1998, Fernandez 1998). During this period gonad increases 

in size until the gametogenesis take place (Marsh & Watts 2007a). When gametes 

'sperm and ova' are produced, the glycogen decline as it's utilized for energy source 

(Marsh & Watts 2007a). Other macronutrients are hydrolysed; fatty acids from 

lipids are stored in eggs while amino acids from protein are mostly allocated in 

sperm. At the spawning stage gonads are soft and gametes are released in the 

environment; at the end of spawning gonad are spent, small depleted of nutrients. A 

phase of recovery follows in preparation for the next reproductive season (Montero-

Torreiro & Garcia-Martinez 2003). 

Most commercially harvested urchins species follow a similar pattern of 

reproductive development with both male and female gonad increasing in size 

during the accumulation of reserves in the nutritive phagocytes (Walker et al 2007). 

The consumer market prefers gonad rich in nutrients, heavier in weight and bigger 
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in volume with a firmer texture and pleasant taste attributed to carotenoids, lipids 

and amino acids. Harvesting ceases at the beginning of spawning and recommences 

after recovery. Urchin roes spent of nutritive resources are small, dark in colour and 

bitter in taste hence not palatable or acceptable to the premium market. 

The attributes that determine gonad quality and marketability are the colour, size 

and shape, texture, granulometry and flavour. While some quality attributes are 

affected by the seasonal changes of the reproductive cycle, food source and 

availability also play an important role in defining the biochemical composition and 

qualitative traits such as colour, texture and flavour (Phillips et al 2010). 

Sea urchin gonad taste is mainly determined by the presence in certain amount of 

known amino acids (Murata et al 2002), different group of amino acids are 

classified whether they confer a sweet taste (Fuke & Konosu 1991), a bitter or 

umami taste (Komata 1964, Komata et al 1962, Murata et al 2001). The umami taste 

is widely present in seafoods and is attributed to the amino acid glutamate which 

enhance the overall palatability of the food (Komata 1990). Differences in gonad 

taste were also found between sexes, with ovaries having a higher proportion of 

amino acids conferring bitter taste and testes presenting a higher proportion of 

amino acids that determine sweet taste (Murata et al 2020, Osako et al 2007, Osako 

et al 2006). 

Information on biochemical composition is important to assess urchins’ nutrient 

requirements, which is relevant in aquaculture for feed formulation, and also to 

define market-related traits potential for commercialization. Moreover, a profitable 

fishery with a long-term sustainable harvest of sea urchins would be beneficial in 

reducing the number of urchins along the coasts of Tasmania, which with their 

overgrazing activity have already reduced to barrens part of the once productive 

rocky reef.  

The regrowth of kelp was observed after removal of the sea urchin 

Strongylocentrotus droebachiensis from barrens ground in Northern Norway 

(Carlsson & Christie 2019). In New South Wales, the removal of C. rodgersii from 

barrens resulted in recovery of seaweeds (Andrew & Underwood 1993, Hill et al 

2003). The collection of urchins from barrens areas and the enhancement of gonad 

quality traits through aquaculture practices (ranching) is also explored in Norway 
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with the sea urchin Strongylocentrotus droebachiensis (Dale et al 2005), in 

California with the sea urchin Strongylocentrotus purpuratus (Gardner et al 2021), 

in Japan with Mesocentrotus nudus (Takagi et al 2019) and Australia with 

Heliocidaris erythrogramma (Pert et al 2018).  

This investigation aimed to determine the annual cycle of gonadal growth and 

nutrient storage as well as to document the effects of seasonal changes in the 

appearance and biochemical composition of C. rodgersii gonad from contrasting 

habitats on the east coast of Tasmania. The findings intend to constitute a baseline 

of information for the fishery of C. rodgersii and the potential 

enhancement/conditioning of C. rodgersii gonad in aquafarming. 

2.3 Material and Methods 

Sea urchins, Centrostephanus rodgersii, of commercial processing size (> 85 mm) 

were collected by SCUBA-divers in St. Helens on the northeast coast of Tasmania, 

Australia. Two locations about 3.5km apart (Sloop Rock and Elephant Rock) were 

selected and in each location 15 urchins were collected from both kelp beds habitat 

(5-12m depth) and extensive barrens habitat (with more than 20m of distance from 

any kelp plants and deeper than the 20m contour). A total of 60 sample animals per 

month were harvested, on 7 occasions between March 2018 and February 2019. 

Animals were processed immediately after the collection and biometric parameters 

(total wet weight, test diameter, drained weight, and gonad wet weight) were 

recorded. Subsequently, the urchins were cracked open and drained of coelomic 

fluid for three minutes, then re-weighed to obtain the total drained weight. Gonad 

were removed from the test with a spoon, damp-dried with blotting paper, and the 

wet weight of gonad (WW) recorded. The test and guts and jaws were discarded, 

and gonad separated. A piece of one lobe of the five gonad was cut and preserved in 

10% formaldehyde, acetic acid, and calcium chloride for histology and sex 

determination. The rest of the gonad were sealed in labelled plastic bags, frozen in 

liquid nitrogen, and stored at -30˚C until analysis.  
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2.3.1 Biological parameters 

The whole animal wet weight was recorded to the nearest 0.5 gram and test 

diameter measured with a Vernier calliper in millimetres to one decimal place. The 

gonad index of each sea urchin was calculated as the gonad wet weight (GWW) 

divided by the wet weight of the intact animal (TW) and multiplied by 100: GI = 

(GWW / TW) *100. Gonad colour intensity was recorded with a colour meter 

(Konica Minolta Chroma Meter CR-400) to identify parameters of colour associated 

with gonad quality comparable with literature data; the use of colour meter allows 

an objective measurement of gonad colour change during seasons and in relation to 

different sites and habitats. Three replicate measurements on one gonad lobe per 

urchin were recorded and values averaged. The system used to record the colour 

was the international standard CIEL*a*b* that expresses colour as three values: L* 

for the lightness from black (0) to white (100), a* from green (−) to red (+), and b* 

from blue (−) to yellow (+). Hue and Chroma were then calculated from each 

measurement using the following formulas: 

 

𝐻𝐻𝐻𝐻𝐻𝐻 = arctan (
𝑏𝑏
𝑎𝑎

) 

 

𝐶𝐶ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎 = (𝑎𝑎2 + 𝑏𝑏2)0.5 
 

2.3.2 Gonad moisture and ash content. 

After recording gonad wet weight (WW), samples were lyophilised using a freeze-

dryer (Labconco FreeZone 4.5L Benchtop, United States) until constant weight. 

Dried tissue was weighed (DW) and the moisture content percentage (MC) was 

calculated by the formula: 

 

𝑀𝑀𝐶𝐶% =
𝑊𝑊𝑊𝑊 −𝐷𝐷𝑊𝑊

𝑊𝑊𝑊𝑊
× 100 

 

Dry matter content percentage was determined by the formula:  
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𝐷𝐷𝑀𝑀𝐶𝐶% =
𝐷𝐷𝑊𝑊
𝑊𝑊𝑊𝑊

× 100 

 

Ash content was obtained after combustion of roughly 1gr. of dry tissue at 550˚C 

for 12 h in a muffle furnace (AOAC 942.05). 

 

2.3.3 Biochemical analysis 

Temporal changes in biochemical properties of gonad were determined in order to 

characterise the influence of reproductive stage on roe quality and identify the 

underlying mechanisms linked to those changes. Proximal analysis was conducted 

to identify patterns of accumulation of the main nutrient components such as lipids, 

carbohydrates and proteins which are important as structural material and energy 

source. Accumulation of these macro components is not only determinant to reach a 

commercial gonad yield, but also influences the nutritional value of the gonad. 

Moisture content is important as it affects physical aspects of the gonad such as 

texture, shape and brightness of colour. Lipid components and amino acids were 

quantified in order to further characterise the nutritional profile of the gonad and to 

identify changes that might influence quality aspect like colour or flavour in relation 

to different habitats. 

2.3.4 Proximal Analysis 

Lyophilised samples were homogenised and then analysed to establish the main 

biochemical components. Total lipid content was determined gravimetrically with a 

modification of the (Bligh & Dyer 1959) method. The concentration of soluble 

proteins was measured by the Bradford method (Bradford 1976), using the Bio-rad 

protein assay (Bio-rad, USA) with bovine serum albumin (BSA) as a standard. The 

total Carbohydrate content of each sample was determined by difference summing 

the other constituents (lipids, proteins, ashes, and water) and subtracting them from 

the total weight of the sample, with the following formula: 100 - (weight in grams 

[protein + fat + water + ash] in 100 g of sample). 
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2.3.5  Isotope analysis 

The stable isotopes δ13C and δ15N ratio of urchin gonad was determined to identify 

possible differences in feeding source between urchins living inside the kelp canopy 

and urchins present in the barrens. The stable isotopes were analysed in mass 

spectrometry performed with an Isoprime100 mass spectrometer coupled to an 

Elementar vario PYRO cube elemental analyser at the Central Science Laboratory 

(CSL) of the University of Tasmania (UTAS). Samples were lipid extracted, dried 

and homogenised, then an aliquot between 0.4 and 0.6 mg of sample was weighted 

for the analysis. 

2.3.6 Analysis of sea urchin nonpolar lipid classes via Iatroscan (TLC–FID). 

Lipid classes were determined by Thin Layer Chromatography (TLC-FID). The 

crude lipids obtained from the Bligh and Dyer (1959) extraction were 

chromatographed on silica gel coated Chromarods-S III and then analysed on an 

Iatroscan MK-5 (Iatroscan Laboratories Inc., Tokyo, Japan) analyser equipped with 

a flame ionization detector (FID) connected to a computer loaded with TSCAN 

software (Scientific Products and Equipment, Concord, ON) for data handling. A 

hydrogen flow rate of 160 ml per min and an airflow rate of 2000 ml per min were 

used in operating the FID. The scanning speed of rods was 30 s per rod. For the 

analysis of sea urchin non-polar class of lipids, the total lipids extracted were 

diluted in Dichloromethane (DCM) to obtain a concentration between 10 to 20 mg 

lipid per ml. The Chromarods were spotted with 1µl aliquot of sample. The 

Chromarods were then developed for 33 minutes in a chamber with the solvent 

systems hexane/diethyl ether/acetic acid (70:10:0.1 v/v/v) used for separation of 

non-polar lipids (Christie 1982). Chromarods were then dried at 80˚C for 10 min 

and scanned completely by Flame Ionization Detector (FID) to reveal non-polar 

lipids. 

2.3.7 Fatty Acids Methyl Esters 

Fatty Acid Methyl esters were determined by separation in Gas Chromatography-

Mass Spectrometry (GS-MS). The following esterification procedure was applied to 

the lipids extracted from the dried gonad sample material before the injection in GS-

MS for the determination of single fatty acids. An aliquot between 1-2 mg of lipids 
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was taken and added to a new vial followed by the addition of 100 µl of C19 FFA 

surrogate standard solution for quantitative analysis (500 ug/mL C19 FFA in DCM). 

The solvent was evaporated to dryness under a stream of nitrogen gas. 

Approximately 3 mL of Methylation reagent 10:1:1 (v/v/v) MeOH:DCM: conc 

HCL was added to the evaporated lipid. Vials were heated for 1 hour at 80˚C and 

once at room temperature, mixed with 1 ml of deionized water. To the methylation 

reaction mixture was added ca. 1.5 mL 4:1 (v/v) Hexane: DCM. After the separation 

of phases, the upper phase containing the fatty acid methyl esters (FAME) was 

transferred to a GC vial and evaporated to dryness under nitrogen and made to a 

final volume 1000 µL of DCM with C23 FAME internal standard solution for 

quantitative analysis (50 ug/mL C23 FAME in DCM). 

FAMEs were analysed using a Varian CP-3800 gas chromatograph coupled to a 

Bruker 300MS triple quadrupole mass spectrometer (Bruker Corporation, 

Massachusetts, USA) fitted with an Agilent DB-5MS column (30 m x 0.25 mm; 

0.25 um film thickness). Helium was used as the carrier gas with a flow rate of 1.2 

mL / min. The Injector was set to 290OC and the Transfer line to 310OC. Samples 

were injected at 50 OC in splitless mode. After 1 min, the oven was programmed 

from 50 to 150 OC at 30 OC / min, then at 2 OC / min to 250 OC, and finally 5 OC / 

min to 300 OC, which was held for 15 min. Electron ionization mass spectra were 

recorded in full scan mode over the range (m/z) 40 to 400. Individual FAMEs were 

identified based on comparison of retention times and MS data of laboratory 

standard FAMEs, together with the use of the NIST2017 Mass Spectral Library 

(National Institute of Standards and Technology, USA). Data were processed using 

Agilent MS Workstation Version 7. 

2.3.8 Amino Acids 

The gonad amino acids profile was studied on a small pool of the collected samples 

and over four months of the annual reproductive cycle; the maturity phase (April, 

Autumn), the spawning (July, winter), the post-spawning (September, Spring) and 

the recovery phase of the gonad (December, Summer). For each of the two sites of 

collection (Elephant and Sloop), five gonad samples per Habitat (Kelp and Barrens) 

were analysed, for a total of 20 samples per month and 80 samples overall.  
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Amino Acids were derivatized in Reversed-Phase High-Pressure Liquid 

Chromatography (RP-HPLC). Dried samples were sent for the determination of 

standard amino acids analysis (Auspep Pty Ltd, Victoria, Australia). Amino acids 

were analysed using the Waters Pico-tag methodology (Heinrikson & Meredith 

1984). A mass of sample (3-4mg) was accurately weighed, to which was added a 

known amount of hydroxyproline standard. The sample/standard mix was 

hydrolysed in 6N HCl at 1C for 60 minutes in vacuo. Samples were then neutralized 

with triethylamine (neutralizes residual HCl) and dried by lyophilization. The 

hydrolysed amino acids were derivatized with phenyl-isothiocyanate (PITC). 

Samples were then run on RP-HPLC against an amino acid reference mix. 

Recoveries of the individual amino acids were measured by comparison to the 

reference mix and quantitated with the HyPro standard. The technique provided the 

determination of 16 amino acids, Cysteine and Tryptophan were not detected. 

Aspartic acid and Asparagine were not separable and are reported together as Asx. 

Glutamic acid and Glutamine were not separable and are reported together as Glx. 

2.3.9 Statistical analysis 

Biometric measurements, gonad colour, proximate composition, isotopes, amino 

acids, lipid class and fatty acids were analysed separately using a multi-factor, 

multivariate approach to determine the effect of season and location effects on 

biochemical composition. A four-way PERMANOVA was used to examine the 

effect of time (7 levels), sites (2 levels), habitat (2 levels) and sex (Male/Female) on 

each dataset.  All factors were treated as fixed effects, and each PERMANOVA 

used type 3 sum of squares and 9999 permutations and the unrestricted permutation 

of raw data as the permutation method. Each multivariate dataset was normalised 

and similarity matrices were calculated with Euclidean distance. The two main 

effects of interest were Time and Sex. If significant interactions involving Sex are 

present, the dataset is analysed separately for Male and Female. In the presence of 

further significant interactions with the two spatial factors Site and Habitat, the 

main effect of Temporal changes is interpreted in the context of temporal variation 

across sites/habitats. Pairwise comparisons are performed when relevant to compare 

significant differences in analysis results between monthly samplings. Similarity 

patterns in the data were visualised using multidimensional scaling (MDS) of group 
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centroids. Similarity percentage (SIMPER) analysis was conducted on the groups to 

determine the contribution of each variable to the average dissimilarity among 

groups (Clarke & Gorley 2015).  

Multivariate routines were performed using PRIMER 7 Version 7.0.13 (Plymouth 

Routines In Multivariate Ecological Research), (Clarke & Gorley 2015) with the 

PERMANOVA+1 add-on (Anderson et al 2008). 

The multivariate biometric dataset contained six variables (Total weight, Diameter, 

Test drain weight, Gonad wet weight, Gonad dry weight, Gonad Somatic Index), 

while the multivariate gonad colour dataset contained eight variables (L*, a*, b*, 

Hue, Chroma, WI, YI, BI), and the multivariate proximate dataset contained four 

variables (Protein, Lipid, Carbohydrates, Ashes), representing percentage in dry 

weight. The multivariate lipid classes dataset contained six variable (Hydrocarbons, 

Sterol Ester and Wax Ester were grouped to form one variable, Triacylglycerol, 

Free Fatty Acids, Sterol, Diacylglycerol, Polar Lipids), representing percentages of 

the lipid extract in dry weight. Multivariate datasets for fatty acids and amino acids 

contained 31 and 16 variables respectively, representing percentages of the total 

component in dry weight for each individual component.  
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2.4 Results 

2.4.1 Biometric measurements 

PERMANOVA analysis of urchin biometric measurements shows statistically 

significant interactions of the seasonal factor with Site and Habitat indicating that 

seasonal trends vary spatially, (Table 2.1, PERMANOVA, P<0.05). There was no 

statistical difference for the factor Sex (Table 2.1, F(1,415) = 0.650, P = 0.432), the 

test did not show other significant interactions between factors. SIMPER analysis 

identified the urchin's total weight (TW) as the variable accounting the most for the 

dissimilarity between temporal groups (>94%) while differences within locations 

appear to be driven by the gonad wet weight (GWW), (Table 2.2, SIMPER 

analysis). 

Samples taken in the post-spawning months of September, December, and February 

clustered away from the pre-spawning and spawning months, and variation among 

sites appeared to be driven by differences in gonad wet weight (GWW) within each 

sample month (Figure 2.1). Samples from within Kelp at Elephant Rock tended to 

have higher GWW within each month, while samples from Barrens at Sloop had 

lower GWW, however this did not translate into a significant Month x Habitat x 

Site interaction (Figure 2.1). 

Table 2.1. Results of 4-way PERMANOVA analysis of urchin's biological measurement tested for the 
factors Month, Site, Habitat, and Sex. 

Source df MS Pseudo-F P-value Unique perms 
Month 6 91595 5.4014 0.001 997 
Site 1 1.11E+06 65.432 0.001 999 
Habitat 1 1.30E+06 76.744 0.001 998 
Sex 1 11024 0.65011 0.432 999 
MoxSi 6 1.36E+05 8.0114 0.001 999 
MoxHa 6 37679 2.2219 0.031 999 
MoxSe 6 15113 0.89121 0.539 999 
SixHa 1 2947.8 0.17383 0.731 997 
SixSe 1 25032 1.4762 0.232 999 
HaxSe 1 14825 0.87423 0.329 997 
MoxSixHa 6 23890 1.4088 0.178 997 
MoxSixSe 6 17991 1.061 0.359 998 
MoxHaxSe 6 7455.4 0.43965 0.881 998 
SixHaxSe 1 504.81 0.029769 0.953 998 
MoxSixHaxSe 6 9519.2 0.56135 0.786 997 
Res 360 16958    
Total 415         

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 
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Figure 2.1. Non-metric multidimensional scaling (nMDS) of distance among group centroids for 
individual levels of the fixed main effect Month and the combined fixed effects Site and Habitat in the 
urchins' biological measurements data set. Monthly sampling: seven levels identified with letters above 
symbols; (M) March; (A) April; (J) June; (JL) July; (S) September; (D) December; (F) February. Site 
and Habitat: four levels identified by symbols of a different colour: Sloop Kelp (SK), Sloop Barrens 
(SB), Elephant Kelp (EK), Elephant Barrens (EB). The mapped variables Total Weight (TW) and 
Gonad Wet Weight (GWW) were chosen based on the major contributors to the dissimilarity among 
the groups identified by the SIMPER analysis. Plot Based on a resemblance matrix of Euclidean 
distances of normalised data. 

Table 2.2. SIMPER analysis on the biological measurements of sea urchins collected at two locations 
(Sloop Rock and Elephant Rock) and feeding habitat (barrens and kelp) during seven annual samplings. 

March     April     June     July     
Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont% 
TW 475 95.52 TW 478 95.24 TW 456 94.82 TW 478 94.6 
GWW 69.6 3.66 GWW 76.5 3.89 GWW 78.1 4.15 GWW 82.9 4.56 
Sept.   Dec.   Feb.      
Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont%    
TW 482 98.76 TW 450 98.62 TW 477 97.99    
Dia 104 0.74 GWW 23.8 0.69 GWW 42.6 1.35       

Variables (Var.), contributing to the difference between groups. Total weight (TW), Gonad Wet Weight (GWW), Test 
Diameter (Dia), are shown along with the Average Value (Av.Val.), and their contribution to the dissimilarity (Cont%). 

The urchins’ Gonad Somatic Index (GSI) increased from September reaching a peak 

in July in both kelp and barrens habitat, with kelp animals showing a faster recovery 

of gonad between September and February and male presenting a greater GSI 

compared to female. In barrens ground the recovery was slower and differences 
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were not evident between male and female; at the mature stage barrens GSI was 

similar to the kelp one (Figure 2.2). 

 

Figure 2.2. GSI of male and female sea urchins C. rodgersii collected in kelp and barrens habitat 
between March 2018 and February 2019. 

2.4.2  Gonad colour 

Statistically significant interactions between Month and the other three main effects 

of Site, Habitat and Sex, denote both a spatiotemporal variation in colour and a sex-

related metabolic variation in colour over time (Table 2.3, p < 0.01). A significant 

three-way interaction (Month x Site x Habitat, p < 0.05) evidence that effects of 

colour changes varied across seasons and in different sites and feeding habitat 

(PERMANOVA, Table 2.3). 

Table 2.3. Results of 4-way PERMANOVA analysis of urchin's gonad colour measurement tested for 
the factors Month, Site, Habitat, and Sex. 

Source  df      MS Pseudo-F P-value  Unique perms 
Month 6 165.19 40.976 0.001 999 
Site 1 9.9715 2.4735 0.069 999 
Habitat 1 22.007 5.459 0.006 997 
Sex 1 211.81 52.542 0.001 998 
MoxSi 6 13.886 3.4446 0.001 998 
MoxHa 6 9.5445 2.3676 0.007 999 
MoxSe 6 21.553 5.3464 0.001 998 
SixHa 1 17.64 4.3756 0.017 999 
SixSe 1 0.68948 0.17103 0.883 999 
HaxSe 1 3.4517 0.85622 0.413 998 
MoxSixHa 6 8.4153 2.0875 0.021 996 
MoxSixSe 6 4.286 1.0632 0.371 997 
MoxHaxSe 6 4.2517 1.0546 0.381 998 
SixHaxSe 1 2.9214 0.72466 0.495 999 
MoxSixHaxSe 6 5.1494 1.2773 0.224 998 
Res 360 4.0314                         
Total 415                                 

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 
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Given the significant interaction terms in the full model, the dataset was partitioned 

by sex and a three-way PERMANOVA analysis was done on gonad colour with an 

orthogonal design including Month, Site, and Habitat main effects separately for the 

Male and Female datasets. In this reduced dataset, the temporal effect is a major 

contributor to the variation and a significant spatiotemporal interaction in both sexes 

(Table 2.4, Month x Site, p < 0.05). A significant three-way interaction (Month x 

Site x Habitat, p < 0.05) is apparent only for Male gonad colour measurements. 

Table 2.4. Results of three-way PERMANOVA of urchin’s gonad colour measurements for samples 
grouped by factors Site and Habitat.  

Male  df     SS     MS Pseudo-F P-value  Unique perms 
Month 6 751.13 125.19 37.436 0.001 999 
Site 1 5.8782 5.8782 1.7578 0.158 999 
Habitat 1 9.9054 9.9054 2.9621 0.07 999 
MoxSi 6 54.81 9.135 2.7317 0.003 998 
MoxHa 6 34.036 5.6726 1.6963 0.084 997 
SixHa 1 13.969 13.969 4.1772 0.027 999 
MoxSixHa 6 44.005 7.3342 2.1932 0.019 996 
Res 164 548.43 3.3441                         
Total 191 1528           

Female  df     SS     MS Pseudo-F P-value  Unique perms 
Month 6 516.59 86.098 11.982 0.001 999 
Site 1 5.496 5.496 0.76488 0.464 999 
Habitat 1 26.847 26.847 3.7363 0.021 999 
MoxSi 6 93.862 15.644 2.1771 0.011 999 
MoxHa 6 74.143 12.357 1.7197 0.055 999 
SixHa 1 7.369 7.369 1.0255 0.364 997 
MoxSixHa 6 48.149 8.0249 1.1168 0.348 999 
Res 196 1408.3 7.1854                         
Total 223 2230                                

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

Ordination (nMDS) plot on the full matrix reveals a seasonal trend (left to right) as 

well as a sex effect mostly determined by the separation of male samples during 

March, April, June and July (Figure 2.3). Sex differences are less clear in the cluster 

containing the post-spawning months. The primary variables identified by the 

SIMPER analysis as driving overall dissimilarity were the Yellow Index (YI), 

Luminosity (L*) and Whiteness Index (WI) (Table 2.5). The Yellow Index (YI) 

indicates a more intense yellow colour of the roe in the S, D and F months 

representing gonad in the post-spawning and recovery stage. Increasing Luminosity 

(L*) indicates an increase in moisture content in the lumen of gonad phagocytes 

which confer a brighter colour, and White Index (WI) indicate the appearance of 

whiteness in male gonad determined by the accumulation of male gametes which 
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are white in colour. Male gonad in M, A, J and JL months where gonad are at the 

mature to spawning stage are characterised by higher Whiteness Index and 

Luminosity. Despite March samples being mature, gonad colour presents greater 

variability and the group centroids for Site and Habitat effects are scattered. Colour 

is more homogeneous in April, June and July samples and group centroids are less 

spread. Female gonad present a more intense yellow colour than males and are more 

tightly clustered than males. In J and JL female gonad are characterized by higher 

grades of L* and WI relative to the post-spawning months, giving the gonad a 

brighter tone of colour. During the recovery phase, there is less distinction between 

sexes based on colour characteristics, and there were no significant pair-wise 

comparisons in December and February (Table 2.20, p > 0.05, in appendix). The 

two-way PERMANOVA pair-wise test for the interaction Month x Site for pair of 

levels of factor Site and within levels of factor Month was statistically significant 

for M, A, J, JL in males and significant only in March for females (Table 2.21, in 

appendix). 
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Figure 2.3. Non-metric multidimensional scaling (nMDS) of distance among the centroids for 
individual levels of the fixed main effects in urchins’ gonad colour measurements data set. Month: 
seven levels identified with letters above symbols, (M) March; (A) April; (J) June; (JL) July; (S) 
September; (D) December; (F) February. The combined fixed effects Site, Habitat and Sex: eight levels 
identified with symbols of different shapes and colours, Sloop Kelp Male (SKM), Sloop Barrens Male 
(SBM), Elephant Kelp Male (EKM), Elephant Barrens Male (EBM), Sloop Kelp Female (SKF), Sloop 
Barrens Female (SBF), Elephant Kelp Female (EK), Elephant Barrens Female (EBF). The mapped 
variables Yellow Index (YI), Luminosity (L*), White Index (WI), Chromaticity (Ch) were chosen based 
on the major contributors to the dissimilarity among the groups identified by the SIMPER analysis. Plot 
based on a resemblance matrix of Euclidean distances of normalised data. 

Table 2.5. SIMPER analysis of gonad colour coordinates of sea urchins during seven annual samplings. 
March     April     June     July     
Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont% 
YI 50.5 43.9 YI 48.8 43.36 YI 50.5 48.18 YI 42.9 46.65 
L 71.9 17.86 L 76.5 20.55 WI 63.7 14.22 WI 66.5 18.33 
WI 61.2 12.9 WI 64.4 18.92 L 76.6 11.84 L 75.8 15.52 
b 25.4 12.43 Chroma 26.5 7.09 Chroma 27.6 11.21 Chroma 23.1 9.3 
Sept.     Dec.     Feb.           
Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont%    
YI 50.3 54.42 YI 49.9 53.95 YI 54.8 43.17    
b 23.7 15.59 WI 61.5 11.96 L 70.6 19.63    
Chroma 24.9 13.2 L 71.8 11.77 b 27.1 12.98    
L 67.2 10.51 b 25 11.16 Chroma 28.1 11.76       

Variables (Var.), contributing to the difference between groups, Yellow Index (YI), Luminosity (L), White Index (WI), tones 
of yellow (b), are shown along with the Average Value (Av.Val.), and their contribution to the dissimilarity (Cont%). 
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2.4.3 Proximate Composition 

PERMANOVA analysis of urchin gonad proximate composition indicated that 

seasonal trends were dependent on Sex, Site and Habitat with statistically 

significant two-way and three-way interactions of the temporal factor with Site, 

Habitat and Sex (Table 2.6, p < 0.001). The three-way interaction (Month x Site x 

Habitat) was only marginally significant, (PERMANOVA, Table 2.6, p = 0.043). 

Table 2.6. Results of four-way PERMANOVA analysis of urchin's gonad proximate composition tested 
for the factors Month, Site, Habitat, and Sex. 

Source  df     MS Pseudo-F P-value  Unique perms 
Month 6 2202.4 50.423 0.001 997 
Site 1 373.92 8.561 0.001 998 
Habitat 1 1401.5 32.087 0.001 998 
Sex 1 8292.5 189.850 0.001 999 
MoxSi 6 102.85 2.355 0.006 997 
MoxHa 6 181.01 4.144 0.001 999 
MoxSe 6 185.18 4.240 0.001 999 
SixHa 1 24.517 0.561 0.619 999 
SixSe 1 23.887 0.547 0.593 998 
HaxSe 1 61.43 1.406 0.235 999 
MoxSixHa 6 45.073 1.032 0.436 998 
MoxSixSe 6 49.284 1.128 0.328 999 
MoxHaxSe 6 74.783 1.712 0.043 998 
SixHaxSe 1 9.4621 0.217 0.867 999 
MoxSixHaxSe 6 28.988 0.664 0.812 999 
Res 360 43.678                         
Total 415                     

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

To address the significant interaction between seasonal and sex main effects, the 

proximate composition dataset was tested separately for male and female gonad in 

three-way PERMANOVA analyses. A weak significant interaction for the factor 

Month with Site and Habitat in Males and only a Month with Habitat but stronger 

interaction in Females (Table 2.7, p < 0.01). The sex effect is represented in 

multidimensional space (nMDS) with a clear separation between male and female 

group centroids across seasons, locations and habitats (Figure 2.4). The Month with 

Site interaction within the Male group is determined by the significant distance 

among the centroids of Sloop and Elephant sites only for the March collection 

(PERMANOVA pairwise, p < 0.01). In both Male and Female groups, significant 

differences between habitat are more evident from September to March. 
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Table 2.7. Results of three-way PERMANOVA of urchin’s gonad Proximate Composition for group 
tested by factors Month, Site and Habitat. 

Male  df     MS Pseudo-F P-value  Unique perms 
Month 6 1003.3 23.747 0.001 998 
Site 1 132.67 3.1402 0.038 999 
Habitat 1 473.31 11.203 0.001 999 
MoxSi 6 78.316 1.8537 0.038 999 
MoxHa 6 81.653 1.9327 0.033 998 
SixHa 1 19.634 0.4647 0.673 998 
MoxSixHa 6 27.564 0.6524 0.837 999 
Res 164 42.248                         
Total 191              
Female  df     MS Pseudo-F P-value  Unique perms 
Month 6 1420.5 31.655 0.001 997 
Site 1 278.04 6.1959 0.002 999 
Habitat 1 1039.9 23.173 0.001 998 
MoxSi 6 69.825 1.5560 0.082 999 
MoxHa 6 198.60 4.4257 0.001 996 
SixHa 1 13.830 0.3082 0.795 998 
MoxSixHa 6 46.209 1.0297 0.438 998 
Res 196 44.875                         
Total 223              

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

The SIMPER analysis found lipids as a major component contributing to the 

dissimilarity across the seven annual samplings followed by carbohydrates and 

proteins (Table 2.8). Lipid was the principal macro component that contributed to 

the dissimilarity between female and male gonad, while carbohydrates and proteins 

separate spawning and post-spawning. Overall, the seasonal trend shows a greater 

proportion of lipids and carbohydrates in post-spawning and recovery gonad with a 

steady decline towards maturation and spawning, while proteins show the opposite 

trend being in lower proportion in September and peaking in June (Table 2.22, in 

appendix). No major differences in the accumulation of gonad macro components 

were observed between different sampling sites except for the proportion of lipids 

of female gonad proceeding from barrens area in September, March and April. The 

ordination plot shows that pointed out symbols Sloop kelp female and Elephant kelp 

female group centroids are located together for each month (Figure 2.4). In Elephant 

Rock barrens the amount of lipids was higher than in Sloop Rock barrens, the 

outcome could be attributed to a different hydrodynamic at Elephant Barrens that 

provides more drift algae. 
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Figure 2.4. Non-metric multidimensional scaling (nMDS) of distance among the centroids for 
individual levels of the fixed main effects in urchins’ Proximate Composition data set. Month: seven 
levels identified with letters above symbols, (M) March; (A) April; (J) June; (JL) July; (S) September; 
(D) December; (F) February. The combined fixed effects Site, Habitat and Sex: eight levels identified 
with symbols of different shapes and colours, Sloop Kelp Male (SKM), Sloop Barrens Male (SBM), 
Elephant Kelp Male (EKM), Elephant Barrens Male (EBM), Sloop Kelp Female (SKF), Sloop Barrens 
Female (SBF), Elephant Kelp Female (EKF), Elephant Barrens Female (EBF). The mapped variables 
Lipids, Protein and Carbohydrates were chosen based on the major contributors to the dissimilarity 
among the groups identified by the SIMPER analysis. Plot based on a resemblance matrix of Euclidean 
distances of normalised data. 

Table 2.8. SIMPER analysis of sea urchins gonad proximate composition during seven annual 
samplings. 

March     April     June     July     
Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont% 
Lipid 26 36.68 Lipid 26.7 47.76 Lipid 27 50.74 Lipid 21.7 46.7 
Carbs 34.4 31.78 Carbs 30.7 30.16 Carbs 25.9 24.05 Protein 34 25.14 
Protein 33.1 28.29 Protein 35.6 18.11 Protein 36.4 14 Carbs 30.9 22.68 
Sept.     Dec.     Feb.           
Var. Av.Val. Cont% Var. Av.Val. Cont% Var. Av.Val. Cont%    
Lipid 29.3 54.48 Lipid 28.8 44.91 Lipid 26.8 38.31    
Carbs 37.8 26.9 Carbs 35.6 27.19 Carbs 32.2 29.84    
Protein 24.8 15.45 Protein 29.3 23.38 Protein 35.1 27.52    

Variables (Var.), contributing to the difference between groups are shown along with the Average Value (Av.Val.), and their 
contribution to the dissimilarity (Cont%). Averages are across Site, Habitat and Sex 
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2.4.4 Lipid Classes 

The multivariate PERMANOVA analysis of lipid classes in urchins’ gonad found 

seasonal patterns varied by Sex and by Habitat with significant interactions between 

Month and Habitat, and, Month and Sex (Table 2.9). The three-way interaction 

(Month x Site x Habitat, p = 0.044) was only marginally significant (Table 2.9). 

Table 2.9. Results of four-way PERMANOVA analysis of urchin's gonad classes of lipids tested for the 
factors Month, Site, Habitat, and Sex. 

Source  df     MS Pseudo-F P-value  Unique perms 
Month 6 3640.3 43.715 0.001 999 
Site 1 122.31 1.4688 0.223 998 
Habitat 1 2083.7 25.023 0.001 999 
Sex 1 2361.1 28.354 0.001 998 
MoxSi 6 106.03 1.2733 0.271 998 
MoxHa 6 391.08 4.6964 0.001 999 
MoxSe 6 798.43 9.5883 0.001 999 
SixHa 1 122.08 1.466 0.183 999 
SixSe 1 33.908 0.4072 0.616 998 
HaxSe 1 420.92 5.0547 0.022 999 
MoxSixHa 6 171.1 2.0548 0.044 998 
MoxSixSe 6 26.548 0.31881 0.965 999 
MoxHaxSe 6 129.84 1.5593 0.147 998 
SixHaxSe 1 26.117 0.31364 0.688 998 
MoxSixHaxSe 6 118.85 1.4273 0.193 999 
Res 360 83.272                         
Total 415              

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

Given the significant interactions, the lipid class dataset was tested separately for 

male and female in a three-way PERMANOVA analysis. In both sexes, seasonal 

patterns in lipid class varied by Habitat (Table 2.10, p < 0.01), and by Site and 

Habitat for females (Table 2.10, p < 0.05). 

Representation of results in multidimensional space (nMDS) shows evidence of the 

temporal and sex interaction effect with separation between male and female at each 

temporal collection (Figure 2.5). The Habitat effect is apparent in the female group 

with significant distinction between Kelp and Barrens ground at each temporal 

sampling except for June, while from the ordination plot (nMDS) the Habitat effect 

within the male group may not be evident, the pairwise comparison confirms 

statistical differences in April, July, September and December (Table 2.24, in 

appendix). The Site and Habitat interaction within the Female group seems 

determined by statistical differences between Sloop Kelp and Elephant Kelp (p < 



40 
 
 

0.05), while no significant differences were recorded between Sloop Barrens and 

Elephant Barrens (p = 0.133). 

SIMPER analysis identified Triacylglycerol and Polar Lipids as major contributors 

to the dissimilarity between groups (Table 2.11). TAG determined the seasonal 

trend being in higher proportion in September and declining towards July; TAG and 

PL were always more abundant in female urchins compared to males while males 

showed higher proportion of PL and ST (Table 25, in appendix). Finally, in both 

sexes, TAG was found in greater proportion in kelp area while the amount of PL 

and ST was generally higher in barrens (Table 2.11). 

Table 2.10. Results of three-way PERMANOVA of urchin’s gonad classes of lipids for group tested by 
factors Month, Site and Habitat. 

Male  df     MS Pseudo-F P-value  Unique perms 
Month 6 55.627 23.775 0.001 999 
Site 1 5.1341 2.1943 0.08 999 
Habitat 1 15.238 6.5125 0.001 998 
MoxSi 6 2.8679 1.2257 0.202 997 
MoxHa 6 6.4919 2.7746 0.001 999 
SixHa 1 2.7475 1.1743 0.312 999 
MoxSixHa 6 2.2288 0.95257 0.533 999 
Res 164 2.3398                         
Total 191                                
Female  df     MS Pseudo-F P-value  Unique perms 
Month 6 83.463 29.25 0.001 997 
Site 1 2.7714 0.97127 0.457 998 
Habitat 1 30.182 10.578 0.001 999 
MoxSi 6 3.7167 1.3026 0.147 997 
MoxHa 6 10.848 3.8019 0.001 999 
SixHa 1 10.699 3.7495 0.010 999 
MoxSixHa 6 3.0785 1.0789 0.344 999 
Res 195 2.8534                         
Total 222              

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 
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Figure 2.5. Non-metric multidimensional scaling (nMDS) of distance among the centroids for 
individual levels of the fixed main effects Site, Habitat and Sex in gonad classes of lipids data set. 
Month: seven levels identified by letters above symbols, (M) March; (A) April; (J) June; (JL) July; (S) 
September; (D) December; (F) February. The combined fixed effects of Site, Habitat and Sex: eight 
levels identified with symbols of different shapes and colour, Sloop Kelp Male (SKM), Sloop Barrens 
Male (SBM), Elephant Kelp Male (EKM), Elephant Barrens Male (EBM), Sloop Kelp Female (SKF), 
Sloop Barrens Female (SBF), Elephant Kelp Female (EKF), Elephant Barrens Female (EBF). The 
mapped variables Triacylglycerol, Polar Lipids, Sterol (ST) and Free Fatty Acids were chosen based on 
the major contributors to the dissimilarity among the groups identified by the SIMPER analysis. Plot 
based on a resemblance matrix of Euclidean distances of normalised data. 
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Table 2.11. Results of SIMPER analysis of gonad classes of lipids contributing the most to the 
dissimilarity between months for each Habitat (K = Kelp, B = Barren). 

March_K Av.Value Contrib% March_B Av.Value Contrib% 
TAG 48.8 51.14 TAG 46.5 51.15 
PL 34.8 34.86 PL 35 36.13 

FFA 1.87 4.9 FFA 3.34 7.59 
April_K Av.Value Contrib% April_B Av.Value Contrib% 

TAG 51.1 56.32 TAG 50.6 50.57 
PL 35.1 33.52 PL 35.8 37.71 
ST 9.09 5.14 ST 8.81 6.96 

June_K Av.Value Contrib% June_B Av.Value Contrib% 
TAG 52.5 54.93 TAG 51 59.66 
PL 33.3 37.31 PL 34.5 34.57 
ST 9.95 5.51 ST 10 4.22 

July_K Av.Value Contrib% July_B Av.Value Contrib% 
TAG 52.7 63.31 TAG 38.4 63.83 
PL 29.7 28.21 PL 37.5 23.29 
ST 12.3 7.21 FFA 4.77 7.56 

Sept_K Av.Value Contrib% Sept_B Av.Value Contrib% 
TAG 66.4 59.47 TAG 63.8 45.95 
PL 24.3 35.4 PL 25.9 41.01 
ST 4.56 2.28 ST 6.79 10.81 

Dec_K Av.Value Contrib% Dec_B Av.Value Contrib% 
TAG 61.8 50.71 TAG 57.6 52.7 
PL 30.3 45.04 PL 33.7 41.5 
ST 5.51 3.56 ST 6.79 5.29 

Feb_K Av.Value Contrib% Feb_B Av.Value Contrib% 
TAG 59.9 50.92 TAG 56.4 51.25 
PL 32.7 43.57 PL 35.1 43.7 
ST 6.07 4.92 ST 6.47 3.98 

Variables contributing to the difference between groups are shown along with the Average Value and their contribution to the 
dissimilarity (Cont%). Combined effect Month and Habitat, Kelp (K), Barrens (B). Triacylglycerol, Polar Lipids, Sterol (ST), 
Free Fatty Acids (FFA), Hydrocarbons, Wax Esters, Sterol Esters (HC_WE_SE). 

Overall, eight classes of lipids were detected in the lipid extract of urchin gonad, 

five classes of energy lipids Triacylglycerol (TAG), Free Fatty Acids (FFA), 

Diacylglycerol (DAG), Hydrocarbons, Wax Esters and Sterol Esters (HC_WE_SE) 

and two classes of structural lipids Polar Lipids (Saran & Kumar) and Sterol (ST). 

TAG was the most abundant component accounting for between 50% to 60% of 

total lipid classes followed by PL 25% to 35% and ST 6% to 13% other classes 

were minor components of gonad lipids (Table 2.25, in appendix). 
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2.4.5 Fatty Acids 

The multivariate PERMANOVA analysis of urchin gonad fatty acids profile found 

that seasonal trends were affected by Sex and by the location terms (Site, Habitat) 

with significant two-way interactions between Month and Site, Habitat and Sex 

(Table 2.12, p < 0.01). A significant three-way interaction was also present (Month 

x Site x Habitat, p < 0.01), indicating that the assimilation of different FAs in the 

gonad tissue varied across seasons, location and feeding habitat. 

Table 2.12 Results of four-way PERMANOVA analysis of urchin's gonad Fatty Acids profile tested for 
the factors Month, Site, Habitat, and Sex. 

Source  df     MS Pseudo-F P-value  Unique perms 
Month 6 462.64 37.464 0.001 998 
Site 1 123.46 9.9979 0.001 999 
Habitat 1 327.27 26.502 0.001 998 
Sex 1 435.52 35.268 0.001 996 
MoxSi 6 74.846 6.0609 0.001 997 
MoxHa 6 60.212 4.876 0.001 999 
MoxSe 6 38.763 3.139 0.001 999 
SixHa 1 39.144 3.1699 0.007 999 
SixSe 1 19.951 1.6156 0.098 999 
HaxSe 1 6.8057 0.55112 0.877 999 
MoxSixHa 6 26.133 2.1162 0.001 999 
MoxSixSe 6 16.416 1.3294 0.072 998 
MoxHaxSe 6 16.258 1.3165 0.059 999 
SixHaxSe 1 12.568 1.0178 0.396 998 
MoxSixHaxSe 6 15.597 1.263 0.096 999 
Res 224 12.349                         
Total 279                                

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

Given the significant interactions, the fatty acids dataset was tested separately for 

male and female in a three-way PERMANOVA analysis. The test showed a 

significant two-way interaction for the temporal factor Month with Site and Habitat 

in both sexes (Table 2.13, p <0.01). The multivariate analysis also showed the 

significant interaction of Site with Habitat (p = 0.027) and the three-way interaction 

(Month x Site x Habitat; p < 0.01) in the female group. 
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Table 2.13. Results of three-way PERMANOVA of urchin’s gonad Fatty Acids profile for group tested 
by factors Month, Site and Habitat. 

Male  df     MS Pseudo-F P-value  Unique perms 
Mo 6 247.11 19.066 0.001 998 
Si 1 60.781 4.6898 0.002 997 
Ha 1 157.65 12.164 0.001 999 
MoxSi 6 49.042 3.784 0.001 999 
MoxHa 6 29.103 2.2456 0.001 996 
SixHa 1 24.76 1.9104 0.066 997 
MoxSixHa 6 18.067 1.3941 0.058 999 
Res 96 12.96                         
Total 123                                
Female  df     MS Pseudo-F P-value  Unique perms 
Mo 6 273.84 23.031 0.001 996 
Si 1 85.631 7.2017 0.001 999 
Ha 1 179.01 15.055 0.001 998 
MoxSi 6 46.36 3.899 0.001 998 
MoxHa 6 48.779 4.1024 0.001 997 
SixHa 1 27.253 2.2921 0.027 999 
MoxSixHa 6 25.873 2.176 0.001 997 
Res 128 11.89                         
Total 155                                

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

Distance among the group centroids for each individual level of the fixed main 

effects shows a seasonal trend and two major groupings. September, December and 

February were distributed to the left representing gonad at the post-spawning and 

recovery phase, while March, April and June were distributed to the right 

representing mature gonad. The July group centroids are located between the pre-

and post-spawning groupings. The seasonal interaction with sexes is evidenced by 

the distinct separation of females (top) from males (below) at each temporal 

collection (Figure 2.6), and with less overlap between group centroids of Male and 

Female samples in the pre-spawning months (except July). 

The male group centroids are more dispersed suggesting higher variability, however 

lack of statistical differences between the sites (Sloop and Elephant) was observed 

in February (p = 0.249) and March (p = 0.142) and no statistical differences were 

found in March, April and June for the comparison between feeding habitats (Table 

2.26, PERMANOVA pairwise, p > 0.05, in appendix). 

On the opposite, female centroids appear to group tighter at each seasonal collection 

except in July (Figure 2.6). Pairwise comparisons revealed always statistical 

differences between locations at each monthly collection, while no statistical 
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significance emerged from the comparison between kelp and barrens habitats in the 

months of April and June (Table 2.26, p > 0.05, in appendix) 

 
Figure 2.6. Non-metric multidimensional scaling (nMDS) of distance among the centroids for 
individual levels of the fixed main effects Month, Site, Habitat and Sex in gonad Fatty Acids profile 
data set. Month: seven levels identified by different colours (M) March; (A) April; (J) June; (JL) July; 
(S) September; (D) December; (F) February. The combined fixed effects of Site and Habitat: four levels 
identified with symbols of different shapes, Sloop Kelp (SK), Sloop Barrens (SB), Elephant Kelp (EK), 
Elephant Barrens (EB). Sex: two levels identified by letters above the symbols, Male (M), Female (F). 
The mapped variables were chosen based on the major contributors to the dissimilarity among the 
groups identified by the SIMPER analysis. Plot based on a resemblance matrix of Euclidean distances 
of normalised data. 

SIMPER analysis identified the FAs with the highest contribution to the 

dissimilarity between sex at each sampling time (Table 2.14). The MUFAs 

Eicosenoic acid C20:1ꞷ9 and the Arachidonic acid (ARA) C20:4ꞷ6 were 

predominant in male gonad, while the Palmitic acid C16:0, the Oleic acid C18:ꞷ9, 

the EPA C20:5:ꞷ3 and the Homo γ Linolenic C20:3:ꞷ6 were in greater proportion 

in female gonad. The C14:0 showed the highest contribution in the seasonal 

structure with similar proportion in both sexes (Table 2.14). These FAs determined 

also the distinction between Sites and Habitat since the two SFAs C14:0 and C16:0 

were in greater amount in kelp assemblages at both Sites and EPA, ARA and 

C20:1:ꞷ9 were more abundant in barrens habitat at Sloop and Elephant. 
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Table 2.14. Results of SIMPER analysis of identified Fatty acids that contributed the most to the 
dissimilarity between sexes at each of the seven-annual samplings. 

  March_F March_M            April_F April_M          
Variable Av.Value Av.Value Contrib% Variable Av.Value Av.Value Contrib% 
C20:5ꞷ3 14.8 12.2 27.46 C20:4ꞷ6 7.24 10.7 20.02 
C14:0 12.3 12.8 17.68 C14:0 15.2 13.8 18.76 
C20:1ꞷ9 12.3 14.2 13.59 C16:0 18 16.2 13.34 
C20:4ꞷ6 7.84 9.16 10.1 C20:5ꞷ3 11.4 11.6 13.23 
C20:3ꞷ6 7.62 7.15 9.74 C20:3ꞷ6 8.25 6.34 9.8 
 June_F June_M           July_F July_M          
Variable Av.Value Av.Value Contrib% Variable  Av.Value  Av.Value Contrib% 
C14:0 14.7 16.4 33.15 C14:0 11.9 8.39 26.56 
C20:5ꞷ3 12.8 10 19.71 C20:4ꞷ6 8.98 13.5 24.56 
C20:4n6 9.3 10.5 9.76 C20:5ꞷ3 12.8 13.1 10.11 
C18:1ꞷ9 8.53 6.21 9.45 C16:0 15.8 14.6 8.77 
 Sept_F Sept_M           Dec_F Dec_M          
Variable Av.Value Av.Value Contrib% Variable Av.Value Av.Value Contrib% 
C14:0 12.8 11.5 30.49 C14:0 11.2 11.5 27.8 
C20:4ꞷ6 8.3 10.5 17.1 C20:5ꞷ3 13.7 14 21.4 
C16:0 17 15.4 15.7 C20:4ꞷ6 8.76 9.81 14.28 
C20:5ꞷ3 10.4 9.79 12.18 C16:0 17.9 16.7 7.56 
 Feb_F Feb_M              
Variable Av.Value Av.Value Contrib%     
C14:0 13.3 12.2 33.19     
C20:5ꞷ3 11.9 11.3 22.52     
C20:4ꞷ6 6.9 8.92 13.61     
C20:3ꞷ6 6.35 4.94 8.49         

Variables contributing to the difference between groups are shown along with the Average Value and their contribution to the 
dissimilarity (Cont%). Combined effect Month and Sex, Female (F), Male (M). 
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Table 2.15. Fatty Acids profile of urchin gonad as percentage of total fatty acids detected. 

Fatty acids March April June July September December February 

C14:0 12.48 ± 0.36 14.51 ± 0.42 15.62 ± 0.58 9.87 ± 0.58 12.38 ± 0.52 11.25 ± 0.46 12.80 ± 0.49 
Ci15:0 0.23 ± 0.01 0.23 ± 0.01 0.27 ± 0.01 0.25 ± 0.01 0.34 ± 0.01 0.21 ± 0.01 0.30 ± 0.01 
C15:0 1.02 ± 0.02 1.02 ± 0.04 1.45 ± 0.05 1.13 ± 0.03 1.72 ± 0.05 1.04 ± 0.03 0.93 ± 0.02 
C16:0 16.26 ± 0.20 17.09 ± 0.34 17.75 ± 0.18 15.15 ± 0.36 16.48 ± 0.37 17.46 ± 0.22 16.00 ± 0.23 
C17:0 0.89 ± 0.06 0.50 ± 0.02 1.20 ± 0.14 0.42 ± 0.05 0.30 ± 0.01 0.31 ± 0.01 0.26 ± 0.01 
C18:0 2.95 ± 0.13 3.44 ± 0.16 3.20 ± 0.15 3.23 ± 0.18 2.74 ± 0.12 2.90 ± 0.09 3.19 ± 0.05 
C20:0 0.66 ± 0.02 0.57 ± 0.03 0.53 ± 0.01 0.65 ± 0.03 0.73 ± 0.02 0.62 ± 0.02 0.80 ± 0.02 

C16:1n5 0.08 ± 0.01 0.10 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.08 ± 0.01 0.10 ± 0.01 
C16:1n7 0.18 ± 0.01 0.20 ± 0.01 0.16 ± 0.01 0.17 ± 0.01 0.21 ± 0.01 0.16 ± 0.01 0.22 ± 0.01 
C16:1n9 2.80 ± 0.11 2.83 ± 0.11 3.37 ± 0.13 2.88 ± 0.14 3.57 ± 0.11 3.65 ± 0.13 3.60 ± 0.07 
C18:1n7 4.29 ± 0.07 4.18 ± 0.11 3.53 ± 0.05 4.69 ± 0.21 4.20 ± 0.09 4.04 ± 0.09 4.18 ± 0.07 
C18:1n9 8.02 ± 0.17 8.06 ± 0.23 7.25 ± 0.25 6.92 ± 0.20 8.20 ± 0.20 8.18 ± 0.24 8.58 ± 0.16 
C20:1n7 0.34 ± 0.02 0.25 ± 0.01 0.34 ± 0.01 0.52 ± 0.03 0.63 ± 0.03 0.51 ± 0.02 0.72 ± 0.02 
C20:1n9 12.99 ± 0.28 13.16 ± 0.29 11.46 ± 0.24 14.33 ± 0.26 13.60 ± 0.22 11.15 ± 0.22 11.19 ± 0.18 
C24:1n9 0.07 ± 0.01 0.08 ± 0.01 0.12 ± 0.01 0.21 ± 0.01 0.25 ± 0.01 0.10 ± 0.01 0.23 ± 0.01 
C16:4n3 0.11 ± 0.01 0.11 ± 0.01 0.10 ± 0.01 0.22 ± 0.01 0.54 ± 0.03 0.47 ± 0.03 0.56 ± 0.04 
C18:4n3 0.99 ± 0.05 0.66 ± 0.04 1.07 ± 0.05 0.96 ± 0.03 1.29 ± 0.05 1.69 ± 0.06 1.60 ± 0.08 
C20:4n3 0.16 ± 0.01 0.22 ± 0.01 0.34 ± 0.02 0.34 ± 0.01 0.35 ± 0.01 0.57 ± 0.02 0.56 ± 0.02 
C20:5n3 13.85 ± 0.40 11.47 ± 0.37 11.26 ± 0.40 13.00 ± 0.39 10.20 ± 0.34 13.82 ± 0.40 11.66 ± 0.41 
C22:5n3 0.62 ± 0.02 0.43 ± 0.02 0.63 ± 0.02 1.18 ± 0.04 1.05 ± 0.04 0.87 ± 0.03 1.13 ± 0.04 
C22:6n3 1.82 ± 0.10 1.97 ± 0.10 2.82 ± 0.14 3.35 ± 0.22 3.94 ± 0.14 3.85 ± 0.17 4.21 ± 0.14 
C16:2n6 0.13 ± 0.01 0.12 ± 0.01 0.06 ± 0.01 0.10 ± 0.01 0.32 ± 0.01 0.25 ± 0.01 0.28 ± 0.02 
C16:3n6 0.09 ± 0.01 0.13 ± 0.01 0.20 ± 0.01 0.22 ± 0.01 0.29 ± 0.02 0.32 ± 0.03 0.41 ± 0.04 
C18:2n6 0.56 ± 0.04 0.43 ± 0.01 0.52 ± 0.02 0.37 ± 0.02 0.62 ± 0.03 0.75 ± 0.04 0.75 ± 0.03 
C18:3n6 0.74 ± 0.04 0.45 ± 0.02 0.24 ± 0.01 0.23 ± 0.01 0.24 ± 0.01 0.19 ± 0.01 0.32 ± 0.01 
C20:2n6 1.13 ± 0.03 0.90 ± 0.05 0.68 ± 0.03 0.99 ± 0.04 0.43 ± 0.02 0.50 ± 0.03 0.55 ± 0.03 
C20:3n6 7.44 ± 0.26 7.29 ± 0.28 5.05 ± 0.19 5.68 ± 0.29 4.97 ± 0.18 5.19 ± 0.19 5.72 ± 0.22 
C20:4n6 8.34 ± 0.25 8.97 ± 0.36 9.94 ± 0.31 11.61 ± 0.51 9.04 ± 0.36 9.12 ± 0.33 7.81 ± 0.27 
C22:4n6 0.32 ± 0.01 0.24 ± 0.01 0.33 ± 0.02 0.53 ± 0.04 0.63 ± 0.02 0.44 ± 0.01 0.62 ± 0.01 
C22:5n6 0.29 ± 0.01 0.16 ± 0.01 0.28 ± 0.01 0.59 ± 0.04 0.61 ± 0.04 0.35 ± 0.02 0.54 ± 0.02 
ΣSFA 34.52 ± 0.42 37.39 ± 0.65 40.05 ± 0.66 30.73 ± 0.77 34.73 ± 0.78 33.81 ± 0.54 34.30 ± 0.61 
ΣMUFA 28.80 ± 0.23 28.90 ± 0.38 26.33 ± 0.32 29.81 ± 0.43 30.73 ± 0.38 27.90 ± 0.31 28.86 ± 0.24 
ΣPUFA 36.67 ± 0.54 33.64 ± 0.62 33.61 ± 0.74 39.45 ± 0.82 34.62 ± 0.76 38.47 ± 0.61 36.83 ± 0.71 

Σn3 17.55 ± 0.44 14.84 ± 0.41 16.24 ± 0.48 19.02 ± 0.51 17.34 ± 0.46 21.24 ± 0.49 19.65 ± 0.58 
Σn6 19.05 ± 0.30 18.69 ± 0.35 17.21 ± 0.35 20.29 ± 0.51 17.07 ± 0.36 17.02 ± 0.31 16.88 ± 0.27 

n6:n3 1.11 ± 0.03 1.29 ± 0.04 1.09 ± 0.03 1.09 ± 0.03 0.99 ± 0.02 0.81 ± 0.02 0.88 ± 0.02 
Data are showed with their average value and standard error. Month (n=40) 

2.4.6 Isotope analysis 

δ13C and δ15N values were similar between urchin gonad collected in contrasting 

habitats (kelp and barren) at each location and sampling period (Figure 2.7). The 

present study did not analyse δ13C and δ15N isotopic signature of different feed 
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source from contrasting habitat, hence for reference are reported isotopic values of 

brown and red algae present in the same habitat of C. rodgersii, analysed in a 

previous study (Guest et al 2008). 

The range of urchin gonad δ13C and δ15N values fall between those of brown kelp 

which reflect availability of that type of seaweed compared to red algae. The similar 

isotopic signature between gonad from kelp and barrens suggest that sea urchins in 

both habitats feed on the same algae source but animals in the barrens rely on drift 

algae. 

 
Figure 2.7. Mean (± 1 SE) carbon and nitrogen isotope values of sea urchin gonad, Centrostephanus 
rodgersii collected from two locations (Sloop and Elephant) and contrasting habitat at each location 
(Kelp and Barren) during February (top) and July (below). Red and brown squares represent mean (± 1 
SE) carbon and nitrogen isotope values of red algae, Phacelocarpus peperocarpus, Plocamium 
dilatatum, P. augustum; and brown algae, Durvillaea potatorum, Phyllospora comosa, Ecklonia radiata 
from (Guest et al 2008) Figure 2. 

Plocamium dilatatum

Plocamium angustum

Phacelocarpus peperocarpus

Durvillaea potatorum

Phyllospora comosa

Ecklonia radiata

Plocamium dilatatum

Plocamium angustum

Phacelocarpus peperocarpus

Durvillaea potatorum

Phyllospora comosa

Ecklonia radiata

July

February

-35 -33 -31 -29 -27 -25 -23 -21 -19 -17 -15 -13

5

6

7

8

9

5

6

7

8

9

δ13C (‰)

δ15
N

 (‰
)

Habitat

Barren

Kelp

Treatment

Sloop

Elephant



49 
 
 

2.4.7 Amino Acids 

PERMANOVA analysis of urchin gonad Amino Acids profile on a reduced set of 

months found a significant interaction between Month and Sex (Table 2.16, p < 

0.01). 

Table 2.16. Results of four-way PERMANOVA analysis of urchin's gonad Amino Acids profile tested 
for the factors Month, Site, Habitat, and Sex. 

Source df     SS     MS Pseudo-F P-value  Unique perms 
Month 3 314.03 104.68 15.996 0.001 998 
Site 1 2.8559 2.8559 0.43643 0.793 999 
Habitat 1 15.139 15.139 2.3135 0.059 999 
Sex 1 96.312 96.312 14.718 0.001 998 
MoxSi 3 17.753 5.9175 0.90429 0.522 996 
MoxHa 3 24.349 8.1165 1.2403 0.248 998 
MoxSe 3 123.88 41.292 6.3101 0.001 999 
SixHa 1 9.5445 9.5445 1.4585 0.191 999 
SixSe 1 2.9584 2.9584 0.45209 0.789 999 
HaxSe 1 11.348 11.348 1.7342 0.151 999 
MoxSixHa 3 32.404 10.801 1.6506 0.098 998 
MoxSixSe 3 23.29 7.7633 1.1864 0.293 998 
MoxHaxSe 3 22.083 7.361 1.1249 0.326 998 
SixHaxSe 1 4.1671 4.1671 0.63679 0.625 999 
MoxSixHaxSe** 2 11.766 5.8831 0.89902 0.5 999 
Res 49 320.65 6.5439                         
Total 79 1264                                

Data normalised and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III sums 
of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated in bold. 

The ordination (nMDS) plot reveals a pattern of differences between and within 

clusters group that highlight the temporal variation and the sex effect (Figure 2.8). 

The distinction between temporal groups (monthly collection) is supported by 

significant pairwise comparisons for all paired groups (Table 2.23, in appendix). 

Differences between sexes were highly significant in July (p < 0.01) and showed 

little significance in September (p = 0.044), no statistical differences between sexes 

were present in December and April (Table 2.23, in appendix) and despite the 

ordination plot (nMDS) showing a clear separation of the April group in two 

clusters, overlapping of males and females results in each subgroup (Figure 2.8). 

The SIMPER analysis identified the AAs with a greater contribution to the data 

structure (Table 2.17). September and December were characterised by a higher 

proportion of Arginine (Arg) in gonad of both sexes compared to April and July. 

Males showed higher levels of Glycine (Gly) during April and especially July while 
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Females had a greater proportion of Glutamic Acid (Glx), and Threonine (Thr), 

(Table 2.17). 

 
Figure 2.8. Non-metric multidimensional scaling (nMDS) for individual levels of the fixed main effects 
Month and Sex in gonad amino acids data set. Month: four levels identified by different colour (A) 
April; (JL) July; (S) September; (D) December. Sex: two levels identified with symbols of different 
shapes, Male (M), Female (F). The mapped variables Arginine (Arg), Glycine (Gly), Lysine (Lys), 
Glutamic Acid (Glx), Threonine (Thr) and Histidine (His) were chosen based on the major contributors 
to the dissimilarity among the groups identified by the SIMPER analysis. Plot based on a resemblance 
matrix of Euclidean distances of normalised data. 

Table 2.17. Results of SIMPER analysis on gonad Amino Acids profile of samples collected in April, 
July, September and December 2018. 

April_F Av.Value Contrib% April_M Av.Value Contrib% 
Gly 6.34 19.99 Gly 7.37 22.5 
Thr 6.76 11.05 Ala 5.41 9.39 
Lys 9.66 10.24 Val 6.15 6.66 

July_F Av.Value Contrib% July_M Av.Value Contrib% 
Gly 6.08 35.89 Gly 14.9 30.22 
Asx 10.5 4.82 Lys 9.43 4.88 
Arg 7.37 3.45 Pro 4.56 2.57 

Sept._F Av.Value Contrib% Sept._M Av.Value Contrib% 
Gly 7.66 24.99 Glx 10.8 14.95 
Lys 7.78 12.64 Lys 9.29 12.39 
Asx 9.08 7.66 Arg 12.5 11.47 

Dec._F Av.Value Contrib% Dec._M Av.Value Contrib% 
Glx 10.2 17.99 Glx 10.3 17.21 
Thr 6.53 8.48 Thr 6.14 13.43 
Tyr 3.9 7.24 Gly 6.55 10.68 

Variables contributing to the difference between groups are shown along with the Average Value and their contribution to the 
dissimilarity (Contrib%). Arginine (Arg), Glycine (Gly), Lysine (Lys), Glutamic Acid (Glx), Threonine (Thr) and Histidine 
(His) 

MonthSex
AF

AM

JLF

JLM

SF

SM

DF

DM

Glx

Gly

His

Arg

Thr

Lys

2D Stress: 0.11
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Overall, Glutamic Acid (Glx), Aspartic acid (Asx), Arginine (Arg), Glycine (Gly) 

and Lysine (Lys) were the most abundant AAs by proportion in all the temporal 

sampling; a higher quantity of non-essential AAs (NEAAs) compared to the 

essential ones (EAAs) was also measured. NEAAs were higher in July during 

spawning then declined, conversely EAAs were lower in July and increased during 

recovery, the seasonal variation in the level of AAs is more pronounced in the male 

gonad rather than females suggesting that AAs are highly required during male 

gametogenesis and the EAAs are accumulated in male gametes. Moreover, bitter 

taste AAs were found in greater proportion followed by the sweet and umami taste 

AAs (Table 2.18). Bitter taste AAs were found in higher proportions in female 

gonad only during July when sweet taste AAs instead increased in male gonad. 

Umami taste AAs increased in female gonad and were higher than male during 

maturation but there was no difference between sex during gonad recovery. 

Table 2.18. Amino Acids profile as a percentage of total AAs in Male and Female urchin gonad 
collected in April, July, September and December 2018. 

AA AM AF JLM JLF SM SF DM DF 

Asx 8.58 ± 0.17 9.32 ± 0.24 7.31 ± 0.07 10.51 ± 0.29 8.17 ± 0.22 9.08 ± 0.18 7.89 ± 0.36 8.28 ± 0.24 

Glx 11.16 ± 0.19 11.48 ± 0.13 10.4 ± 0.08 12.61 ± 0.12 10.82 ± 0.38 10.86 ± 0.17 10.3 ± 0.74 10.22 ± 0.38 

Ser 5.49 ± 0.23 6.18 ± 0.29 4.85 ± 0.03 6.04 ± 0.12 5.22 ± 0.08 5.32 ± 0.09 5.55 ± 0.27 5.91 ± 0.20 

Gly 7.36 ± 0.49 6.34 ± 0.54 14.87 ± 0.37 6.07 ± 0.80 8.10 ± 0.60 7.65 ± 0.33 6.55 ± 0.58 5.92 ± 0.23 

His 3.46 ± 0.16 4.22 ± 0.32 2.27 ± 0.02 4.07 ± 0.87 2.94 ± 0.08 2.73 ± 0.03 2.96 ± 0.15 2.87 ± 0.06 

Arg 10.53 ± 0.56 8.57 ± 0.57 10.99 ± 0.50 7.36 ± 0.24 12.46 ± 0.33 13.27 ± 0.37 12.98 ± 1.07 12.14 ± 0.49 

Thr 6.24 ± 0.18 6.75 ± 0.40 4.86 ± 0.07 6.29 ± 0.22 4.76 ± 0.07 5.17 ± 0.07 6.14 ± 0.65 6.52 ± 0.26 

Ala 5.40 ± 0.31 4.89 ± 0.31 7.31 ± 0.09 5.35 ± 0.19 4.67 ± 0.15 4.31 ± 0.07 4.13 ± 0.25 4.09 ± 0.11 

Pro 3.95 ± 0.12 3.98 ± 0.11 4.56 ± 0.11 4.41 ± 0.09 3.75 ± 0.09 3.76 ± 0.07 3.26 ± 0.19 3.29 ± 0.10 

Tyr 2.54 ± 0.15 2.62 ± 0.12 3.06 ± 0.02 3.10 ± 0.07 3.95 ± 0.23 3.92 ± 0.10 3.93 ± 0.43 3.89 ± 0.24 

Val 6.15 ± 0.26 6.32 ± 0.23 4.37 ± 0.02 5.68 ± 0.13 5.72 ± 0.16 5.70 ± 0.10 6.59 ± 0.28 6.65 ± 0.17 

Met 1.94 ± 0.07 2.00 ± 0.05 2.03 ± 0.01 2.29 ± 0.07 3.01 ± 0.13 3.14 ± 0.07 2.54 ± 0.13 2.67 ± 0.08 

Ile 4.77 ± 0.18 4.94 ± 0.13 3.64 ± 0.02 4.79 ± 0.12 4.95 ± 0.11 4.91 ± 0.07 5.24 ± 0.18 5.38 ± 0.12 

Leu 7.67 ± 0.17 7.97 ± 0.21 6.49 ± 0.03 8.07 ± 0.14 7.60 ± 0.10 7.54 ± 0.11 8.19 ± 0.20 8.34 ± 0.14 

Phe 4.36 ± 0.05 4.69 ± 0.07 3.48 ± 0.03 4.99 ± 0.12 4.51 ± 0.06 4.78 ± 0.05 4.77 ± 0.09 5.05 ± 0.13 

Lys 10.32 ± 0.21 9.65 ± 0.38 9.42 ± 0.15 8.29 ± 0.15 9.29 ± 0.34 7.77 ± 0.23 8.90 ± 0.16 8.69 ± 0.16 

EAA 44.94 ± 0.94 46.58 ± 0.92 36.60 ± 0.18 44.50 ± 0.88 42.82 ± 0.69 41.78 ± 0.50 45.36 ± 1.35 46.22 ± 0.59 

NEAA 55.05 ± 0.94 53.41 ± 0.92 63.39 ± 0.18 55.49 ± 0.88 57.17 ± 0.69 58.21 ± 0.50 54.63 ± 1.35 53.77 ± 0.59 

E_NE 0.82 ± 0.03 0.87 ± 0.03 0.57 ± 0.0 0.80 ± 0.02 0.75 ± 0.02 0.71 ± 0.01 0.83 ± 0.04 0.86 ± 0.02 

Bitter 51.77 ± 0.69 51.02 ± 0.37 45.79 ± 0.46 48.68 ± 0.63 54.47 ± 1.13 53.81 ± 0.51 56.14 ± 1.60 55.73 ± 0.94 

Sweet 28.47 ± 0.61 28.16 ± 0.44 36.48 ± 0.43 28.18 ± 0.85 26.52 ± 0.79 26.24 ± 0.36 25.65 ± 0.81 25.75 ± 0.49 

Umami 19.74 ± 0.30 20.8 ± 0.27 17.72 ± 0.12 23.12 ± 0.38 19.00 ± 0.55 19.94 ± 0.32 18.20 ± 1.06 18.50 ± 0.61 
Data are showed with their average value and standard error. Month (n=20), Sex (n=10).  
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2.5 Discussion 

This study documented seasonal changes in the biochemical composition of C. 

rodgersii gonad in relation to sex, location and feeding habitat. Mature gonad of 

commercial size were found during Summer and Autumn and early winter when 

nutrients are stored in the phagocytes of ovaries and testes in preparation for the 

gametogenesis and spawning which occur throughout the Winter. During Spring 

gonad were small, spent of nutrients and in a period of recovery. Urchin sex was the 

strongest factor contributing to variation in biochemical composition within months. 

The variability in urchins’ biometric parameters (body size, body weight, gonad 

weight) revealed both a seasonal and location effect but not an effect of sex. 

Differences in the size and total weight of animals were found between sampling 

sites, but not between feeding habitats. Whereas feeding habitat rather than site 

influenced nutrient accumulation, especially lipids in female gonad. Nutrient 

accumulation and composition of gonad was dependent on season and sex, with sex 

differences in amino acid profile between ovaries and testes evident only during 

gametogenesis and spawning. The pattern of development and biochemical changes 

in longspined sea urchin gonad was similar to patterns documented for other 

echinoids. 

2.5.1 Habitat and Site effects on Urchin size structure 

Urchin body size varied between sites and habitat, reflecting differences in 

harvesting pressure and food availability, respectively. Within each site, urchins 

collected from kelp areas presented heavier body weight and bigger gonad 

compared to urchins from the barrens (Figure 1). Dissimilarity in body size and 

body mass in sea urchins C. rodgersii from the Kelp and Barrens habitat in 

Tasmania were previously described by (Ling & Johnson 2009), who found animals 

of relatively large size and thick test grazing in macroalgal beds while urchins on 

the barren habitat were smaller. We also observed larger and heavier urchins at the 

Elephant Rock site compared to the Sloop Rock site. These two sites have a similar 

aspect and physical environment, but Elephant Rock is a low-intensity fishing area, 

while Sloop Rock is intensively harvested. Rather than a site related effect on mean 
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size, we assume differences in population size structure between the two sites is 

driven by different levels of commercial exploitation. 

In barrens habitat, we observed a delay in gonad recovery after spawning and no 

differences for GSI and gonad weight between sexes, while in kelp assemblages’ 

gonad recover faster and gonad across seasons were larger in males than females. 

In this study, the highest Gonad Somatic Index (GSI) value (20%) was recorded in 

July in female urchins collected in kelp habitat, the average GSI of mature gonad in 

both sexes and habitats was around 16%. Despite the differences in gonad weight 

between habitat, the GSI of urchins collected in barrens was greater than expected 

and within the market target values of 10 - 15% (Sun & Chiang 2015). Various 

authors report small poor-quality gonad from sea urchins found in the barrens 

ground area as a consequence of limited food availability (Blount & Worthington 

2002, Byrne et al 1998). In contrast, several large female urchins’ presenting gonad 

of irregular shape, coarse granularity and brown or pale colours (i.e. low roe quality 

score) were found in kelp habitat, mostly at the Elephant Rock site, which is 

consistent with the observation that quality of the gonad declines with age 

(Agatsuma et al 2005). 

2.5.2 Habitat effect on gonad GSI and quality. 

The δ13C and δ15N isotopic signature of urchin gonad collected in contrasting 

habitats (kelp and barren) at each location were similar, confirming that urchins in 

barrens relied on a similar feed source as urchins in kelp habitat. If urchins on 

barrens were reliant on turfing algae, corallines and other ephemeral species of 

algae or invertebrates, we should expect the isotopic signature to differ between the 

two habitats. The lack of difference in isotopic signature suggests a reliable 

provision of drift algae from the fringe area and explains the higher-than-expected 

GSI of urchins in barrens. This also explains the lack of difference in gonad colour 

between the two habitats since urchins feeding on the same algae are able to 

synthesize carotenoid pigments from the same precursors. Moreover, we observed 

that the isotopic signature matches with that of brown algae rather than red algae, 

indicating a higher availability of this type of kelp or selective retention of nutrient 

components especially long-chained PUFAs from brown kelp. 
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2.5.3 Seasonal changes in macro-composition and colour of urchin gonad 

The biochemical composition of C. rodgersii gonad showed a clear seasonal 

variation with a significant Sex effect. In both sexes, proteins and carbohydrates 

were the major components of gonad with an inverse trend during maturity and 

recovery. Proteins increased from March to June while carbohydrates decreased; in 

July (likely month of spawning), proteins and carbohydrates were at similar levels, 

then towards September proteins decreased and carbohydrates increased. 

Throughout the season, monthly protein content in testes was greater than in 

ovaries, whereas lipid content in males and females showed an opposite trend. The 

major yolk protein (MYP) is the dominant form of protein in urchin gonad and 

accumulates in the nutritive phagocytes of immature gonad in both male and female 

before gametogenesis (Unuma et al 2003). The mean protein content in wet weight 

across sexes varied between 9.4% from February to June (harvest period) and 6.7% 

from July to December (spawning and recovery). A similar protein content was 

measured in P. depressus (11.2%-7.5%) (Unuma et al 2003), T. gratilla (9%) (Chen 

et al 2013), P. lividus (9.2% - 11.7%) (Dincer & Cakli 2007). MYP in testis assume 

particular importance for the production of male gametes, while the lipids stored in 

the nutritive phagocytes of ovaries is transferred to the eggs during the oogenesis 

(Byrne et al 1998) 

The accumulation of biochemical macro-components did not differ greatly between 

sites and habitats with the exception of lipids which were found in greater 

proportion in kelp beds compared to the barrens and at Elephant Rock compared to 

Sloop. Kelp assemblages are an important source of lipids for herbivores (Hurd et al 

2014, Steneck et al 2003); in barrens, ground grazers feed upon incrusting coralline 

algae and drift algae and the provision of lipids is likely to be limited relative to the 

availability of lipids in kelp habitat. 
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Table 2.19. Urchin gonad proximate composition of different urchin species in comparisons with C. 
rodgersii. 

Urchin species Lipids Proteins Carbohydrates Ashes Moisture Authors 

C. rodgersii 6.78 ± 0.10 8.25 ± 0.10 8.15 ± 0.09 2.00 ± 0.02 74.80 ± 0.22 Present study 
T. gratilla 3.00 ± 0.60 9.00 ± 1.80 3.20 ± 2.00 2.80 ± 0.30 82.10 ± 1.60 Chen et al, 2013 
S. variolaris 4.98 ± 0.36 12.10 ± 0.41 1.63 ± 0.18 3.76 ± 0.25 77.53 ± 0.80 Archana et al, 2016 
S. droebachiensis 4.55 ± 0.70 14.44 ± 1.00 3.90 ± 0.40 1.90 ± 0.30 77.60 ± 3.20 Mamelona et al, 2010 
E. chloroticus 3.60 ± 0.00 8.40 ± 0.00 2.10 ± 0.00 0.90 ± 0.00 85.30 ± 0.00 Woods et al, 2008 
S. purpuratus 5.25 ± 1.17 11.87 ± 1.04 5.29 ± 1.19 0.01 ± 0.00 77.58 ± 1.42 Gomez et al, 2016 
P. lividus 3.05 ± 0.50 12.03 ± 1.26 2.80 ± 2.41 2.25 ± 0.24 79.87 ± 1.43 Mol et al, 2008 

Data expressed as mean percentages in wet weight. 

Colour is an important quality factor that determines gonad marketability (McBride 

et al 2004, Robinson et al 2002, Shpigel et al 2005). The desired bright yellow-

orange colour is primarily derived from the accumulation of carotenoid pigments 

that are incorporated with the diet (Shpigel et al 2005, Shpigel et al 2006, Symonds 

et al 2007). The presence of different kelp assemblages or the absence of it could 

lead to the assumption of variability in sea urchin gonad colour between contrasting 

habitat given the different availability of the food source. In the present study, it 

appears that feeding habitat has less importance, and sex and progression through 

the reproductive cycle drive differences in colour across the seasons. The difference 

in gonad colour between sex is less pronounced in the post-spawning and recovery 

stage; in September gonad were small, spent of nutrients and low in moisture 

(Figure 2). Moisture accumulates over time in correlation with gonad development; 

the water content in the lumen of the phagocytes confer brightness which highlights 

the difference in colour intensity between ovary and testes and this becomes more 

evident when gonad are mature and during the gametogenesis. For instance, we 

report a more intense yellow in ovaries and a lighter yellow in testes with also a 

similar trend between the value of Luminosity and the GSI (Figure 2 and 3). The 

increase in GSI through the spawning seasons was matched by an increase in gonad 

luminosity, yellowness and whiteness. This is consistent with observations in 

Paracentrotus lividus (Cook & Kelly 2007, Rocha et al 2019) who also found a 

positive correlation between the colour values L* and a* and the increase of gonad 

yield. Comparisons of the values L*, a*, b*, with those proposed by Cook and Kelly 

(2009) as references for good quality gonad colour is not possible here given the 

different characteristics of the two urchin species. In P. lividus gonad colour 
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discriminates clearly between sexes as female presents red-orange gonad whereas 

male gonad are yellow-mustard in colour. These translate to low values of L* and 

high values of a* (redness) and b* (yellowness). Centrostephanus rodgersii females 

do not present the same red-orange pigmentation of the gonad’s, values of L* are 

higher, while a* is lower and b*is higher. Nonetheless, in this study, the values of 

C. rodgersii gonad colour recorded between February and June are consistent with 

attributes of good quality (McBride et al 2004, Robinson et al 2002). 

Blount et al (2017) reported that C. rodgersii gonad present high variability in 

gonad colour and texture and a corresponding perception that variable gonad colour 

would occur mostly in barrens area due to the scarcity of food. Here, we found that 

while gonad in barrens are slightly smaller than those in kelp beds, there was 

relative consistency across the habitats in gonad colour. However, it should be noted 

that the variability in gonad colour in animals collected in kelp beds is similarly to 

be attributed both by the presence of a variety of foliose algae which present a 

different concentration of carotenoid pigments and by sea urchins of different age 

classes, some of which are very old. 

2.5.4 Seasonal and sex effects on urchin gonad Lipid composition 

2.5.4.1 Lipids class 

The lipid class and FA profile of C. rodgersii gonad showed a clear influence of 

seasonality and a distinction between sex demonstrating a different allocation of 

lipid components between male and females. Habitat linked variation in lipid and 

FA profiles suggest differences in food availability are also important in addition to 

sex and season. Hughes et al (2006) suggested that different lipid composition of P. 

miliaris gonad was influenced by the feeding habitat and sex, given that the gonad 

serve both as a reproductive and storage organ. 

Eight classes of lipid were detected in the gonad of C. rodgersii: six energy lipid 

classes - HC, WE, SE, TAG, FFA, DAG and two structural lipid classes - ST and 

PL. Triacylglycerol, PL and ST were the most abundant components; with TAG 

being the main energy reserve found in both male and female gonad. TAG is also 

identified as the principal lipid component in gonad of other sea urchins i.e., 

Strongylocentrotus droebachiensis, Psammechinus miliaris and Paracentrotus 
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lividus (Carboni et al 2013, Cook et al 2007, Liyana-Pathirana et al 2002c, Montero-

Torreiro & Garcia-Martinez 2003). In our study, the difference in lipid profile 

among sex was determined by the higher concentration of TAG in female gonad 

which was consistent in all seasonal collection. A greater energy requirement for 

reproductive effort in females requires higher allocation of TAG in the phagocytes 

that is later transferred to the eggs, as previously reported for female echinoderms 

(Fenaux et al 1977, Raymond et al 2007, Unuma et al 2003). Polar lipids and ST 

were found in greater proportion in male gonad compared to females; structural 

lipids are constituents of the cell membrane and as already reported for other 

urchins (de Vivar et al 2019, Martínez-Pita et al 2010) these lipid classes are 

incorporated in male gametes as a source of energy for spermatozoa motility 

(Kozhina et al 1978, Mita & Nakamura 1998). TAG was more abundant in urchin 

gonad collected in kelp beds while the structural lipids PL and ST were higher in 

barrens ground. In principle, urchins in barrens ground are less likely to direct the 

same allocation of resources to reproduction as urchins in kelp beds, and this is 

reflected in all urchins’ body components. Nonetheless, these results in combination 

(GSI, lipid class etc) suggest that there is sufficient food to sustain growth and 

metabolic functions, but reasonable to assume that the reproductive output could be 

reduced compared to urchins in kelp habitat and that may affect females more than 

males. 

2.5.4.2 Fatty acids profile 

Overall, the lipid fraction of C. rodgersii gonad was dominated by polyunsaturated 

fatty acids (PUFAs, 33.5 to 39.5%) and SFAs (31 to 40%) and finally, MUFAs (26 

to 31%), similar proportions were found in other temperate sea urchins (Angioni & 

Addis 2014, Arafa et al 2012, Carboni et al 2013, De La Cruz-García et al 2000, de 

Vivar et al 2019, González-Durán et al 2008, Liyana-Pathirana et al 2002a, 

Martinez-Pita et al 2010, Martínez-Pita et al 2010, Zárate et al 2016). Saturated 

Fatty Acids (SFAs) increased from September to June and drastically decreasing in 

July during spawning. Whereas the Monounsaturated Fatty Acids (MUFAs) 

remained stable across summer and autumn, slightly decreasing in Winter then 

peaking in Spring. Polyunsaturated Fatty Acids (PUFAs) shows greater seasonal 

variability, reaching their maximum in July, decreasing in September, increasing 
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again in December and then steadily decreasing until June (Table 17). PUFAs are 

allocated in gametes which are largely released during spawning. The high content 

of Omega 3 and 6 in July was probably driven by mature gonad still retaining most 

of the gametes; in September gonad are reduced in volume after the spawning 

season and this is reflected in the low level of PUFAs (Table 17). The peak of SFAs 

in June corresponds with the lowest content of MUFAs and PUFAs, while the peak 

of PUFAs in July corresponds with the lowest amount of SFAs (Table 17). The 

annual trend is also similar between males and females, but the amplitude of the 

fluctuation is much bigger in males. 

We report a different FAs profile between ovaries and testes. Females showed 

higher levels of C16:0, C16:1ꞷ9, C18:1ꞷ9, EPA, LA, GLA, MUFAs, whereas 

males presented higher levels of C18:0, C20:1ꞷ9, DHA, ARA, total Omega 6 and 

PUFAs. The discrimination between sexes was consistent in kelp beds and barrens 

ground. 

To our knowledge, there are no other studies that investigated the lipids profile of C. 

rodgersii gonad and here we compare our results with those described in the 

literature for other echinoids species. The FAs C14:0, C16:0, C16:1ꞷ9, C18:1ꞷ9, 

LA, SDA were consistently found at higher levels in the ovaries, whereas C18:0, 

C20:1ꞷ9, DHA, ARA were higher in testes of P. lividus, A. lixula, P. miliaris and 

A. dufresnii (Hughes et al 2005, Hughes et al 2006, Martínez-Pita et al 2010, Zárate 

et al 2016). In contrast, we did not find differences between sex for C14:0 and SDA. 

The long-chained PUFA, EPA in P. lividus and P. miliaris was greater in males 

while in C. rodgersii similarly to A. lixula EPA was higher in females. The different 

fatty acids profile between ovaries and testes can be attributed to specific metabolic 

requirements of the organs during the production of male and female gametes 

(Martínez-Pita et al 2010). As we previously reported in section (4.3.1) C. rodgersii 

testes were higher in phospholipids (structural lipids) and was showed that 

phospholipids have a higher level of C18:0, ARA and EPA while TAG in ovaries 

has a higher proportion of C14:0, C16:0 and C16:1n7 (Kozhina et al 1978). Our 

results appear similar to those reported for ovaries and testes in P. lividus and A. 

lixula (Martínez-Pita et al 2010). 
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Modifications in the diets from diverse habitats underpin variation in tissue FA 

profiles of wild populations of sea urchins (Hughes et al 2006). This study also 

found differences in gonad FAs composition between the feeding habitat 

irrespective of the sex; the C14:0, C16:0, C18:1n9, C20:1n9, GLA, SFA and Omega 

6 were in higher concentration in kelp beds while C18:0, C20:0, C16:1n9, SDA, 

EPA, LA, ARA, PUFAs and Omega 3 were in higher levels in barrens. This is 

consistent with different FA profiles observed in two distinct populations of P. 

lividus, one Mediterranean and the other from the Atlantic coast of Spain, which 

was assumed to be a function of the food source (Martínez-Pita et al 2010). Spatial 

variation in the lipid and FA profiles of P. miliaris was also attributed to differences 

in the food available in each location (Hughes et al 2005). 

2.5.5 Seasonal variation in urchin gonad Amino acid profiles 

The amino acid composition contributes along with fatty acids to the 

characterization of the flavour, while also determine the nutritional value of the food 

items (Hall 1992). The amino acid composition of C. rodgersii gonad was 

influenced by sex and seasonal change of reproductive cycle, but unlike for other 

biochemical parameters, no effect of site or feeding habitat was detected. The AA 

profile in male and female gonad was similar during the early reproductive phase 

but started to diverge in April when gametogenesis commences and is more evident 

at the peak or the reproductive phase in July (Figure 5). Specifically, from April to 

July the umami taste AAs (Glx and Asx) increased in ovaries at expense of the 

bitter taste AAs (Arg, Leu, Ile and Tyr), and with no change in the proportion of the 

sweet AAs (Gly, Ser Thr, Pro). During the same period the sweet taste AAs Gly, 

Ala, and Pro increased in testes at expense of both bitter and umami AAs. In 

September and December when gonad were spent, there was no clear distinction 

between sex, and both ovaries and testes were low in sweet AAs and in general of 

EAA which are allocated to gametes (Lee & Haard 1982). During post-spawning 

and recovery NEAA accumulates, as well as bitter-tasting AAs particularly Arg, 

Leu, Ile, Met. 

In this study Glx, Arg and Lys were the most abundant amino acids with Glx being 

more important in April and July and Arg becoming dominant in September and 

December. Tyrosine and Glx were found in greater proportion in the gonad of the 
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sea urchin Stomopneustes variolaris (Archana & Babu 2016). Gly also accounted 

for 13 - 16% of total AAs in the gonad of S. droebachiensis and was the dominant 

AA during the early stages of harvesting, whereas Tyrosine assumed more 

importance in later reproductive stages (Liyana-Pathirana et al 2002b). Dincer and 

Cakli (2007) also report that Gly represented 18 – 20% of total AAs in P. lividus 

gonad. We found that C. rodgersii contained 6 – 8% of Gly during gonad recovery 

and maturation with a peak to 15% in July male gonad during spawning. 

In S. variolaris and S. nudus the percentage of essential amino acids was 

32.1% (Archana & Babu 2016, Xu et al 2009). The essential (EAA) to non-essential 

amino acid (NEAA) ratio was 0.50 in S. variolaris similar to P. lividus 0.58 (Mol et 

al 2008). In this study, the percentage of EAA was 43% and the ratio EAA: NEAA 

was 0.78. In marine foods, EAA: NEAA ratios greater than 0.5 indicate a useful 

source of dietary proteins (Mamelona et al 2010). 

2.6 Conclusions 

This study clearly highlighted that most of the characteristics assessed associated 

with quality attributes were principally dependent on sea urchin seasonal variation 

as primary factor. The study also showed differences in colour and accumulation of 

nutrients between sexes. The results confirm on the basis of colour, texture and 

nutritional values, the best period for the commercial harvest of C. rodgersii is 

between December and June. Over this time, gonad result at the growing and 

mature stages of gametogenesis with the nutritive phagocytes full of stored nutrients 

represented by high levels of carbohydrates, proteins, essential amino acids, lipids, 

Omega 3 and Omega 6 PUFAs and TAG content, in both males and females. The 

gonad colour was found more yellow and brighter during the maturation period 

irrespectively of the sex and the feeding habitat. Nonetheless, from the 

commencement of spawning (July) through the recovery period, gonad quality traits 

were diminished; however, farming practices could shorten the recovery time of 

gonad. The seasonal patterns in biochemical profiles identified in this study could 

be used to formulate a feed suited for the nutritional requirement of C. rodgersii to 

achieve specific outcomes such as enhance colour and taste to meet market 

preference. Opposite to the general idea that urchins from barrens habitat have poor 
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gonad quality and should be avoided by urchin fishers, results of the study report 

only minor differences between gonad from barrens and kelp. Gonad’s recovery 

was slower in barrens ground between December and February but at maturation, 

the yield reached commercial acceptance. The total amount of lipids in gonad from 

the barrens was slightly lower compared to the kelp ones but no differences in 

visual quality characteristics and nutritional attributes were detected so to 

discourage the harvesting, on the contrary, fishing urchins from the barrens is 

possible.   
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2.7 Appendix 

Table 2.20. Results of two-way pairwise PERMANOVA within factor Month and for pair of levels of 
factor Sex in urchin gonad colour measurements. 

Month Groups      t P-value Unique perms 
March F, M 3.4894 0.001 999 
April F, M 2.4687 0.004 998 
June F, M 5.659 0.001 999 
July F, M 7.9203 0.001 999 
Sept. F, M 2.4233 0.007 999 
Dec. F, M 1.6189 0.073 999 
Feb. F, M 1.6389 0.073 998 

Table 2.21. Results of two-way pairwise PERMANOVA within factor Month and for pair of levels of 
factor Site for Male (left) and Female (right) urchin gonad colour measurements. 

Male Site      t P-value Uniq perms Female Site      t P-value Uniq perms 
March S, E 2.0155 0.036 998 March S, E 2.639 0.006 997 
April S, E 2.0238 0.018 998 April S, E 0.564 0.694 999 
June S, E 1.9193 0.044 999 June S, E 1.411 0.154 999 
July S, E 1.9625 0.046 999 July S, E 1.436 0.143 999 
Sept. S, E 0.6913 0.675 998 Sept. S, E 0.433 0.833 997 
Dec. S, E 1.0176 0.367 996 Dec. S, E 1.748 0.071 997 
Feb. S, E 1.4211 0.132 998 Feb. S, E 0.546 0.774 998 

Table 2.22. Seasonal Proximate Composition of C. rodgersii urchin gonad. 

Prox. Co. March April June July Sept Dec Feb 

Moisture% 71.52 ± 0.34 73.42 ± 0.25 76.41 ± 0.39 80.67 ± 0.23 78.06 ± 0.38 72.34 ± 0.50 71.01 ± 0.52 
Lipids % 26.98 ± 0.68 26.67 ± 0.80 26.96 ± 0.73 21.73 ± 0.76 29.32 ± 1.09 28.76 ± 0.73 26.75 ± 0.57 

Proteins % 35.26 ± 0.59 35.55 ± 0.49 36.38 ± 0.38 34.01 ± 0.56 24.75 ± 0.58 29.30 ± 0.53 35.08 ± 0.48 
Carbs % 31.21 ± 0.63 30.71 ± 0.64 25.85 ± 0.50 30.94 ± 0.53 37.76 ± 0.77 35.56 ± 0.57 32.22 ± 0.50 
Ashes % 6.53 ± 0.20 7.06 ± 0.23 10.79 ± 0.34 13.31 ± 0.26 8.15 ± 0.26 6.37 ± 0.23 5.93 ± 0.19 

Table 2.23. Results of pairwise PERMANOVA for the factor Month (left) and two-way pairwise 
PERMANOVA within factor Month for pair of levels of factor Sex (right) on urchin gonad Amino 
Acids profile. 

Month      t P-value  Unique perms Month Sex      t P-value  Unique perms 
A, JL 3.425 0.001 999 April F, M 1.188 0.244 998 
A, S 3.595 0.001 998 July F, M 6.626 0.001 996 
A, D 3.362 0.001 998 Sept. F, M 1.548 0.044 998 
JL, S 4.369 0.001 998 Dec. F, M 0.839 0.483 998 
JL, D 5.145 0.001 999      
S, D 2.203 0.008 998           
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Table 2.24. Results of two-way pairwise PERMANOVA within level of factor Month and for pair of 
level of factor Habitat in the lipid class data set of Male (left) and female (right) gonad. 

Male Habitat       t P-value  Unique perms Female Habitat      t P-value  Unique perms 
March K, B 0.228 0.997 999 March K, B 2.109 0.003 998 
April K, B 1.790 0.008 998 April K, B 1.798 0.014 999 
June K, B 1.291 0.134 999 June K, B 1.417 0.088 998 
July K, B 2.836 0.001 998 July K, B 1.637 0.022 999 
Sept. K, B 1.804 0.029 998 Sept. K, B 3.213 0.001 999 
Dec. K, B 2.025 0.019 999 Dec. K, B 2.131 0.003 997 
Feb. K, B 1.336 0.112 999 Feb. K, B 1.952 0.013 998 

Table 2.25. Composition of classes of lipids in urchin gonad lipid extract. 
Lipid class March April June July Sept. Dec. Feb. 

SE_WE_HC 5.54 ± 0.2 3.81 ± 0.17 2.66 ± 0.11 3.78 ± 0.17 3.15 ± 0.17 1.8 ± 0.09 1.01 ± 0.06 
TAG 47.68 ± 0.8 50.85 ± 0.64 51.76 ± 0.84 45.51 ± 1.88 65.07 ± 0.93 59.69 ± 0.98 58.12 ± 0.82 
FFA 2.59 ± 0.29 0.62 ± 0.06 1.03 ± 0.09 3.2 ± 0.52 0.54 ± 0.11 0.04 ± 0.01 0.24 ± 0.06 
ST 7.95 ± 0.19 8.95 ± 0.21 9.99 ± 0.24 13.48 ± 0.5 5.67 ± 0.31 6.15 ± 0.29 6.27 ± 0.23 

DAG 1.34 ± 0.06 0.31 ± 0.05 0.66 ± 0.04 0.42 ± 0.05 0.43 ± 0.03 0.28 ± 0.03 0.41 ± 0.05 
PL 34.87 ± 0.65 35.44 ± 0.52 33.86 ± 0.66 33.58 ± 1.14 25.12 ± 0.76 32 ± 0.89 33.92 ± 0.74 

Table 2.26. Results of two-way pairwise PERMANOVA within level of factor Month and for pair of 
level of factor Site (on top) and Habitat (below) for the Fatty Acids profile data set of Male (left) and 
female (right) gonad. 

Male Site      t P-value  Unique perm Female Site      t P-value  Unique perm 
March S, E 1.171 0.142 999 March S, E 1.943 0.001 999 
April S, E 1.770 0.007 999 April S, E 1.384 0.035 998 
June S, E 2.840 0.001 999 June S, E 2.420 0.001 998 
July S, E 2.903 0.001 998 July S, E 2.604 0.001 999 
Sept. S, E 1.540 0.037 993 Sept. S, E 1.824 0.003 998 
Dec. S, E 2.211 0.003 998 Dec. S, E 1.876 0.001 997 
Feb. S, E 1.153 0.249 999 Feb. S, E 2.542 0.001 999 
Male Habitat      t P-value  Unique perm Female Habitat      t P-value  Unique perm 
March K, B 1.058 0.307 997 March K, B 1.630 0.003 998 
April K, B 1.217 0.128 997 April K, B 1.252 0.078 998 
June K, B 1.028 0.412 998 June K, B 1.344 0.074 999 
July K, B 2.153 0.002 999 July K, B 2.494 0.001 997 
Sept. K, B 1.830 0.028 996 Sept. K, B 2.942 0.001 999 
Dec. K, B 3.099 0.001 998 Dec. K, B 3.616 0.001 999 
Feb. K, B 2.416 0.001 998 Feb. K, B 3.322 0.001 998 
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Chapter 3 Effect of natural and formulated diet on proximate 

composition, colour, amino acids, fatty acids and lipid classes 

of sea urchin Centrostephanus rodgersii gonad 

3.1 Abstract 

Providing supplementary feed to Centrostephanus rodgersii was trialled as an 

approach to improve key quality characteristics of the gonad. Here we assessed the 

effect of a formulated diet and three monospecific natural diets on the somatic 

growth, gonadal index and biochemical composition of specimens of the sea urchin 

Centrostephanus rodgersii collected in barren grounds. After a 12-week feeding 

trial, the animals fed formulated diet showed a significant increase in test diameter 

compared to the initial control and had a considerable increase in GSI which was 

statistically similar to the GSI of animals collected as a wild control at the end of the 

trial. GSI and test diameter were significantly larger than urchins in the natural diet 

treatments and the start control. There was no significant effect of diet (formulated 

feed, natural feed) on gonad colour. 

3.2 Introduction 

Sea urchin gonad are very much sought after in the international market and can 

reach prices as high as US$131.6/kg (Sun & Chiang 2015). The market price is 

dependent on the qualitative measures of gonad quality (Reynolds & Wilen 2000). 

Many wild populations of sea urchins around the world have been overexploited 

due to the strong market demand (Andrew et al 2002). In other regions, however, 

sea urchins have become invasive and the overgrazing activity has led to the 

formation of barrens ground, areas of reef devoid of the canopy of algae (Flukes et 

al 2012). While Centrostephanus can persist in barrens habitat, the absence of 

seaweed is thought to result in a poor state of the gonad, with both low yield and 

low quality (Blount & Worthington 2002). These stocks of urchins on barrens area 

are avoided by fishers, hence the interest in adopting sea urchin aquaculture 

practices to enhance in a short period of time urchin roe quality of animals collected 

in barrens area (Pert et al 2018, Takagi et al 2017, Unuma et al 2015). 
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Characteristics of good urchin roe quality are yield, gonad colour, texture and 

flavour (Pearce et al 2002c). 

The effects of different feeding regimes on the yield and quality of urchin gonad 

using both natural and artificial diets was investigated in Strongylocentrotus 

franciscanus, Strongylocentrotus droebachiensis, Paracentrotus lividus (McBride et 

al 2004, Pearce et al 2004, Shpigel et al 2005, Siikavuopio et al 2007a). The use of 

fresh kelp often resulted in a low gonad yield (Machiguchi et al 2012, Pearce & 

Robinson 2010, Walker et al 2015) while the use of formulated feed has shown that 

the gonad somatic index can be enhanced in a short period of time (Prato et al 2017, 

Rubilar et al 2016, Suckling et al 2011). The addition of dried macroalgae Ulva sp. 

in the formulated diet, however, improved gonad colour and feed intake in the sea 

urchin Tripneustes gratilla (Cyrus et al 2013), and digestible energy of formulated 

diet with correct carbohydrates: proteins ratio resulted determinant for gonad 

productions in juveniles Lytechinus variegatus (Taylor et al 2017). In Australia, 

urchin gonad quantity and quality enhancement was attempted in experimental trials 

with the use of formulated diets in wild barrens populations of Heliocidaris 

erythrogramma (Pert et al 2018, Senaratna et al 2005) and by reducing density or 

transplanting individuals of C. rodgersii from barrens habitat to kelp beds (Blount et 

al 2017). 

The Longspined Sea Urchin C. rodgersii is an invasive species in Tasman coastal 

waters where it is now locally abundant on the east coast and Bass Strait Islands to 

the north. Its grazing activity has led to the formation of extensive barrens areas 

with associated loss of biodiversity and habitat of many species, some of particular 

commercial interest like abalone and southern rock lobsters (Ling 2008, Ling et al 

2014). The Longspined Sea Urchin is commercially harvested along the east coast 

of Tasmania predominately in kelp habitat while a large portion of the population 

remains unexploited in barrens ground. In the present study, C. rodgersii specimens 

from a barren habitat were collected, kept in aquaria tanks and fed three 

monospecific algae diet and a manufactured feed diet during a 12-week experiment. 

The purpose of the study was to evaluate the yield of gonad during the spawning 

season and to identify the effect on roe quality by diets (colour, texture, proximate 
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composition, fatty acids, amino acids) compared to those of natural populations 

from the same barren habitat. 

A study on the biochemistry of the gonads is informative over many aspects. 

Gonads are edible parts; they are usually eaten in many countries and their taste is 

determined by the overall nutrients composition which act synergically to confer a 

particular flavour (Komata 1964, Lourenço et al 2019, Siikavuopio et al 2007a). For 

instance, whether amino acids are mostly responsible for the taste, lipids are equally 

important to confer a creamy and smooth flavour that increase the palatability (Ning 

et al 2022). Some urchins gonad can present unpleasant flavour, and this can be 

determined either by their diet or by their own composition genetically determined 

(Agatsuma et al 2005, Murata et al 2001, Murata et al 2002, Murata et al 2020).  

Urchin that lives in the barrens have scarcity of good quality food and this can affect 

the taste, however providing them formulated feed can result in good quality gonad 

(Agatsuma et al 2005, Pert et al 2018, Takagi et al 2019). On the contrary, if a sea 

urchin produces endogenous metabolites that confer a bitter, unpleasant flavour this 

cannot be changed replacing the diet (Murata et al 2001). Information on the 

biochemical composition of urchin gonad is therefore important specially to set the 

base of a productive fishery or aquaculture activity. 

The primary objective of this study was to determine whether there were 

quantifiable improvements in roe quality of urchins from barrens habitat, and the 

underlying biochemical changes, with a view to increasing the marketability of C. 

rodgersii harvested from urchin barrens. 

3.3 Material and methods 

Sea urchins C. rodgersii were collected in summer when gonad are in the recovery 

phase after the spawning season. Around 200 individuals of the longspined sea 

urchin were hand-collected on the 11th of January 2019 from the centre of a ca. 

5000 m2 barren in Fortescue Bay, Tasman Peninsula on the south-east coast of 

Tasmania, at a depth of 13 meters. The urchins were held in cooler boxes filled with 

seawater and transported within four hours of collection to the Institute for Marine 

and Antarctic Studies (IMAS) aquarium facility in Taroona, Hobart. All animals 

were held in a 3000 litre acclimation tank and starved until no more release of 
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aegesta (faecal pellets) was observed (four weeks), to ensure the guts were empty at 

the commencement of the experiment. The tank was provided with running 

seawater and aeration. The acclimation period served also to monitor mortality and 

exclude damaged and weak animals; a high mortality rate was observed in the 

following three weeks after collection, and at the end of the acclimation period 30% 

mortality, (59 urchins of the 198 collected died) was recorded in the acclimation 

tank. After four weeks of starvation, C. rodgersii specimens were placed in 12 

replicates circular 150L polyethylene aquaria and exposed to a natural photoperiod 

in a covered outdoor open flow circulating system. The experiment was conducted 

between the 1st of February and the 3rd of May 2019. The replicate aquaria were 

supplied with aeration and unfiltered running seawater, with water flow, maintained 

at 10L/min. Water pH (8.16) and temperature (14-15°C) during the experimental 

period. 

The experiment consisted of four feeding regimes with 3 replication tanks per 

treatment (n=3) at a stocking density of 11 sea urchins per tank. During the trial a 

water flow failure caused the death all the animals in Tank 11 (Feed pellets 

treatment), at end of trial Feed pellets treatment consisted in two replication tank 

(n=2). The four feeding treatments were: (1) Brown algae (Ecklonia radiata); (2) 

Red algae (Plocamium dilatatum); (3) Ulva spp.; (4) Formulated feed pellet 

(Urchinomics, Japan). The animals were fed ad libitum and the tanks siphoned 

weekly to remove aegesta and waste food. The experimental tanks were monitored 

every day for the duration of the trial, sick or dead animals were removed 

immediately, and mortality recorded. 

At the beginning of the trial (February 1st) and after the four week starvation period 

(week zero) nine animals randomly selected from the stocking tank (acclimation 

tank) were dissected for initial assessment as a Tank Control Start (TCS) treatment, 

to set a starting point of comparison. Three urchins from each tank were dissected 

and material preserved for biochemical analysis, providing nine replicate urchin 

gonad per treatment. At the end of the experiment (week 12) between 11 and five 

urchins remained alive in each experimental aquaria (Table 3.1). The remaining 

animals were sacrificed, biometric data recorded, and the condition of the gonad 

assessed. At week 12, further nine long-spined sea urchins were collected from the 
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wild at the same source location and habitat for the urchins used in the experiment. 

These urchins were used as an additional wild control (wild control end) to compare 

against the feeding regimes and the TCS and are referred to as WCE. 

Table 3.1. Diagram representing the experimental set up  

Tanks 1 2 3 4 5 6 7 8 9 10 11 12 
Treatments Eck FP PD Ulv FP PD Ulv Eck PD Ulv FP Eck 
Urchins at start 11 11 11 11 11 11 11 11 11 11 11 11 
Urchins at end 11 11 6 9 11 5 11 10 9 11 0 10 
Dead urchins 0 0 5 2 0 6 0 1 2 0 11 1 
Mortality 9.8%             

Eck (Ecklonia sp.), FP (Feed Pellet), PD (Plocamium sp.), Ulv (Ulva sp.). Death of animals in Tank 11 (n=11), and Tank 6 
(n=4) out of 6, was due to a waterflow issue and are not included in the total mortality due to harvesting/handling stress. 

3.3.1 Biological parameters 

Weight measurements were recorded on a digital scale to the nearest 0.5 gram and 

diameter measured with a Vernier calliper in millimetres to one decimal place. 

Urchins were then sacrificed by cracking open the test and drained of coelomic fluid 

for three minutes, then re-weighed to obtain the drained weight. Gonad were 

removed from the test with a spoon, damp-dried with blotting paper and the wet 

weight (WW) determined in order to calculate the gonad index. Gonad colour was 

determined against a Yolk Fan chart, with a colour range from a very pale yellow 

(value 1) to an intense orange (value 16). Colour intensity was also recorded with a 

colour meter (Konica Minolta Chroma Meter CR-400) with three replicate 

measurement on each gonad lobe and values averaged. The system used to record 

the colour was the international standard CIELAB that expresses colour as three 

values: L* for the lightness from black (0) to white (100), a* from green (−) to red 

(+), and b* from blue (−) to yellow (+). Hue and Chroma were then calculated from 

each measurement using the following formulas: 

𝐻𝐻𝐻𝐻𝐻𝐻 = arctan (
𝑏𝑏
𝑎𝑎

) 

𝐶𝐶ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎 = (𝑎𝑎2 + 𝑏𝑏2)0.5 
The rest of the gonad were sealed in labelled plastic bags and stored at -30˚C for 

later analysis. 
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3.3.2 Gonad index, moisture and ashes. 

The gonad index of each sea urchin was calculated as the gonad wet weight (gonad 

WW) divided by the wet weight of the intact animal (total WW) and multiplied by 

100: GI = (gonad WW / total WW) *100. The gonad moisture was calculated 

following samples lyophilization, frozen samples were freeze-dried using a freeze-

dryer (Labconco FreeZone 4.5L Benchtop, United States) until constant weight. 

Dried tissue was weighed (DW), and the moisture content percentage (MC) was 

calculated by the formula: 

𝑀𝑀𝐶𝐶% =
𝑊𝑊𝑊𝑊 −𝐷𝐷𝑊𝑊

𝑊𝑊𝑊𝑊
∗ 100 

Dry matter content percentage was determined by the formula: 

𝐷𝐷𝑀𝑀𝐶𝐶% =
𝐷𝐷𝑊𝑊
𝑊𝑊𝑊𝑊

∗ 100 

Ash content was obtained after combustion of roughly 1gr. of dry tissue at 550˚C 

for 12 h in a muffle furnace (AOAC 942.05). 

3.3.3 Biochemical analysis 

Total lipid content was determined gravimetrically with a modification of the (Bligh 

& Dyer 1959) method. Total proteins were calculated after determination of total 

Nitrogen content by analysis of carbon and nitrogen stable isotopes ratio in mass 

spectrometry performed with an Isoprime100 mass spectrometer coupled to an 

Elementar vario PYRO cube elemental analyser at the Central Science Laboratory 

(CSL) of the University of Tasmania (UTAS). Total nitrogen was converted into 

proteins using a conversion factor of 5.60 as proposed by (Mariotti et al 2008). 

Total carbohydrate content of each sample was determined by difference summing 

the other constituents (lipids, proteins, ashes and water) and subtracting them from 

the total weight of the sample, with the following formula: 100 - (weight in grams 

[protein + fat + water + ash] in 100 g of sample). Lipid classes were determined by 

Thin Layer Chromatography (TLC-FID), Fatty Acid Methyl esters were determined 

by separation in Gas Chromatography Mass Spectrometry (GS-MS) and Amino 

Acids derivatized in Reversed Phase High Pressure Liquid Chromatography (RP-

HPLC). 
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3.3.4 Analysis of sea urchin non-polar lipids classes via Iatroscan (TLC–FID). 

The crude lipids obtained from the Bligh and Dyer (1959) extraction were 

chromatographed on silica gel coated Chromarods-S III and then analysed on an 

Iatroscan MK-5 (Iatroscan Laboratories Inc., Tokyo, Japan) analyser equipped with 

a flame ionization detector (FID) connected to a computer loaded with TSCAN 

software (Scientific Products and Equipment, Concord, ON) for data handling. A 

hydrogen flow rate of 160 ml per min and an airflow rate of 2000 ml per min were 

used in operating the FID. The scanning speed of rods was 30 s per rod. For the 

analysis of sea urchin non-polar class of lipids, the total lipids extracted were 

diluted in Dichloromethane (DCM) in order to obtain a concentration between 10 to 

20 mg lipid per ml. The Chromarods were spotted with 1µl aliquot of sample. The 

Chromarods were then developed for 34 minutes in a chamber with the solvent 

systems hexane/diethyl ether/acetic acid (70:10:0.1 v/v/v) used for separation of 

non-polar lipids (Christie 1982). Chromarods were then dried at 80˚C for 10 min 

and scanned completely by Flame Ionization Detector (FID) to reveal non-polar 

lipids. 

3.3.5 Fatty Acids Methyl Esters 

The following esterification procedure was applied to the lipids extracted from the 

dried gonad sample material for injection in GS-MS for the determination of single 

fatty acids. An aliquot between 1-2 mg of lipids was taken and added to a new vial 

followed by the addition of 100 µl of C19 FFA surrogate standard solution for 

quantitative analysis (500 ug/mL C19 FFA in DCM). The solvent was evaporated to 

dryness under a stream of nitrogen gas. Approximately 3 mL of Methylation reagent 

10:1:1 (v/v/v) MeOH:DCM: conc HCL was added to the evaporated lipid. Vials 

were heated for 1 hour at 80˚C and once at room temperature, mixed with 1 ml of 

deionised water. To the methylation reaction mixture was added ca. 1.5 mL 4:1 

(v/v) Hexane: DCM. After the separation of phases, the upper phase containing the 

fatty acid methyl esters (FAME) was transferred to a GC vial and evaporated to 

dryness under nitrogen and made to a final volume 1000 µL of DCM with C23 

FAME internal standard solution for quantitative analysis (50 ug/mL C23 FAME in 

DCM). 
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FAMEs were analysed using a Varian CP-3800 gas chromatograph coupled to a 

Bruker 300MS triple quadrupole mass spectrometer (Bruker Corporation, 

Massachusetts, USA) fitted with an Agilent DB-5MS column (30 m x 0.25 mm; 

0.25 um film thickness). Helium was used as the carrier gas with a flow rate of 1.2 

mL / min. The Injector was set to 290OC and the Transfer line to 310OC. Samples 

were injected at 50 OC in splitless mode. After 1 min, the oven was programmed 

from 50 to 150 OC at 30 OC / min, then at 2 OC / min to 250 OC  and finally 5 OC / 

min to 300 OC, which was held for 15 min. Electron ionisation mass spectra were 

recorded in full scan mode over the range (m/z) 40 to 400. Individual FAMEs were 

identified based on comparison of retention times and MS data of laboratory 

standard FAMEs, together with the use of the NIST2017 Mass Spectral Library 

(National Institute of Standards and Technology, USA). Data were processed using 

MS Workstation Version 7. 

3.3.6 Amino Acids 

Dried samples were sent for the determination of standard amino acids analysis 

(Auspep Pty Ltd, Victoria, Australia). Amino acids were analysed using the Waters 

Pico-tag methodology (Heinrikson & Meredith 1984). A mass of sample (3-4mg) 

was accurately weighed, to which was added a known amount of hydroxyproline 

standard. The sample/standard mix was hydrolysed in 6N HCl at 1C for 60 minutes 

in vacuo. Samples were then neutralised with triethylamine (neutralizes residual 

HCl) and dried by lyophilization. The hydrolysed amino acids were derivatised with 

phenyl-isothiocyanate (PITC). Samples were then run on RP-HPLC against a 

laboratory standard amino acid reference mix. Recoveries of the individual amino 

acids were measured by comparison to the reference mix and quantitated with the 

HyPro standard. The technique provided the determination of 16 amino acids and 

Cysteine, Tryptophan were not detected. Aspartic acid and Asparagine were not 

separable and are reported together as Asx also Glutamic acid and Glutamine were 

not separable and are reported together as Glx. 
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3.3.7 Statistical analysis. 

3.3.7.1 Biochemical composition of diets 

In order to understand the effect of any changes in gonad composition relative to the 

two control treatments (TCS, WCE), it is necessary to quantify differences if any, in 

the nutritional makeup of the feed used in each of the diet treatments. Two 

statistical approaches were used to examine the effect of diet on biochemical 

composition of urchin gonad: a multivariate analysis to look at broader shifts in 

biochemical composition and univariate analyses to examine specific components 

within each of the biochemical composition groups. 

3.3.7.2 Multivariate analyses of feed components and of the diet experiment 

The biochemical composition (proximate composition, amino acids, fatty acids, 

lipid class) of the feed material were compared across the four diet groups using 

multidimensional scaling (nMDS) on Euclidean distance (Clarke & Gorley 2015) of 

untransformed data. Similarity percentage (SIMPER) analysis was conducted on the 

groups to determine the contribution of each variable to the average dissimilarity 

among groups (Clarke & Gorley 2015). 

PERMANOVA was used to test for statistical differences among treatments in 

multidimensional space (Anderson et al 2008), using the % dry weight of each 

component as the dependent variable with the following primary hypothesis.  

H0: diets do not differ in their multivariate biochemical composition 

H1: diets differ in their multivariate biochemical composition. 

Planned contrasts were used rather than ad hoc pairwise comparisons, as there were 

specific comparisons of interest identified a priori: 

Contrast 1 - FP vs Algae: there is difference in the biochemical composition 

between the formulated feed pellet and the natural algae diet. 

Contrast 2 - ECK vs PD: there is difference in the biochemical composition 

between the brown algae (Ecklonia sp.) and the red algae (Plocamium sp.). 

Both algae are present in the same habitat, are normally part of C. rodgersii 

diet, are considered to offer different nutritional benefits to the urchin diet. 
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Contrast 3 - ULV vs ECK, PD: there is difference in the biochemical 

composition between the green algae (Ulva sp.) and brown and red algae. 

Ulva sp. is usually not present within C. rodgersii feeding ground and may 

have different characteristics from the brown and red algae. 

For proximate analysis, Fatty acids and lipid classes three subsamples from each 

diet were analysed. The amino acids profile was determined in a single sample per 

diet. 

The statistical analysis of urchin gonad composition used a similar strategy to that 

outlined for the diets above.  The experimental design consisted of a single fixed 

main effect of feeding regime, comprising six treatments: four feeding regime 

treatments (formulated feed, brown algae, red algae, green algae), and two control 

treatments (TCS, WCE). For each data group (biometrical measurements, proximate 

composition, Amino Acids, Fatty Acid and lipid class), variables were analysed as 

follows: 

PERMANOVA+ was applied to test the main hypotheses of interest 

H0: there is no effect of treatment on biochemical properties of urchin gonad 

H1: there is an effect of treatment on biochemical properties of urchin gonad 

A series of a priori planned contrasts were used to explore specific comparisons 

among treatments: 

TCS vs Feeding treatments: there is an effect of treatments between feeding 

regimes and initial control on gonad biochemical properties. 

WCE vs Feeding treatments: there is an effect of treatments between feeding 

regimes and wild control on gonad biochemical properties. 

FP treatment vs Algae treatments: there is an effect of treatments between 

formulated feed and natural diet on gonad biochemical properties. 

FP treatment vs WCE: there is an effect of treatments between formulated 

feed and wild control on gonad biochemical properties. 

PD treatment vs ECK treatment: there is an effect of treatments between red 

and brown algae on gonad biochemical properties. 
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Ordination via nMDS on Euclidean distance was used to detect underlying structure 

in the datasets and linear relationships to specific biological variables. Similarity 

percentage (SIMPER) analysis was conducted on the treatment groups to determine 

the contribution of each variable to the average dissimilarity among groups (Clarke 

& Gorley 2015). 

3.3.7.3 Univariate analysis of specific feed components and effects of diet on biochemical 

composition 

The one-way analysis of variance was used to investigate statistically significant 

differences between variables mean values of diets biochemical composition. 

Tukey's HSD multiple comparison test was used to evaluate pairwise means of diets 

variables when significant differences (P>0.05) were determined. We used Pairwise 

Tukey test in addition to PERMANOVA contrasts to test the differences between all 

pairs of groups which in PERMANOVA was reduced by the limited degrees of 

freedom that determine the number of contrasts. 

A one-way analysis of variance was used to investigate differences between mean 

values of treatments and controls on the sea urchin biometrical measurements and 

gonad biochemical composition. Tukey's HSD multiple comparison test was used to 

evaluate pairwise means of diets and controls when significant differences (P>0.05) 

were determined. Univariate ANOVA tests were performed on a select set of 

variables to enable comparison with previously published work. The univariate 

analyses were performed using SPSS (IBM SPSS Statistics for Windows, version 

26.0. Armonk, NY: IBM Corp.)  
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3.4 Results 

3.4.1 Univariate comparison of feed component nutrition  

3.4.1.1 Proximate Composition of feed treatments 

The proximate composition of formulated feed was significantly different from 

natural feed for all components (Table 3.2, Tukey’s test, α=0.05). FP was lower in 

carbohydrate, higher in protein and lipids than natural algae, while ash weight was 

intermediate between the natural algal treatments. Plocamium spp. was much higher 

in protein than the other natural feed treatments, and lower in ash weight (Table 

3.2). 

Table 3.2. Proximate composition of diets fed to C. rodgersii during the experimental trial. 

  FP ECK PD ULV 
Ashes% 16.10 ± 0.03b 21.84 ± 0.02d 12.34 ± 0.08a 17.58 ± 0.16c 
Lipids% 5.91 ± 0.25c 3.86 ± 0.12b 3.71 ± 0.08b 2.92 ± 0.01a 
Proteins% 18.08 ± 0.02d 6.08 ± 0.01b 10.28 ± 0.13c 5.58 ± 0.13a 
Carbs% 59.91 ± 0.24a 68.22 ± 0.10b 73.67 ± 0.13c 73.93 ± 0.19c 

Data presented as mean values with standard error of the mean (n = 3). Means that do not share a letter indicate significant 
difference among treatments. Grouping Information Using the Tukey HSD Method and P < 0.05. Data are expressed as 
percentages in dry weight basis. FP (Feed pellets); ECK (Ecklonia radiata); PD (Plocamium dilatatum); ULV (Ulva australis). 

3.4.1.2 Amino Acids composition of feed treatments 

The amino acid content of diets was analysed on a single sample per each diet 

source (Table 3.3), for that reason the data showed in the table are purely 

informative of the potential AA content of each diet type but the lack of within diet 

variability prevents any reasonable comparisons between diets, for which further 

analyses are needed. 
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Table 3.3. Amino Acids composition (%) of diets fed to C. rodgersii during the experimental trial 
 % FP ECK PD ULV 

EAA His 2.84 2.56 2.75 1.68 
 Ile 4.07 4.33 5.16 4.50 
 Leu 7.63 8.01 7.10 7.11 
 Lys 4.94 5.07 7.76 3.96 
 Met 1.24 2.22 1.03 1.35 
 Phe 4.57 5.18 6.01 5.37 
 Thr 3.96 6.68 6.91 8.61 
 Val 4.87 5.99 6.57 7.20 

NEAA Arg 15.73 4.60 6.68 5.35 
 Asx 4.57 10.54 9.16 9.86 
 Ser 4.95 5.38 7.13 6.83 
 Glx 18.01 14.08 12.73 12.23 
 Pro 8.16 6.08 6.00 4.78 
 Gly 6.45 6.32 6.13 7.46 
 Ala 6.42 10.29 7.27 12.07 
 Tyr 1.61 2.69 1.60 1.64 

EAA  34.11 40.03 43.28 39.78 
NEAA  65.89 59.97 56.72 60.22 

E:NE ratio  0.52 0.67 0.76 0.66 
Bitter AA  47.49 40.64 44.66 38.16 
Sweet AA  29.93 34.74 33.45 39.76 

Umami AA  22.58 24.62 21.90 22.09 
Values represent a single measurement (n=1). Data are expressed as percentage of total amino acids detected in dry weight 
basis. FP (Feed pellets); ECK (Ecklonia radiata); PD (Plocamium dilatatum); ULV (Ulva australis); EAA (Essential Amino 
Acids); NEAA (Non-Essential Amino Acids). 

3.4.1.3 Fatty acids composition of feed treatments 

The fatty acids composition (as percentage of total fatty acids) varied considerably 

across the four diet treatments. The major Saturated FAs (C16:0, C14:0, C18:0) 

were significantly more abundant in PD than the other natural feeds and FP (Table 

3.4). 

Mean MUFAs content differed significantly across all feeding treatments (Table 

3.4), with ULV having the highest level of MUFAs, and PD the lowest (Table 3.4). 

Unlike SFA, component MUFAs did not reflect the overall trend of total SFs across 

feed groups. For example, the dominant MUFA C18:1ꞷ9 was significantly higher in 

FP, while C20:1ꞷ9 was higher in PD. Levels of C18:1ꞷ7 were between 5 and 10 

times higher in ULV than the other three feed treatments. 
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The mean PUFAs content also showed variability in the four feeding regimes (Table 

3.4); ECK presented the highest level of PUFAs among the natural diets and PD the 

lowest, FP showed an important proportion of these lipids with levels intermediate 

between ECK and ULV. The brown algae ECK differed from the other feeding 

regimes for the remarkable quantity of the Omega 6 FAs C20:4ꞷ6 ARA and the 

Omega 3 FAs C18:4ꞷ3 SDA and C20:5ꞷ3 EPA. Levels of the important C18:2ꞷ6 

LA and C22:6ꞷ3 DHA were instead significantly higher in FP. Noticeably, ULV 

presented a better ratio between Omega 6 and Omega 3 (Table 3.4). 
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Table 3.4. Fatty acids composition (%) of diets fed to C. rodgersii during the experimental trial. 

% DM FP Eck PD Ulv F p-value 
C14:0 2.07 ± 0.09b 2.87 ± 0.07b 8.55 ± 0.38c 0.15 ± 0.001a F(3,8) =322.038; p =<.001; 

Ci15:0 0.01 ± 0.001a 0.01 ± 0.001a 0.89 ± 0.08b 0.03 ± 0.03a F(3,8) =96.616; p =<.001; 

C15:0 0.13 ± 0.01a 0.18 ± 0.001a 1.25 ± 0.06b 0.11 ± 0.02a F(3,8) =315.279; p =<.001; 

C16:0 21.10 ± 0.49a 19.03 ± 0.13a 53.86 ± 1.62c 32.40 ± 1.31b F(3,8) =221.808; p =<.001; 

C17:0 0.10 ± 0.001a 0.11 ± 0.01a 1.20 ± 0.03c 0.44 ± 0.01b F(3,8) =1075.307; p =<.001; 

C18:0 3.42 ± 0.08c 0.95 ± 0.01b 3.71 ± 0.07d 0.26 ± 0.01a F(3,8) =954.229; p =<.001; 

C20:0 0.31 ± 0.03b 1.35 ± 0.01d 0.78 ± 0.03c 0.06 ± 0.001a F(3,8) =412.266; p =<.001; 

ΣSFA 27.14 ± 0.44a 24.49 ± 0.18a 70.23 ± 1.9c 33.45 ± 1.31b F(3,8) =323.667; p =<.001; 

C16:1ꞷ9 0.78 ± 0.02a 1.59 ± 0.1b 0.89 ± 0.01a 2.52 ± 0.09c F(3,8) =127.434; p =<.001; 

C16:1ꞷ7 0.04 ± 0.001a 0.28 ± 0.01c 0.1 ± 0.01b 0.03 ± 0.001a F(3,8) =156.667; p =<.001; 

C16:1ꞷ5 0 ± 0a 0.13 ± 0.01b 0.02 ± 0.01a 0.56 ± 0.02c F(3,8) =234.83; p =<.001; 

C18:1ꞷ9 27.37 ± 0.21d 18.98 ± 0.28b 4.39 ± 0.41a 23.83 ± 1.01c F(3,8) =309.758; p =<.001; 

C18:1ꞷ7 0.97 ± 0.04b 0.05 ± 0.01a 2.13 ± 0.22c 12.25 ± 0.32d F(3,8) =814.313; p =<.001; 

C20:1ꞷ9 1.77 ± 0.08b 0.32 ± 0.01a 6.17 ± 0.55c 0.13 ± 0.01a F(3,8) =103.076; p =<.001; 

C20:1ꞷ7 0.06 ± 0.01a 0.01 ± 0.01a 0.73 ± 0.12b 0.14 ± 0.01a F(3,8) =28.008; p =<.001; 

C24:1ꞷ9 0.11 ± 0.01b 0.1 ± 0.01b 0.09 ± 0.01ab 0.06 ± 0.01a F(3,8) =10.569; p =0.004; 

ΣMUFA 31.14 ± 0.31c 21.47 ± 0.21b 14.52 ± 1.06a 39.54 ± 1.39d F(3,8) =149.755; p =<.001; 

C16:2ꞷ6 0.01 ± 0.01a 0.02 ± 0.01a 0.02 ± 0.01a 0.49 ± 0.02b F(3,8) =487.135; p =<.001; 

C16:3ꞷ6 0.07 ± 0.01ab 0.15 ± 0.01bc 0.23 ± 0.06c 0 ± 0a F(3,8) =9.56; p =0.005; 

C18:2ꞷ6 25.92 ± 0.11d 3.44 ± 0.01b 1.69 ± 0.22a 7.39 ± 0.12c F(3,8) =6519.843; p =<.001; 

C18:3ꞷ6 0.31 ± 0.01d 0.27 ± 0.02b 0.02 ± 0.01a 0.54 ± 0.02c F(3,8) =153.359; p =<.001; 

C20:2ꞷ6 0.34 ± 0.01b 0.08 ± 0.01a 0.45 ± 0.07b 0.03 ± 0.01a F(3,8) =30.533; p =<.001; 

C20:3ꞷ6 0.22 ± 0.01a 0.81 ± 0.01a 6.55 ± 0.46b 0.37 ± 0.02a F(3,8) =172.533; p =<.001; 

C20:4ꞷ6 2.67 ± 0.01c 25.61 ± 0.33d 1.74 ± 0.11b 0.53 ± 0.02a F(3,8) =4550.641; p =<.001; 

C22:4ꞷ6 0.03 ± 0.01a 0.11 ± 0.01a 0.26 ± 0.03b 0.47 ± 0.01c F(3,8) =127.095; p =<.001; 

C22:5ꞷ6 0.16 ± 0.01b 0.19 ± 0.01b 0.07 ± 0.01a 0.17 ± 0.01b F(3,8) =39.486; p =<.001; 

Other PUFA 0.07 ± 0.01a 0.01 ± 0.01a 1.19 ± 0.12b 0 ± 0a F(3,8) =94.714; p =<.001; 

C16:4ꞷ3 0.04 ± 0.01a 0.06 ± 0.01a 0.19 ± 0.02a 1.23 ± 0.11b F(3,8) =100.274; p =<.001; 

C18:4ꞷ3 0.96 ± 0.02a 14.32 ± 0.23c 0.41 ± 0.06a 10.89 ± 0.68b F(3,8) =371.38; p =<.001; 

C20:4ꞷ3 0.24 ± 0.01a 0.79 ± 0.01a 0.54 ± 0.15ab 0.79 ± 0.06b F(3,8) =10.151; p =0.004; 

C20:5ꞷ3 4.46 ± 0.04c 7.98 ± 0.11d 1.58 ± 0.11b 0.71 ± 0.03a F(3,8) =1526.766; p =<.001; 

C22:5ꞷ3 0.5 ± 0.01a 0.17 ± 0.01a 0.06 ± 0.01a 3.19 ± 0.25b F(3,8) =135.714; p =<.001; 

C22:6ꞷ3 5.68 ± 0.17b 0.1 ± 0.01a 0.18 ± 0.01a 0.14 ± 0.01a F(3,8) =991.689; p =<.001; 

ΣPUFA 41.72 ± 0.14c 54.03 ± 0.31d 15.23 ± 0.86a 27.00 ± 0.41b F(3,8) =1110.914; p =<.001; 

Σꞷ3 11.9 ± 0.22b 23.34 ± 0.21d 2.97 ± 0.26a 16.98 ± 0.44c F(3,8) =1283.792; p =<.001; 

Σꞷ6 29.75 ± 0.07b 30.68 ± 0.31b 11.07 ± 0.52a 10.03 ± 0.18a F(3,8) =817.877; p =<.001; 

ꞷ6/ꞷ3 2.51 ± 0.05c 1.31 ± 0.01b 3.74 ± 0.17d 0.59 ± 0.02a F(3,8) =219.93; p =<.001; 

Data presented as mean values with standard error of the mean (n = 3). Means that do not share a letter indicate significant 
difference among treatments. Grouping Information Using the Tukey HSD Method and P < 0.05. Data are expressed as 
percentage of total fatty acids in dry weight basis. FP (Feed pellets); ECK (Ecklonia radiata); PD (Plocamium dilatatum); 
ULV (Ulva australis) 
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3.4.1.4 Lipid class composition of feed treatments 

Three classes of lipids were detected from the lipid extract of the feeding regimes 

(Table 3.5). The proportion of lipids in the formulated feed was significantly 

different from the natural diets for each class of lipids detected. Levels of TAG and 

ST were significantly higher in FP, while PL was the major lipid class in all algae 

diets (Table 3.5). 

Table 3.5. Proportion of major class of lipids in diets fed to C. rodgersii during the trial. 

  FP ECK PD ULV 

TAG 41.36 ± 2.84b 0.82 ± 0.02a 4.74 ± 0.10a 1.79 ± 0.23a 

ST 14.45 ± 0.95c 6.55 ± 0.13b 0 ± 0 1.46 ± 0.17a 

PL 44.19 ± 1.92a 92.64 ± 0.14b 95.26 ± 0.10b 96.75 ± 0.39b 
Data presented as mean values with standard error of the mean (n = 3). Means that do not share a letter indicate significant 
difference among treatments. Grouping Information Using the Tukey HSD Method and P < 0.05. Data are expressed as 
percentage lipid class in the total lipids in dry weight basis. FP (Feed pellets); ECK (Ecklonia radiata); PD (Plocamium 
dilatatum); ULV (Ulva australis). TAG (Triacylglycerol), ST (Sterol), PL (Polar Lipid). 

3.4.2 Biochemical composition of natural and formulated feed diets 

3.4.2.1 Multivariate comparison of nutritional content of feed components 

The biochemical composition of the diets provided to sea urchins during the feeding 

trial was significantly different in multivariate space for all major nutritional 

components (Proximate Analysis, Fatty Acids, Lipid Class) (Table 3.6). Results 

from the a priori planned contrasts were variable across nutritional groups. The 

formulated diet FP was significantly different from the natural algae diets for all 

nutritional groups. The green algae ULV was statistically different from ECK and 

PD only on the basis of lipid classes, while no significant differences between 

nutritional composition of diets were found in the contrast between ECK and ULV 

(Table 3.6). 
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Table 3.6. Results of PERMANOVA analysis with contrasts of diets biochemical components 
(Proximate analysis, Fatty Acids and Lipid Classes), data untransformed, Euclidean distance. 

Proximate analysis                                    
Source df     SS      MS F P 
Main Effect - Diets 3 842.83 280.94 1378.5 0.001 
FP v Algae 1 602.91 602.91 24.96 0.003 
Eck v PD 1 206.53 206.53 1964.8 0.098 
Ulv v Eck, PD 1 546.38 546.38 1806.2 0.111 
Res 7 1.6305 0.20381   
Total 10 844.46                          
Fatty Acids                        
Source df     SS     MS F P 
Main Effect - Diets 3 6871.2 2290.4 394.1 0.001 
FP v Algae 1 2175 2175 4.5861 0.016 
Eck v PD 1 3526.9 3526.9 594.62 0.101 
Ulv v Eck, PD 1 1182.1 1182.1 207.67 0.089 
Res 7 46.494 5.8118   

Total 10 6917.7                         
Lipid class           
Source df      SS      MS F P 
Main Effect - Diets 3 16.284 5.4281 74.205 0.001 
FP v Algae 1 15.079 15.079 84.204 0.006 
Eck v PD 1 0.12658 0.12658 4.2789 0.102 
Ulv v Eck, PD 1 9.7367 9.7367 83.422 0.104 
Res 7 0.5852 0.07315   
Total 10 16.869                          

Data untransformed and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III 
sums of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated 
in bold. 

The PERMANOVA analyses are clearly visible in multivariate space (nMDS). Diet 

groups were visually distinct from each other on the basis of all nutritional 

components (proximate analysis, lipid class, fatty acids and amino acids). For 

Proximate composition, Amino Acids and Lipid class, there was a clear separation 

between the formulated feed and the natural feed treatments (Figure 3.1, 3.2, 3.3), 

whereas fatty acids had distinct clusters based on feed type, there was no evidence 

of a major cluster of natural feed treatments (Figure 3.4). 
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Figure 3.1. Non-metric multidimensional scaling (nMDS) plots of Euclidian distance showing 
percentage components of Proximate analysis of ECK (Ecklonia radiata), PD (Plocamium dilatatum), 
ULV (Ulva australis)  and FP (feed pellets), (n=3), fed to C. rodgersii. 

SIMPER analysis on the identified clusters evidences the importance of 

carbohydrates in the algae group while protein and lipids in FP contribute greatly to 

the separation between the formulated feed and algae (Figure 3.1, Table 3.7). 

Table 3.7. SIMPER results of diets proximate composition. 

Treatment Prox. Co. Mean % Cont (%) 

FP Lipids 5.91 52.84 
 Carb 59.9 45.91 

ECK Lipids 3.86 60.05 
 Carb 68.2 37.65 

PD Carb 73.7 37.93 
 Proteins 10.3 34.16 

ULV Carb 73.9 45.35 
  Ashes 17.6 32.78 

  FP Algae   
Variables Av.Value Av.Value Cont% 

Carbs 59.9 71.9 51.49 
Proteins 18.1 7.31 40.84 

FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.); Carbs (Carbohydrates). 
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The amino acids composition of diets represented in the nMDS plot reveal a higher 

similarity between ECK and ULV and separation from PD but again clustering 

between algae and dissimilarity from FP (Figure 3.2). 

 
Figure 3.2. Non-metric multidimensional scaling (nMDS) plots of Euclidian distance showing 
percentage components of Amino Acids of ECK (Ecklonia radiata), PD (Plocamium dilatatum), ULV 
(Ulva australis) and FP (feed pellets), (n=3), fed to C. rodgersii. 

The representation in the multidimensional space (MDS) of diets class of lipids 

composition shows clear separation between the formulated feed pellet and the three 

algal diets (Figure 3.3). The SIMPER analysis shows TAG as major component of 

lipids in FP that determined the dissimilarity between the groups (Table 3.8); PL 

was the principal component that contributed to the similarity between algae 

however, in ULV diet TAG contribute to a minor separation between the green 

algae and ECK and PD (Figure 3.3, Table 3.8). 
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Figure 3.3. Non-metric multidimensional scaling (nMDS) plots of Euclidian distance showing 
percentage components of Lipid Classes of ECK (Ecklonia radiata), PD (Plocamium dilatatum), ULV 
(Ulva australis) and FP (feed pellets), (n=3), fed to C. rodgersii. 

Table 3.8. SIMPER results of diets Class of lipids composition 

Treatment L.Class Mean % Cont (%) 

FP TAG 2.46 98.74 
ECK PL 3.57 99.76 
PD PL 3.53 99.25 

ULV PL 2.82 86.11 
 TAG 0.0533 11.11 

FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.); Carbs (Carbohydrates); TAG (Triacylglycerol); ST 
(Sterols); PL (Polar Lipids). 

The MDS plot of diets fatty acids revealed a different lipids composition between 

the algae sources as each algae type clustered separated from the others (Figure 3.4). 

SIMPER analysis identified FAs contributing to the differences between the diets. 

The highest proportion of saturated 14:0 and 16:0 and monounsaturated 20:1ꞷ9 

greatly contributed to the separation of the red algae PD from the other algae and 

FP. The brown algae ECK was characterized by a great proportion of the important 

polyunsaturated fatty acids ARA 20:4ꞷ6, EPA 20:5ꞷ3 and SDA 18:4ꞷ3. FP and 

ULV grouped together, the identified FAs Oleic acid 18:1ꞷ9, Linoleic acid 18:2ꞷ6, 

DHA 22:6ꞷ3 contributed to the separation of this group to the red and brown algae 

(Table 3.9). 
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Figure 3.4. Non-metric multidimensional scaling (nMDS) plots of Euclidian distance showing 
percentage components of Fatty Acids of ECK (Ecklonia radiata), PD (Plocamium dilatatum), ULV 
(Ulva australis) and FP (feed pellets), (n=3), fed to C. rodgersii. 

Table 3.9. SIMPER results of diets fatty acids profile 

Treatment FA Mean FA% Cont (%) Treatment FA Mean FA% Cont (%) 

FP 16:0 21.1 67.61 PD 16:0 53.9 71.46 
 18:1ꞷ9 27.4 12.49  20:1ꞷ9 6.17 8.19 
 22:6ꞷ3 5.68 8.74  20:3ꞷ6 6.56 5.89 
 18:2ꞷ6 25.9 2.9  18:1ꞷ9 4.39 4.6 
 14:0 2.07 2.49  14:0 8.55 4.04 

ECK 20:4ꞷ6 25.6 38.59 ULV 16:0 32.4 50.06 
 18:1ꞷ9 19 27.09  18:1ꞷ9 23.8 29.84 
 18:4ꞷ3 14.3 18.34  18:4ꞷ3 10.9 13.77 
 16:0 19 5.57  18:1ꞷ7 12.3 3.09 
 20:5ꞷ3 7.98 4.54  22:5ꞷ3 3.19 1.88 

FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.). 
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3.4.3 Univariate Examination of specific components of interest of urchin gonad 
fed different diet treatments. 

3.4.3.1 Somatic growth, gonad somatic index and gonad colour. 

During the course of the experiment, mortality was sporadic and randomly 

distributed between the replicate treatment tanks and attributed to animals unable to 

recover from collection injury or stress post collection. At the end of the trial 21% 

mortality was recorded (28 urchins of the 132 distributed in the replica tanks). 

The somatic growth of urchins fed formulated feed increased significantly 

compared to TCS treatment, but no statistical differences are observed in total 

weight, test diameter and drain weight between feeding treatments and WCE. The 

gonad wet weight of TCS recorded 14.8gr and no considerable increase in wet 

weight was observed in gonad from animals fed natural diets after the three month 

experiment while the treatment fed artificial diet FP had a clear significant increase 

in gonad wet weight (33.50gr) statistically similar to that of the wild control at the 

end of the trial (WCE 33.80gr), (Table 3.10, Tukey’s test, α=0.05). The gonad 

somatic index (GSI) reflects the gonad wet weight with FP being statistically similar 

to WCE (10.80gr and 10.85gr) respectively and both statistically higher than TCS 

and the algae diets. Averages values for gonad colour coordinates CIE L* a* b* Hue 

and Chroma did not vary significantly among the feeding treatments and the two 

controls and no statistical differences were observed whatsoever (Table 3.10, 

Tukey’s test, α=0.05). 
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Table 3.10. Biological parameters of sea urchins and colour coordinates of gonad among different diet 
treatments and wild controls. 

  TCS WCE FP ECK PD ULV 
Tot. W. 265.80±7.36a 313.77±16.85ab 335.1±35.00b 278.44±21.81ab 323.07±24.82b 304.18±23.73ab 
Dia. 78.44±1.42a 86.77±1.44ab 92.00±3.87b 84.33±2.74ab 88.33±2.83ab 87±2.33ab 
Drain W. 202.11±5.35a 249±13.31b 240.90±18.4b 206.66±10.64ab 247.82±16.41b 225.16±14.79b 

G. W.W. 14.8±0.81a 33.82±2.01b 33.50±2.07b 14.62±0.96a 16.6±2.44a 18.8±2.29a 
G. D.W. 6.13±0.32ab 10.79±0.61c 8.60±0.54b 4.35±0.29a 4.3±0.67a 4.83±0.62a 
GSI 5.55±0.21a 10.85±0.57b 10.80±1.49b 5.41±0.38a 5.09±0.58a 6.29±0.6a 
L* 54.85±0.45 57.46±0.44 54.26±1.5 53.99±1.18 53.4±1.71 54.13±1.08 
a* 9.39±0.27 9.43±0.48 8.89±0.46 9.87±0.39 9.42±0.4 9.05±0.34 
b* 50.33±0.76 51.51±1.67 47.53±1.49 51.28±1.98 44.89±2.31 48.51±1.61 
Hue 79.44±0.21 79.66±0.26 79.36±0.54 79.09±0.24 77.84±1.02 79.39±0.37 
Chroma 51.2±0.78 52.37±1.72 48.37±1.5 52.23±2.01 45.91±2.23 49.35±1.62 

Means that do not share a letter indicate significant different among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 9). W.W. (wet weight), D.W. (dry 
weight), GSI (gonad somatic index). TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK (Ecklonia 
radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

3.4.3.2 Urchin gonad proximate composition. 

All treatment diets and WCE recorded a significant increase in gonad moisture and 

proteins compared to TCS (Table 3.11, Tukey’s test, α=0.05). The lipid content 

decreased in all treatments compared to TCS with statistical difference only 

between FP and TCS. The carbohydrate level did not change significantly between 

TCS and treatments diets but was significantly lower in ULV treatment gonad 

compared to WCE and FP. No statistical differences were found between treatments 

for ash content; however, the lowest content was found in WCE while the highest in 

ULV. 

Table 3.11. Proximate composition of sea urchin gonad in tank and wild controls and feeding treatments. 

  TCS WCE FP ECK PD ULV 
G. Moist% 58.48±0.96a 68±0.44b 74.57±0.78c 70.19±0.8b 74.13±0.89c 74.49±1.02c 

Ashes% 8.66±0.72 7.58±0.31 8.23±0.60 9.08±0.90 9.15±0.65 9.85±0.80 
Lipids% 29.58±1.65b 24.84±0.90ab 23.22±0.94a 26.33±1.06ab 26.27±1.42ab 27.10±1.59ab 
Proteins% 29.70±1.01a 34.62±0.81b 35.55±0.95b 33.97±0.88b 35.50±0.65b 34.86±1.03b 
Carbs% 32.09±0.81ab 32.97±0.98b 33.00±1.54b 30.60±0.85ab 29.08±0.72ab 28.19±1.06a 

Means that do not share a letter indicate significant different among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 9). G. Moist (gonad moisture), Carbs 
(carbohydrates). TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK (Ecklonia radiata), PD 
(Plocamium dilatatum), ULV (Ulva sp.). 
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Figure 3.5. Bar charts of gonad proximate composition of sea urchin treatment diet and controls on wet 
weight basis. Gonad water content (A); Protein content (B); Lipid content (C); Carbohydrate content 
(D); Ash content (E). TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK 
(Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

3.4.3.3 Urchin gonad Amino Acids profile. 

All treatment diets and WCE recorded a significant increase in NEAA and a 

decrease in EAA compared to TCS (Table 3.12, Tukey’s test, α=0.05). Glutamic 

acids (Glx), Arginine, Aspartic acids (Asx) and Lysine were the most abundant 

amino acids in all treatments, followed by Leucine Glycine Threonine and Valine. 

Algae treatments and WCE show significant changes from the TCS for the amino 

acids Glx, Gly, Ala, Val, Ile, Leu, Lys. Gonad of urchins fed ECK present the 

highest proportion of Glx, statistically similar to PD and WCE and significantly 

different from FP and ULV. No statistical differences were observed between 

feeding treatments and controls for Aspartic acid, Histidine, Tyrosine and 

Phenylalanine. The EAA content in urchin gonad was significantly higher in TCS 
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and no significant differences resulted between the other treatments; conversely, the 

NEAA were in significant lower amount in TCS than the other treatments all 

sharing statistically similar values (Table 3.12, Tukey’s test, α=0.05). TCS recorded 

a significantly higher amount of total bitter AAs compared to WCE and the algae 

treatments; the total sweet AAs were in higher proportion in ULV treatment and 

statistically different from TCS and ECK; the total umami AAs were higher in ECK 

significantly higher than FP and ULV (Table 3.12, Tukey’s test, α=0.05). 

Table 3.12. Amino Acids content (%) of urchin gonad of tank and wild controls and feeding treatments. 

  TCS WCE FP ECK PD ULV 

Asx 9.64 (0.19) 9.35 (0.17) 9.12 (0.40) 10.2 (0.29) 9.99 (0.22) 9.37 (0.27) 

Glx 11.58 (0.19)a 12.45 (0.10)bc 11.77 (0.23)ab 12.81 (0.28)c 12.50 (0.23)bc 11.02 (0.10)a 

Ser 5.20 (0.12)ab 5.27 (0.13)ab 5.58 (0.21)b 5.31 (0.12)ab 5.16 (0.18)ab 4.85 (0.06)a 

Gly 4.75 (0.16)a 7.48 (0.38)b 6.56 (0.52)ab 5.87 (0.54)ab 6.01 (0.35)ab 7.52 (0.56)b 

His 3.37 (0.05) 3.36 (0.04) 3.61 (0.25) 3.34 (0.20) 3.71 (0.49) 2.97 (0.16) 

Arg 9.55 (0.49)a 10.57 (0.25)ab 10.75 (0.43)ab 11.11 (0.49)ab 10.90 (0.53)ab 12.36 (0.34)b 

Thr 6.63 (0.27)b 6.13 (0.20)ab 5.48 (0.20)a 6.31 (0.16)ab 6.31 (0.30)ab 6.80 (0.19)b 

Ala 3.42 (0.12)a 4.76 (0.23)b 4.43 (0.26)b 4.05 (0.13)ab 4.21 (0.13)ab 4.92 (0.38)b 

Pro 3.97 (0.11)a 4.34 (0.09)ab 4.45 (0.13)b 4.16 (0.06)ab 4.46 (0.17)b 4.06 (0.07)ab 

Tyr 2.97 (0.19) 2.70 (0.15) 2.85 (0.20) 2.72 (0.10) 2.75 (0.20) 3.34 (0.14) 

Val 6.65 (0.21)b 5.49 (0.13)a 5.90 (0.26)ab 5.26 (0.14)a 5.48 (0.20)a 5.12 (0.17)a 

Met 2.89 (0.08)b 2.52 (0.08)ab 2.46 (0.12)a 2.46 (0.06)a 2.46 (0.13)a 2.48 (0.10)ab 

Ile 5.63 (0.20)c 4.70 (0.14)ab 5.00 (0.19)bc 4.56 (0.13)ab 4.65 (0.11)ab 4.24 (0.12)a 

Leu 8.59 (0.19)c 7.43 (0.17)ab 7.85 (0.26)bc 7.34 (0.24)ab 7.22 (0.11)ab 6.79 (0.12)a 

Phe 4.89 (0.07) 4.56 (0.08) 4.77 (0.19) 4.96 (0.17) 5.04 (0.12) 4.67 (0.17) 

Lys 10.29 (0.35)b 8.91 (0.16)a 9.44 (0.29)ab 9.56 (0.38)ab 9.17 (0.30)ab 9.51 (0.17)ab 

EAA 48.93 (0.54)b 43.10 (0.61)a 44.50 (0.86)a 43.78 (0.47)a 44.03 (0.90)a 42.57 (0.77)a 

NEAA 51.07 (0.54)a 56.90 (0.61)b 55.5 (0.86)b 56.22 (0.47)b 55.97 (0.90)b 57.43 (0.77)b 

E:NE  0.96 (0.02)b 0.76 (0.02)a 0.80 (0.03)a 0.78 (0.01)a 0.79 (0.03)a 0.74 (0.02)a 

Bitter 54.82 (0.76)b 50.24 (0.35)a 52.61 (0.75)ab 51.30 (0.48)a 51.37 (0.59)a 51.47 (0.59)a 

Sweet 23.96 (0.47)a 27.97 (0.34)bc 26.50 (0.59)bc 25.69 (0.54)ab 26.15 (0.32)abc 28.14 (0.82)c 

Umami 21.22 (0.38)abc 21.79 (0.18)abc 20.89 (0.62)ab 23.00 (0.55)c 22.49 (0.30)bc 20.39 (0.34)a 

Means that do not share a letter indicate significant different among treatments. Grouping Information Using the Tukey Method 
and P < 0.05. Values in parenthesis represent standard error of the mean (n = 6). TCS (Tank Control Start), WCE (Wild Control 
End), FP (Feed Pellets), ECK (Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 
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3.4.3.4 Urchin gonad Fatty acids methyl-esters profile. 

The fatty acids composition (as percentage of total fatty acids) of urchin gonad 

varied between the four feeding regimes and the two control treatments (Table 

3.13). The proportion of saturated fatty acids (SFAs) in the two controls TCS and 

WCE was similar and significantly higher than the four diet treatments, while no 

significant differences are observed in the amount of SFA between feeding 

treatments (Table 3.13, Tukey’s test, α=0.05). The Palmitic acid (C16:0) and the 

Myristic acid (C14.0) were the major SFAs in all treatments together accounting for 

around 80% of the total SFAs. The proportion of the Monounsaturated fatty acids 

(MUFAs) was significantly lower in WCE compared to TCS and the feeding 

regimes (Table 3.13, Tukey’s test, α=0.05). The most abundant MUFAs were the 

Eicosenoic acid (C20.1ꞷ9), Oleic acid (C18:1ꞷ9) and the (C18:1ꞷ7). The 

Polyunsaturated fatty acids (PUFAs) represented the highest fraction of FAs in 

urchin gonad. PUFAs content at the end of the trial increased in all treatments 

compared to TCS (Table 3.13, Tukey’s test, α=0.05). The Arachidonic acid 

(C20:4ꞷ6) and the Homo γ Linolenic acid (C20:3ꞷ6) were the major omega 6 FAs 

in all treatments, but no statistical differences were observed for these components. 

The Linoleic acid (C18:2ꞷ6) was significantly higher in FP gonad than the other 

treatments which were all similar (Table 3.13, Tukey’s test, α=0.05). The SDA 

(C18:4ꞷ3), the EPA (C20:5ꞷ3) and the DHA (C22:6ꞷ3) were the most important 

omega 3 FAs; all treatments increased the proportion of omega 3 in gonad lipids 

compared to the initial control with statistical differences between PD and ULV 

from TCS. No statistical differences were observed for total omega 6 and for the 

ratio omega 6 and omega 3 among treatments (Table 3.13, Tukey’s test, α=0.05). 
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Table 3.13. Fatty acids content (%) of urchin gonad in tank and wild controls and feeding treatments. 
 TCS WCE FP ECK PD ULV 

C14:0 8.81 ± 0.72ab 9.64 ± 0.66b 7.10 ± 0.33ab 7.27 ± 0.63ab 6.75 ± 0.67a 6.66 ± 0.56a 

Ci15:0 0.37 ± 0.07 0.28 ± 0.03 0.20 ± 0.01 0.22 ± 0.02 0.26 ± 0.04 0.30 ± 0.04 

C15:0 0.80 ± 0.07 0.77 ± 0.07 0.59 ± 0.07 0.63 ± 0.08 0.67 ± 0.06 0.73 ± 0.03 

C16:0 15.05 ± 0.34a 14.39 ± 0.59ab 12.76 ± 0.39bc 12.85 ± 0.36bc 11.88 ± 0.24c 12.26 ± 0.37c 

C17:0 0.34 ± 0.06 0.41 ± 0.03 0.32 ± 0.03 0.32 ± 0.02 0.37 ± 0.03 0.41 ± 0.02 

C18:0 3.02 ± 0.10 3.26 ± 0.15 2.85 ± 0.09 2.89 ± 0.03 3.14 ± 0.17 3.09 ± 0.16 

C20:0 1.13 ± 0.09 0.78 ± 0.07 0.96 ± 0.11 1.01 ± 0.09 1.04 ± 0.10 0.98 ± 0.07 

ΣSFA 29.52 ± 1.00a 29.54 ± 1.13a 24.8 ± 0.52b 25.21 ± 0.85b 24.11 ± 0.72b 24.44 ± 0.65b 

C16:1ꞷ9 2.23 ± 0.12 2.74 ± 0.16 2.13 ± 0.20 2.14 ± 0.06 2.17 ± 0.09 2.27 ± 0.15 

C16:1ꞷ7 0.45 ± 0.07a 0.57 ± 0.03ab 0.53 ± 0.04ab 0.62 ± 0.02ab 0.71 ± 0.04b 0.71 ± 0.05b 

C16:1ꞷ5 0.02 ± 0.02 0.00 ± 0.00 0.06 ± 0.02 0.00 ± 0.00 0.07 ± 0.02 0.03 ± 0.03 

C18:1ꞷ9 13.06 ± 0.42a 9.57 ± 0.59c 12.04 ± 0.74abc 12.45 ± 0.26ab 11.43 ± 0.51abc 10.24 ± 0.74bc 

C18:1ꞷ7 3.90 ± 0.11a 4.34 ± 0.04ab 4.11 ± 0.15ab 4.12 ± 0.12ab 4.16 ± 0.15ab 4.53 ± 0.04b 

C20:1ꞷ9 14.13 ± 0.97 13.34 ± 0.49 14.14 ± 0.57 14.90 ± 0.32 14.77 ± 0.29 15.70 ± 0.52 

C20:1ꞷ7 0.25 ± 0.12a 0.40 ± 0.14ab 0.56 ± 0.02ab 0.50 ± 0.11ab 0.63 ± 0.11ab 0.75 ± 0.12b 

ΣMUFA 34.07 ± 0.77a 30.99 ± 0.82b 33.59 ± 1.06a 34.75 ± 0.41a 33.96 ± 0.38a 34.24 ± 0.28a 

C16:2ꞷ6 0.19 ± 0.02a 0.05 ± 0.02b 0.10 ± 0.01ab 0.14 ± 0.01ab 0.10 ± 0.00ab 0.15 ± 0.04a 

C16:3ꞷ6 0.02 ± 0.01a 0.04 ± 0.00a 0.04 ± 0.01a 0.05 ± 0.01a 0.05 ± 0.00a 0.26 ± 0.10b 

C18:2ꞷ6 2.39 ± 0.08a 1.77 ± 0.13a 3.45 ± 0.50b 2.21 ± 0.08a 2.10 ± 0.16a 1.87 ± 0.15a 

C18:3ꞷ6 0.42 ± 0.02 0.35 ± 0.00 0.40 ± 0.03 0.42 ± 0.01 0.39 ± 0.02 0.33 ± 0.01 

C20:2ꞷ6 1.67 ± 0.16 1.59 ± 0.17 1.84 ± 0.30 1.53 ± 0.17 1.44 ± 0.19 1.77 ± 0.20 

C20:3ꞷ6 4.52 ± 0.28 4.86 ± 0.32 5.04 ± 0.27 4.98 ± 0.19 5.69 ± 0.41 5.64 ± 0.21 

C20:4ꞷ6 9.96 ± 0.30 10.69 ± 0.44 10.59 ± 0.64 10.59 ± 0.60 11.50 ± 0.50 10.86 ± 0.58 

C22:4ꞷ6 0.26 ± 0.06abc 0.47 ± 0.05c 0.30 ± 0.04abc 0.34 ± 0.08bc 0.17 ± 0.04ab 0.08 ± 0.05a 

C22:5ꞷ6 0.22 ± 0.04a 0.27 ± 0.02ab 0.29 ± 0.02ab 0.22 ± 0.04a 0.41 ± 0.04b 0.42 ± 0.02b 

C16:4ꞷ3 0.60 ± 0.06a 0.24 ± 0.06b 0.35 ± 0.07ab 0.39 ± 0.06ab 0.32 ± 0.06ab 0.43 ± 0.06ab 

C18:4ꞷ3 3.35 ± 0.16a 2.24 ± 0.20b 2.74 ± 0.19ab 3.45 ± 0.18a 2.90 ± 0.28ab 2.74 ± 0.17ab 

C20:4ꞷ3 0.62 ± 0.10a 0.84 ± 0.07a 0.78 ± 0.09a 0.78 ± 0.17a 0.42 ± 0.06ab 0.06 ± 0.03b 

C20:5ꞷ3 9.22 ± 0.69a 12.82 ± 0.68b 12.14 ± 0.83ab 11.81 ± 0.58ab 13.25 ± 0.79b 13.19 ± 0.40b 

C22:5ꞷ3 0.84 ± 0.06a 0.90 ± 0.05ab 0.90 ± 0.04ab 1.08 ± 0.06b 1.02 ± 0.04ab 1.07 ± 0.03ab 

C22:6ꞷ3 2.05 ± 0.20 2.30 ± 0.14 2.59 ± 0.23 1.96 ± 0.16 2.10 ± 0.09 2.40 ± 0.16 

ΣPUFA 36.40 ± 0.99a 39.46 ± 1.11ab 41.6 ± 0.82b 40.02 ± 0.91ab 41.92 ± 0.95b 41.31 ± 0.8b 

Σꞷ6 19.49 ± 0.56 20.05 ± 0.36 21.97 ± 0.79 20.38 ± 0.70 21.78 ± 0.69 21.25 ± 0.72 

Σꞷ3 16.71 ± 0.77a 19.35 ± 0.87ab 19.52 ± 0.71ab 19.50 ± 0.66ab 20.03 ± 0.85b 19.90 ± 0.23b 

ꞷ6/ꞷ3 1.17 ± 0.06 1.04 ± 0.04 1.13 ± 0.06 1.05 ± 0.05 1.1 ± 0.06 1.06 ± 0.03 

Means that do not share a letter indicate significant different among treatments. Grouping Information Using the Tukey Method 
and P < 0.05. Values in parenthesis represent standard error of the mean (n = 6). TCS (Tank Control Start), WCE (Wild Control 
End), FP (Feed Pellets), ECK (Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 
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3.4.3.5 Proportion of lipid classes in urchin gonad 

The proportion of different lipid classes in the content of urchin gonad lipids 

displayed minor differences among the two controls and the feeding treatments 

(Table 3.14). Triacylglycerol represented the major component of urchin lipids 

being significantly higher in the Tank Control (TCS) compared to the Wild Control 

(WCE) and FP treatments; the algae treatments presented similar values for TAG 

(Table 3.14, Tukey’s test, α=0.05). No statistical differences were observed for PL, 

ST and the group hydrocarbons, wax esters and sterol esters (indicated as 

HC_WE_SE) among the treatments. Free fatty acids (FFA) and Diacylglycerol 

(DAG) were not detected in TCS and in general, were minor components of gonad 

lipids; in ULV both FFA and DAG were found in statistically lower amount than 

the other treatments which otherwise showed similar values (Table 3.14, Tukey’s 

test, α=0.05). 

Table 3.14. Proportion of lipid classes in urchin gonad lipid extract among controls and feeding 
treatments 

 TCS WCE FP ECK PD ULV 
HC_WE_SE 0.64±0.09 0.38±0.05 0.35±0.08 0.5±0.09 0.57±0.08 0.48±0.11 
TAG 19.42±1.39a 14.67±0.52b 14.51±0.98b 15.7±0.62ab 15.45±0.77ab 15.58±1.24ab 
FFA 0±0 0.27±0.12a 0.25±0.06a 0.2±0.07a 0.3±0.1a 0.03±0.03b 
ST 1.57±0.2 1.47±0.08 1.51±0.1 1.56±0.25 1.76±0.14 1.92±0.21 
DAG 0±0 0.25±0.06a 0.23±0.04a 0.29±0.03a 0.28±0.08a 0.08±0.03b 
PL 7.93±0.73 7.79±0.61 6.38±0.34 8.09±0.58 7.91±0.7 9.01±0.74 

Means that do not share a letter indicate significant different among treatments. Grouping Information Using the Tukey Method 
and P<0.05. Values in parenthesis represent standard error of the mean (n = 9). Results express the percentage composition of 
lipid classes in the total lipid extract in dry weight basis. TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), 
ECK (Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

  



92 
 
 

3.4.4 Multivariate comparison of the biological and biochemical characteristics 
of gonad from urchins provided with specific feed treatments 

There were significant differences between feed treatments for the biometrical 

measurements of the sea urchin and all biochemical profiles of the gonad tissue 

(PERMANOVA, Table 3.15). No significant differences were found for the colour 

parameters of the gonad tissue among treatments (PERMANOVA, P = 0.144). The 

planned contrasts found significant differences between TCS and the experimental 

diets for all the components studied with the exception of the colour parameters, 

revealing an effect of the feeding regimes on the gonad tissue and urchin body 

measurements (Table 3.15). The planned contrasts WCE versus Diets and WCE 

versus FP displayed both significant differences for the proximate composition and 

fatty acids profile whereas no differences in the amino acids profile, lipid classes 

distribution and biometrical data were found (Table 3.15). The contrast PD versus 

ECK showed significant differences only for the proximate composition between 

these two algae treatments, while no statistical differences appeared for any of the 

component analysed for the contrast between the formulated feed treatment FP and 

the algae treatments (Table 3.15). 

Table 3.15. Results of PERMANOVA analysis with contrasts of urchin treatments biological 
measurements and biochemical analysis. 

Factor Biometric data Proximate analysis  Amino Acids Fatty Acids Lipid Class 

Main Effect F=3.122; P=0.016; F=26.874; P=0.001; F=4.874; P=0.001; F=4.006; P=0.001; F=8.359; P=0.001; 

TCS v Diets F=7.094; P=0.008; F=80.991; P=0.001; F=8.057; P=0.001; F=8.865; P=0.001; F=35.97; P=0.001; 

WCE v Diets F=1.111; P=0.317; F=14.406; P=0.001; F=1.550; P=0.190; F=6.505; P=0.001; F=2.609; P=0.085; 

FP v WCE F=1.954; P=0.167; F=23.007; P=0.003; F=1.640; P=0.192; F=3.838; P=0.007; F=3.696; P=0.062; 

PD vs ECK F=1.543; P=0.238; F=5.380; P=0.005; F=0.329; P=0.873; F=1.643; P=0.177; F=1.493; P=0.243; 

FP v Algae F=1.055; P=0.319; F=1.416; P=0.231; F=2.139; P=0.089; F=1.582; P=0.132; F=1.204; P=0.259; 

Data untransformed and analysed on a resemblance matrix of Euclidean distance. Analyses used fixed effects, with Type III 
sums of squares 999 permutations of data residuals to determine significance. Significant differences (p <0.05) are indicated 
in bold. 

Analysis results represented in the multidimensional space (MDS) shows that 

replicate samples from the initial tank control (TCS) clustered separately from all 

feed treatments for all data groups except gonad colour (Figure 3.6), and except for 

proximate composition and fatty acids, the WCS was more aligned with the 

experimental feed treatments. Separate clusters are also apparent for TCS and WCE, 

but in both cases replicates within each cluster were widely spaced. 
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Among the biometrical measurements the test diameter and drain weight were the 

variable identified by SIMPER analysis that greatly contributed to the dissimilarity 

between TCS, WCE and the treatment diets (Figure 3.6, Table 3.17). 

 
Figure 3.6. Non-metric multidimensional scaling (nMDS) plot of urchin biological measurements. TCS 
(Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK (Ecklonia radiata), PD 
(Plocamium dilatatum), ULV (Ulva sp.). 

Table 3.16. Results of SIMPER analysis on biological measurement of experimental treatments. 

Treatment Bio. Val. Av. Value% Cont (%) Treatment Bio. Val. Av. Value% Cont (%) 

TCS Tot. Wt. 219 69.81 ECK Tot. Wt. 269 79.45 
 Drain Wt. 154 26.58  Drain Wt. 202 19.11 

WCE Tot. Wt. 325 61.46 PD Tot. Wt. 321 65.78 
 Drain Wt. 258 37.44  Drain Wt. 253 32.76 

FP Tot. Wt. 274 74.26 ULV Tot. Wt. 336 72.84 
  Drain Wt. 202 23.61   Drain Wt. 245 24.55 

TCS (Tank Control Start), WCE (Wild Control End), FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.). 

Gonad’ moisture content was the most relevant component of proximate 

composition that characterized the grouping of diet treatments and WCE and the 

separation from TCS, while gonad lipid content was higher in TCS contributing to 

the separation of TCS to the other treatments (Figure 3.7, Table 3.17). 
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Figure 3.7. Non-metric multidimensional scaling (nMDS) plot of gonad proximate composition of 
experimental treatments. TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK 
(Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

Table 3.17 Results of SIMPER analysis on gonad Proximate Composition of experimental 
treatments. 

Treatment Prox. Comp % Av. Value% Cont (%) Treatment Prox. Comp % Av. Value% Cont (%) 

TCS Lipid 12.4 48.01 ECK Moist 70.3 45.11 
 Moist 59.2 35.86  Lipid 7.98 28.01 
 Protein 12.1 8.88  Protein 10 13.61 

WCE Moist 68.3 42.19 PD Moist 73.3 36.96 
 Lipid 7.83 29.3  Lipid 6.95 34.13 
 Protein 11.4 16.21  Protein 9.4 15.2 

FP Moist 74.8 69.62 ULV Moist 75.5 66.26 
 Lipid 6.11 12.05  Lipid 6.18 12.48 
  Protein 9.16 9.37   Protein 8.83 10.52 

TCS (Tank Control Start), WCE (Wild Control End), FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.). 

SIMPER reveal also that the amino acid Arginine and Lysine contribute to the 

separation between TCS and WCE, FP and ECK being TCS lower in Arginine and 

higher in Lysine, while the treatments PD and ULV differ from TCS for the AAs 

Glycine and Valine in ULV and for Histidine and Glycine in PD (Figure 3.8, Table 

3.18). 
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Figure 3.8. Non-metric multidimensional scaling (nMDS) plot of gonad gonad Amino acid profile of 
experimental treatments. TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK 
(Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

Table 3.18. Results of SIMPER analysis that identify the Amino Acids contributing to the dissimilarity 
between the experimental treatments. 

Treatment AA Mean AA% Cont (%) Treatment AA Mean AA% Cont (%) 
TCS Arg 9.55 32.6 ECK Arg 11.1 22.55 

 Lys 10.3 16.27  Lys 9.56 13.25 
 Thr 6.63 9.98  Asx 10.2 7.79 
 Val 6.65 5.76  Glx 12.8 7.19 

WCE Arg 10.6 12.3 PD His 3.71 21.69 
 Ala 4.76 10.32  Gly 6.01 10.82 
 Thr 6.13 8.25  Thr 6.31 7.81 
 Leu 7.43 6.12  Lys 9.17 7.76 

FP Arg 10.7 14.67 ULV Gly 7.52 36.31 
 Asx 9.12 12.94  Ala 4.92 16.67 
 Lys 9.44 6.6  Arg 12.4 13.15 
  Val 5.9 5.6   Asx 9.37 8.57 

 TCS (Tank Control Start), WCE (Wild Control End), FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva 
sp.). 

SIMPER identify TAG and PL as components responsible for the dissimilarity 

between TCS and the other treatments being both major classes in TCS and fairly 

similar in the other treatments (Figure 3.9, Table 3.19). 
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Figure 3.9. Non-metric multidimensional scaling (nMDS) plot of gonad Classes of lipids of 
experimental treatments. TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK 
(Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

Table 3.19. Results of SIMPER analysis that identify the classes of lipids contributing to the 
dissimilarity between the experimental treatments. 

Treatment Lipid Class Mean % Cont (%) Treatment Lipid Class Mean % Cont (%) 

TCS TAG 8.14 86.08 ECK TAG 4.65 73.53 
 PL 3.37 13.14  PL 2.31 21.77 

WCE TAG 4.77 69.84 PD TAG 4.02 53.13 
 PL 2.29 25.19  PL 2.18 45.05 

FP TAG 3.85 95.97 ULV TAG 3.66 81.95 
  PL 1.64 3.19   PL 1.95 15.96 

TCS (Tank Control Start), WCE (Wild Control End), FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.). 

The fatty acids mostly contributing to the identification of TCS from the feeding 

regimes were the C20:1ꞷ9, C14:0 and C20:5ꞷ3. The lipids of the feeding regimes 

were instead characterized by the C18:1ꞷ9, C20:4ꞷ3, 20:1ꞷ9. Fatty acids 

contributing to the dissimilarity of WCE were the C14:0, C16:0 and C18:1ꞷ9 while 

the difference between WCE and FP results determined by the importance of the 

saturated C14:0 and C16:0 in WCE and the higher content of C18:1ꞷ9 in FP 

(Figure 3.10, Table 3.20). 
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Figure 3.10. Non-metric multidimensional scaling (nMDS) plot of gonad Fatty acids profile of 
experimental treatments. TCS (Tank Control Start), WCE (Wild Control End), FP (Feed Pellets), ECK 
(Ecklonia radiata), PD (Plocamium dilatatum), ULV (Ulva sp.). 

Table 3.20. Results of SIMPER analysis that identify the fatty acids contributing to the dissimilarity 
between the experimental treatments. 

Treatment FA Mean% Cont (%) Treatment FA Mean% Cont (%) 

TCS C20:1ꞷ9 14.1 36.12 ECK C20:4ꞷ6 10.6 22.23 
 C14:0 8.81 19.59  C20:5ꞷ3 11.8 20.63 
 C20:5ꞷ3 9.23 18.26  C16:0 12.9 7.97 
 C18:1ꞷ9 13.1 6.73  C20:1ꞷ9 14.9 6.44 
 C16:0 15.1 4.57  C18:1ꞷ9 12.5 4.3 

WCE C14:0 9.64 18.45 PD C14:0 6.75 20.6 
 C18:1ꞷ9 9.58 15.07  C18:1ꞷ9 11.4 12.03 
 C16:0 14.4 14.69  C20:4ꞷ6 11.5 11.84 
 C20:1ꞷ9 13.3 10.3  C20:3ꞷ6 5.7 7.71 
 C20:4ꞷ6 10.7 8.45  C20:1ꞷ9 14.8 4.04 

FP C18:1ꞷ9 12 19.17 ULV C20:4ꞷ6 10.9 16.62 
 C20:4ꞷ6 10.6 14.4  C14:0 6.66 15.07 
 C20:1ꞷ9 14.1 11.42  C20:1ꞷ9 15.7 13.57 
 C18:2ꞷ6 3.45 8.95  C20:5ꞷ3 13.2 7.77 
 C16:0 12.8 5.47  C16:0 12.3 6.64 

TCS (Tank Control Start), WCE (Wild Control End), FP (feed pellet); Eck (Ecklonia sp.); PD (Plocamium sp.); Ulv (Ulva sp.). 
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3.5 Discussion 

3.5.1 Handling and transport 

The present trial recorded high mortality rate (29.8%) during the 4 week of 

acclimation after the collection. During the 12 week of the experiment, the mortality 

recorded (9.8%) and was distributed throughout the course of the trial. Urchins were 

handpicked by divers with a hook and stacked on the boat inside iceboxes. The day 

was characterised by a warm northerly wind and the trip back to the boat ramp was 

particularly rough. The bumpy transport and vibrations resulted in urchins cracking 

and test perforations. The mortality was high in the first three weeks of acclimation 

then gradually reduced; however, we consider mortality during the course of the 

experiment an effect of handling and transport stress. Sudden mortality occurred in 

two tanks for water flow issues and was not considered in the total count.  

There is a possibility that some sub-lethal effects of stress on the remaining urchins 

compromised the results preventing the normal assimilation of nutrients during the 

feeding. Recommendations for future collections aimed at preserve urchins alive in 

captivity are to avoid test damages and care in stocking during transport as C. 

rodgersii specimens can easily spike each other, also avoid long boat trip in rough 

days since a smoother transport guarantee higher survival. 

3.5.2 Gonad production 

The present study demonstrated that gonad development and biochemical 

characteristics in C. rodgersii fed a formulated diet in captivity is comparable to 

gonad of wild animals over the matching time period. Dietary proteins and extruded 

carbohydrates were the major factors supporting gonad development in fed captive 

urchins. On the contrary, all three types of fresh monospecific algal diets proved to 

be ineffective in promoting gonad somatic growth in the short term. Wet weight, 

dry weight and gonad somatic index were significantly lower in fresh algae diets 

treatments compared to the treatment fed artificial diet and the wild control (Table 

3.10). Feeding treatments and wild control at the end of the trial showed increased 

gonad moisture compared to the initial control, however gonad from urchins in the 

algae treatments had a lower macronutrient content compared to the wild control 

animals. Irrespective of the gonad indexes, pathways of assimilation from diet 
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source to gonad tissue could be identified for fatty acids and amino acids and are 

discussed in detail in section 3.5.6. 

3.5.3 Biometric measurements 

Urchins in all diet treatments increased in total body wet weight and diameter 

compared to the initial control. The weight gain in diet treatments is unsurprising as 

all urchins were starved for four weeks prior to commencement of the feeding trial. 

The TCS urchins all had empty guts and low gonad wet weight. At the end of the 

trial urchins of the FP treatment showed the largest test diameter (92mm) and 

animals of TCS the smallest (78mm). Since the urchin test diameter was not 

measured at the start of the trial (i.e. wild control start), it is not possible to conclude 

that samples in FP increased due to the effect of the provided diet. We can only 

speculate that increases may be attributed to artificial feed providing more energy 

(and a formulation with minerals including calcium carbonates and calcium 

phosphates) allowing the animals to allocate resources for the growth of all body 

components. The reabsorption of body parts and shrinking of the test is a 

phenomenon described in many Echinoids in response to a prolonged starvation 

period (Constable 1993, Guillou et al 2000, Lares & Pomory 1998, Levitan 1988) 

and could be the cause of the small test diameter in TCS. Urchins in algae 

treatments showed a larger test diameter compared to those in TCS but not a higher 

gonadal index. The gonad fresh weight of feed treatments did not display significant 

changes compared to TCS, but gonad moisture content increased while dry weight 

decreased compared to TCS. The mono-algal diets were not sufficient to meet the 

metabolic needs of the animals and sea urchins in this treatment appear to have 

mobilized nutritive resources of guts and gonad to survive. Flexibility in resource 

allocation in echinoids is primarily driven by quality and quantity of available food 

(Beddingfield & McClintock 1998) and food with insufficient nutritional 

requirements can lead to low somatic growth (Lawrence 1976). Some authors 

describe that marine invertebrates replace with water the loss of body mass during 

starvation (Krogdahl & Bakke-McKellep 2005, Wilcox & Jeffries 1976). In this 

study however, bodyweight and gonad moisture content in the starved control was 

very low. By comparison in algae treatments, the increased gonad moisture content 

and diameter can be attributed to water replacement and turgidity. 
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3.5.4 Proximate composition 

Several studies observed sea urchins fed formulated diet in captivity often result in 

higher gonad yields than a natural macroalgae diet (Carrier et al 2017, McBride et al 

2004, Shpigel et al 2005, Siikavuopio et al 2007a, Woods et al 2008). Improved 

gonad production is generally attributed to the high protein and carbohydrate 

content in the artificial feed (Hammer et al 2006a, Hammer et al 2012, Heflin et al 

2012, Pearce et al 2002b), Schlosser et al (2005), (Taylor et al 2017). Dietary 

carbohydrates are mostly accumulated in the gonad in form of glycogen and 

mobilised to meet energy demands (Marsh & Watts 2007b). In marine macroalgae, 

carbohydrates are the predominant constituent serving different roles including 

storage, mucilage, and structural functions (Holdt & Kraan 2011). The high content 

in carbohydrates, however, does not correspond to high caloric values, since most of 

these carbohydrates exist as dietary fibres, i.e., polysaccharides that are not 

digestible or absorbed in the urchin guts (Chang et al 2005). 

In this study, the artificial diet produced significantly larger gonad and while the 

energy content of the diets and urchin’s energy intake was not measured, the feed 

pellets likely provided better energy intake than the algal feeds. The carbohydrates 

in extruded form allowed the assimilation of dietary proteins for gonadal growth. In 

contrast, urchins fed on the monospecific algal diets were not able to sustain gonad 

production to the same extent as the feed pellets and showed an overall decrease in 

dry mass as well as a decline in each macronutrient component. The dietary proteins 

and lipids in the algae diets were likely used by the urchins to meet metabolic 

requirements. Schlosser et al (2005) had similar results when P. lividus fed low 

carbohydrate algal diets had decreased gonad index compared to urchins fed a 

formulated diet with sufficient carbohydrate energy. 

In general, the proximate composition of the seaweed provided in the experiment 

was similar to that reported in other studies (Angell et al 2015, Mebrahtu et al 2015, 

Miyashita et al 2013, Sánchez-Machado et al 2004), with non-starch 

polysaccharides as the most abundant component (Holdt & Kraan 2011), followed 

by high mineral content, low total lipid and acceptable level of proteins. Not 

surprisingly, the seaweeds showed some variation in the content of macro-

components as they were species from three different orders, yet this variability was 
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not reflected in the proximal analysis of sea urchin gonad which showed little 

difference in the content of macro components per dry weight. 

Adequate dietary protein content promotes protein storage in the gonad nutritive 

phagocytes (Fernandez 1997, Fernandez & Boudouresque 2000, Hammer et al 

2004, Hammer et al 2006b). An excess of protein on the other hand can be 

detrimental for both gonad growth and quality (Komata et al 1962, Osako et al 

2007, Pearce et al 2002b, Robinson et al 2002). Feeding the sea urchin Lytechinus 

variegatus diets formulated with different percentages of dietary proteins showed 

that the urchins fed with (20%) protein had higher gonad yield and larger test 

diameter than those fed with (9% or 31%) proteins (Hammer et al 2006b). Baião et 

al (2019) found that the optimal diet for feeding P. lividus contained (30%) proteins 

and (6%) lipids in dry weight, while an excess of (50%) protein diet resulted in a 

decrease of dry matter and energy intake resulting in low feed conversion ratio 

(FCR). In this study, the artificial feed was formulated with (18%) protein content 

and (6%) lipids. The highest energy intake of the FP treatment potentially 

contributed to the accumulation of nutrients not only of the gonad but also to the 

whole urchin body parts as animals in this treatment resulted in a larger test 

diameter and heavier total body weight. An increase in moisture level was also 

observed in sea urchin gonad fed artificial diet while the lipids content was the 

lowest. This pattern has also been reported by other authors (Agatsuma 1998, 

Liyana-Pathirana et al 2002a). 

3.5.5 Gonad colour 

The colour metrics CIE L*a*b*, Hue and Chroma were not significantly different 

among the feeding treatments and the two controls. Carotenoid pigments are 

primarily responsible for urchin gonad colour, and importantly, sea urchins cannot 

synthesize carotenoids de novo and must accumulate these pigments from diet or 

converted from other compounds through metabolic pathways (Liaaen-Jensen 1990, 

Maoka 2011, Symonds et al 2007). Carotenoids are lipid-soluble components and 

their concentration is linked with the presence of lipids in the gonad’s nutritive 

phagocytes. Symonds et al (2009) found no difference in carotenoids content in 

gonad and guts of the sea urchin Psammechinus miliaris and, no differences were 

found for CIE L*a*b* measurements over the course of a season. Whereas 
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(Suckling et al 2011) demonstrated that Psammechinus miliaris gonad colour can be 

improved in a 12 weeks trial with artificial feed formulated with high carotenoids 

content. 

Sea urchins fed artificial diet are often reported to increase in GSI but produce light-

coloured gonad when formulated with insufficient levels of carotenoids pigments 

(Barker 1998, Pearce et al 2002a, Watts et al 1998). Improvement of GSI and gonad 

colour was achieved in Paracentrotus lividus feeding the animals with pellet diet for 

eight weeks followed by algal diet for other four weeks (Shpigel et al 2005). In 

Strongylocentrotus droebachiensis the addition of beta-carotene from the alga 

Dunaliella salina in a moist extruded diet performed better than a synthetic form of 

the same pigment in producing gonad with good colouration (Robinson et al 2002). 

Commercially acceptable gonad with good yield and colour were obtain feeding 

Tripneustes gratilla a protein-rich feed with 20% addition of the alga Ulva sp. 

(Cyrus et al 2013). In this study, the feeding trial with formulated feed did not 

decrease or worsen the colour of the gonad. The artificial diet used was formulated 

with seaweed meal that may have provided a natural form of carotenoids and also 

included a small addition (0.2%) of beta-carotene in synthetic form.  

3.5.6 Effect of feeding regime on energy storage and structural lipids, FAs and 
AA. 

3.5.6.1 Lipid classes 

Three classes of lipids were detected in both the artificial feed and the algae diet 

(Triacylglycerol) TAG, (Sterol) ST, and (Polar Lipids) PL. The seaweed species 

showed higher concentrations of structural lipid PL and ST (>90% of total lipids) 

than energy lipid TAG (<10% of total lipids). The three seaweed species showed PL 

as the major component, while ST was not detected in Plocamium sp., was low in 

Ulva and higher in E. radiata (Laminariales). TAG was found in trace amount in the 

brown algae E. radiata (< 1%) and this can explain the lowest gonad production in 

urchin fed the brown algae. Whereas the red algae Plocamium sp was higher in 

TAG (> 6%) which may have led to a better protein accumulation in the gonad 

compared to ECK treatment. In contrast, the formulated feed diet contained a high 
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concentration of energy lipids (TAG >40% of total lipids) and lower levels of 

structural (60%) compared to the seaweeds. 

Eight classes of lipids were detected in the urchin gonad with energy lipids present 

in a higher concentration in all treatments than in the algal feed source. The energy 

lipid class components were HC_WE_SE, TAG, FFA, and DAG while ST and PL 

were the major structural lipids. In all feed treatments and controls TAG was the 

major gonad energy lipid component and PL the major gonad structural lipid 

component. FFA and DAG were not detected in gonad from the tank control TCS 

and were present only in trace amount in the green algae ULV treatment. No 

statistical differences were found between the four feeding treatments for the 

composition of lipid classes and no pattern of assimilation could be detected for 

TAG, despite the high concentration of TAG in the formulated feed, and very low 

TAG concentration in E. radiata and Ulva sp. Notably, the concentration of TAG 

was high and similar in gonad of both controls and feed treatments. TAG was also 

found to be the major lipid fraction in the gonad of other species, such as P. 

miliaris, P. lividus, S. droebachiensis A. dufresnii (Cook & Kelly 2007, González-

Durán et al 2008, Liyana-Pathirana et al 2002c, Montero-Torreiro & Garcia-

Martinez 2003, Zárate et al 2016). In contrast to TAG, the PL concentration was 

higher in Ulva sp. and this was reflected in PL within urchin gonad fed the green 

algae diet. Moreover, there were no differences in the PL concentration between 

gonad of the feeding treatments ECK and PD despite the brown kelp E. radiata 

having the lowest PL concentration among the algae diets. In this study, no clear 

pathway of assimilation from the diet to the gonad is observed for the different 

fractions of the polar lipids. The reserves of TAG found in the gonad of feeding 

treatments at the end of the trial were likely retained from the start of the experiment 

and appears to have been partially utilised to meet energetic requirements since 

TAG decreased in each feeding treatment compared to the initial control. 

3.5.6.2 Fatty acids 

This study found relatively little effect of diet on the fatty acids profile of the gonad. 

Both the artificial feed and the three algae diets had very different fatty acid 

profiles, but this did not translate into a different pattern of accumulation of the 

most abundant components in the gonad of sea urchins fed these diets. The three 
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months experimental feeding period may not be enough time to facilitate the gonad 

lipids turnover and in order to appreciate a selective accumulation of some FAs 

components a longer feeding period is required. Kelly et al (2008) observed 

modification of dietary FA in S. droebachiensis over a 14 week feeding experiment. 

Juveniles S. droebachiensis that were fed for 25 week showed differentiation in FA 

based on their experimental diet, however, the same modification occurred in 10 

week in adult S. purpuratus (Schram et al 2018). Fatty acids in the gonad tissue of 

adult red urchins Mesocentrotus franciscanus were strongly differentiated when fed 

two kelp species over 17 week feeding experiment (Raymond et al 2014), but no 

dietary FA incorporation were detected in S. droebachiensis tissues in very short 

experiments (3 week duration) (Wessels et al 2012). 

The red algae Plocamium sp. was highest in SFAs (70% of the total FAs) and 

reported the greatest content in C14:0 (8.55%) and C16:0 (53.86%). High content of 

the Saturated Palmitic acids (20-22%) and moderate levels of the Polyunsaturated 

ARA C20:4n6 (7 – 18%) and EPA C20:5n3 are reported in other species of the 

Phylum Rhodophyta (Blouin et al 2006, Gressler et al 2010, Schmid et al 2018). 

The green algae Ulva sp. had a considerable amount of C16:0 (32.40%) and showed 

the highest level of MUFAs (39.54% of total FAs) with high content in C16:1n9 

(2.52%), Oleic acid C18:1n9 (23.83%) and C18:1n7 (12.25%), was low in total 

PUFAs content but LA C18:2n6 (7.39%) and SDA C18:4n3 (10.89%) were present 

at moderate level. Ulva sp. contained the lowest ratio w6/w3 (0.59), which is 

consistent with other studies (McCauley et al 2015, Schmid et al 2018). The brown 

algae E. radiata contained the greatest amount of PUFAs (54.03% of total FAs) 

among which ARA (25.61%), SDA (14.32%) and EPA (7.98%) were the most 

abundant components consistent with results reported by (Miyashita et al 2013, 

Schmid et al 2018). Several additional important FAs observed in Ecklonia sp. were 

the C16:0 (19.03%) and the C18:1n9 (18.98%). The artificial feed reported the 

highest amount in C18:1n9 (27.37%), C18:2n6 (25.92%) and DHA C22:6n3 

(5.68%) and was also noticeable the amount of EPA (4.46%), ARA (2.67%) and 

C16:0 (21.10%). 

The SFAs represented the lowest component of FAs by proportion in urchin gonad 

followed by MUFA and PUFA. The C14:0, C16:0 and C18:0 were the major SFAs 
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and this is in accordance with the FAs composition of other echinoids (Carboni et al 

2013, Kelly et al 2008, Zárate et al 2016). The selective accumulation of lipid 

components from diet into sea urchin tissue has been demonstrated in several 

studies, for example, the gonad of Psammechinus miliaris fed a diet of formulated 

salmon feed contained high level of C22:6n3 derived from the fish meal 

incorporated in the feed. In contrast, Psammechinus miliaris gonad were lower in 

the same FAs when fed only the algae L. saccharina (Cook et al 2000). The fatty 

acid DHA C22:6n3 is abundant in the lipids of marine fauna generally and present 

only in trace amount in marine algae (Parrish 2013). In this study the content of 

DHA in algae and feed pellets is consistent with data reported in literature, 

regardless, DHA was found to be abundant and in similar quantity in the gonad of 

urchins from all treatments. While C. rodgersii is described as an omnivorous 

feeder, the DHA present in urchin gonad was likely to be self-synthesized from 

precursors rather than be accumulated from animal diet, as reported for other urchin 

species (Carboni et al 2013, Cook et al 2000, Prato et al 2018). The urchins 

accumulated FAs in the same quantity independently of the amount provided with 

the diets and provide clear evidence of selective accumulation of some nutritional 

components. Other FAs present in excessive amount may be converted or elongated 

into other compounds, for instance, the ∆9-desaturase activity is responsible for the 

production of palmitoleic acid (C16:1n-7) and oleic acid (C18:1n-9), from Palmitic 

acid (C16:0) and Stearic acid (C18:0), respectively (Monroig et al 2013). MUFAs 

and PUFAs can be synthesized or accumulated when their concentration in the feed 

source is low; C18:1n9 and C20:1n9 were low in the diet but higher in the gonad. 

The level of LA C18:2n6 was found to be considerably higher in the feed pellet and 

significantly higher in the FP gonad treatment, suggesting selective retention of this 

compound in urchin tissue. 

At the conclusion of the experiment, C. rodgersii gonad tissue were found to have a 

significant amount of FAs that were likely accumulated from the natural diet in the 

wild prior to the experiment. The rate of nutrient turnover is unknown but three 

months of monospecific diet did not overtly modify the fatty acids profile of the 

gonad despite the different FA profiles of the diets. Schram et al (2018) report that 

trophic transfer of nutrients from monospecific diets to tissue occurs more rapidly in 

juveniles S. droebachiensis compared to adult S. purpuratus. All feeding treatments 
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and WCE increased their level of PUFAs compared to the TCS with a major 

increase in omega-3 fatty acids. These results suggest that level of LC-PUFA are 

low in the gonad at the recovery phase and accumulate or de novo synthesize in 

preparation for the gametogenesis (Cook et al 2000). 

3.5.6.3 Amino acids 

Specific Amino Acids can determine a characteristic taste if the level is above a 

threshold value (Murata et al 2002). The AAs glycine and alanine were found to 

confer a sweet taste in sea urchin gonad through an omission trial (Fuke & Konosu 

1991). Komata (1964) also found that the essential taste of urchin gonad is 

attributed to umami tasting glutamic acid, sweet-tasting alanine and glycine, and 

bitter-tasting methionine and valine. 

In the current study, glutamic acid, arginine and aspartic acid were the major AA in 

C. rodgersii gonad, followed by lysine, leucine, glycine, threonine, valine, alanine, 

serine, phenylalanine, isoleucine, histidine, methionine, proline, tyrosine. Several 

studies found glycine as the dominant FAA in P. lividus (Dincer & Cakli 2007), S. 

droebachiensis (Lee & Haard 1982, Liyana-Pathirana et al 2002b) and Anthocidaris 

crassispina (Osako et al 2006) gonad. Phillips et al (2010) found that sweet taste 

was significantly positively correlated to glycine in testes but not ovaries. Osako et 

al (2007) found that the ovaries of Anthocidaris crassispina had higher levels of the 

bitter-tasting AAs phenylalanine and histidine while testes had higher concentration 

of the sweet taste AAs Alanine. 

The amino acid composition of urchin roe is reported to be important for the 

nutritional aspect defined especially by the proportion of essential amino acids and 

for the flavour they confer to the gonad (Dincer & Cakli 2007, Liyana-Pathirana et 

al 2002a). While formulated diets can improve gonad yield in relative short time, 

some studies found that feeds formulated with an excess of protein or a non-

adequate AA composition confer to the gonad a pale colour and an unpleasant 

flavour with decreasing levels of sweet-tasting amino acids and increases in the 

bitter-tasting amino acids (Inomata et al 2016, Pearce et al 2002b, Phillips et al 

2010, Walker et al 2015). In this study, the formulated feed protein content 

promoted gonad production compared to the algae diet but increased the level of 
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bitter taste AAs leucine, isoleucine and valine while decreased the umami taste 

glutamic acid and aspartic acid and is consistent with previous studies on other 

urchin species fed high protein diets (Lourenço et al 2019, Pearce et al 2002b). 

Feeding trials on M. nudus were successful in improving gonad taste with a diet 

enriched in Alanine and Glutamic acid that enhanced the sweet and umami flavour 

respectively and resulted in a low arginine content (Takagi et al 2019, Takagi et al 

2017). In E. chloroticus high amounts of glutamic acid and glycine in artificial feed 

produced sweeter gonad compared to those fed diets containing high amounts of 

valine and methionine (Phillips et al 2009). Takagi et al (2020) also reported an 

increase in alanine content in gonad of M. nudus fed the basal frond portion of S. 

japonica and suggest that the high content of glutamic acid in the algae could be 

converted to alanine through digestion. Takagi et al (2020) also observed that when 

fed to M. nudus the high alanine content in the sporophyll of U. pinnatifida is 

directly accumulated in the gonad. In this study we observe an increase of sweet 

taste amino acids alanine, glycine and threonine and a decrease of the bitter taste 

amino acids valine, isoleucine and leucine in the gonad of C. rodgersii fed the green 

algae Ulva australis. The treatment fed E. radiata increased the level of umami 

taste glutamic acid, and aspartic acid; the most abundant amino acids in brown 

seaweed are reported to be glutamic acid, aspartic acid and arginine (Dawczynski et 

al 2007, Fleurence 1999). 

3.5.7 Feeding program directions 

Given the abundant availability of urchins with commercially acceptable yield in 

Tasmania, farming practices should be primarily directed to gonad taste 

enhancement, a process of “finissage” aimed at increasing the ratio of sweet and 

umami amino acids that gives favourable taste in gonad. Moreover, with the 

purpose of increase profitability (given the high costs of farming activities) trials 

should investigate the feasibility of enhancing the gonad taste in the shortest period 

possible. 

Furthermore, since in the present study the animals were fed monospecific algae 

diets, would be of interest to experiment with a mix of algae diets in different 

proportion. The brown algae E. radiata showed a high amount of the umami taste 
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AAs glutamic acid and aspartic acid and was very abundant in PUFAs while Ulva 

sp. showed a high content in sweet taste AAs and MUFAs. Both algae are abundant 

on the Tasmanian coast and the provision would be fairly inexpensive. 

In this study, the urchins underwent a four-week period of acclimation and 

starvation, to eliminate confounding effects such as mortality caused by stress and 

damage during the collection and transport prior to the commencement of the 

feeding experiment, as well as provide a common base for all urchins in the study. 

At the time of collection, the urchin gonad were still in the recovery phase after the 

spawning season, small and depleted and the four weeks of starvation coupled with 

the stress of collection and new rearing conditions may have affected the prompt 

accumulation of nutrients in the phagocytes. 

In future feeding program would be advisable a shorter period of starvation of one-

two weeks and given the susceptibility of C. rodgersii to damage during harvesting, 

the collection of samples and the transport to the aquaria facility should be as less 

impacting as possible in an effort to ensure a faster acclimation and an active 

accumulation of nutrients in the gonad during the feeding period. 

3.5.8 Conclusions 

This experiment demonstrated that there is potential to modify C. rodgersii gonad 

nutritional and flavour components through a captive feeding program within a 

short time period. The provision of artificial feed with an adequate amount of 

energy and protein promoted gonad growth however, a shift towards the 

accumulation of bitter amino acids was noted. The natural diets did not promote 

gonad production but a greater accumulation of umami taste AAs with Ecklonia sp. 

and sweet taste AAs with Ulva sp. was observed. These results suggest that 

formulating a feed with a greater proportion of algae with umami and sweet taste 

AAs and the correct ratio protein/energy the gonad taste can be improved preserving 

or increasing the yield. Given the great availability of urchins with high GSI in both 

barrens and kelp habitat, the focus should be on modifying the flavour rather than 

somatic growth. Further development is required before commercial application. 
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Chapter 4 Post-harvest stress assessment on coelomic fluid 

parameters and gonad colour quality attributes of 

Centrostephanus rodgersii 

4.1 Abstract 

In this study, a post-harvest stress assessment was conducted to evaluate the impact 

of aerial exposure and processing delay on the coelomic fluid parameters and gonad 

colour quality attributes of the Longspined Sea Urchin Centrostephanus rodgersii. 

Urchins were held in air for 4hrs at two different temperatures 15˚C and 25˚C, and 

exposed to wind and no-wind treatments, before being held at 4˚C to mimic fishing, 

transport and processing operations. The treatments were compared with start and 

4˚C controls. Subsamples (n=6) of urchins were processed immediately after the 

exposure period (4hrs) and at 16hrs and 28hrs. The coelomic fluid of urchins 

exposed at 25˚C and wind effect showed low volume, elevated turbidity and salinity 

and low luminosity. The treatment held at 15˚C and protected from the wind 

preserved stability of internal parameters for a longer period. After 28hrs from 

harvest, all urchins showed signs of decay in all parameters with no significant 

differences between treatments. The quality of gonad colour parameters was 

acceptable after the aerial exposure but during storage was recorded a decrease in 

luminosity and an increase in red/brown tones attributed to the contact with the 

turbid coelomic fluid. The results show that sea urchins develop metabolic stress 

due to harvesting and emersion, the degree of severity of which depends on the 

environmental conditions and length of exposure and processing delay. 

Recommendations for the industry would be limiting mechanical damages of 

urchins’ test during harvesting and transport and reduce boating time. During 

transport and storage animals should be kept humid all the time and storage 

temperatures should be near the ambient water temperature of harvest. 
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4.2 Introduction 

The fishery of sea urchins focuses on the commercialization of the gonad or “roe”, 

the only edible part of the animal (Andrew et al 2002, James et al 2016, Sonu 2003, 

Stefansson et al 2017). In countries where a traditional, domestic fishery is 

prevalent, urchins are sold fresh and whole shortly after the collection on the site of 

landing or at the local fish market. The product is consumed fresh within a few days 

and less attention is dedicated to the aspect of the product and to roe quality at the 

moment of acquisition. Commercial-scale processing around the world however 

aims to export the urchin gonad to locations where the demand and consumption are 

higher, typically the Asian market and mainly to Japan where the product is 

considered a delicacy and high-quality gonad reach remarkable prices (Sun & 

Chiang 2015). Gonad are graded based on visual quality traits such as good yield 

(gonad somatic index), shape, colour and texture/firmness, which usually 

correspond to a desirable flavour and overall preservation of freshness (McBride et 

al 2004). The quality of the fresh sea urchin gonad product strongly influences price 

(Unuma et al 2002); damaged gonad with irregular shape and colour are discarded 

or classified as a lower grade and sold at a lower price (Whitaker et al 1997). 

Mechanical damage to the urchin such as cracks and punctures of the test can be 

caused by harvesting methods and handling, with air exposure, prolonged transport 

and storage time causing metabolic stress. Damage and stress result in increased 

mortality, reduced quality and may have an impact on gonad shelf life (Dale et al 

2005, Verachia et al 2012a). When injured or exposed to adverse environmental 

conditions, urchins undergo an inflammatory reaction to which the coelomocytes, 

cells freely circulating in the coelomic fluid, respond as a defence mechanism 

(Matranga et al 2000). Coelomocytes keep the sea urchin free of microorganisms by 

binding and phagocytosing foreign materials (Smith et al 1992, Smith et al 2006). 

Among the different types of coelomocytes, the red spherule amoebocytes act as 

anti-inflammatory agents, including the naphthoquinone pigment, echinochrome A, 

which has antibacterial properties (Wardlaw 1984). In a normal state (homeostasis) 

the coelomic fluid appears clear like seawater but the activation of immune response 

triggers the releases of several cells in the coelomic fluid causing turbidity and the 

colour to appear brownish, with the potential to discolour the gonad. 
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Centrostephanus rodgersii commercial harvest starts in December, the summer 

season in the austral hemisphere and follows until the end of autumn when urchin 

gonad enter the spawning stage. The water temperature in the Tasmania east-coast 

at depth of collection during December is between 15-20˚C, while the summer 

atmosphere temperature can reach 30˚C+ on very hot days but can be as low as 

15˚C on cloudy days with a southerly wind. Divers start harvesting in the morning 

collecting urchins with the use of a hook and a catch bag, when the catch bag is full, 

it is hoisted on the boat and left on the deck while the diver continues with the 

harvesting. Typically, divers return to land after 4-5 hrs and during that time the 

urchins collected are held in air on the boat deck and exposed to weather condition. 

Some fishers may cover the urchins with wet hessian sacks. Once landed the 

animals are loaded into a refrigerated truck, transported to the processing plant and 

placed in cool storage, with processing starting the following morning. It may be up 

to 30hrs after the harvest before the last individuals from a catch are processed. 

The time elapsed for environmental exposure out of the water from the moment of 

collection to the moment of storage can be critical in the cumulative effects of 

metabolic stress that worsen the general condition of the gonad. Additional, when 

exposed to the sun the dark colour of C. rodgersii epidermis and spines absorb more 

sunlight and leads to a sharp increase in temperature on the surface of the animal 

with a consequent thermal shock in a short time. The association of wind in 

dehydrating the epidermis combined with other external factors (rough handling, 

shaking, accidental cracking) complementary to the collection and transport can 

cause considerable stress or premature death of the animals and therefore affect the 

quality of the final product, the urchin gonad or roe, or their shelf life. 

The present study evaluated the effect of time, aerial exposure, temperature, and 

storage on the coelomic fluids of C. rodgersii recording data of temperature, pH, 

salinity, density, turbidity, colour, L-lactate, and volume of the coelomic fluid, as 

well as colour of the gonad. This experiment simulated the harvest, transport and 

storage conditions typical in the fishery at the time of the experiment. 
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The purpose of the study had two main objectives: 

• Determine if and to what extent physiological stress accumulates during the 

time urchins are held on the boat exposed to weather conditions and which 

factors cause greater stress. 

• Determine if the post-harvest cool storage temperature during transport is 

useful to stabilize the animals or if the deterioration continues over time until 

the moment of processing. 

  



113 
 
 

4.3 Materials and methods 

In order to investigate the effect of post-harvest handling on stress and subsequently 

on the quality of sea urchin gonad, live urchins collected during the fishing season 

with gonad at the mature stage were exposed to different environmental conditions. 

The longspined sea urchin Centrostephanus rodgersii samples, roughly 150 

individuals, were hand-collected by scuba-divers in Fortescue Bay, south-east coast 

of Tasmania on April 10th, 2019. During the transport urchins were placed inside 

crates at low density in order to minimise animals from injuring one another with 

the long spines and to reduce stress, the crates were held inside insulated 1000L 

tanks filled with marine water and provided with aeration. On arrival at the Institute 

for Marine and Antarctic Studies (IMAS) aquarium facility in Taroona, Hobart, the 

animals were removed from the crates and placed into two 3000L tanks provided 

with non-filtered running seawater and aeration. The urchins were acclimatised for 

four weeks and fed ad libitum a mixed kelp diet. The tanks were monitored daily, 

dead animals were removed, and mortality recorded. Tanks were also syphoned 

once a week to remove waste and food particles. 

4.3.1 Experimental design 

The effect of air exposure and handling during fishing and storage post-fishing was 

simulated, with parameters indicative of metabolic stress on urchin’s coelomic fluid 

physical parameters recorded and analysed. 

The experiment commenced after the four-week acclimation period, an initial 

control sample at time zero (T0) of six animals was processed immediately after 

being collected from the aquaria tank (water temperature was 12˚C). This treatment 

provided an experimental control for the initial physio-chemical parameters of 

urchin’s coelomic fluid before stress-induced tests and is referred to as WA12 

(Water 12˚C). Also, at T0 an additional 30 urchins were placed inside fish bins 

without water, covered with a humid hessian bag and immediately stored inside a 

walk-in fridge at 4˚C to serve as a control in storage conditions minimizing any 

effect of stress during the relocation of animals. To assess post-harvest stress 

conditions a further 96 urchins were allocated to four crossed treatments of 

temperature and wind. The air temperature inside different rooms was set at 15˚C 
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(representing mean air temperature) and 25˚C (representing a hot day), respectively. 

In each room, animals were further separated into two groups, one exposed to the 

effect of wind (simulated using a fan), while the other was protected from the wind 

effect and left inside the fish bin covered with a humid hessian bag. The 

combination exposure/temperature formed four treatments: Wind/15˚C (W15), No 

Wind/15˚C (NW15), Wind/25˚C (W25), No Wind/25˚C (NW25) and were designed 

to represent plausible scenarios of urchins held on the fishing vessel during harvest. 

After 4 hrs of exposure, six animals per temperature/wind treatment and six urchins 

from the fridge treatment at 4˚C (NW4) were processed (T1). The remaining 72 

urchins in the four experimental treatments were then stored inside the walk-in 

fridge to simulate the effect of refrigerated storage after fishing. Samples from each 

temperature/wind treatment were kept in a separated and labelled box. After a 

further 12hrs (T2) and 24hrs (T3), six animals were processed from each 

temperature/wind treatment as well as from the fridge control treatment. 

Table 4.1. Diagram of the experimental design 

Treatment Exposure Time 0 
(n=6) 

Time 1 
(n=30) 

Time 2 
(n=30) 

Time 3 
(n=30) 

Elapsed time                                        Start  4Hrs 16Hrs 28Hrs 
WA12 - Control Tank Water 12°C / / / 
NW4  Air - No Wind / 4°C 4°C 4°C 
W15  Air - Wind / 15°C 4°C 4°C 
NW15 Air - No Wind / 15°C 4°C 4°C 
W25 Air - Wind / 25°C 4°C 4°C 
NW25  Air - No Wind / 25°C 4°C 4°C 

(WA12) animals collected from the aquaria tank with water temperature at 12°C and immediately processed (Start- Time 0) 
to record a baseline of unstressed urchin physical parameters; (NW4) animals collected from the aquaria tank and immediately 
stored inside the fridge at 4°C (Start – Time 0) held in air inside fish bins protected from wind exposure and processed after 
4hrs, 16hrs and 28hrs of storage (Time 1), (Time 2) and (Time 3) respectively. (W15), (NW15), (W25), (NW25), animals 
collected from the aquaria tank and immediately exposed (Start – Time 0) to atmospheric temperature (15°C and 25°C) and 
wind (W) or no wind (NW) effect. After 4hrs of exposure animals were processed (Time 1), remaining animals were stored 
inside the fridge at 4°C and processed after 16hrs (Time 2) and 28hrs (Time 3).  

4.3.2 Data collection 

At each of T0 – T3, a series of biological and physicochemical measurements of sea 

urchins were collected. The total wet weight of the urchins was recorded on a digital 

scale to the nearest 0.5 gram and the test diameter measured with a Vernier calliper 

in millimetres to one decimal place. The coelomic fluid (C.F.) was collected making 

an incision with a scalpel around the Aristoteles’s lantern; the quantity of fluid in ml 
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was recorded, saved in Falcon tubes and stored inside the fridge at 4°C for further 

data collection, the drained weight of the animals was also recorded. 

The test was then split in a half, the interiors were scoped with a spoon, gonad were 

separated from the guts and the gonad wet weight recorded. The gonad somatic 

index (GSI) was calculated as the gonad wet weight (gonad WW) divided by the 

whole wet weight of the animal (total WW) and multiplied by 100: GSI = (gonad 

WW / total WW) *100. The gonad sex was visually assigned, and gonad colour 

intensity was recorded with a colour meter (Konica Minolta Chroma Meter CR-400) 

with three replicate measurement on each gonad lobe and values averaged. The 

system used to record the colour was the international standard CIE L* a* b* that 

expresses colour as three values: L* for the lightness from black (0) to white (100), 

a* from green (−) to red (+), and b* from blue (−) to yellow (+). Hue and Chroma 

were then calculated from each measurement using the following formulas: 

𝐻𝐻𝐻𝐻𝐻𝐻 = arctan (
𝑏𝑏
𝑎𝑎

) 

𝐶𝐶ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎 = (𝑎𝑎2 + 𝑏𝑏2)0.5 

4.3.3 Coelomic fluid assessment 

The coelomic fluid collected from the urchins was quantified by the total volume in 

mL and tested for pH, temperature, salinity and density, turbidity, colour, and L-

lactate concentration. Temperature and pH were measured with a pH meter glass 

probe (Hanna Instrument, AU) On each occasion the instrument was calibrated, and 

the probe rinsed with distilled water and dried with blotting paper after each 

reading. Salinity and density were collected with a hand refractometer (Starr 

instrument, NZ). In order to measure the turbidity level and the colour of the 

coelomic fluid, a sub-sample (2mL) was centrifuged (14500 rpm for 10 min) in an 

Eppendorf 5424r centrifuge (Eppendorf, Germany), the fluid was placed in a glass 

cuvette and the absorbance of the supernatant read at 600nm in triplicate. The 

colour measurements of L* (whiteness), a* (redness) and b* (yellowness) for each 

coelomic fluid sub-sample were read between 375-780nm in three replicate with a 

UV-Vis spectrophotometer (Mettler Toledo, United States). The Lactic acid 

concentration of coelomic fluid was measured as L-lactate with a Lactate assay kit 

test (Cayman chemicals, United States) and values presented in µM/ml. 
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4.3.4 Statistical analysis 

The dataset was screened through a scatter plot matrix (SPLOM) to monitor high 

correlation between variables.  If two variables were found to be highly correlated 

one was excluded from the dataset. Urchin biological measurements and 

physicochemical parameters of the coelomic fluids were analysed separately. A one-

way ANOVA was initially used to test for differences in animal biological 

measurements and coelomic fluid parameters such as pH, lactic acid, percentage 

solids, turbidity and colour coordinates. 

Given the complex incomplete factorial design (the factorial design was unbalanced 

given one processing time for the tank control at time zero, one processing time at 

room exposure for each treatment, two processing time per each exposure treatment 

after fridge storage, three processing time for the fridge control treatment), the 

statistical analysis was broken into two phases. The first phase looked at the effects 

of the temperature/wind treatments at Time 1 relative to the control at T0 and the 

fridge control (T1_NW4) to determine if the post-harvest treatments created a 

detectable level of stress. This gave a one-way design with six treatment levels (T0, 

T1_NW4, T1_W15, T1_W25, T1_NW15, T1_NW25). This design was examined 

with a multivariate approach (nMDS, PERMANOVA), with the coelomic fluid 

parameters as dependent variables. If the main effect in this analysis was significant, 

then a second phase statistical design was implemented to compare the effect of 

varying fridge storage times on coelomic fluid parameters. This structured approach 

was predicated on the assumption that if there was no significant effect of the 

simulated fishing condition treatments, there was little value in examining the effect 

of post-harvest storage times on coelomic fluid parameters. 

In the second phase analysis, we explored the effect of processing delay on 

coelomic fluid variables, specifically as to whether storage at 4 degrees stabilised 

the coelomic fluid parameters, or whether changes were accelerated under some 

handling treatment combinations. This analysis was conducted on normalised data 

using a Two-Way factorial permutational multivariate analysis of variance 

(PERMANOVA, α ≤ 0.05), with 9999 permutations and Type III sums of squares, 

mixed factors, and Euclidian distance with factors as Exposure and Temperature 

(NW4, W15, W25, NW15, NW25) and Time (T1, T2, T3). Group structure was 
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examined again with nMDS. In this second phase analysis of the T0 treatment was 

not included. 

The similarity percentage (SIMPER) analysis was calculated to identify the 

coelomic fluid parameters contributing to differences between treatments. Based on 

the SIMPER analysis results, vectors representing the coelomic fluid parameters 

were then mapped onto a subset of the nMDS graphics to visualise relationships 

between treatments at Exposure x Temperature effect and processing delay. The L-

lactate could only be measured in a reduced number of samples, and replication was 

inadequate to include in the multivariate matrix. Instead, the L-lactate results were 

analysed with 2-way ANOVA for factors Time and Exposure. 

Univariate analyses were performed using the statistical package IBM SPSS 

Statistics Version26 (SPSS Inc, Chicago, IL, USA), for multivariate routines was 

used PRIMER 7 Version 7.0.13 (Plymouth Routines In Multivariate Ecological 

Research), (Clarke & Gorley 2015) with the PERMANOVA+1 add-on (Anderson et 

al 2008). 
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4.4 Results 

4.4.1 Biological measurements 

Sea urchin biological measurements were inconsistent between the three processing 

times and can be attributed to differences in size and weight of urchins randomly 

assigned to the treatments rather than to the effect of exposure and time (Table 4.13, 

data in appendix). No clear differences were observed nor expected for test diameter 

and gonad wet weight. However, the urchin total weight decreased over time and is 

attributed to loss of coelomic fluid during the exposure and through dehydration in 

the low humidity fridge environment. Statistical differences in total weight are 

observed only at the second sampling period T2 (Table 4.13_B, F(4,25) = 3.13; p = 

0.032) with the treatment W25 having the lightest mean weight (220gr) and test 

drain weight (212gr), and the lowest C.F. volume (7.83 mL, Table 4.14) indicating 

that most of the internal fluid was already lost. Treatments NW15 and the fridge 

control at T2 were able to preserve more coelomic fluid volume weighing (319gr 

and 295gr) respectively. Irrespective of statistical significance urchins at the NW 

treatments and the fridge control maintained a higher internal fluid volume over 

time compared to urchins exposed to wind. The GSI shows an apparent increasing 

trend from T1 to T3 also due to the decrease in total weight for loss of internal 

water over time (Table 4.13). 

4.4.2 Assessment of stress induced by 4hrs air exposure on C. rodgersii coelomic 
fluid physical parameters. 

In the first multivariate analysis, a simple test was run to determine if the post-

harvest treatments created a detectable level of stress. The main effect was 

statistically significant for the coelomic fluid physical measurements (Table 4.2, 

PERMANOVA Main Effect Test, F(5,30)=3.86; p = 0.001) 
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Table 4.2. PERMANOVA analysis of urchin coelomic fluid physical variables between the water 
control at time zero and the four exposure/temperature treatments and fridge control at Time 1. 

Source df MS Pseudo-F P-value Unique perms 
Exposure 5 27.398 3.8586 0.001 997 
Res 30 7.1004                         
Total 35                                

Factor Exposure/Temperature (Ex). Analysis done on a resemblance matrix of Euclidean distance of normalised data. Analysis 
uses Fixed effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. Significant 
difference (p < 0.05) is indicated in bold. 

The PERMANOVA Pair-Wise test identified the treatments that differed from each 

other (Table 4.3); all experimental treatments (temperature, wind) at T1 and the 

fridge control (NW4) were statistically different to the Time Zero control - WA12 

(Table 4.3, p < 0.05). Thus, we conclude that 4hrs after removal from water, 

metabolic stress in coelomic fluid measurements is detectable in all post-harvest 

treatments. Moreover, the treatment NW15 was significantly different from the 

treatments W15, W25, NW4 (Table 4.3, p < 0.05), suggesting that both wind effect 

and low temperature cause metabolic changes to happen more rapidly, the treatment 

NW25 was also significantly different from W15 (Table 4.3, p < 0.05). 

Representation of treatments in two dimensions (nMDS bubble plot, Figure 4.1) 

indicates within-group variation for the control WA12 and the NW15 group is 

smaller and tighter, with these two groups along with the fridge control NW4 

separated from all the other samples. The vectors indicate group separation is 

aligned with high volume and high luminosity of the coelomic fluid. The separation 

of the NW15 can be attributed to a slight decrease in luminosity and an increase in 

colour parameters a* and b*. The treatments W25 and W15 scatter away from the 

NW15 treatment and control treatments with higher variability among the replicates 

within the groups, and with lower coelomic fluid volume. The treatments NW15 

and NW4 partially overlap but in the latter, some samples drift away along the 

vector indicating an increase in turbidity. 
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Table 4.3. Results of PERMANOVA pair-wise test. Comparisons between the water control at Time 
zero, and the five exposure/temperature treatments at Time 1. 

Groups       t P-value Perms Groups       t P-value perms Groups       t P-value perms 

WA12, W15 3.30 0.004 407 W15, NW15 3.00 0.002 393 NW15, NW25 1.65 0.071 404 

WA12, NW15 2.78 0.004 412 W15, W25 1.56 0.054 407 NW15, NW4 1.74 0.046 413 

WA12, W25 1.69 0.019 415 W15, NW25 2.01 0.014 403 W25, NW25 0.94 0.478 409 

WA12, NW25 1.88 0.006 415 W15, NW4 1.50 0.116 408 W25, NW4 1.33 0.147 408 

WA12, NW4 2.31 0.004 396 NW15, W25 2.17 0.002 412 NW25, NW4 1.19 0.246 416 

Water control time zero 12°C (WA12), wind exposure at 15°C (W15), air exposure no wind at 15°C (15NW), wind exposure 
at 25°C (25W), air exposure no wind 25°C (25NW), fridge air exposure no wind at 4°C (NW4). Data are normalised and 
analysed on a resemblance matrix of Euclidean distance. Analysis uses Fixed effect with Type III sum of square (partial) 999 
permutation of data residual to determine significance. Significant difference (p < 0.05) is indicated in bold, (n=6). 

 
Figure 4.1. Non-metric multidimensional scaling (nMDS) bubble plot of urchin coelomic fluid physical 
measurements. Samples defined by Factor Treatment. The size of the bubbles indicates the Volume in 
mL of samples coelomic fluid. Vectors define the direction to which the represented variables increase 
their counts. The mapped variables were chosen among the four major contributors to the dissimilarity 
among the groups identified by the SIMPER analysis. 

Visualising the same nMDS as Figure 1, this time with the coelomic fluid variable 

Turbidity represented by bubble size, the wind is clearly evident as a dominant 

factor affecting coelomic fluid parameters (Figure 4.2). Treatments with no effect of 

wind (NW) also form a tighter group compared to the wind-exposed treatments, as 

well as clustering in between the control and the wind treatments. Although some 

variability occurs and few samples in the NW present signs of stress, most replicates 

in this group show similarity with the water control WA12. Conversely, the W 
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group spread more across the plot, shows high variability, an increase in turbidity, 

density and colour parameters (Figure 4.2). 

 
Figure 4.2. Non-metric multidimensional scaling (nMDS) bubble plot of urchin coelomic fluid 
measurements. Samples are defined by factor Exposure. The size of the bubbles indicates the level of 
turbidity of coelomic fluid samples. Vectors define the direction in which the represented variables 
increase their counts. The mapped variables were chosen among the four major contributors to the 
dissimilarity among the groups identified by the SIMPER analysis. 

SIMPER analysis identified the primary variables that contributed the most to the 

separation between treatments (Table 4.4). By way of review, the volume of 

urchin’s internal fluid (C.F.) is expressed in mL, with higher values indicating lower 

dehydration. High luminosity (L*) values indicate transparency of the coelomic 

fluid, and lower L* values denote an increase in turbidity, finally an increase in a* 

values indicate the presence of a reddish/brownish colouration of coelomic fluid. 

The water control treatment W12 shows a high average volume of internal fluid 

(40ml), the highest L* value (98.2) and the lowest a* value (1.03), indicated the 

animals are in a low-stress state as the coelomic fluid is clear and no colour is 

detectable. The experimental treatment NW15 shows a slight decrease in L* (97.5) 

and increase in a* (2.04), an indication that after 4hrs of exposure animals began to 

manifest metabolic stress, although urchins in this treatment maintained a high 

volume of internal water (45ml). The treatment NW25 was represented by a lower 

L*(92.7) and high a* (4.53) compared to NW15 and with a loss of at least one-third 
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of the coelomic fluid (28.3ml). The treatments W25 and W15 appear to be the most 

affected during the 4hrs of exposure with W15 presenting the lowest value of 

luminosity (83.9) and the highest value of a* (10.9) and W25 the lowest volume of 

C.F. (17.9ml). The fridge control NW4 shows values of L* (88.7) and a* (8.53) 

similar to treatment W25. This result was unexpected but indicates that storage at 

low temperature also triggers stress, although the fridge control urchins were able to 

maintain a higher volume of C.F. (40.8ml) than the wind treatments (Table 4.4). 

Urchins exposed at the NW15 although statistically different from the W12 showed 

the least sign of stress between the post-harvest treatment at T1. 

Table 4.4. Results of Simper analysis of coelomic fluid variables between treatments at T1 and water 
control (n=6). 

Treatment Measure Av.Value Contrib% Treatment Measure Av.Value Contrib% 
WA12 Volume 40 91.3 W25 Volume 17.9 46.96 

 L* 98.2 4.39  L* 89.5 29.8 
 a* 1.03 4.14  a* 8.13 22.67 

W15 Volume 20.5 58.45 NW25 Volume 28.3 80.08 
 L* 83.9 24.64  L* 92.7 13.66 
 a* 10.9 16.61  a* 4.53 5.92 

NW15 Volume 45 62.26 NW4 Volume 40.8 61.38 
 a* 2.04 20.92  L* 88.7 23.84 
 L* 97.5 16.55  a* 8.53 14.58 

The top three coelomic fluid variables (measure) contributing to the difference between treatments are shown along with the 
mean value (Av.Value) and their contribution to the similarity within treatment (Cont %). 

4.4.3 Comparative analysis of the stress post-harvest occurring over time: 
exposure time and storage time before processing. 

The second phase analysis investigated whether there was differential deterioration 

in coelomic fluid parameters over time, based on the initial exposure treatment 

(temperature, wind). This was determined with a 2-way PERMANOVA analysis 

with two main effects of time (T1, T2, T3) and treatments (NW4, W15, W25, 

NW15, NW25) and the Time x Treatment interaction. The remaining urchins of all 

temperature and wind air exposure treatments were placed in the fridge at 4°C at the 

end of the T1 processing. The five treatments were processed a further two times 

after 12hrs and 24hrs of storage. The second test aimed at investigating the effect of 

increasing storage time prior to processing, to evaluate whether storage at low 

temperature was effective in slowing down urchin metabolic changes caused by the 

emersion and exposure to different environmental conditions. 
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The multivariate PERMANOVA analysis of urchins coelomic fluid physical 

parameters showed that the Time effect was the strongest factor and contained most 

of the variability. The test revealed a statistically significant interaction between the 

factors Time and Exposure (Table 4.5, p < 0.01). Given the significant interaction, 

the dataset was tested separately at each processing time with a one-way 

PERMANOVA for the factor Exposure. The multivariate analysis showed statistical 

differences in urchins coelomic fluid physical parameters among treatments at T1 

and T2 (p < 0.01), but not at Time 3 (Table 4.6, p = 0.422). 

Ordination (nMDS) plot on the full matrix with replicates labelled by Time reveal a 

pattern of differences between Time levels, and an increasing distance between 

members of each Time treatment from T1 to T3 (Figure 4.3). The group treatments 

at T1 are visualized mostly on the left of the plot but dispersed on the vertical axis; 

at this temporal sampling parameters of pH and Temperature drives most of the 

variability. Treatments at T2 spread left to right across the plot; in this case changes 

in colour variables, Salinity and C.F. volume are responsible for this trend. Group 

treatments at T3 appear less spread, there is less variation of internal parameters 

which explain the lack of statistical differences at this timing. 

A second ordination plot on the same matrix with replicates labelled by 

Temperature (Figure 4.4), shows considerable overlapping between treatments at 

T1, however, a trend can be discerned. Members at the 4°C are grouped tighter and 

follow a horizontal dispersion determined by changes in C.F. volume and turbidity; 

the 15°C treatments begin to spread on the vertical axis indicating an effect of T°C 

and pH on the C.F. but not an important effect on C.F volume and L*; the 25°C 

treatments are even more dispersed on the vertical axis with few outliers already at 

T1. At T2 and T3 groups of the 15°C and 25°C scatter towards the right of the plot. 

Overall, appear that animals exposed to higher temperature once emerged develop 

more stress and an increase in C.F. turbidity, this stress is caused in the first 4hrs 

after emersion and exposure and is not slowed down with storage at 4°C. The 

treatments stored at 4°C since the start of the experiment show less variability and a 

clear trend over time driven by an increase in turbidity and density and a decrease in 

C.F. volume and luminosity. This treatment was effective in keeping internal 
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parameters such as pH and temperature for the first period T1. There was evidence 

however of stress at T2 and T3 (Figure 4.4). 

Table 4.5. Results of 2-way PERMANOVA analysis with factors Time and Exposure/Temperature and 
the interaction between factors. 

Source df MS Pseudo-F P-value Unique perms 
Time 2 142.43 26.497 0.001 998 
Exposure 4 20.96 3.8993 0.001 999 
TixEx 8 12.54 2.3328 0.001 999 
Res 70 5.3754                         
Total 84                                

Time (Ti), exposure/temperature (Ex), interaction between time and exposure/temperature (TixEx/Te). Data are normalised 
and analysed on a resemblance matrix of Euclidean distance. Analysis uses Fixed effect with Type III sum of square (partial) 
999 permutation of data residual to determine significance. Significant difference (P<0.05) is indicated in bold. 

Table 4.6. Results of PERMANOVA analysis of urchin coelomic fluid physical variables between 
exposure/temperature treatments at Time 1, Time 2 and Time 3. 

T1 Df     MS Pseudo-F P-value  Unique perms 
Exposure 4 22.933 3.019 0.003 999 
Res 25 7.597                         
Total 29                                
T2 Df     MS Pseudo-F P-value  Unique perms 
Exposure 4 29.434 4.272 0.001 997 
Res 25 6.891                         
Total 29                           
T3 Df     MS Pseudo-F P-value Unique perms 
Exposure 4 10.287 1.035 0.422 999 
Res 19 9.9396                         
Total 23                           

Factor Exposure/Temperature (Ex). Data are normalised and analysed on a resemblance matrix of Euclidean distance. Analysis 
uses Fixed effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. Significant 
difference (p < 0.05) is indicated in bold. 
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Figure 4.3. Non-metric multidimensional scaling (nMDS) bubble plot of urchin coelomic fluid physical 
measurements. Samples are defined by factor Time. T1 urchin processed after 4hrs of air exposure; T2 
urchins processed after 16hrs (4hrs exposure and 12hrs of storage at 4°C); T3 urchins processed after 
28hrs (4hrs exposure and 24hrs of storage at 4°C). The size of the bubbles indicates the level of turbidity 
of coelomic fluid samples. Vectors define the direction in which the represented variables increase their 
counts. The mapped variables were chosen among the four major contributors to the dissimilarity 
among the groups identified by the SIMPER analysis. 
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Figure 4.4. Non-metric multidimensional scaling (nMDS) bubble plot of urchin coelomic fluid physical 
measurements. Samples are defined by factor Temperature. Fridge storage at 4°C (4); samples exposed 
at 15°C room temperature for the first 4hrs (15); samples exposed at 25°C room temperature for the 
first 4hrs (25). The size of the bubbles indicates the volume of coelomic fluid samples in mL. Vectors 
define the direction in which the represented variables increase their counts. The mapped variables were 
chosen among the four major contributors to the dissimilarity among the groups identified by the 
SIMPER analysis. 

At Time 1, the PERMANOVA pair-wise comparison between treatments (Table 

4.7) found that NW15 was significantly different from each of the other treatments. 

There was also a difference observed between W15 and NW25 (Table 4.7_A). Time 

2 shows an increase in significant results for the comparison between the W and 

NW treatments and absence of statistical differences resulted in NW4 compared to 

NW15 and NW25 exposure and between W15 and NW25 (Table 4.7_B). At Time 3 

there were no multivariate significant differences between treatments, except 

between W15 and W25 (Table 4.7_C, P=0.047). 
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Table 4.7. Results of PERMANOVA pair-wise analysis. Comparison between exposure/temperature 
treatments at each processing time. 

(A)    T1      t P-value  perms (B)    T2      t P-value  perms (C)    T3       t P-value  perms 

W15, NW15 3.00 0.001 402 W15, NW15 2.60 0.003 411 W15, NW15 0.87 0.537 126 

W15, W25 1.56 0.051 408 W15, W25 2.05 0.015 410 W15, W25 1.65 0.047 126 

W15, NW25 2.01 0.014 402 W15, NW25 1.22 0.205 407 W15, NW25 0.70 0.822 126 

W15, NW4 1.50 0.124 410 W15, NW4 1.80 0.038 406 W15, NW4 0.74 0.755 126 

NW15, W25 2.17 0.003 408 NW15, W25 3.52 0.001 409 NW15, W25 1.43 0.130 126 

NW15, NW25 1.65 0.049 406 NW15, NW25 1.77 0.040 413 NW15, NW25 0.62 0.788 126 

NW15, NW4 1.74 0.048 403 NW15, NW4 1.17 0.296 409 NW15, NW4 0.76 0.605 126 

W25, NW25 0.94 0.433 415 W25, NW25 1.71 0.035 414 W25, NW25 1.02 0.458 126 

W25, NW4 1.33 0.129 402 W25, NW4 2.59 0.012 414 W25, NW4 1.43 0.102 126 

NW25, NW4 1.19 0.237 403 NW25, NW4 1.12 0.300 413 NW25, NW4 0.79 0.525 126 

Wind exposure at 15°C (W15), air exposure no wind at 15°C (15NW), wind exposure at 25°C (25W), air exposure no wind 
25°C (25NW), fridge control air exposure no wind at 4°C (NW4), processing time after 4hrs, 16hrs 28hrs (T1, T2, T3). Data 
are normalised and analysed on a resemblance matrix of Euclidean distance. Analysis uses Fixed effect with Type III sum of 
square (partial) 999 permutation of data residual to determine significance. Significant difference (P<0.05) is indicated in bold. 

As for the Phase 1 analysis, Coelomic fluid volume and C.F. colour coordinates L* 

a* and b* were the variables identified by SIMPER analysis that mostly accounted 

for the dissimilarity between treatments groups at each processing time in phase 2 

(Table 4.8). The trend of urchins’ internal fluid volume in each treatment and 

overtime is represented in relation to the total wet weight of the animals (Figure 

4.5). A greater fluid volume was present in animals of WA12 at T0 and in NW15 

and NW4 at both T1 and T2, the lowest fluid content was always observed in W15, 

W25 and NW25 at T1 and T2. A constant decreasing trend can be observed in each 

treatment from T1 to T2 but at T3 all treatments showed a similar and low fluid 

content between 10 ml and 20 ml. The NW15 held more C.F. until T2 (C.F. > 40 

ml) but the volume decreased drastically at T3 (C.F. < 20 ml). The NW4 kept a high 

fluid volume until T1 (C.F. > 40 ml) but then slightly decreased to 33ml at T2 and 

dropped again to roughly 20ml at T3 (Figure 4.5). To a decrease in C.F. volume 

correspond a decrease in the value of fluid luminosity (L*) and an increase in the 

values (a*) and (b*) which indicate appearance and intensification of fluid colour 

over time (Table 4.8). 



128 
 
 

Table 4.8. Results of SIMPER analysis of coelomic fluid variables at each processing time. 

T1 Av.Value Contrib% T2 Av.Value Contrib% T3 Av.Value Contrib% 

Volume 31.1 39.7 b* 45.4 35.79 Volume 16.2 36.93 
b* 16.6 35.84 Volume 22 29.03 L* 54.5 31.96 
L* 90.3 14.43 L* 68.4 24.96 b* 59.8 19.09 
a* 7.07 9.39 a* 21.5 9.43 a* 28.6 9.49 

The top four coelomic fluid variables contributing to the dissimilarity between processing times are shown along with the 
mean value (Av.Value) and their contribution to the similarity within groups (Cont %). Coelomic fluid content (Volume mL), 
Luminosity (L*), tones of red (a*), tones of yellow (b*).  

 
Figure 4.5. Bar chart of urchin total weight (gr.) and coelomic fluid content in mL (indicated by the 
black dots) of control at T0 and treatments at T1, T2 and T3. All treatments at T1 and T2 (n=6), at T3 
W15, NW15, NW25 (n=5), W25 (n=4), NW4 (n=6). 

For the measurement of lactate in urchins coelomic fluid the 2-way ANOVA was 

statistically significant for the factors Time and Exposure (Table 4.15, ANOVA test, 

p < 0.01, data in appendix). A constant and significant increase in lactate was 

recorded between processing time in urchin’s coelomic fluid (Figure 4.6_A, 

Tukey’s test, α=0.05), the increase was mild from T0 to T1 (70.0 µM/ml and 84 

µM/ml) respectively, lactate content roughly doubled at T2 (154.5 µM/ml) and was 

three times higher than T0 in T3 (225.0 µM/ml) (see appendix Table 4.16_A). 
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Statistical differences in lactate values between treatments are also recorded (Figure 

4.6_B, Tukey’s test, α=0.05), the NW15 showed the lowest lactate increase (95.3 

µM/ml), followed by W15 (120.0 µM/ml), NW4 and NW25 shows similar values 

(144.0 µM/ml and 150.0 µM/ml) respectively, W25 presented the highest increase 

in lactate and was significantly different only from NW15(223.0 µM/ml) (Table 

4.16_B, data in appendix). No statistical differences in lactate content were recorded 

for the interaction between processing time and exposure treatments (Table 4.16, 

ANOVA test, p = 0.443, data in appendix). 

 
Figure 4.6. Bar charts represent L-lactate detected in urchins coelomic fluid at each processing time 
(A), and in each Exposure/Temperature treatment (B). Results are mean values ± standard error and 
expressed in µM/ml. Means that do not share a letter indicate significant difference among treatments. 
Grouping Information Using the Tukey HSD Method and p < 0.05. 

The variability of coelomic fluid physical parameters at each exposure/temperature 

treatment and handling time is illustrated with line charts (Figure 4.7). All urchins 

were collected from aquaria tank at 12°C water temperature, after 4hrs of air 

exposure (T1) each treatment increased the internal temperature which was found 

higher in W15 and W25 (15.5°C), and lower in NW25 (14.5°C) and NW15 

(13.5°C) respectively. The internal temperature of each treatment kept increasing 

after 12hrs at 4°C (T2) but dropped after 24hrs of storage (T3) recording 12°C in 

W15 and 7.2°C in W25 despite the fact that both were measured at 18°C in T2 

(Figure 4.7_A). The C.F. pH measurement shows variability between treatments 

and an unclear trend over time, at T1 the treatments W15 and NW15 show the 

lowest values (pH 6.5 and pH 6.6) and the NW25 and W25 (pH 6.9 and pH 7), 

respectively. At T2 the W15 increased sharply to pH 7.1 while all the other 

treatments decreased from their initial recording at around pH 6.5, at T3 W15 pH 

slightly decreased again (pH 6.9), W25 and NW25 increased to pH 6.7 and 6.8 
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respectively, and NW15 kept the decreasing trend recording pH 6.5 (Figure 4.7_B). 

The line chart of C.F. volumes confirms the outcome of multivariate analysis 

(PERMANOVA and nMDS), NW15 was able to hold more internal fluid at T1 and 

T2 while the other treatments at T1 had already lost most of the fluid. Values tend 

to converge at T3 with a rapid decrease in NW15 suggesting that after 16hrs out of 

the water urchins lose the ability to keep internal fluid, the apparent increase in fluid 

volume in NW25 and especially W25 is due to a reduced number of samples in 

these treatments at T3, few animals had lost all the internal fluid hence was not 

possible to record measurements (Figure 4.7_C). The level of turbidity increased in 

all treatments from T1 to T2 however, this increase was dramatic in W25 and while 

in the other treatments the turbidity kept increasing at T3 in W25 decreased, the 

turbidity level converged in all treatment at T3 (Figure 4.7_D). The luminosity of 

C.F. shows an inverse trend compared to the turbidity, in fact, samples presented 

higher luminosity at T1 and decreased converging at the same value in T3 (Figure 

4.7_E). Hue shows changes in the tone of colour of C.F., at T1 the effect of 

different exposures resulted in variability in hue values, but the values converged at 

T2 and plateaued to T3 (Figure 4.7_F). 
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Figure 4.7. Line charts of coelomic fluid physical parameters on Exposure/Temperature treatments at 
three processing times. X-axis indicates processing time after the emersion of sea urchins, T1 (4hrs of 
environmental exposure), T2 (16hrs, 4hrs exposure and 12hrs storage at 4°C), T3 (28hrs, 4hrs exposure 
and 24hrs storage at 4°C). (A) Temperature of coelomic fluid (C.F) expressed in (°C). (B) C.F. pH (C) 
C.F. internal volume expressed in mL. (D) C.F. turbidity read in absorbance at 600 nm, high values 
indicate higher turbidity. (E) C.F. luminosity, high values indicate limpidity and absence of colour, 
lower values indicate colour appearance. (F) C.F. hue distinguish the tone of colours, higher values 
indicate appearance of light colour, lower values indicate an increase in the tone of colour. 
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4.4.4 Effect of handling and exposure on C. rodgersii gonad colour. 

To evaluate the effect of exposure and processing delay on “roe” visual 

characteristics, changes in urchin gonad colour were investigated. The multivariate 

analysis of urchins’ gonad colour displayed significant interaction between factors 

Time and Exposure (Table 4.9, p < 0.01). Given the significant interaction, the 

dataset was further analysed with a one-way PERMANOVA at each processing 

time to explain the Main effects. The treatments analysed for the gonad colour 

measurements were statistically different in multivariate space at each processing 

time (Table 4.10, p < 0.01). 

Table 4.9. Results of 2-way PERMANOVA analysis on gonad colour coordinates with factors Time 
and Exposure/Temperature and the interaction between factors. 

Source df     MS Pseudo-F P-value  Unique perms 
Time 2 39.43 7.359 0.001 999 
Exposure 4 16.68 3.114 0.003 999 
TixEx** 8 17.95 3.351 0.001 999 
Res 80 5.36                         
Total 95                                

Time (Ti), exposure/temperature (Ex), interaction between time and exposure/temperature (TixEx/Te). 
Data are normalised and analysed on a resemblance matrix of Euclidean distance. Analysis uses Fixed 
effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. 
Significant difference (p < 0.05) is indicated in bold. 

Table 4.10. Results of PERMANOVA analysis of urchin gonad colour measurements between 
exposure/temperature treatments at Time 1, Time 2 and Time 3. 

T1 df     MS Pseudo-F P-value Unique perms 
Exposure 5 17.711 3.701 0.001 997 
Res 30 4.785                         
Total 35                                
T2 df     MS Pseudo-F P-value Unique perms 
Exposure 4 15.259 3.557 0.004 999 
Res 25 4.290                         
Total 29              
T3 df     MS Pseudo-F P-value Unique perms 
Exposure 4 20.058 2.8208 0.008 999 
Res 25 7.1109                         
Total 29              

Factor Exposure/Temperature (Ex). Data are normalised and analysed on a resemblance matrix of Euclidean distance. Analysis 
uses Fixed effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. Significant 
difference (p < 0.05) is indicated in bold. 
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The pairwise PERMANOVA analysis revealed inconsistent results for the 

comparison between treatments at each processing time (Table 4.11). At T1 most of 

the differences result from the comparison of NW4 and W25 between other 

treatments, while at T2 the treatments W15 and W25 command deviation of colour 

parameters, at T3 only NW25 show statistical differences from each of the other 

treatments. 

Table 4.11. Results of PERMANOVA pair-wise analysis. Comparison between exposure/temperature 
treatments at each processing time. 

(A)    T1       t P perms (B)    T2       t P perms (C)    T3       t P perms 

W15, NW15 0.72 0.665 409 W15, NW15 0.91 0.429 404 W15, NW15 0.54 0.796 407 

W15, W25 2.44 0.018 406 W15, W25 2.67 0.005 409 W15, W25 1.33 0.202 398 

W15, NW25 0.79 0.55 409 W15, NW25 2.04 0.019 406 W15, NW25 2.21 0.037 408 

W15, NW4 2.82 0.005 410 W15, NW4 1.14 0.272 410 W15, NW4 1.16 0.265 415 

NW15, W25 1.44 0.149 415 NW15, W25 2.97 0.002 422 NW15, W25 0.79 0.584 413 

NW15, NW25 0.76 0.593 410 NW15, NW25 1.76 0.062 400 NW15, NW25 2.27 0.023 414 

NW15, NW4 2.13 0.011 392 NW15, NW4 0.52 0.815 96 NW15, NW4 0.72 0.628 417 

W25, NW25 1.92 0.045 421 W25, NW25 1.90 0.015 415 W25, NW25 2.90 0.016 407 

W25, NW4 2.79 0.018 403 W25, NW4 2.27 0.014 417 W25, NW4 0.65 0.659 404 

NW25, NW4 1.62 0.112 417 NW25, NW4 1.10 0.292 411 NW25, NW4 2.22 0.026 399 

Wind exposure at 15°C (W15), air exposure no wind at 15°C (15NW), wind exposure at 25°C (25W), air exposure no wind 
25°C (25NW), fridge control air exposure no wind at 4°C (NW4), processing time after 4hrs, 16hrs 28hrs (T1, T2, T3). Data 
are normalised and analysed on a resemblance matrix of Euclidean distance. Analysis uses Fixed effect with Type III sum of 
square (partial) 999 permutation of data residual to determine significance. Significant difference (p < 0.05) is indicated in 
bold. 

The nMDS plot on gonad colour variables visualizes groups distribution for the 

factor Time (Figure 4.8), samples processed at T1 overlap with samples at T0, 

indicating that 4hrs of exposure did not command gonad colour changes, however, 

samples at T1 are mostly distributed on a vertical axis where the ones on top are 

characterized by more yellowness and the ones at the bottom by more whiteness, 

this distribution is attributed to a range of variability in gonad colour influenced by 

urchins sex and diet. At T2 and T3 samples drift towards the right of the plot 

separated from T1 and tend to converge where the vectors indicate increase in 

turbidity and decrease in luminosity and chromaticity. 

Five variables identified by SIMPER analysis contributed to more than 90% of the 

dissimilarity between Time factors (Table 4.12). Low luminosity index can be 

determined by decrease in moisture on the gonad surface. Values of L* are higher at 

T0 and steadily decrease to T3. Similarly, a gradual decrease in chromaticity results 
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in colour being less bright or dull. The decrease in b* values denote a reduced tone 

of yellowness determined by the increase in turbidity associated with the 

degranulation of the gut wall and release of red spherule coelomocytes as response 

of stress. The red spherule contains the pigment echinochrome which gives the 

coelomic fluid a reddish/brownish colour. Results suggest that the gonad colour of 

sea urchins held in air was affected over time by the contact with a turbid coelomic 

fluid. 

 
Figure 4.8. Non-metric multidimensional scaling (nMDS) bubble plot of urchin gonad colour 
coordinates. Samples are defined by factor Time. Urchins processed at the start of the trial (T0); urchins 
processed after 4hrs of air exposure (T1); urchins processed after 16hrs (4hrs exposure and 12hrs of 
storage at 4°C), (T2); urchins processed after 28hrs (4hrs exposure and 24hrs of storage at 4°C), (T3). 
The size of the bubbles indicates the value of chromaticity. Vectors define the direction in which the 
represented variables increase their counts. The mapped variables were chosen from the top five major 
contributors to the dissimilarity among the groups identified by the SIMPER analysis. 
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Table 4.12. Results of Simper analysis of urchin gonad colour coordinates at each processing time. 

T0 Av.Val Contr% T1 Av.Val Contr% T2 Av.Val Contr% T3 Av.Val Contr% 
YI 105 63.66 YI 115 55.35 YI 112 65.2 YI 111 54.55 
Ch 43.9 14.54 L* 52.2 13.5 b* 38.3 12.19 b* 35.3 15.69 
b* 43.2 14.27 b* 42 12.63 Ch 39.3 12.01 Ch 36.7 13.67 
WI 39.5 5.26 Ch 42.9 12.23 L* 48.6 5.87 L* 45.4 11.9 
L* 58.5 1.7 WI 35.3 5.31 WI 35 3.93 WI 33.7 3.26 

The top five gonad colour coordinates contributing to the dissimilarity between processing times are shown along with the 
mean value (Av.Value) and their contribution to the similarity within groups (Cont %). Yellowness (YI), Chromaticity (Ch), 
Whiteness (WI), Luminosity (L*), tones of yellow (b*). 



136 
 
 

4.5 Discussion 

The coelomic fluid of sea urchins held in air showed traits that indicated ongoing 

metabolic stress whose degree of severity was indicative of the environmental 

conditions to which the animals were exposed. After 4hrs all experimental 

treatments presented a detectable level of stress compared to the water control. 

Wind exposure and high temperature showed to be the main factors in determining 

stress and decay of physiological conditions of homeostasis. Urchins held in air at 

15 and 4°C and protected from the wind effect performed better and showed less 

sign of stress after 16hrs. At the 28hrs all animals were spoiled or dead and was not 

possible to detect significative differences between treatments. Volume, colour 

measurements and turbidity of the coelomic fluid were the main parameters affected 

by handling, exposure and temperature. Sea urchin gonad showed a change in 

colour over time correlated with the level of turbidity of coelomic fluid suggesting 

that an increase in metabolic stress and processing delay can lead to significant 

deterioration in gonad quality and consequent decrease of economic value. 

Harvesting, handling and transport is known to provoke stress in sea urchins (Dale 

et al 2005) with many animals showing obvious damaged, abrasions, cracking or 

perforation of the test as well damage of the oral membrane which results in 

coelomic fluid loss and determine bacterial infections (Maes & Jangoux 1985). This 

study did not investigate survival rate after collection however results of previous 

trials suggest that C. rodgersii is not a robust species compared to others (Hill & 

Lawrence 2006, Lawrence 2013a, Sherman 2015). For example, rough methods of 

collection did not influence mortality rate, external urchin condition or gonad index 

in the purple sea urchin Heliocidaris erythrogramma (Warren-Myers et al 2019). 

Similarly, less than 2% mortality was reported by (Pert et al 2018) for H. 

erythrogramma collected and roe enhanced in ambient seawater. Arafa et al (2006) 

reported zero mortality in a 36-day trial with Paracentrotus lividus but observed a 

50% decrease in gonad index in the first five days of live storage and a constant 

decrease in the following 26 days in both fed and starved animals and attributed the 

loss of gonadal indices to the stress induced by handling, transport and new rearing 

condition. 
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4.5.1 Determination of stress levels induced by handling and exposure on C. 
rodgersii. 

A detectable level of stress was found in the coelomic fluid of all post-harvest 

treatments. All (Exposure x Temperature) treatments at T1 were significantly 

different (Table 4.3, PERMANOVA Pair-wise test, P<0.05) from the initial control 

at T0 (WA12). Urchins stored inside the fridge at 4°C maintained a higher level of 

coelomic fluid volume over time, most likely because they were subjected to less 

handling and protected from dehydration. Urchins protected from wind at lower 

temperatures (NW15) performed better and preserved more coelomic fluid than at 

higher temperatures (NW25). Animals exposed to the effect of wind had less 

coelomic fluid volume at both 15 and 25°C than other treatments but interestingly 

the W15 treatment had less coelomic fluid than the harsher W25 treatment. Once 

urchins were transferred to the fridge and held at 4°C the W25 treatment required 

more time to lower the temperature and had already lost most of the body wall 

turgidity. 

4.5.2 Changes in Coelomic fluid parameters as an indicator of stress 

After emersion, urchin metabolism was strongly affected by the level of exposure 

and processing delay, with animals showing a progressive decline of internal 

parameters based on whether they were processed after 4hrs, 16hrs or 28hrs (NMDS 

and PERMANOVA refer to the results section). Burnett et al (2002) reported that 

upon air exposure (emersion) urchins Strongylocentrotus purpuratus release a 

significant amount of internal fluid. While a loss of internal fluid over time can 

occur naturally, mechanical damages and exposure to adverse environmental 

conditions out of the water can accelerate the loss of fluid. A general decrease in 

animal total wet weight over time was observed and attributed to an inevitable loss 

of internal water through fracture of the coelomic membrane as well as general 

dehydration of urchins exposed to air, mainly through the epidermis, the membrane 

of the peristome area and spines Animals kept at 15°C or 4°C and protected from 

the effect of wind retained more coelomic fluid and for longer than those exposed to 

the wind or at 25°C. Observations during the acclimation phase identified 

significant and rapid loss of internal fluid and mortality occurred in animals that 

were found to have cracks in the shell or holes in the peristome membrane, 
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potentially caused by splitting during transfer to/from the vessel or punched by 

spines of other urchins during transport. Urchins exposed to wind and high 

temperature showed also much greater variation in their coelomic fluid parameters, 

represented by a wider scatter of replicates in the multidimensional space. The 

prompt storage at 4°C proved effective in stabilizing the general coelomic fluid 

values however, an increase in turbidity of coelomic fluid in animals of NW4 

compared to the NW15 treatment was observed already at T1. Urchins at 4°C 

experience a metabolic change, consuming more energy and potentially becoming 

exhausted. At the final sampling period, T3 no major differences in coelomic fluid 

values were observed between treatments; the volume of internal fluid was very low 

in most of the animals and several urchins had no fluid at all. All animals showed 

high values of turbidity and density and an increase in L-lactate that indicate 

anaerobic metabolism and suggesting that between the 16 and 28hrs from the 

moment of emersion all individuals began to die or were no longer able to control 

the internal metabolism. 

The increase in L-lactate detected over time although statistically significant was 

relatively minor. Results obtained by (Spicer et al 1988) on stress trials with the sea 

urchins P. miliaris and E. esculentus suggests that the glycolytic pathway of 

anaerobiosis occur in other end-product in addition to L-lactate, for instance, 

succinate and fumarate. However, L-lactate appears to be the major end-product of 

anaerobic metabolism. Burnett et al (2002) suggest that during emersion the aerobic 

metabolism remains active and gas exchange continues to occur through the 

oesophagus, which acts as a facultative lung, hence limiting lactate production. The 

aerobic metabolism may still be active during refrigeration since the storage 

temperature of 4°C did not determine a rapid death of the animals and the levels of 

L-lactate in NW4 was statistically similar to the other treatments except W25 which 

showed significantly higher values of L-lactate. 

In sea urchins the pH of the coelomic fluid is generally reported to be lower (0.5–

1.5 U) than seawater due to the limited ability of these animals to control gas 

exchange leading to a slight accumulation of CO2 and other acidic metabolites 

(Farmanfarmaian 1966, Shick 1983). After emersion and exposure to air a condition 

of acidosis of the internal fluids seemed more obvious in animals exposed to higher 
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temperatures, however after 4hrs of exposure the treatments at 15°C showed the 

lowest pH values. Studies on echinoderms revealed a very high buffer capacity of 

the coelomic fluid (Catarino et al 2012). Buffer capacity is primarily due to the 

bicarbonate buffer system of seawater and is also partly due to proteins (immune 

cells coelomocytes) or other nitrogen products present in the coelomic fluid 

(Burnett et al 2002, Collard et al 2013, Gellhorn 1927). Exposure to 25°C may have 

caused greater metabolic stress that triggered a defence reaction resulting in the 

release of numerous coelomocytes in the coelomic fluid which also acted as a buffer 

agent. The sharp pH increase in W15 at T2 doesn’t have a clear explanation, 

although we can hypothesize that the low storage temperature, in this case, could 

have increased the energetic costs of maintenance functions and anaerobiosis which 

was buffered by the release of coelomocytes; however, this did not occur in the 

NW15 treatment. 

Sea urchin gonad possess relative high levels of FAA which in addition to 

influencing aroma and taste (De La Cruz-García et al 2000, Liyana-Pathirana et al 

2002b, Phillips et al 2010) are known to participate in osmoregulation and in 

counteracting the dehydration effect during emersion or hyper salinity (Arafa et al 

2006, Liyana-Pathirana et al 2002b). In this study free amino acids were not 

detected but (Arafa et al 2006) report a decrease in the gonad and coelomic fluids 

nitrogen metabolites with active deamination of free amino acids in gonad and 

ammonia production after urchin’s collection and acclimation to new rearing 

conditions. 

In our trial the sea urchins were exposed to considerable stress which over time led 

to loss of coelomic fluid and an increase in salinity, this may have triggered the 

release of free amino acids from the lumen of the gonad into the coelomic fluid in 

order to counteract dehydration. The loss of FAA from the gonad would determine a 

further decrease in quality which in addition to affecting the aroma and flavour 

reduces the shelf life of the product. Further studies are needed to confirm this 

theory. 
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4.5.3 Consequences of delay in processing on roe colour 

Characteristics of roe quality such as shape and colour are exceptionally important 

in marketing and determination of price (Sonu 2003). Bright yellow or orange 

gonad, firm, unbroken can be packed and presented neatly in trays and can be sold 

at highest prices (Sonu 2003). Signs of roes’ quality deterioration are irregular 

shape of the lobes, melting and dull or brown colour. 

In our study we observed a high variation of colour parameters between treatments 

at T1 but not a general decrease of colour quality, in fact, there were no significant 

differences with the control at T0. The initial colour variation is attributed to a sex 

effect; female gonad hold a more intense yellow colour, while males are brighter. 

The experiment was completed in May when gonad are mature and in 

gametogenesis. During this phase, the difference in gonad colour between sex is 

enhanced by the presence of male gametes in the lumen of the phagocytes which 

results in the detection of a higher White Index (WI) (Chapter 2- Section 2.4.2). 

Signs of colour deterioration appeared at T2 and T3, resulting in less variation 

within treatments, a decrease in luminosity and an increase of redness (a*) on the 

surface of the gonad. The increasing of the red colour is attributed to the presence of 

the red spherule coelomocytes that release the red pigment Echinochrome A in the 

coelomic fluid as immune defence systems (Matranga et al 2005, Matranga et al 

2000). The increase in red colour is correlated with the increase of coelomic fluid 

turbidity determined by the processing delay and exposure to air. 

A highly turbid coelomic fluid led to staining and darkening of the gonad and the 

effect seemed to increase with processing delay. Moreover, when then the coelomic 

fluid is lost over time for dehydration or damage of the test, the guts lie on the 

gonad resulting in bleeding of pigments from the guts into the gonad; the staining 

contributes to a reduction in the roe classification and price. Overall, we observed a 

loss of colour quality at T2 and T3 in all treatments compared to T1 and at least 

one-third of the gonad at T3 was visually spoiled and deemed non-marketable. 

4.5.4 Conclusions 

This study demonstrated that wind, temperature, and prolonged storage prior to 

processing creates metabolic stress that trigger an anti-inflammatory reaction. Sea 
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urchins exposed to the wind effect and high temperature lost most of their internal 

fluid faster than urchins protected from the wind and held at 15°C moreover, the 

remaining fluid showed high turbidity and salinity which led to gonad dehydration 

and staining. The prompt storage at 4°C was effective in keeping control of internal 

parameters like pH, temperature and fluid volume but increased the energetic 

metabolic costs which determined stress and turbidity. Urchins held at 15°C and 

protected from the wind showed the best performances retaining most of the internal 

fluid for a longer period and presenting fewer signs of metabolic stress. After 28hrs 

all urchins were visibly stressed with few differences in the characteristics of the 

coelomic fluid, this reflected in the loss of colour quality of the gonad. The dense 

reddish/brownish colour of the coelomic fluid caused the staining of gonad 

diminishing the bright yellow appearance that is typical when urchins are fresh and 

still alive. Outcomes of exposure to harsh conditions after urchin collection and a 

long processing delay are diminished colour quality characteristics of the gonad, 

however other factors not investigated here can determine loss of quality for 

instance dehydration may determine leaking and deamination of free amino acids 

important for the aroma and flavour and deamination products may confer the 

gonad an unpleasant aroma. 

Best practices would be recommended limiting mechanical damages of urchins’ test 

during harvesting and transport in order to prevent sudden loss of internal fluids. 

The boating time should be reduced to the minimum to limit the aerial exposure 

especially during hot days and urchins should be protected from the wind effect and 

kept humid all the time. Transport and storage temperatures near the ambient water 

temperature of harvest allow urchins to keep stable internal parameters without 

increasing the metabolic rate, keeping urchins alive for a longer period. While 

results here show that with 4°C pre-processing storage, processing should take place 

within 12hrs to optimise gonad quality, pre-processing storage temperatures nearer 

to ambient water temperature may extend the processing opportunity time to 

maximise quality. 
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4.6 Appendix 

Table 4.13. Results of one-way anova of urchin biological measurements between 
Exposure/Temperature treatments at three processing times. 

A        
Time 1 T0_12°C_WA T1_15°C_W T1_15°C_NW T1_25°C_W T1_25°C_NW T1_4°C_NW F(5,30)     (P) 

Total Wt. 354.26±39.54 257.7±25.03 292.06±27 341.6±16.67 373.3±28.32 316.05±28.42 F =2.28; p =0.072; 

Dia. 87.83±4.54 87.33±2.57 87.66±3.14 88.33±1.87 97.33±2.55 90.16±3.50 F =1.48; p =0.225; 

Drain Wt. 314.26±38.86 237.2±20.29 247.06±25.29 323.68±17.98 344.96±26.82 275.21±23.92 F =2.75; p =0.037; 

Gonad Wt. 42.28±4.48 36.90±3.46 40.25±5.88 43.05±2.81 47.00±2.21 36.30±1.44 F =1.19; p =0.335; 

GSI 12.18±0.93 14.51±1.26 13.51±1.22 12.71±0.93 12.93±1.02 11.91±1.02 F =0.77; p =0.576; 

L* 58.52±0.50 49.28±3.16 56.97±0.45 47.49±1.29 50.98±2.77 56.45±1.95 F =5.37; p =0.001; 

a* 7.75±0.22 8.12±0.49 8.92±0.60 9.15±0.34 9.15±0.52 7.17±0.27 F =3.66; p =0.011; 

b* 43.22±1.47 39.12±1.54 49.46±1.93 38.11±1.94 41.80±2.82 41.66±1.35 F =4.40; p =0.004; 

Chroma 43.91±1.48 39.98±1.50 50.26±1.99 39.20±1.93 42.85±2.67 42.28±1.37 F =4.38; p =0.004; 

Hue 1.39±0.00 1.36±0.01 1.39±0.00 1.33±0.00 1.34±0.02 1.39±0.00 F =3.10; p =0.007; 

B        
Time 2 T2_15°C_W T2_15°C_NW T2_25°C_W T2_25°C_NW T2_4°C_NW F (P) 

Total Wt. 285.01±20.84 319.23±20.56 220.8±25.04 261.40±20.45 294.86±17.97 F(4,25) =3.13; p =0.032; 
Dia. 95.63±2.94 100.00±2.97 90.33±3.17 91.83±3.54 94.08±2.99 F(4,25) =1.43; p =0.254; 
Drain Wt. 272.60±20.53 277.90±19.30 212.96±25.01 245.81±15.09 261.86±15.39 F(4,25) =1.81; p =0.158; 
Gonad Wt. 44.05±4.07 39.50±2.69 29.70±3.52 43.48±1.83 40.88±3.92 F(4,25) =3.05; p =0.036; 
GSI 15.40±0.53 12.43±0.64 13.78±1.44 16.93±0.91 13.93±1.27 F(4,25) =2.81; p =0.047; 
L* 45.94±1.05 51.31±1.83 51.29±1.98 47.16±1.12 47.49±1.29 F(4,25) =2.75; p =0.050; 
a* 8.39±0.28 7.75±0.46 9.86±0.51 9.38±0.24 9.15±0.34 F(4,25) =4.75; p =0.005; 
b* 35.27±1.25 35.22±1.97 43.65±3.31 39.26±2.01 38.11±1.94 F(4,25) =2.48; p =0.070; 
Chroma 36.27±1.24 36.09±1.92 44.80±3.20 40.37±1.99 39.20±1.93 F(4,25) =2.73; p =0.051; 
Hue 1.33±0.00 1.35±0.01 1.34±0.02 1.33±0.01 1.33±0.00 F(4,25) =0.23; p =0.918; 

C        
Time 3 T3_15°C_W T3_15°C_NW T3_25°C_W T3_25°C_NW T3_4°C_NW F (P) 

Total Wt. 277.91±14.39 269.08±20.37 230.93±12.23 261.06±15.94 264.11±9.11 F(4,25) =1.42; p =0.255; 
Dia. 95.83±2.25 94.00±1.57 90.16±1.81 91.66±1.49 88.66±0.66 F(4,25) =3.07; p =0.035; 
Drain Wt. 269.75±12.81 254.73±15.56 220.68±12.44 245.9±11.65 244.86±4.06 F(4,25) =2.23; p =0.094; 
Gonad Wt. 46.91±3.96 34.91±6.14 40.33±2.74 33.58±2.29 41.33±2.88 F(4,25) =1.93; p =0.137; 
GSI 17.06±1.61 12.76±2.11 17.43±0.47 13.11±1.19 15.60±0.80 F(4,25) =2.52; p =0.067; 
L* 41.07±1.63 49.11±1.34 42.95±3.40 45.11±2.60 48.69±1.37 F(4,25) =2.49; p =0.069; 
a* 11.25±0.61 9.03±0.60 8.22±0.61 8.71±0.58 9.50±0.45 F(4,25) =4.05; p =0.011; 
b* 28.48±2.66 39.50±1.67 33.20±2.73 35.54±2.14 37.18±2.94 F(4,25) =2.88; p =0.043; 
Chroma 30.80±2.31 40.54±1.71 34.29±2.57 36.61±2.14 38.39±2.91 F(4,25) =2.52; p =0.066; 
Hue 1.17±0.04 1.34±0.01 1.32±0.03 1.33±0.01 1.31±0.01 F(4,25) =5.94; p =0.002; 

Weight (Wt.) values are given in (gr.), test diameter (Dia.) values are given in (mm), gonad somatic index (GSI) values are 
given in (%) of the total urchin weight. L*, a*, b*, Chroma and Hue are gonad colour coordinates. Values are presented as 
mean and standard error of the mean (n = 6). 
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Table 4.14. Results of one-way anova of urchin coelomic fluid measurements between 
Exposure/Temperature treatments at three processing times. 

A        
Time 1 T0_12°C_WA T1_15°C_W T1_15°C_NW T1_25°C_W T1_25°C_NW T1_4°C_NW F(5,30)     (P) 

Volume 40.0±5.62 20.50±6.12 45.0±2.75 17.91±5.32 28.33±6.18 40.83±6.89 F =4.12; p =0.01; 

pH 7.06±0.05 6.49±0.12 6.61±0.06 7.01±0.15 6.91±0.13 6.58±0.04 F =5.15; p =0.00; 

T 15.86±0.24 15.35±0.41 13.45±0.17 15.60±0.56 14.45±0.38 14.53±0.38 F =5.57; p =0.00; 

Salinity 36.16±0.3 41.16±0.79 37.66±0.55 38.0±0.73 38.33±0.71 38.83±0.40 F =7.25; p =0.00; 

Density 1.02±0.0 1.02±0.0 1.02±0.0 1.02±0.0 1.02±0.0 1.02±0.0 F =7.18; p =0.00; 

Turbidity 0.0±0.0 0.1±0.03 0.01±0.0 0.06±0.03 0.05±0.02 0.06±0.03 F =2.29; p =0.07; 

L* 98.22±1.23 83.92±3.97 97.53±1.42 89.53±4.24 92.74±2.55 88.69±4.29 F =2.92; p =0.03; 

a* 1.02±1.19 10.93±3.26 2.04±1.59 8.13±3.70 4.52±1.68 8.53±3.35 F =2.20; p =0.08; 

b* 5.33±1.23 32.25±9.20 6.72±1.73 14.21±3.4 7.90±1.55 21.51±6.28 F =4.64; p =0.00; 

Chroma 5.80±1.46 34.12±9.71 7.26±2.2 17.20±4.44 9.40±2.03 23.23±7.06 F =4.15; p =0.01; 

Hue 0.86±0.45 1.23±0.03 1.39±0.08 0.60±0.44 1.13±0.12 1.25±0.05 F =1.17; p =0.35; 

B       
 

Time 2 T2_15°C_W T2_15°C_NW T2_25°C_W T2_25°C_NW T2_4°C_NW F (P) 
Volume 12.41±5.94 41.33±5.3 7.83±2.83 15.58±7.52 33.0±8.10 F(4,25) =5.34; p =0.003; 
pH 7.13±0.17 6.57±0.08 6.54±0.10 6.59±0.10 6.67±0.03 F(4,25) =4.93; p =0.005; 
T 18.13±0.10 15.55±0.24 17.63±0.43 16.95±0.82 15.73±0.49 F(4,25) =5.51; p =0.003; 
Salinity 42.33±0.84 38.83±0.54 47.83±1.13 43.33±1.22 39.83±0.47 F(4,25) =15.4; p =0.000; 
Density 1.03±0.0 1.02±0.0 1.03±0.0 1.03±0.0 1.02±0.0 F(4,25) =6.10; p =0.001; 
Turbidity 0.28±0.07 0.10±0.02 0.56±0.13 0.19±0.04 0.22±0.07 F(4,25) =4.72; p =0.006; 
L* 66.25±6.22 83.48±3.34 48.72±7.29 72.55±4.71 71.2±6.41 F(4,25) =4.83; p =0.005; 
a* 23.9±3.98 12.77±3.45 29.15±3.34 21.77±2.83 20.08±3.99 F(4,25) =2.83; p =0.046; 
b* 47.3±6.76 29.22±8.18 60.09±5.92 44.63±7.47 45.88±5.93 F(4,25) =2.52; p =0.066; 
Chroma 53.1±7.70 32.67±8.29 67.73±4.57 49.87±7.73 50.6±6.39 F(4,25) =3.11; p =0.033; 
Hue 1.1±0.03 1.12±0.01 1.1±0.08 1.09±0.04 1.16±0.07 F(4,25) =0.12; p =0.973; 

C        
Time 3 T3_15°C_W T3_15°C_NW T3_25°C_W T3_25°C_NW T3_4°C_NW F (P) 

Volume 9.80±3.83 17.22±6.95 15.37±4.96 18.20±7.97 19.25±9.15 F(4,20) =0.27; p =0.894; 
pH 6.92±0.23 6.50±0.09 6.74±0.14 6.81±0.15 6.60±0.11 F(4,20) =1.14; p =0.367; 
T 11.90±1.03 9.80±1.0 7.20±1.72 9.06±1.17 13.86±0.40 F(4,20) =6.09; p =0.002; 
Salinity 41.4±2.40 43±1.14 49.25±2.28 44.4±1.02 43.16±1.35 F(4,20) =2.80; p =0.057; 
Density 1.03±0.0 1.03±0.0 1.03±0.0 1.03±0.0 1.03±0.0 F(4,20) =2.60; p =0.067; 
Turbidity 0.41±0.07 0.41±0.07 0.42±0.07 0.45±0.11 0.40±0.12 F(4,20) =0.04; p =0.996; 
L* 55.49±5.54 54.73±5.62 54.44±5.81 53.99±8.14 59.80±9.50 F(4,20) =0.11; p =0.977; 
a* 27.72±3.38 29.67±3.48 29.58±2.95 28.07±3.68 23.06±6.70 F(4,20) =0.37; p =0.830; 
b* 56.39±5.55 62.62±3.88 69.34±4.20 58.47±7.32 51.69±4.86 F(4,20) =1.46; p =0.252; 
Chroma 62.98±6.13 69.59±4.13 75.46±4.74 65.02±7.87 57.89±6.25 F(4,20) =1.14; p =0.366; 
Hue 1.11±0.03 1.13±0.04 1.17±0.02 1.12±0.03 0.67±0.43 F(4,20) =0.85; p =0.513; 

Volume is given in mL. L*, a*, b*, Chroma and Hue are coelomic fluid colour coordinates. Values are presented as mean and 
standard error of the mean (n = 6). 
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Table 4.15. Results of 2-way ANOVA for L-lactate detected in urchins coelomic fluid at different 
processing time and exposure treatments. 

Source Type III Sum of Squares df Mean Square F P-value 
Corrected Model 179077.824a 14 12791.27 7.25 0.001 
Intercept 754190.48 1 754190.48 427.50 0.001 
Time 100883.40 2 50441.70 28.59 0.001 
ExpTemp 49945.61 4 12486.40 7.08 0.001 
Time * ExpTemp 14842.46 8 1855.31 1.05 0.433 
Error 35283.54 20 1764.18   

Total 964842.93 35    

Corrected Total 214361.36 34       
 

Table 4.16. Results of L-lactate measurements in urchins coelomic fluid.  

A        Time T0 T1 T2 T3 
L-lactate 70.09 ± 0.59 84.03 ± 3.51 154.50 ± 20.61 224.91 ± 23.22 

B       ExpTemp W15 NW15 W25 NW25 NW4 
          L-lactate 119.96 ± 18.6 95.31 ± 15.56 223.34 ± 32.64 149.79 ± 30.76 143.74 ± 31.02 

Processing time T0 n=6; T1-T3 n=30 (A) and Exposure/Temperature treatment n=18 (B). Results are mean values ± standard 
error and expressed in µM/ml. 
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Chapter 5 Tomato growth and productivity using dried powdered 

processing waste from sea urchin (Centrostephanus rodgersii) 

fishery 

5.1 Abstract 

In this study, a greenhouse experiment with tomato plants was conducted to 

evaluate the influence of the long-spined sea urchin Centrostephanus rodgersii 

processing waste on growth and productivity of tomato. The long-spined sea urchin 

mineral parts, spines, test and jaws were comprised of Ca 40%, Mg 1.7%, Fe 19.34 

ppm, B 38 ppm, had an alkaline pH 8.06 in water and electrical conductivity value 

of 7.64 dS/m. Dried and finely ground urchin waste powder (UWP) at seven 

different rates (0.3%; 0.5%; 0.8%; 1%; 2%; 3%; 5%) was applied to 4 kg potting 

mix. The pots were planted with tomato seedlings variety K1 and the effects 

compared against control pots receiving Hoagland solution. Plant growth, yield, 

mineral content and quality attributes of tomato were assessed. Results showed that 

UWP had an influence on tomato growth and productivity proportional to the 

quantity applied, however, the Hoagland solution control had a significantly greater 

yield. The soil pH increased from 6.8 to 7 and higher available phosphorus was also 

detected in soils receiving higher rates of UWP. No phytotoxic effects were detected 

despite the high concentration of calcium in soil and higher EC values detected at 

the highest rate UWP. Although, there is some inconsistency in the results of the 

nutritional compositions of tomato fruits, the highest UWP treatment matched the 

Hoagland control presenting good quality fruit and nutritional values. In conclusion, 

C. rodgersii UWP has strong potential as a mineral fertiliser providing plant-

available Ca and some microelements such as Boron. As there is a strong push for 

sustainable nutrient sources, sea urchin waste may provide a useful alternative for 

organic or biodynamic farming systems. 
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5.2 Introduction 

Globally, the commercial sea urchin fishing industry harvest fluctuates between 

60,000 and 75,000 tons annually (Fishery & Statistics 2016, Stefansson et al 2017). 

The Japanese market is the biggest consumer and importer of sea urchins, followed 

by France and Korea while in other countries such as Chile, New Zealand and Italy 

there is a smaller domestic market (Andrew et al 2002). Urchins are sold live or 

processed and are prized for their edible parts, the gonad or “roe”. The yield of 

gonad is variable among different species and ranges between 5 and 15% of total 

body weight. The remaining parts of the sea urchin (guts, test, spines and jaws) are 

considered waste whose global amount is around 64,000 tons. 

Processing of seafood from industrial fisheries results in considerable waste, posing 

logistical disposal and environmental problems (Ravindran & Jaiswal 2016). 

Animal processing leftovers are considered to be a potential resource and has 

recently been termed “rest raw materials” (Rustad et al 2011). Seafood by-product 

waste material cannot be sold as a value-adding product such as fillet, round, 

eviscerated or beheaded fish, but rather as biological materials that can be recycled 

after treatment. When treatment and reuse are not possible, the seafood waste must 

be destroyed through incineration, added to landfill or composted adding significant 

expense to the fishery (Rustad 2002). In Australia, the seafood industry produces 

more than 50,080 tons of fish waste at the manufacturing stage (Verghese & 

Lockrey 2019) and on average processors pay more than $200/t for removal to 

landfill (Knuckey et al 2004). The reuse and repurposing of waste are of critical 

importance as the world’s population and the amount of waste produced continues 

to increase (Lehmann 2011). 

Several studies have investigated the potential uses and application of fishery by-

products as sources of proteins and lipids in feed (Datta 2013), extraction of 

bioactive compounds useful in pharmaceutical and cosmetic (Sen et al 2016) and as 

fertilizers in agricultural crops (López-Mosquera et al 2011). In an agricultural 

context, the application of products made from animal excreta, animal processing 

wastes or food processing waste can be used to improve the structure and stability 

of the soil (Edmeades 2003, Ge et al 2010, Reardon & Wuest 2016) in addition to 

enhancing the yield and quality of the crop plants (Golabi et al 2007, Hammed et al 
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2019, Mahmoud et al 2009). Food waste products provide an organic, more 

sustainable nutrient source alternative to synthetic fertilisers. Extensive use of 

inorganic fertilizers is associated with downstream environmental pollution (Good 

& Beatty 2011) and alteration of the physical properties of the soil (Mulvaney et al 

2009, Savci 2012) with subsequent effects on the nutritional value of the crop (Geng 

et al 2019). As there is increasing sensitivity to environmental issues associated 

with agriculture and greater awareness from consumers who are looking for 

sustainably produced crops, investigation into the agronomic benefits of utilising 

processing waste as an alternative to synthetic fertilisers provides an opportunity to 

decrease costs while increasing environmental sustainability. 

Centrostephanus rodgersii is a large echinoid found in southeastern Australian 

coastal waters and in the past four years, approximately 830 tons of urchins have 

been harvested resulting in an estimated 705 ton of waste. The elemental content of 

C. rodgersii endoskeleton is still unknown but different studies have characterized 

the mineral composition of various species of sea urchins including 

Strongylocentrotus intermedius, Mesocentrotus nudus, Scaphechinus mirabilis, and 

Echinocardium cordatum from the Japan sea (Drozdov et al 2016), the red 

(Strongylocentrotus franciscanus) and green (Strongylocentrotus droebachiensis) 

sea urchins from the West and East coasts of Canada, respectively (Amarowicz et al 

2012) and Paracentrotus lividus from the coasts of Sardinia in the Mediterranean 

sea (Garau et al 2012). High calcium and relatively high magnesium content were 

found in all species with N, P, K in minor quantity and among the micronutrients 

identified were Fe, Zn, Mn, Cu, Cd, Pd etc. In urchins from the Japan Sea, Zr and Sr 

were always present while Sn, Sb, Rb and Ba were alternatively present and 

attributed to the place of collection of the animals (Drozdov et al 2016). 

Several studies have demonstrated the potential use of calciferous waste generated 

by bivalve farming. Lee et al (2008) tested the effect of oyster shell powder on soil 

cultivated for cabbage and demonstrated an increase in soil pH and generally 

improved soil chemical and biological properties resulting in increased cabbage 

productivity. Oyster powder was also used to extend the shelf life of tofu and 

shredded cabbage (Choi et al 2006, Kim et al 2007). Mussel shells (grounded and 

calcinated) and lime were compared as amendment in soil with a low pH (Álvarez 
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et al 2012), resulting in comparable increases to soil pH, exchangeable Ca and 

decreased exchangeable Al. The amendment also had a positive effect on dry matter 

yield and concentration of Ca in the plants. Sea urchin (Paracentrotus lividus) waste 

was assessed by (Garau et al 2012) as an amendant in acidic soil proving to 

significantly increase soil pH and electrical conductivity, available phosphorus, 

active carbonate as well as microbial abundance and activity (Garau et al 2012). 

This study aims to test the use of waste produced by the fishery for longspined sea 

urchin C. rodgersii as potential mineral fertilizer. We selected Tomato as our model 

species due to its salt tolerance (Bergmann 1992) and the expectation that sea urchin 

powder is likely to increase the electrical conductivity (EC)  of the soil. Using a 

base soil medium with known properties, we investigated whether tomato plants 

take up nutrients derived from sea urchin powder. Specifically, we tested 

productivity and fruit quality of tomato using powdered dry sea urchin waste at 

increasing rates against a standard nutrient fertiliser regime. 
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5.3 Materials and methods 

5.3.1 Processing of sea urchin waste material. 

Waste material from the sea urchin C. rodgersii collected along the east coast of 

Tasmania was stored after processing to extract roe for human consumption. The 

processing waste including tests (endoskeletons), spines and jaws were rinsed with 

tap water to eliminate salts residue and oven-dried for 24 hr at 105 °C. Dried 

material was finely ground using a grinding mill (A11 analytical mill, IKA, Staufen, 

Germany) and samples were sent to SWEP Laboratory (Victoria, Australia) for 

nutrient analysis to determine elemental composition and physico-chemical 

parameters of urchin powder. Specifically, P, K, S, Ca, Mg, Na, Fe, Mn, Zn, Cu, 

Co, B, Mo were determined with inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) after acid digestion, N was determined by the Dumas 

method (Dumas 1831), pH of the powder in water (ratio 1:5) was measured with a 

pH reader (Rayment & Higginson 1992), electrical conductivity (EC) was 

determined in a water extract and organic carbon with LECO carbon analyser 

following Rayment and Lyons (2011). Urchin waste powder mineral 

characterization provided insights for determining the rate of sea urchin waste 

additions for the experimental pot trial. 

5.3.2  Pot trial establishment. 

A potting mix was prepared comprising 90% composted pine bark, 5% sand, 5% 

cocopeat, plus 3 kg dolomite/0.5m3 to produce a consistent growing medium with 

sufficient structure for plant growth. Urchin waste powder (UWP) was added at 

seven different treatment rates (0.3%; 0.5%; 0.8%; 1%; 2%; 3%; 5% by weight) into 

4 kg of the potting mix at the commencement of the trial with ten replicate pots per 

treatment (Table 5.1). The potting mix used in the pot trial was very low in 

macronutrients N, P, K and Ca. Conversely, the potting mix had a higher content of 

Zn, Fe and Mn compared to urchin powder, but was low in B. The initial EC and pH 

were 0.470 dS/m and 7.30 respectively (Table 5.1). Additional treatment with a 

standard Hoagland solution with ten pot replicates was used as the control of which 

400 ml was applied twice a week for 12 weeks. The Hoagland solution is a 

composition which formula/recipe provides every essential nutrient required by 
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green plants to support growth. The nutrient profile of the growing medium over the 

life of the experiment varied between the potting mix plus Hoagland solution and 

potting mix plus urchin supplement (Table 5.1), and this was intentional as the 

objective was to compare urchin powder supplement against a standard control 

medium. The pot treatments were set up the 3rd of November 2017 and left with 

irrigation for a week to allow the UWP to stabilize with the potting mix. One week 

after the preparation of the pot treatments, the 10th of November 2017, three tomato 

(Solanum lycopersicum) seedlings (variety K1) were added to each pot and after 

two weeks the strongest plant was retained, and the others discarded. pH and EC 

measurements of growing medium for the eight treatments were recorded three days 

post-planting and before the addition of Hoagland solution in the control treatment 

and at the conclusion of the trial. Plants were maintained for 12 weeks in a 

greenhouse at the Horticulture Centre of the University of Tasmania. The 

experiment underwent a natural photoperiod, in an uncontrolled temperature 

environment and pots received automatic irrigation for two minutes, six times over 

24 hr. 

Table 5.1. Nutrient composition of the potting mix with powdered sea urchin waste applied at different 
rates and the total applied in the Hoagland control 

Element Unit Potting mix 

Hoagland 

Solution 

mg/Pot/ 

Week 

Total 

addition of 

Hoagland 

solution 

mg/Pot 

Urchin 

Waste 

Powder 

Urchin waste powder application rates (g./Pot) 

0.30% 0.50% 0.80% 1% 2% 3% 5% 

12gr 20gr 32gr 40gr 80gr 120gr 200gr 

Ca % w/w 0.383 (0.01) 173 2076 40.40 (0.67) 4.85 8.08 12.93 16.16 32.32 48.48 80.80 

Mg % w/w 0.057 (0.001) 29.4 352.8 1.77 (0.02) 0.21 0.35 0.57 0.71 1.42 2.12 3.54 

Na % w/w 0.012 (0.001) 0.0034 0.0408 1.35 (0.16) 0.16 0.27 0.43 0.54 1.08 1.62 2.70 

K % w/w 0.164 (0.005) 140.4 1684.8 0.26 (0.03) 0.031 0.052 0.083 0.104 0.208 0.312 0.52 

S % w/w 0.0057 (0.0013) 38.4 460.8 0.47 (0.08) 0.056 0.094 0.150 0.188 0.376 0.564 0.94 

N % w/w 0.0007 (0.0001) 162.5 1950 0.50 (0.07) 0.060 0.100 0.160 0.200 0.400 0.600 1.00 

P % w/w 0.0029 (0.0002 18.6 223.2 0.03 (0.003) 0.004 0.006 0.010 0.012 0.024 0.036 0.06 

Cu ppm w/w 0.87 (0.19) 0.02 0.24 0.60 (0.12) 0.072 0.12 0.19 0.24 0.48 0.72 1.20 

Zn ppm w/w 18.06 (1.21) 0.05 0.6 6.36 (2.24) 0.76 1.27 2.04 2.54 5.09 7.63 12.72 

Fe ppm w/w 63.26 (7.34) 0.3 3.6 19.34 (5.60)  2.32 3.87 6.19 7.74 15.47 23.21 38.68 

Mn ppm w/w 38.30 (2.63) 0.47 5.64 1.87 (0.96) 0.22 0.37 0.60 0.75 1.50 2.24 3.74 

Mo ppm w/w n/d 0.072 0.864 0.114(0.027) 0.014 0.023 0.036 0.046 0.091 0.14 0.23 

B ppm w/w 0.68 (0.006) 0.31 3.72 38.11 (1.86)  4.57 7.62 12.20 15.24 30.49 45.73 76.22 

EC dS/m 0.470 (0.06) 1.70  1.70  7.64 (0.974)        

pH Level  1:5 Water 7.30 (0.10) 5.8  5.8  8.06 (0.10)               

Values in parenthesis represent standard error of the mean (n = 3). 
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5.3.3 Plant and soil assessments 

The dynamics of plant growth was recorded with weekly measurements of a range 

of plant growth and reproductive characteristics. Individual plant height and width 

(cm) were obtained using a ruler, and stem cross-section area (mm) using Vernier 

callipers. The number of fully-grown branches, flowers and fruits was recorded for 

each plant weekly. At the end of the trial, the vegetative and reproductive weights of 

all tomato plants were calculated for each of the eight treatments. Each plant was 

cut at the base and the fresh weight recorded, then plants were oven-dried for 48 hrs 

and dry weight and moisture content calculated. Five branches per plant from each 

treatment were cut and sent for analysis of nutrients. Three replicates of standard 

potting mix and three replicates of soil from each treatment (10 g per sample) were 

collected at the end of the trial, sieved through a 2 mm mesh and air-dried for 

approximately two weeks in aluminium foil trays. Dried samples from each 

treatment were pooled to make a composite sample and sent for analysis to 

determine changes in soil chemical parameters after the application of the fertilizer 

(sea urchin waste) and the use of nutrients by the plants. 

At the conclusion of the trial fruits from each plant were counted and weighed, and 

the total yield per plant calculated. Harvested fruits were analysed for their fruit 

quality attributes (fruit colour, weight, diameter), and other physico-chemical traits 

such as Degrees of Brix (°Brix is a measure of the amount of dissolved solids in the 

fruit juice), acidity, pH, firmness, dry matter content and nutrient composition. To 

assess fruit quality attributes, fruits of similar ripe stage (maturity) were selected for 

comparison. Colour intensity through the coordinate L*, a* and b* was recorded 

with a colour meter (Chroma Meter CR-400, Konica Minolta, Tokyo, Japan) in 

three spots around the pericarp and values averaged. Values of a* are negative in 

green tomato and become positive when fruits start to develop red colour. Negative 

values represent unripe fruits while higher hue angle shows fruits in different 

ripening stages. Red is better represented by the hue angle which explains the colour 

change associated with the enzymatic degradation of chlorophylls and the 

appearance of lycopene, a red carotenoid pigment (Su et al 2015). Fruits with 

minimum positive hue angle are fully ripe and show an intense red colour. Fruit 

firmness was measured with a compression meter (Güss fruit texture analyser, 
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Strand, South Africa) which expressed deformation of the pericarp in millimetres in 

response to the applied load of 50 g for 0.4 s on the surface of the fruit using a 2 

mm cylindrical probe at 4 mm depth. Each fruit was also dissected transversely to 

count the number of locules and to measure the pericarp thickness in mm at two 

locations on each fruit with a Vernier calliper and averaged. Following physical 

assessments, a random subsample of the fruits was sliced, weighed and placed in an 

aluminium tray then oven-dried at 60 °C for 4 days. After drying, samples were 

weighed, and dry matter content and moisture calculated. Dried fruit samples from 

the same replicate were pooled together and sent to CSBP Laboratories for nutrient 

composition analysis. Remaining fruits were pureed through a thin mesh, 

centrifuged and the extracted juice used to estimate total soluble solids, pH and 

titratable acidity. Total soluble solids (TSS) (˚brix) were determined with a hand 

refractometer (Atago 3810 pal-1, Fukaya, Saitama, Japan). The refractometer was 

washed with distilled water after each assessment use and dried with blotting paper. 

Fruit acidity and pH was determined using a titrator (HI84532 fruit titratable acidity 

Hanna Instruments, Melbourne, Australia). 

At the end of the trial, the total amount of each nutrient that was added with the 

Hoagland solution during the 12 weeks was compared with the amount of each 

nutrient provided with the mineral fertilizer (urchin powder) for the seven 

treatments. 

5.3.4 Statistical analysis 

The data are presented as the mean values with standard errors. Mineral 

macronutrients are presented in percentage of weight by weight (%w/w) equivalent 

of g/100g and micronutrients are presented in part per million (ppm) equivalent of 

mg/Kg. One-way ANOVA was performed to compare the effects of UWP 

treatments and Hoagland control on tomato plants growth at the end of the 

experiment and tomato yield and fruit quality parameters. Homogeneity of variances 

was verified with Levene’s test. Two-way ANOVA with repeated measures was 

used on stem height, branches number, stem CSA, flower number and fruit number 

to analyse the interaction between fertilizer treatments and weekly measurements. 

Differences at the 5% significance level were compared using Tukey’s Honestly 

Significant Difference (HSD) test. PERMANOVA tests were performed on 
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Euclidean distance matrix for leaf and tomato fruit nutrients content and fruit 

characteristics between each treatment and control to indicate significance of tested 

factors. Statistical analysis of One-Way ANOVA and Two-Way ANOVA with 

repeated measure were performed with SPSS (IBM SPSS Statistics for Windows, 

version 26.0. Armonk, NY: IBM Corp.). PERMANOVA test and nMDS plots were 

performed using PRIMER 7 (Plymouth Routines In Multivariate Ecological 

Research) (Clarke & Gorley 2015).   
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5.4 Results 

5.4.1 Tomato growth and productivity 

5.4.1.1 Effect of urchin powder supplement on weekly plant growth 

All plant growth variables increased with increasing dried UWP treatments, with 

plant performance in some variables equivalent to that observed in the Hoagland 

solution control treatment (Figure 5.1, Table 5.3). Weekly measurements of plant 

growth parameters (height, branches and CSA) showed overall statistically 

significant differences in group means for the interaction between treatments and 

sampling time as determined by two-way ANOVA with repeated measures (Figure 

5.1, Table 5.2). At the end of the experiment, shoot length and stem CSA of tomato 

plants receiving the highest sea urchin treatment (Treatment 7) were not 

significantly different (Table 5.3, Tukey’s test, α=0.05) from the standard 

Hoagland’s solution. Shoot length, stem CSA and plant width had a moderate 

increase in the lowest three UWP treatments, with no significant difference 

(Tukey’s test, α=0.05) in these plant parameters (Figure 5.1, Table 5.3). Mean plant 

width (leaf area) for T7 (5% urchin supplement) was significantly higher than all 

other treatments including Hoagland’s control (Figure 5.1, Tukey’s test, α=0.05). 

Branches of tomato plants receiving the highest UWP (T6, T7) were not 

significantly different but had statistically fewer branches than the Hoagland’s 

control (T8), (Figure 5.1, Table 5.3, Tukey’s test, α=0.05). Tomato plants receiving 

the Hoagland’s control had the greatest total dry matter mass which significantly 

decreased with each rate of sea urchin powder from T7 to T4 (Figure 5.1, Tukey’s 

test, α=0.05). Dry matter content expressed as a % of the total wet weight was 

greatest for Hoagland’s control but not significantly different to the highest UPW 

treatments (Table 5.3, Tukey’s test, α=0.05). 

Table 5.2. Two-way ANOVA with repeated measure of weekly tomato plant growth parameters. 

  Height Branches CSA 

Tr df=7; F=14.67; P<.0001 df=7; F=21.8; P<.0001 df=7; F=13.4; P<.0001 

St df=2; F=2609; P<.0001 df=2; F=575.2; P<.0001 df=2.7; F=1157.7; P<.0001 

Tr*St df=12; F=20; P<.0001 df=13; F=17.2; P<.0001 df=18.8; F=9.65; P<.0001 

Tr: treatments; St: sampling time; df: degrees of freedom. 
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Figure 5.1. Line graphs of plant growth measurements including number of branches (A), stem height 
(B), stem cross sectional area (C) and leaf width at the completion of the trial (D) for increasing sea 
urchin powder supplement rates (T1 = 0.3%; T2 = 0.5%; T3 = 0.8%; T4 = 1%; T5 = 2%; T6 = 3%; T7 
= 5%), and Hoagland’s solution (T8). X-axis represents sampling event in weeks after planting. Error 
bars denote standard error and letters above the bars represent result of Tukey (HSD) post-hoc test.  

Table 5.3. Vegetative growth parameters of tomato plants in greenhouse pot trial under sea urchin waste 
powder treatments. 

  Shoot length (cm) Stem CSA (mm) Plant width (cm) Branches (n◦) Plant dw. (gr.) Plant dmc (%) 

T1 32.9 (2.08)a 8.47 (0.73)a 39.7 (4.16)a 15.0 (2.71)a 5.61 (1.29)a 17.66 (1.54)abc 

T2 32.0 (12.3)a 8.66 (0.80)ab 43.1 (5.53)a 15.4 (3.40)ab 6.96 (2.19)ab 16.65 (1.29)a 

T3 37.0 (3.94)a 8.93 (0.66)abc 46.2 (6.30)ab 18.1 (3.31)abc 8.39 (2.74)ab 16.94 (1.21)ab 

T4 40.0 (3.40)ab 9.40 (0.72)abc 48.1 (4.38)ab 21.0 (3.59)bc 9.58 (2.84)b 17.48 (2.14)abc 

T5 46.3 (5.93)bc 9.83 (1.01)bcd 55.8 (7.30)bc 24.3 (4.00)c 15.39 (4.96)c 17.82 (0.68)bc 

T6 46.7 (7.57)bc 10.67 (0.76)cd 59.9 (6.72)cd 27.9 (5.02)d 21.48 (7.16)d 18.00 (0.86)cd 

T7 53.5 (3.10)d 11.20 (0.90)e 68.4 (5.02)e 29.6 (4.55)d 32.14 (4.73)e 18.19 (0.58)d 

T8 55.0 (4.19)d 11.18 (0.55)e 62.7 (4.60)cd 33.9 (7.23)e 38.63 (4.34)f 19.00 (0.47)d 

Means that do not share a letter indicate significant difference among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 10). 

5.4.2 Final nutrient composition of plant vegetative parts. 

5.4.2.1 Plant nutrient levels as a measure of soil-nutrient uptake. 

Nutrient (Total N, P, K and Ca and Mg) concentrations in the vegetative (combined 

shoots and leaves) parts of the plant showed an increasing response to higher UWP 

treatments (Table 5.4). All macronutrients increased significantly between T6, T7 

and T8 (Table 5.4_A, Tukey HSD, α=0.05). A similar trend of increasing 

A

C

B

D



156 
 
 

micronutrient levels with increasing urchin powder was also observed (Table 

5.4_B). Plants grown in the Hoagland’s solution (T8) contained higher nutrient 

concentrations than plants in the highest sea urchin treatment (T7) for all nutrients 

including Ca, Mg and micronutrients such as B, Zn, Fe and Mn (Table 5.4). 

Table 5.4. Nutrient concentration in vegetative parts (combined shoot and leaf) of tomato plant in 
greenhouse pot trial with sea urchin waste powder treatments. 

A Tot. N (% w/w) P (% w/w) K (% w/w) Ca (% w/w) Mg (% w/w) Na (% w/w) 

T1 0.08 (0.001)a 0.018 (0.001)a 0.17 (0.005)a 0.16 (0.009)a 0.031 (0.002)a 0.002 (0.0004)a 

T2 0.09 (0.006)a 0.018 (0.002)a 0.21 (0.021)a 0.26 (0.026)a 0.042 (0.002)a 0.003 (0.0001)a 

T3 0.11 (0.003)a 0.018 (0.001)a 0.23 (0.001)a 0.31 (0.025)ab 0.050 (0.004)ab 0.003 (0.0003)a 

T4 0.13 (0.008)a 0.018 (0.001)a 0.26 (0.012)ab 0.31 (0.011)ab 0.053 (0.002)ab 0.003 (0.0004)a 

T5 0.22 (0.010)b 0.027 (0.001)a 0.36 (0.015)bc 0.50 (0.020)bc 0.076 (0.006)bc 0.004 (0.0006)a 

T6 0.31 (0.011)c 0.029 (0.003)ab 0.44 (0.025)c 0.68 (0.073)cd 0.098 (0.012)c 0.008 (0.0008)b 

T7 0.45 (0.014)d 0.040 (0.003)b 0.63 (0.027)d 0.80 (0.026)de 0.135 (0.002)d 0.014 (0.0001)c 

T8 0.76 (0.019)e 0.076 (0.005)c 1.02 (0.033)e 0.94 (0.068)e 0.182 (0.013)e 0.010 (0.0014)b 

B S (% w/w) Cu (mg/kg) Fe (mg/kg) Mn (mg/kg) Zn (mg/kg) B (mg/kg) 

T1 0.023 (0.001)a 0.17 (0.06)a 3.25 (0.30)a 1.67 (0.11)a 0.95 (0.06)a 2.16 (0.09)a 

T2 0.032 (0.001)ab 0.16 (0.05)a 3.80 (0.29)a 2.89 (016)ab 1.25 (0.12)a 2.87 (0.14)ab 

T3 0.036 (0.003)ab 0.12 (0.03)a 4.06 (0.33)a 3.34 (0.42)bc 1.34 (0.11)ab 3.17 (0.19)ab 

T4 0.035 (0.002)ab 0.10 (0.001)a 3.81 (0.07)a 3.53 (0.23)bc 1.41 (0.18)ab 3.29 (0.09)ab 

T5 0.053 (0.002)bc 0.24 (0.09)a 6.77 (0.55)ab 4.86 (0.27)cd 2.26 (0.27)bc 4.93 (0.11)bc 

T6 0.066 (0.007)c 0.35 (0.04)a 8.55 (0.70)b 6.40 (0.49)d 2.78 (0.38)c 6.83 (0.74)c 

T7 0.076 (0.003)c 0.30 (0.03)a 12.41 (0.94)c 9.86 (0.34)e 4.11 (0.20)d 9.73 (0.66)d 

T8 0.155 (0.013)d 1.07 (0.17)b 17.61 (1.52)d 13.31 (0.46)f 5.13 (0.12)e 15.93 (0.85)e 

Means that do not share a letter indicate significant difference among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 3). 

The multivariate analysis on the proportion of leaf nutrient content showed overall 

statistically significant difference among treatment groups (Table 5.5). The nMDS 

plot reveals three clusters (Figure 5.2) of plant nutrient proportions where the four 

lowest UWP addition rates (T1-T4) form a tight grouping while two separate 

clusters are evident for T7 and T8, highlighting improved vegetative production and 

nutrient uptake in plants receiving the highest UWP addition (T7) but further still, 

the better overall performance of plants receiving the Hoagland’s solution (T8).  
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Table 5.5. Results of PERMANOVA analysis of proportion of leaf nutrient content for UWP treatments 
(T1-T7) and Hoagland control (T8). 

Source df     MS Pseudo-F P-value  Unique perms 

Tr 7 352.36 59.234 0.001 998 

Res 16 5.9487    

Total 23              

Analysis uses Fixed effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. 
Significant difference (P<0.05) is indicated in bold. 

 
Figure 5.2. Non-metric multidimensional scaling (nMDS) bubble plot of Euclidian distances between 
the proportion of nutrients in tomato plant vegetative parts receiving sea urchin waste powder treatments 
(T1 = 0.3%; T2 = 0.5%; T3 = 0.8%; T4 = 1%; T5 = 2%; T6 = 3%; T7 = 5%) and the Hoagland control 
(T8). Bubble sizes indicate K content (w/w%). 

5.4.3 Effect of UWP on flowering and fruit production 

Overall statistically significant differences were observed in the weekly 

measurements between group means of flowers and fruits productivity for the 

interaction between treatments and sampling time as determined by two-way 

ANOVA with repeated measures (Table 5.6, Figure 5.3). Plant flowering and 

fruiting success measured at the end of the trial was variable across the treatments. 

A trend of increasing number of flower and fruits was observed with increasing 

application of UWP, however there were no clear statistical differences between the 

lowest four UWP treatments (Figure 5.3, Table 5.7, Tukey’s test, α=0.05). Yet, a 
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main effect of UWP fertiliser was evident in T5, T6, and T7 (Figure 5.3) for these 

factors. Flower number receiving the highest UWP (T7) was not significantly 

different (Table 5.7, Tukey’s test, α=0.05) from the standard Hoagland’s solution. 

Table 5.6. Two-way ANOVA with repeated measure of weekly tomato plant measurement of flower 
and fruit production. 

 
Flower Fruit 

Tr df=7; F=27.14; P<.0001 df=7; F=47.00; P<.0001 

St df=2; F=114.91; P<.0001 df=2; F=49.26; P<.0001 

Tr*St df=12.6; F=17.00; P<.0001 df=15; F=10.67; P<.0001 

Tr: treatments; St: sampling time; df: degrees of freedom. 

 

Figure 5.3. Line graphs of flower (A) and fruit (B) production for eight treatments representing 
increasing urchin powder supplement rates (T1 = 0.3%; T2 = 0.5%; T3 = 0.8%; T4 = 1%; T5 = 2%; T6 
= 3%; T7 = 5%), and Hoagland’s solution (T8). X-axis represents sampling event in weeks after 
planting. 

Table 5.7. Average flower number, fruit number, yield and fruit weight of tomato plants in greenhouse 
pot trial under sea urchin waste powder treatments (T1 – T7) and Hoagland’s control (T8). 

  Flowers (n◦) Fruits (n◦) Fruits yield (gr.) Fruit Wt. (gr.) Pericarp (mm) 

T1 5.4 (2.50)a 1.1 (0.47)a 23.64 (17.57)a 21.49 (4.53)a 4.64 (1.35)ab 

T2 6.1 (2.42)a 1.2 (0.57)a 41.12 (20.99)ab 34.27 (5.11)ab 4.88 (0.74)a 

T3 9.8 (4.96)ab 1.5 (0.71)ab 65.22 (22.59)bc 43.48 (6.46)ab 4.75 (0.93)ab 

T4 11.4 (4.43)ab 1.6 (0.70)ab 69.19 (25.33)bc 43.24 (6.65)ab 4.00 (0.91)bc 

T5 17.4 (7.69)bc 2.1 (0.74)b 84.95 (27.95)c 40.45 (6.70)ab 3.60 (0.78)c 

T6 24.4 (9.59)cd 3.3 (1.77)c 144.3 (45.10)d 43.72 (6.77)ab 4.00 (0.94)bc 

T7 34.7 (5.19)e 4.3 (1.49)d 238.1 (63.20)e 55.36 (9.70)b 5.00 (0.78)cd 

T8 33.0 (11.16)e 8.3 (1.34)e 448.1 (74.00)f 53.99 (5.54)ab 5.75 (0.35)d 

Means that do not share a letter indicate significant difference among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 10). 

Average fruit number ranged from one fruit per plant in the lowest UWP treatment 

to eight fruits per plant in the Hoagland’s control (Table 5.7) with significant 

differences in the mean values observed between the three highest rate treatments 

A B
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(T5 to T7) and the control (T8) (F(7,72)=52.57, P=.000). Average fruit size and 

overall fruit weight (total yield) increased with increasing UWP (F(7,176)=2.844, 

P=.008). Plants receiving the highest UWP (T7) yielded 238.1g fresh fruit which 

was almost half of the fresh fruit produced by plants in the Hoagland’s treatment 

(448.1g) (Table 5.7, Tukey’s test, α=0.05). 

While there was a trend of decreasing percentage of fruit dry matter from T1 (7.3%) 

– T7 (6.7%) and T8 (6.5%), there were no significant differences in mean fruit dry 

matter per plant (F(6,64)=.915, P=.501). Locule number was similar across all 

treatments varying from (6.00) to (8.00), (F(7,72)=.489, P=.840). Pericarp thickness 

ranging from a minimum of 3.60 (T1) mm and a maximum of 5.75 (T8) mm and 

tended to significantly increase with higher UWP rates (Table 5.7, F(7,72)=2.951, 

P=.009). 
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5.4.4 Fruit nutrition and quality 

5.4.4.1 Fruit nutrient levels as a measure of soil-nutrient uptake 

Fruit nutrient concentrations increased in response to higher rates of UWP (Table 

5.8). An increasing level of macronutrients (Total N, P, K and Ca and Mg) is noted 

as result of the increased rate of UWP. Both macro and micronutrients exhibit a 

mild increase in the first five treatments with no statistical differences observed 

(Table 5.8, Tukey HSD, α=0.05), in contrast, nutrients significantly increased 

between T6, T7 and T8 (Table 5.8, Tukey HSD, α=0.05). Tomato fruits grown in 

the Hoagland’s solution (T8) contained higher concentration than fruits in the 

highest UWP treatment (T7) for all nutrients including Ca, Mg and micronutrients 

such as B, Zn, Fe and Mn (Table 5.8). 

Table 5.8. Nutrient concentration in fruit of tomato plants receiving sea urchin waste powder treatments 
(T1 – T7) and Hoagland’s control (T8). 

A Tot. N (% w/w) P (% w/w) K (% w/w) Ca (% w/w) Mg (% w/w) Na (% w/w) 

T1 0.039 (0.003)a 0.017 (0.001)a 0.146 (0.004)a 0.006 (0.0003)a 0.005 (0.0003)a 0.001 (0.0001)a 

T2 0.062 (0.004)ab 0.029 (0.002)a 0.272 (0.023)ab 0.013 (0.002)ab 0.009 (0.001)ab 0.002 (0.0002)a 

T3 0.084 (0.008)ab 0.034 (0.002)a 0.359 (0.024)b 0.021 (0.001)ab 0.012 (0.001)ab 0.003 (0.0005)ab 

T4 0.091 (0.005)ab 0.035 (0.003)a 0.383 (0.021)b 0.024 (0.001)ab 0.012 (0.001)ab 0.002 (0.0003)ab 

T5 0.128 (0.017)b 0.040 (0.003)ab 0.444 (0.019)b 0.025 (0.001)ab 0.014 (0.001)b 0.003 (0.0004)ab 

T6 0.264 (0.022)c 0.077 (0.008)bc 0.851 (0.046)c 0.038 (0.003)b 0.027 (0.003)c 0.008 (0.001)ab 

T7 0.451 (0.026)d 0.110 (0.016)c 1.28 (0.080)d 0.064 (0.00)c 0.041 (0.002)d 0.021 (0.011)b 

T8 0.873 (0.016)e 0.246 (0.012)d 2.55 (0.038)e 0.116 (0.014)d 0.087 (0.002)e 0.016 (0.002)ab 

B S (% w/w) Cu (mg/kg) Fe (mg/kg) Mn (mg/kg) Zn (mg/kg) B (mg/kg) 

T1 0.005 (0.0003)a 0.16 (0.034)a 1.72 (0.11)a 0.32 (0.020)a 0.70 (0.053)a 0.67 (0.028)a 

T2 0.010 (0.0005)ab 0.21 (0.04)a 2.90 (0.02)a 0.57 (0.057)ab 1.26 (0.09)ab 1.26 (0.112)ab 

T3 0.013 (0.0005)ab 0.24 (0.025)a 3.29 (0.24)a 0.72 (0.042)ab 1.52 (0.137)ab 1.77 (0.09)bc 

T4 0.015 (0.0003)b 0.26 (0.005)a 3.86 (0.06)a 0.81 (0.081)ab 1.66 (0.048)ab 1.97 (0.052)bc 

T5 0.018 (0.001)b 0.36 (0.05)a 5.08 (0.57)a 0.93 (0.076)b 2.26 (0.254)b 2.31(0.028)c 

T6 0.034 (0.003)c 0.78 (0.014)ab 9.85 (1.24)b 1.71 (0.142)c 4.66 (0.365)c 3.91 (0.209)d 

T7 0.053 (0.0035)d 1.14 (0.208)b 14.22 (1.34)c 2.86 (0.193)d 7.48 (0.57)d 6.35 (0.295)e 

T8 0.100 (0.0022)e 2.57 (0.336)c 23.60 (1.06)d 5.66 (0.136)e 10.99 (0.496)e 11.98 (0.382)f 

Means that do not share a letter indicate significant difference among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 3). 

The multivariate analysis on the proportion of tomato fruit nutrient content showed 

overall statistically significant difference among treatment groups (Table 5.9). 
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Again, from the nMDS plot three clusters appear (Figure 5.4), a closer group 

including proportion of fruit nutrient content of the five lowest UWP rates (T1-T5) 

with (T6) slightly separated from them but similarly part of the same cluster and a 

sharp distinction of T7 and T8 groups, resembling the outcomes of fruit production 

number and yield in these two treatments. 

Table 5.9. Results of PERMANOVA analysis of proportion of Fruit nutrient content for UWP 
treatments (T1-T7) and Hoagland control (T8). 

Source Df     MS Pseudo-F P-value  perms 

Tr 7 1077.4 373.14 0.001 999 

Res 16 2.8873                         

Total 23              

Analysis uses Fixed effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. 
Significant difference (P<0.05) is indicated in bold. 

 
Figure 5.4. Non-metric multidimensional scaling (nMDS) bubble plot of Euclidian distances between 
the proportion of nutrients in tomato fruit of the seven UWP treatment (T1 = 0.3%; T2 = 0.5%; T3 = 
0.8%; T4 = 1%; T5 = 2%; T6 = 3%; T7 = 5%) and Hoagland control (T8). The bubble size indicates N 
content (w/w%). 
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5.4.4.2 Fruit ripeness 

UWP treatments had a significant influence on the maturation of tomato fruit as 

measured by fruit firmness and colour. As fruit ripens over time, firmness values (as 

determined by resistance to the probe during the pressure test) decrease as the flesh 

gets softer and the red colour of fruit increases. Fruit firmness results were 

statistically higher in T1 compared to all other treatments (Table 5.10, Tukey’s test, 

α=0.05) because fruit did not develop properly hence remaining small and under-

ripe. Fruits harvested from plants receiving the Hoagland’s solution were on 

average firmer than fruit from T7, but no statistical significance was observed 

(Table 5.10, Tukey’s test α=0.05). Flesh firmness was inversely correlated to colour 

values and dry matter content in fruits with the lowest rate of UWP. 

Table 5.10. Colour and firmness parameters in tomato fruit receiving sea urchin waste powder (T1 – 
T7) and Hoagland solution (T8) treatments. 

  L* a* b* Hue_angle Chroma Firmness 

T1 48.60 (2.98)a 18.25 (2.45)a 31.05 (2.98)a 1.02 (0.09)a 36.86 (2.15)a 0.67 (0.06)a 

T2 37.37 (0.37)b 22.72 (1.08)abc 21.35 (0.63)bc 0.76 (0.01)b 31.20 (1.18)abc 0.49 (0.02)b 

T3 40.10 (0.66)b 25.34 (1.25)bc 25.64 (0.89)ab 0.80 (0.03)b 36.16 (1.22)a 0.46 (0.01)b 

T4 40.03 (0.79)b 27.00 (1.27)c 25.65 (1.29)ab 0.76 (0.02)b 37.31 (1.64)a 0.49 (0.02)b 

T5 40.19 (1.79)b 22.62 (1.62)abc 24.33 (2.00)bc 0.81 (0.06)b 33.79 (1.55)ab 0.48 (0.03)b 

T6 37.93 (0.97)b 22.48 (1.60)abc 21.78 (1.65)bc 0.77 (0.02)b 31.37 (2.20)abc 0.44 (0.02)b 

T7 35.18 (0.32)b 19.58 (0.83)ab 17.66 (0.63)c 0.74 (0.01)b 26.39 (0.97)c 0.40 (0.02)b 

T8 36.81 (1.19)b 18.72 (0.77)a 19.19 (1.30)bc 0.79 (0.04)b 27.03 (0.96)bc 0.49 (0.03)b 

Means that do not share a letter indicate significant difference among treatments. Grouping Information 
Using the Tukey HSD Method and P < 0.05. Values in parenthesis represent standard error of the mean 
(n = 10). 

Fruit colour analyses were consistent with other ripening variables and again 

followed a response curve to the treatments. L* values were higher in fruits treated 

with less urchin waste (48.6) in T1, reflecting a lower degree of ripeness - hence 

colour ranged from white green to pale red, while riper fruits showed an intense red 

colour that translates in lower L* values (35.18 and 36.81) as observed in T7 and T8 

respectively (Table 5.10). Colour values of fruit from the first five treatments were 

more spread, indicating a range of ripening observed in the fruit harvested from 

these plants. Fruit from treatment T6 and T7 and Hoagland’s control had similar 
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colour values. Fruits colour and firmness data explored with multivariate analysis 

PERMANOVA do not show statistical differences (Table 5.11_A, P=0.108) 

There was no significant difference for pH (F(7,37)=1.235, P=.309), with treatment 

means ranging from 4.06 to 4.24 while significant differences were observed for 

mean values of titratable acidity (F(7,37)=12.23, P=.000) with 5.77 mg/100ml in T1, 

3.51 mg/100ml in T7 and 3.43 mg/100ml in T8 (Figure 5.5_A, Tukey’s test 

α=0.05). The total soluble solids (TTS °Brix) mean values ranged from 4.3 to 5.9 

(Figure 5.5_B) with Hoagland’s control and T7 showing significantly lower vales 

than all the other treatments (F(7,37)=9.026, P=.000). 

Table 5.11. Results of PERMANOVA analysis of fruit ripeness parameters (Colour coordinates and 
Firmness) and quality attributes (pH, Acidity and Brix) for UWP and treatments (T1-T7) and Hoagland 
control (T8). 

A Colour: Firmness     
Source df     MS Pseudo-F P-value Unique perms 
Tr 7 392.22 1.515 0.108 998 
Res 72 258.9                         
Total 79         
B pH: Acidity: °Brix     
Source df      MS Pseudo-F P-value Unique perms 
Tr 7 4.7608 10.754 0.001 998 
Res 37 0.44269                         
Total 44                                 

Analysis uses Fixed effect with Type III sum of square (partial) 999 permutation of data residual to determine significance. 
Significant difference (P<0.05) is indicated in bold. 

Fruit quality attributes pH, acidity, and °Brix were highly significant when analysed 

with PERMANOVA (Table 5.11_B, P=0.001), yet treatment groups did not appear 

clearly differentiated in nMDS ordination. 
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Figure 5.5. Fruit (TA) titratable acidity (A) and total soluble solids (°Brix) (B) across seven treatment 
rates of urchin powder (T1 = 0.3%; T2 = 0.5%; T3 = 0.8%; T4 = 1%; T5 = 2%; T6 = 3%; T7 = 5%) and 
Hoagland control (T8). Dots indicate means of fruit pooled together across the ten replicate pots in each 
treatment. Bars denote the confidence limit. When the red arrows overlap among treatments, then the 
treatments are not significantly different. 

  

A
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5.4.5 Soil nutrient content 

The application of urchin powder increased the pH and EC of the growing medium 

(Figure 5.6_A and B) with scale of response consistent with increasing rate of UWP 

application. The pH of the growing medium at end of trial shows an increasing 

trend in the three lower treatments from pH 6.7 to pH 6.9 and stabilizing slightly 

above pH 7 from T4 to T7 with significant statistical differences (Figure 5.6_C, 

F(6,14)=15.14, P=.000). The Electrical Conductivity instead varied between 0.428 

dS/m in T1, 0.563 dS/m in T6 and 0.693 dS/m T7 with no clear statistical 

differences among treatments (Figure 5.6_D, F(6,14)=1.618, P=.214). 

 

Figure 5.6. pH (A) and EC (B) of potting mix after the application of UWP at seven different rates at 
the start of the trial. T8 represent the potting mix before Hoagland’s addition. Values represent a single 
measurement per treatment from pooled sub-samples from the ten pot replicates three days post-
planting of tomato seedlings. pH (C) and EC (D) of potting mix with addition of the seven UWP 
treatments rate at the end of the trial. Error bars denote means of three replicates per each treatment. 
Means that do not share a letter indicate significant difference among treatments. Grouping Information 
Using the Tukey HSD Method and P < 0.05. 

The nutrient content of the potting mix with the addition of UWP at seven different 

rates at the end of the trial is shown in Table 5.12. No statistical differences between 

the treatments were observed for N, P, Mg, Cu, Zn and B. The value of K in T7 was 

significantly lower than the first five treatments (Table 5.12, Tukey’s test α=0.05), a 

sign that K was actively taken up by the plants in this treatment. The residue of 

C D

A B

a ab bc c c c c

a a a a a a a
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other elements in the pot appear more irregular, Ca increase from T1 to T5 then 

decline again to T7 with statistical difference between T1 and T5 (Table 5.12, 

Tukey’s test α=0.05); S shows statistical higher values in T7 compared to the first 

five treatments and same increasing trend can be observed for Na where T7 was 

statistically higher than T1 (Table 5.12, Tukey’s test α=0.05); conversely, the 

residuals of Fe and Mn present higher values in the lower treatments and a decline 

towards T7. The present results do not show a consistent increasing response curve 

to higher rate of urchin powder for each element sign that the nutrients available 

were uptaken by the plants as highlighted in the previews tables. 

Table 5.12. Nutrients concentration in potting mix with addition of urchin waste powder at seven rates 
at the end of the trial. 

A Tot. N (% w/w) P (% w/w) K (% w/w) Ca (% w/w) Mg (% w/w) S (% w/w) 

T1 0.0009 (0.0002) 0.0012 (0.00007) 0.066 (0.004)a 0.496 (0.019)a 0.050 (0.002) 0.003 (0.001)a 

T2 0.0010 (0.0003) 0.0013 (0.00003) 0.058 (0.006)a 0.501 (0.012)a 0.044 (0.001) 0.004 (0.001)ab 

T3 0.0007 (0.0001) 0.0011 (0.00003) 0.047 (0.005)ab 0.523(0.024)ab 0.041 (0.002) 0.004 (0.001)ab 

T4 0.0009 (0.0002) 0.0012 (0.00003) 0.058 (0.010)a 0.527 (0.014)ab 0.043 (0.002) 0.004 (0.001)ab 

T5 0.0008 (0.0003) 0.0014 (0.00007) 0.039 (0.004)abc 0.625 (0.040)b 0.048 (0.002) 0.004 (0.001)ab 

T6 0.0011 (0.0001) 0.0014 (0.00023) 0.021 (0.005)cd 0.589 (0.018)ab 0.045 (0.002) 0.008 (0.001)bc 

T7 0.0018 (0.0006) 0.0013 (0.00019) 0.015 (0.004)d 0.559 (0.018)ab 0.042 (0.003) 0.009 (0.002)c 

B Na (% w/w) Cu (mg/kg) Fe (mg/kg) Mn (mg/kg) Zn (mg/kg) B (mg/kg) 

T1 0.010 (0.001)a 12.12 (0.98) 54.50 (1.86)a 47.70 (2.23)a 20.43 (1.66) 0.52 (0.009) 

T2 0.017 (0.004)ab 7.70 (0.84) 43.47 (4.89)ab 41.39 (2.71)ab 13.53 (0.62) 0.52 (0.030) 

T3 0.014 (0.001)ab 7.23 (1.14) 38.23 (1.16)b 39.88 (0.34)ab 14.04 (0.72) 0.54 (0.030) 

T4 0.017 (0.002)ab 9.78 (0.44) 37.42 (1.49)b 39.76 (1.19)ab 15.01 (0.23) 0.53 (0.019) 

T5 0.022 (0.004)ab 12.47 (0.43) 37.46 (2.00)b 41.82 (0.39)ab 16.89 (0.92) 0.55 (0.003) 

T6 0.025 (0.003)ab 12.10 (1.92) 37.31 (1.75)b 41.72 (2.38)ab 17.32 (1.86) 0.52 (0.010) 

T7 0.032 (0.009)b 11.11 (1.61) 30.27 (2.35)b 35.09 (2.31)b 18.97 (3.20) 0.57 (0.017) 

Means that do not share a letter indicate significant different among treatments. Grouping Information Using the Tukey HSD 
Method and P < 0.05. Values in parenthesis represent standard error of the mean (n = 3). 
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5.5 Discussion 

Powdered sea urchin waste improved the growth and productivity of tomato plants 

with increased performance at higher rates. For all vegetative and reproductive 

parameters measured, significant improvements were often observed with each 

increasing rate. The standard Hoagland’s fertiliser regime (control treatment) 

produced tomato plants with similar vegetative size characteristics to the highest 

UWP treatment (T7 - 5% w/w) yet were substantially bigger and healthier plants 

than those receiving the lower UWP treatments. Consistent vegetative growth of the 

tomato seedlings was observed in the early stage of the trial with shoot growth of all 

treatments matching the control plants. Growth rate of plants in the low rate UWP 

treatments (T1 – to T4) significantly slowed after four weeks suggesting a nutrient 

depletion under these treatments. Plants from T5 kept growing very slowly until the 

eighth week while T6 and T7 had the best performance of all UWP treatments. 

Plants receiving the Hoagland’s solution had superior yield and fruit quality 

attributes than all UWP treatments (T1 – T7). Tomato fruit yield in the control was 

double the yield of the highest rate UWP T7 even though plant size was similar, 

which reflects the higher and more readily absorbed soluble nutrient supply over the 

course of the trial. 

5.5.1 Tomato fruit quality 

Apart from superior yields, Hoagland’s control solution produced significantly 

improved quality fruit in most parameters tested. For the fruit texture test which 

functioned as a perforation test, values show resistance/deformation of the pericarp 

to the probe. Higher values were generally recorded in the early stages of fruit 

ripening, where the pericarp was less elastic and prone to perforation regardless of 

treatment, reducing as fruit becomes less firm as they matured. However, fruits 

harvested from plants receiving the Hoagland’s solution were firmer than the T7, 

even though they were of similar maturity which may be a consequence of greater 

water content (bigger fruit) in these plants. This increases the tautness of the flesh 

and is further evidence for the superior quality fruit harvested from plants receiving 

this treatment. Fruit firmness is also related to total soluble solid content and can 

positively influence fruit flavour and shelf life (Beckles 2012). Sugar content and its 
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ratio to organic acids are the main determinants of tomato taste (Zhao et al 2016), 

the higher acidity was recorded in fruits from the T7 and T8 treatments. 

Increased DMC is generally associated with improved nutrition (specifically 

nitrogen) which result in greater vegetative growth and photosynthesis 

(Kaniszewski & Rumpel 1986). We observed this result for plant total DMC as well 

for the fruit where plants from T1 to T6 had significantly lower total TMC 

compared to plants receiving T7 and T8 UWP which is not unexpected given the 

increased nutrient supply with the higher rates applied. 

Fruit colour parameters pointed towards increased ripeness in fruit harvested from 

the highest UWP and Hoagland’s solution treatments. Decreasing values of L* from 

T1 to T8 were observed. Decreasing L* values indicate the darkening of the red 

colour (from pink to full red) due to the synthesis of red colour pigments associated 

with fruit ripening. The a* component showed a clear increase between ripening 

stages from green (not ripe) to light red (ripening). The changes of a* from negative 

(green colour) to positive (red colour) values are attributed to chlorophyll 

degradation and lycopene synthesis. The b* values were higher at the pink-light red 

stage, the pale-yellow colour is due to the ζ-carotenes that reach their highest 

concentration before full ripening, where lycopene (red colour) and β-carotene 

(orange colour) are predominant (Fraser et al., 1994; Choi et al., 1995). But the 

lower values of Chroma in T7 and T8 compared to the lesser rate UWP treatments 

may reflect the start of fruit senescence rather than a major accumulation of 

lycopene in those treatments. 
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5.5.2 Tomato nutrition 

A comparison of the nutrient content provided by the UWP at different rates against 

the nutrients supplied with the Hoagland solution provides some explanation for the 

improvements in the vegetative and reproductive attributes of the tomato plants. 

Given the nutrient composition of the UWP, treatments were not expected to 

perform as well as Hoagland’s control, however there was clear evidence of nutrient 

uptake by tomato plants derived from UWP treatments. Hoagland’s solution 

provided 1950 mg N in T8, twice the amount supplied to the plants in T7. Almost 

four times the amount of P was provided in the Hoagland’s solution (223 mg) 

compared to 65 mg in T7 and three times the amount of K was provided. In 

contrast, some macro elements like Ca, Mg and S and microelements like B, Cu, Zn 

and Fe were supplied in higher proportions through the UWP which may have 

benefited the vegetative growth of tomato plants observed in T7 relative to the 

Hoagland’s control. Specifically, for Ca, less than half the amount was provided in 

Hoagland’s control (2076 mg) compared to T1 (4850 mg), the lowest rate UWP 

treatment and much lower than treatment 7 (80800 mg). The application of Mg in 

Hoagland’s control was 353 mg, higher than treatment 1 (210 mg) and similar to 

treatment 2 (360 mg) but lower than all the other treatments with T7 at 3550 mg. S 

in T8 reached 461 mg and in this case the number sets between T5 with 376 mg and 

T6 (564 mg) but half than T7 (940 mg). 

Nitrogen and K play an important role in plant growth and development (Leghari et 

al 2016, Prajapati & Modi 2012). For tomatoes, N supply has been shown to 

significantly increase crop growth and N uptake (Tei et al 2000), plant yield and 

fruit quality when supplied adequately (Wang et al 2015), whereas insufficient N 

content in tomatoes can lead to limited vegetative growth, reduced shoot length and 

leaf area (Scholberg et al 2000), net photosynthetic rate decline associated to 

decreased chlorophyll content and leaf senescence (Guidi et al 1997), blossom drop 

with consequent low yield (Ozores-Hampton & McAvoy 2017). Symptoms of N 

deficiency were visible in plants of the lower treatments where the four-week leaves 

became chlorotic, had completely yellowed and subsequently fallen. Nitrogen 

provided with UWP treatments is in the form of amino acids and bound peptides 

which require the transporter activity to facilitate the transfer of N compounds 
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across cellular membranes (Tegeder & Rentsch 2010). This has been demonstrated 

by the identification of a specific proteinaceous transporter that enables the 

accumulation of the free amino acid Proline in tomato pollen during maturation 

(Schwacke et al 1999). 

Potassium is important in plants for regulating the opening and closing of stomata 

and the activation of enzymes (Dorais et al 2010). Inadequate K nutrition in 

tomatoes has been shown to negatively affect growth, fruit set, dry matter 

distribution, and fruit quality (Besford & Maw 1975, Çolpan et al 2013). 

Physiological disorders such as blotchy ripening, greenback, yellow shoulder, 

decreased lycopene content, and irregular shaped and hollow tomato fruits are 

associated with K deficiency (Eshu et al 2014, Serio et al 2007). Fruit appearance in 

UWP treatments was not affected negatively by the low K content but this 

associated with the low application of N may have influenced the reduced fruit set 

in T6 and 7 as well as the poor plant performance in the lowest rate UWP 

treatments. 

Phosphorus is a crucial element for plant growth and low P availability in soils is 

considered among the many causes that limit crop yields worldwide (Richardson et 

al 2011). Phosphorous deficiency in tomato plants reduces CO2 assimilation 

(Biddinger et al 1998), leading to a decrease in biomass production (Fujita et al 

2003). In this study, the biomass of tomato plants significantly increased with each 

higher rates of UWP and the highest rate (T7) resulted in comparable plant biomass 

to the T8 control, even though the P content of that T7 was four times lower than in 

the Hoagland control. Uchida (2000) showed that the mobilization of P from old 

parts of the plant to new tissue causes the appearance of dark to blue-green 

(purpling) colouration on older leaves. Symptoms of leaf purpling were clearly 

visible across the plants of the seven UWP treatments, however in T6 and T7 only 

the lower and oldest leaves were affected while the first five treatments showed 

more severe symptoms of P deficiency. 

Magnesium is essential for the photosynthesis process being a component of the 

chlorophyll molecule (Marschner 2011) and when limited results in decreased 

biomass production and lower yield in greenhouse tomatoes (Hao & Papadopoulos 
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2004). The high content of Mg in T6 and 7 is likely to have promoted vegetative 

growth despite low levels of N and K. 

Boron plays a key role in the growth of many fruit and vegetable plants and many 

studies have highlighted the importance of boron in tomato fruit quality (Huang & 

Snapp 2009, Naz et al 2012, Sathya et al 2010, Smit & Combrink 2004). Davis et al 

(2003) demonstrated that foliar and root application of B increased tomato growth 

promoted the uptake of N, Ca and K in plant tissue whilst improving fruit shelf life 

and firmness. Boron favours the uptake of Ca ions which form complexes with 

pectin and polyhydroxy polymers (Huang & Snapp 2004) giving stability and 

strength to cell wall membranes (Ahmad et al 2009). Boron deficiency in tomatoes 

is associated with damaged fruit through concentric and radial cracking (Davis et al 

2003, Liebisch et al 2009), while blossom-end rot in tomato is a physiological fruit 

disorder caused by insufficient Ca availability (Saure 2001) and can reduce the 

marketability of the fruit (Taylor & Locascio 2004). In this study, both B and Ca 

were provided in the UWP at higher rates than Hoagland’s control and evidence of 

uptake of these micronutrients can be seen in the leaf and fruit nutrient dry matter 

analyses. 

Osmotic pressure in the roots area is important for plant health whilst low levels of 

EC affect both plant growth and yield, high EC limit water absorption (Li et al 

2001). High levels of EC are determined by excess of salts and the threshold is 

plant-specific. The EC limit for tomato is indicated at 2.5 dS/m (Sonneveld & 

Welles 1988). Eltez et al (2000) reported a decrease in fruit yield of tomato plants 

when the EC of the treatment solution exceeded 2.0 dS/m. In this study the EC 

never reached level of toxicity even in the treatment with the highest application of 

UWP (T7 - 1.15 dS/m), the soil showed an immediate beneficial change soon after 

the application, but the EC level dropped in all treatments at the end of the trial. 

Soil pH can have a strong influence on plant nutrient uptake. Kang et al (2011) 

found that at both pH 4 and pH 8 an unsuitable root zone limited the growth of 

tomato seedlings, reducing P content in the roots, Ca in the shoots and water 

absorption under high nutrient concentrations, and that dry and fresh weight and 

shoot and root areas were particularly affected by pH 8. The normal range of soil 

pH for optimum tomato growth is from 5.5 to 7.0 (Sainju et al 2003), low pH (4.5 – 
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5.5) was shown to improve micronutrient availability (Clark & Baligar 2000, Wang 

et al 2006), but a growing medium with very low pH (3.5 – 4.5) led to decreased 

tomato plant mineral nutrition, inhibited root elongation, branch formation and 

water absorption (Foy 1992, Wright 1989). The potting mix used in our study had a 

base pH of 7.2 which increased after the application of UWP in each treatment rate 

to pH 7.7 in T7. At the end of the trial the growing medium recorded a decrease in 

pH in each treatment and plateaued around pH 7.0 from T4 onwards. We did not 

observe a negative influence on tomato productivity and nutrition of the higher pH 

in T7 suggesting that EC and pH were still in an optimal range to facilitate cation 

exchange in the root area. 

Tomato plants were shown to absorb the nutrients in the quantity provided relative 

to each increasing rate of UPW. In treatments with a lower rate of UWP, the plants 

stopped growing after four weeks, mainly due to a lack of N, P and K as evidenced 

by fewer leaves, less branching and reduced plant height. Where flowers and fruit 

were formed, most did not grow and ripen adequately. Plants receiving higher rate 

UWP treatments (T6 and T7) had much greater nutrient content at the end of the 

trial which facilitated improved vegetative growth, taller and thicker stems, greater 

leaf area and greater number of flowers and fruit. Further evidence for plant nutrient 

uptake is the relatively similar nutrient content of the potting mix at the end of the 

trial across all the treatments. The low content of K in T7 potting mix at the end of 

the trial is in line with the higher production of fruit in this treatment compared to 

the lower UWP additions. Clearly, the main limiting elements of the UWP were N 

and K as evidenced by the significantly reduced total yield and plant size relative to 

Hoagland’s solution. The most readily absorbed micronutrients were B, Fe and Zn 

suggesting that UWP could act as useful micronutrient supplement. 

5.5.3 Conclusion 

The UWP used here as a mineral fertiliser increased productivity of tomato plants 

with better performance at higher rates. Plant growth was directly related to the rate 

of added urchin waste, T7 showed improved plants performance for all parameters 

measured in all replicates. Although vegetative growth for the highest sea urchin 

waste powder treatment (T7) compared well with Hoagland’s solution, this did not 

result in comparable yield and fruit quality to plants treated with the Hoagland’s 
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fertiliser. These results suggest that UWP requires supplementary addition of 

macronutrients to overcome deficiency in N and P as these were clearly exhausted 

during the vegetative growth of plants and flowers and were no longer available 

during fruiting. Given the high ratios of Ca, Mg and B in the UWP relative to N, P 

and K, there is clearly a risk of oversupply of micronutrients, which may limit the 

amount of UWP that can be applied as a fertiliser to avoid nutrient toxicity. 

Gypsum and dolomite are often used as agricultural fertilisers, both containing high 

content of Ca, in addition gypsum contain SO₄² and dolomite Mg. However, they 

lack an array of other macro and micronutrient that are alternatively found in the 

UWP including K, P, Fe, Zn and B. Boron, an essential micronutrient deficient in 

Australian soils is present in relatively high concentrations in the shells of sea 

urchins. After Zn, B deficiency in plants is the most widespread micronutrient 

deficiency around the world and causes large losses in crop production and crop 

quality (Alloway 2008). Results from this trial suggest that UWP could be used as 

an alternative to other relatively expensive soil supplements if it can be produced in 

sufficient quantity at a reasonable cost. 

Fresh seafood waste requires prompt stabilisation to facilitate handling as the 

decomposition processes can lead to offensive odours and the loss of nutrients by 

leakage (MacLeod et al 2006). Excessive processing, on the other hand, require 

drying and finely crush waste material into a powder, which can increase the costs 

of an already low-value product, discouraging waste repurposing such as used in 

this study. Whilst UWP may not have the desirable high P and N content found in 

other seafood waste e.g. scale fish waste, (MacLeod et al 2006), it requires less pre-

treatment costs and the high micronutrient content, especially Ca and B can add 

significant value as a nutrient supplement. The UWP used here comprised only the 

spines, jaws and tests of the urchin; adding urchin derived liquid gut waste may 

provide additional plant available nutrient to overcome some of the deficiencies 

identified. 
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 Chapter 6 General discussion 

This thesis examined pre- and post-harvest aspects of the sea urchin 

Centrostephanus rodgersii fishery in Tasmanian coastal waters. A holistic approach 

was used to expand our knowledge of fundamental biological characteristics of C. 

rodgersii and examine potential improvements in the utilisation of the target species 

as part of the fishery. This new information is presented in four data chapters, 

whose major findings were: 

• Fishing pressure and feeding habitat influenced C. rodgersii size structure 

and gonad quality. Larger and older animals showed signs of poorer gonad 

quality related to age. Urchins collected in kelp were larger and heavier 

compared to barren habitat showing patterns of somatic growth and 

accumulation of nutrients in the gonad related to the availability of food. 

• The biochemical composition and sensory quality characteristics such as 

colour and texture of the urchin gonad was influenced by seasonality linked 

to the reproductive cycle, sex and feeding habitat. Moisture, lipid, protein, 

carbohydrate and ash composition followed a trend of nutrient accumulation 

transferred from the feed source to the gonad during summer and autumn in 

preparation for the gonad’s maturation (production of gametes and 

spawning). 

• The lipid, fatty acid and amino acid composition followed a seasonal trend 

with clear sex-related differences. Feeding habitat influenced gonad lipid and 

fatty acid profiles. 

• Urchins in captivity provided with a manufactured diet promoted gonad 

growth to a greater extent compared to monospecific natural diets. In general, 

captive urchins were able to retain or biosynthesize some fatty acids and 

amino acids with the potential to improve gonad sensory quality attributes in 

a relatively short time period. 

• Monitoring of key stress parameters during post-harvest handling and storage 

showed that roe quality characteristics of C. rodgersii can be highly impacted 

by current commercial harvest practices. The longspined sea urchin appears 
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to have limited ability to endure even short periods of post-harvest stress 

compared to other urchin species. 

• Trials of urchin fishery waste as a soil supplement showed that the macro and 

micronutrient composition of the waste product is suitable for use in 

agriculture. 

6.1 Factors influencing urchin gonad quality and biochemical composition 

The seasonal collection of urchins from different locations and habitats provided a 

better understanding of the biological and biochemical changes that held 

back/prevented the expansion of the fishery for C. rodgersii and addressed some 

misconceptions about C. rodgersii gonad quality and variability. The longspined sea 

urchins fishing history in Tasmanian coastal water is fairly recent starting in 2008 

on the northeast coast of the island with relatively few catches per year. The species 

however was first recorded in Tasmania around 1978 (Edgar 1997) and is a 

relatively long-living echinoid (Ling & Johnson 2009, Pecorino et al 2012); it is 

reasonable then to assume that initial harvests were dominated by old specimens of 

C. rodgersii. We found that urchins collected in the Elephant Rock site, a low-

intensity fishing area since 2009, had larger and heavier test than Sloop Rock site, a 

high-intensity fishing area located 3.5km apart. Several urchins at Elephant Rock 

presented very large gonad of irregular shape, coarse granularity and dark brown or 

pale colour. We attribute this variability and the presence of gonad with poor quality 

characteristics to animals of old age. These older animals have gonad quality 

attributes that are not preferred by the sea urchin industry and did not match with 

the standard required by the Japanese market. At the heavily fished Sloop Rock 

there was less variation in urchins’ body size and greater consistency in gonad 

colour and granularity, moreover, the GSI of medium size urchins at Sloop Rock 

was greater than that of the very large animals. In the perspective of the fishery and 

export of the product for human consumption, consistency in roe’s quality is 

paramount as sea urchins are not sold as a whole live product but as extracted roe 

displayed on a tray. Consequently, the presentation and the visual traits of the roe 

assume great importance, and preferably with uniform gonad size, shape, colour and 

texture. 
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In Tasmania, the interest in development of a fishery targeting C. rodgersii is 

twofold, an economically viable fishery and, a potential mediating mechanism for 

the destructive grazing activity of C. rodgersii. There are widespread concerns that 

destructive grazing by C. rodgersii has already transformed a large part of the once 

productive rocky reef into barrens. Several measures have been put in place to 

control the urchin density such as culling programs and subsidies to encourage and 

expand the fishery. However, it is unlikely that fishermen will harvest in areas 

where populations dominated by old urchins with poor quality gonad are present. 

We suggest that subsidised harvest and/or culling programs may be required in 

areas that do not provide an economic return in the short term but could be seen as 

an investment for the future of the fishery and/or reef productivity. This could be 

more relevant in certain areas of New South Wales. Alternatively, development of 

economically feasible urchin-based products other than for human consumption, 

such as fertiliser as demonstrated in the present study (Chapter 5) would increase 

economic and environmental sustainability. Further research exploring the 

possibility to transform the urchins into a stable product/ingredient that can be 

included in a formulated feed for aquafarming may also be warranted. 

6.2 Nutritional aspects and comparisons 

A survey conducted among Australian consumers revealed that the primary factors 

of seafood consumption are nutrition, taste, and convenience, while price, 

availability, and concern about quality represent the main limitations (Christenson 

et al 2017). Although human nutrition is a complex scientific area, there is a clear 

understanding that some foodstuff contains substances essential for life support 

(Lanham-New et al 2019). Marine organisms (fish and shellfish) are in general 

considered a good source of high-quality protein and lipids but low in calories, with 

a high proportion of Essential Amino Acids (EAA) and long-chain Omega 3 

Polyunsaturated Fatty Acids (PUFAs), vitamins and minerals (Bhavan et al 2010, 

Chandravanshi et al , Venugopal & Gopakumar 2017). 

Seafood is also considered a high energy density food source for the typically high 

protein and lipid content in tissues (Dempson et al 2004). Protein intake by humans 

is necessary to obtain various amino acids needed for body function. The EAAs that 
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are nutritionally required by humans are also key parameters in food quality 

assessment (Desai et al 2018, Tessari et al 2016). Centrostephanus rodgersii gonad 

showed a high nutritional profile similar to other commercially exploited urchin 

species (Archana & Babu 2016, De La Cruz-García et al 2000, Verachia et al 

2012b). 

The application of different methodologies across urchin studies for the 

determination of proteins may lead to results that are not always concordant. In this 

investigation, the protein content of urchin gonad (Chapter 2) was determined with 

a colourimetric method (Bradford) which usually gives an underestimation of the 

real amount of proteins, as opposed to the method of nitrogen determination which 

can lead to overestimation as it includes non-protein nitrogen (Maehre et al 2018, 

Mariotti et al 2008). Some studies that determined the protein content in urchin 

gonad with the total nitrogen determination method and a protein conversion factor 

of (6.25) report a variable protein content between 14-18% (Chen et al 2010, 

Mamelona et al 2010). Based on the amino acid determination and the 

determination of the protein content through nitrogen quantitation (Chapter 3, data 

non reported) with conversion factor (5.60), we can estimate that the real proteins 

content in the gonad of C. rodgersii range between 12-16% by wet weight. The 

Australian dietary guideline recommends a daily protein intake of 64 gr (NHMRC 

2013) hence the consumption of 100 gr of fresh C. rodgersii gonad would provide 

around 14 gr of protein which fulfil 22% of the daily requirement. Additionally, the 

protein composition of the gonad during the harvest season was high in EAAs 

accounting for 43.58% of total amino acids and the ratio EAA to NEAA was (0.88). 

Marine foods with EAA: NEAA ratios greater than 0.5 are considered important 

source of dietary proteins (Mamelona et al 2010). Other studies report lower values 

compared to ours, for example, the percentage of EAAs in the urchins gonad of S. 

variolaris and S. nudus was 32.1% (Archana & Babu 2016, Xu et al 2009). The 

EAA to NEAA ratio was 0.50 in S. variolaris and 0.58  P. lividus (Mol et al 2008). 

In the Japanese abalone muscle Haliotis discus hannai the EAAs accounted for 

34.86% of total AAs with a ratio EAA to NEAA of 0.54. 

The gonad lipid content reported in the present study (6.4% - 8.0%) was higher than 

values presented for other commercial urchin species (Chen et al 2013, Liyana-
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Pathirana et al 2002c, Mol et al 2008). The metabolism of lipids assumed through 

the diet allows efficient production of energy for the body. They are a source of 

essential fatty acids and carry fat-soluble vitamins and carotenoids. In addition, 

phospholipids are the structural constituent of the cellular and sub-cellular 

membranes (Clandinin et al 1991, Luvizotto‐santos et al 2003). In the present study, 

the level of total lipids was found to be higher in female gonad when compared to 

the male; this was expected as lipids were found in higher proportions in female 

gonad of several other urchin species (Rocha et al 2019, Unuma et al 2003, 

Verachia et al 2012b, Zárate et al 2016). Moreover, the levels of polyunsaturated 

fatty acids (PUFA), such as EPA, LA, GLA were found to be higher in female while 

docosahexaenoic (DHA), and ARA were higher in males. Fatty acids are essential 

in human nutrition (Khalili Tilami & Sampels 2018) and play a role in the 

prevention of coronary heart diseases, autoimmune disorders, arrhythmias, and they 

are also known to have an anti-inflammatory effect and lower blood pressure (Pal et 

al 2018). The National Health and Medical Research Council recommend daily 

consumption of EPA + DHA is between 250-500 mg in order to decrease the risk of 

cardiovascular diseases in humans (Capra 2006). Sea urchins are harvested and 

consumed between December and June, during this period the concentration of 

PUFA in fresh gonad is around (9.8 mg-g-1), thus an intake of 50 g of C. rodgersii 

roe (the average gonad mass of a small adult urchin) can provide up to 490 mg of 

EPA + DHA. Thus, consumption of roe from a single small urchin can provide the 

full daily recommended dose of EPA + DHA to address cardiovascular risk. Sea 

urchins are usually eaten in small portions compared to fish fillets, but they can be 

regarded as a supplementary source of important nutritional components in the right 

proportion. For example, in the abalone muscle, the protein content per gram of 

tissue is twice that of C. rodgersii roe but the EAAs content is more balanced in C. 

rodgersii, which is also more lipid rich in ω-3. 

6.3 Effect of diet on gonad quality 

Previous research and development in echinoculture have focused on enhancing sea 

urchin’ growth and gonad production. In this study, gonad wet weight and percent 

gonad yield at the end of the feeding experiment were greater for urchins fed a 
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commercial urchin diet compared to urchins fed with monospecific wild kelp. Over 

the 12 weeks feeding trial, the mean percent increase in gonad wet weight for the 

treatment fed formulated diet was 8.3% per week with a total of 126.35% and 

percent gonad yield was 7.9% per week or 95% in 12 weeks. The gonad yield of the 

formulated diet treatment at the end of the trial was, however, similar to the wild 

control. 

In this study, the feeding trial demonstrated that amino acids conferring sweet taste 

like glycine, alanine, proline and threonine accumulate in the gonad when provided 

in higher proportion with the diet. One possible strategy for manipulating roe 

quality could be to focus on the improvement of taste by manipulating the AA 

profile. This would require less time than the usual 12-16 week period to enhance 

the yield. 

Several urchin feeding trials with natural and formulated diets demonstrated that a 

fresh algae diet is not adequate to sustain gonad growth in aquafarming. Nutrients 

derived from algae are difficult to digest and absorb due to the thick cell wall of 

most algae, in particular, brown algae; sea urchins are reported to assimilate 

between 15-20% of what they eat, and the rest found in the aegesta remains almost 

intact. Seaweeds are high in carbohydrates enriched in dietary fibers (Stiger et al 

2016). Sea urchins also have little capacity to digest insoluble structural 

carbohydrates (Lawrence et al 2013). This affects digestibility and capacity for 

production. An artificial feed instead can be formulated to the requirement of the 

target species; in this study, the feed pellets provided an adequate source of energy 

through extruded carbohydrates that can be more easily digested, allowing the 

urchins efficient assimilation of proteins and lipids in the gonad tissue. The quality 

of seaweed protein is however acceptable due to its high content of essential amino 

acids (Fleurence 1999). A feed suitable for the nutritional requirements of C. 

rodgersii could be formulated with local macroalgae with the highest protein 

content. Gonad proteins content post-spawning was low and dietary proteins are 

more rapidly accumulated at this stage when good nutritional quality food is 

available, for instance, gonad yield enhancement can target wild animals in a 

recovering phase between September and December. In the three-month 

experiment, the gonad yield was comparable to that of wild urchins, while none of 
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the natural monospecific diets guaranteed sufficient gonad growth. However, given 

that the natural algal diets often had specific effects on gonad composition, 

provision of a diet with specific proportions of natural algae may deliver a similar 

outcome to the formulated feed product. 

Roe colour along with taste are the most critical parameters to determine roe 

acceptance by the consumer (Pearce et al 2004). Previous studies aimed at 

improving roe colour achieved a small non‐significant enhancement when compared 

to control groups (Robinson et al 2002, Suckling et al 2011). The colour of the 

gonad is determined by a combination of carotenoids, with many of these pigments 

synthesised from precursors that are obtained through the diet, instead of direct 

incorporation of these pigments from the food source (Robinson et al 2002, Shpigel 

et al 2005, Shpigel et al 2006). However, colour determination in organic tissues 

with an instrumental determination can be difficult since other than pigments, 

parameters such as moisture and density of macro-nutrients can influence the colour 

(Symonds et al 2007, Symonds et al 2009). 

In this study, change in colour of wild urchin gonad was primarily influenced by 

seasonality and sex, while location and feeding habitat had relatively little effect on 

the composition of carotenoid pigments in the gonad tissue. In the feeding trial 

experiment where urchins were supplied a specific diet, likewise, no significant 

differences in gonad colour were observed between the control groups and the 

specific diet groups. This was unusual given the range of diet types offered, with the 

most likely explanation being that the carotenoids pigments in adult urchins are 

retained in the tissue and the three months experiment was not sufficient to 

determine a turnover of pigments. 

Historically, commercial fishers in the northern states of Victoria and New South 

Wales avoided harvesting sea urchins from barrens ground because the low food 

availability in these areas typically resulted in urchins with small, poor quality roe 

that is unsuitable for sale (Blount & Worthington 2002, Sanderson 1996, 

Worthington & Blount 2003). In contrast, we found that sea urchin inhabiting the 

barrens ground presented gonad weight and GSI in the range required for 

marketability, albeit lower than in neighbouring kelp beds. Furthermore, there were 

no substantive qualitative differences between urchin roe in barren and kelp such as 
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to discourage marketability. The isotopic analysis revealed strong similarities 

between urchin gonad in kelp and barrens which indicates that in both habitats 

urchins are feeding on kelp and mostly on brown algae. The difference being that 

availability is higher and or supply more regular in kelp beds, whereas in barrens 

urchins are reliant on drift algae. The most important difference found was the 

greater amount of lipids present in the gonad of sea urchins in kelp beds (28.6% d. 

wt.) compared to barrens (24.6% d. wt.). Nonetheless, the amount of lipids found in 

the barrens was abundant and proportionally higher than other reported for urchin 

species (Chen et al 2010, Verachia et al 2012b, Wang et al 2015). 

Gonad texture and appearance is also an important sensory quality factor 

determining market acceptance and price. Gonad texture is determined by protein 

and carbohydrate content and by the percentage of moisture, with increasing 

moisture negatively affecting texture. Gonad moisture content varies seasonally as a 

function of the phase of gonad development (McBride et al 2004). Urchin gonad in 

the recovery phase have less water content and are firmer than urchin gonad in the 

growing phase, both of which maintain better texture characteristics than mature 

and spawning gonad (Takagi et al 2017). Firm gonad can be more easily handled, 

processed, and packaged for export. We found the lowest moisture content from 

September and December after spawning and during recovery. The moisture 

increased steadily during maturation while keeping a firm texture thanks to the 

accumulation of proteins and carbohydrates. The highest moisture content was 

recorded in July coincident with gonad in pre-spawning and spawning. At these 

stages gonad have extremely poor or no-texture due to the active hydrolysis of 

macro-nutrients and then release of gametes; handling and packaging during this 

phase becomes difficult with visual characteristics deeply affected. Thus, while 

gonad at the spawning stage may have a higher nutritional value and better flavour 

profile than during recovery and onset of gonad growth stages, the lack of firmness 

and the fluid leakage makes difficult the preservation and presentation of the 

product for the export market. 
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6.4 Post-harvest exposure determines urchins’ metabolic changes and 

impact gonad visual quality 

In wild fisheries and marine aquaculture production, losses due to poor post-harvest 

practices and management are a major problem (Akande & Diei-Ouadi 2010, 

Thilsted et al 2016). Post-harvest marine product losses occur when a product is 

either discarded during the processing phase or sold at a relatively low price because 

of quality deterioration (Getu et al 2015). Compared to fishes, sea urchin gonad are 

less prone to rapid spoilage after collection due to their ability to survive long 

periods when exposed to air given the low metabolism and ability to hold internal 

water. However, stress tolerance in sea urchins is highly species-specific and also 

depends on many external factors such as temperature and wind as well as 

harvesting and handling practices. Centrostephanus rodgersii appear to be less 

tolerant of harvest process than other commercially exploited species. 

The collections of sea urchins for the different experiments of the present study 

(Chapter 3 and Chapter 4) demonstrated the limited ability of C. rodgersii to 

withstand and recover from events that generate structural damage and metabolic 

stress. In particular, rough harvesting methods and bad weather conditions resulted 

in around 44% mortality of sea urchins held in aquaria tanks during the 4-weeks that 

followed the collection. A second harvest carried with more gentle procedures and 

favourable weather conditions showed much reduced mortality (18%). Previous 

studies on urchins also reported high post-harvest mortality during acclimatization 

in aquaria tanks or during the early stages of the trial followed by low or no 

mortality (James 2007, Siikavuopio 2009). 

In Chapter 4 we also demonstrated through the analysis of coelomic fluid that air 

exposure and long storage trigger a level of stress that ultimately affected the 

appearance of the gonad. The factors that most impacted the urchins upon emersion 

were high temperature and wind exposure while protecting the animals from wind 

and keeping them at a temperature of 15°C resulted in limited dehydration and 

minimised coelomic fluid turbidity. Our results suggest that during air exposure C. 

rodgersii should be kept at an environmental temperature close to that of the 

seawater at the time of collection, protected from direct sunlight and limiting 
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excessive shaking or rough handling that could coarse loss of internal fluid. Under 

these moderate conditions of low wind and ambient sea temperature, the animals 

have a higher likelihood to survive long hours in storage prior to processing. 

Nonetheless, irrespective of the treatment our trial showed that between 16hrs and 

28hrs after the harvest all urchins showed signs of decay, with some fatalities in 

harsh treatments and with very low volume of highly turbid coelomic fluid. After 

12hrs of storage urchin gonad in all treatments recorded low values of luminosity 

and chromaticity that translated in a diminished brightness and true colour tone 

appearance; the same values after 4hrs from the emersion and environmental 

exposure were not significantly different from the control animals for all treatments. 

These outcomes suggest that urchins impacted by harvesting, handling and air 

exposure may still preserve gonad quality attributes if processed not long after the 

4hrs from the collection. Gonad of some urchins appeared heavily stained by the 

brown/purplish tissue of the gut. We presume this is a consequence of a ruptured 

gut membrane, allowing contact with or fluid transfer from around the gut to the 

gonad. It is reasonable to assume that heavily stained gonad are less marketable and 

in general gonad of urchin processed after 12hrs from the harvest are assigned to a 

lower grade just from the visual assessment (P. Campus personal observations). 

6.5 Fertilising effect of urchin waste mineral composition 

Fish waste management can be a major problem for many fisheries (Arvanitoyannis 

& Kassaveti 2008). The transformation of fish waste into marketable by‐products is 

a strategy that can be adopted to repurpose waste and offset the costs of disposal. 

Aquatic waste (either from aquaculture or wild stock) is commonly utilised in the 

manufacture of fishmeal/oil, the production of silage or in the manufacture of 

organic fertiliser (Arvanitoyannis & Kassaveti 2008). 

Sea urchin waste represents around 85% of the drained animal and mainly consists 

of inorganic material. The elemental analysis of C. rodgersii waste parts (test, 

spines and jaws) contain a high proportion of Calcium (40% w/w), in a form not 

dissimilar to agriculture lime. The urchin waste also contains a limited amount of 

several other essential macronutrients - Magnesium, Nitrogen, Potassium and 

Phosphorous. Waste material also contains an array of micronutrients such as 
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Boron, Zinc, Iron, Manganese and Copper that are not usually present in 

commercial Lime, Gypsum or Dolomite used for agricultural purposes. 

In this study, using urchin waste in powdered form (UWP) improved the growth and 

productivity of tomato plants with performances directly related to the rate of added 

urchin waste (Chapter 5). The treatment with higher addition of UWP (T7) showed 

vegetative growth comparable to the standard fertilizer control (Hoaglands’ 

solution), although resulted in only half of the fruit production. The quality of the 

fruit produced however was high and there were no qualitative differences between 

fruits in T7 and Hoagland’s control. In addition to that, no toxic effects of nutrients 

added at the highest rate were detected. 

Key limitations of major important nutrients (N, P, K) in the UWP suggest urchin 

waste can be used as a supplement to other traditional fertilisers or as a soil 

amendment/ameliorant in place of lime. The UWP used in this study did not include 

gut content which also represents waste and obviously did not include the gonad 

that represent the primary product of urchin fishery. Adding these components 

which are high in protein could significantly improve the macro-nutrient content of 

the UWP supplement, particularly Nitrogen.  

In Tasmania, and elsewhere in southern Australia urchin culling programs as a 

control measure to limit the destructive grazing of C. rodgersii are still in place. 

Since a significant part of the urchin population is represented by old specimens 

whose gonad do not meet qualitative marketable standards, UWP supplement could 

provide a cost-effective alternative to the expensive procedure of urchin culling. A 

careful analysis of the harvesting costs (pay of diver per kg of urchin), related to the 

quantity of dehydrated product and marketing operations are necessary to make the 

product profitable and competitive. Several of the current fish waste and kelp 

fertiliser products are also lacking in several macronutrients, and more balanced 

versions modified by the addition of N, P, K macronutrients are commonly offered 

for sale. Ultimately, gaining economic value in the sea urchin by-product and hence 

reducing the costs of disposal, will benefit the fishery and provide incentive for a 

greater harvest that will ultimately help reduce the pressure of this grazer over the 

kelp system in coastal areas. 
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6.6 Future directions 

This study highlighted a number of interesting patterns, anomalies, and potential 

opportunities to improve the economic viability of Long-spined Sea Urchin 

fisheries. In terms of roe quality, any improvement to processes (handling, storage, 

supplementary feeds) that increases the proportion of harvested roe classified as A- 

grade roe will improve the economic viability of this fishery. Similarly, establishing 

alternative uses for waste, including information on nutrient content and plant 

uptake, will assist with marketing urchin fishery waste as a premium product and 

potentially attract a high market price. 

6.6.1 Maximising benefit of waste and/or alternate high-value forms of 
consumption 

Urchin roe is a potentially rich source of antioxidants (carotenoids and vitamins), 

and bioactive dietary compounds associated with health benefits (Archana & Babu 

2016, Mamelona & Pelletier 2010). Antioxidants prevent the formation of free 

radicals that damage cells of organisms (Lobo et al 2010), consumption of which is 

associated with anti-inflammatory, anti-atherosclerotic and anti-carcinogenic 

activities (Zhou et al 2011, Zhou et al 2012). Antioxidants are typically used in the 

food industry for preventing rancidity of foodstuffs. Evaluation of the potential 

content and market value of these bioactive components of longspined sea urchins 

could provide an alternative high-value market for the product at times when roe is 

unsuitable for traditional human consumption. 

Additional investigation on the characterisation of the gonad Free Amino Acids 

profile is also required since the Total Amino Acids content resulted in important 

information on the nutritional aspect. On the other hand, the FAAs will be 

determinant in the evaluation of gonad taste which is the most important quality 

aspect of urchin roes along with colour. Moreover, to better understand the trophic 

relationships between sea urchins and habitats the present gonad isotopes signature 

could be integrated with more information from different food sources in both 

barrens and kelp area as well as from the gut and gut contents. This would help 

understand urchins’ food preference and contribution to the gonad’ biochemical 

composition, especially in barrens grounds. 
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6.6.2 Achieving a higher proportion of A-grade roe 

From the perspective of aquaculture practices, the potential for urchin gonad 

conditioning to enhance sweet and umami taste in a short period (6 - 8 weeks) needs 

to be investigated. This would be far less expensive than programs to increase 

gonad yield which in Tasmania is not required as GSI is more than adequate and 

could potentially increase the grade of the gonad hence the price. An artificial feed 

for C. rodgersii could be formulated with the addition of local seaweeds at different 

ratio, for example 4:2:2 green, brown and red kelp. Green algae showed the highest 

proportion in sweet amino acids, while red kelp was proportionally higher in 

proteins. The brown kelp is preferred and source of important PUFAs, but as adult 

urchins showed to retain lipids a high ratio may not be necessary; however, different 

ratios should be trialled. Free amino acids analysis and a sensory panel test would 

be necessary to identify differences in taste between the enhanced gonad and wild 

ones collected in kelp and barrens. 

The effect of post-harvest handling and exposure on the free amino acids content of 

gonad requires urgent research. Free amino acids are osmotic pressure-regulating 

molecules, the release of free amino acids from the lumen of gonad phagocytes to 

the coelomic fluid to counteract dehydration can result in a loss of flavour and in a 

diminished appearance which ultimately determines the gonad to be assigned a 

lower grade and price. Evidence-based recommendations for change in harvest and 

storage practices hold the greatest short-term possibilities for improvement in roe 

quality. 

Moreover, the deamination of coelomic fluids nitrogenous compounds (free amino 

acids and nucleic acids) during emersion could lead to the formation of end-

products conferring unpleasant flavours and negatively impact gonad shelf-life 

(Verachia et al 2013). Understanding and preventing this regressive process will 

help the industry achieve higher gonad quality and market value. 

Finally, further trials are needed to investigate the potential of whole urchins 

collected from the non-fishing areas (old, non-commercial urchins) as agricultural 

fertiliser. A desktop study could explore different plants nutrient requirements and 

soil properties and match those specifications to the urchin fertiliser. Field studies 

could then investigate the use of urchin waste powder with the addition of nitrogen 
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or the multiple applications of urchin fertiliser in powder and liquid form during the 

plant’s growth (powder at the start mixed with soil and liquid form during plant’s 

growth). 

6.7 Conclusions 

In conclusion, this thesis expanded the fisheries ecological knowledge of the 

echinoid species Centrostephanus rodgersii in Tasmanian coastal waters. It 

provided insights into the biochemical composition of the gonad during various 

stages of the gametogenic cycle with emphasis on the gonad quality and nutritional 

aspects for human consumption. It also demonstrated that good quality gonad could 

be obtained from urchins collected in barren grounds, most likely due to a greater 

contribution of drift algae from nearby kelp beds as a prominent food source. This 

investigation also identified potential options for coastal zone managers by 

providing a rationale for when to create subsidised harvest and/or culling programs 

in areas where large sea urchin specimens with low-quality gonad are more 

abundant. 

This work demonstrated the limited ability of C. rodgersii to overcome or recover 

from stress associated with harvesting, air exposure and pre-processing storage 

delays with direct implications on gonad quality. The information obtained from the 

post-harvest experiments were intended to signal possible best practices directed to 

fishermen and processors with the goal to preserve or increase the sensory quality 

characteristics of the gonad. 

The high gonadal index of the sea urchins present in the barrens makes aquaculture 

feeding practices for increasing gonad mass unnecessary. However, the experiments 

described here, in addition to having demonstrated similarities with other urchins 

exploited commercially, suggests the possibility of obtaining in a short time the 

increase in the sweet and umami taste of the gonad through the administration of 

formulated feed. 

Ultimately, the use of the inedible parts of sea urchins as fertilizer has provided 

evidence of a possible further commercial use of this resource which would promote 

the economic viability of the urchin fishery and maximise the economic return. 



189 
 
 

  



190 
 
 

References 

Agatsuma Y. 1998. Aquaculture of the sea urchin (Strongylocentrotus nudus) transplanted 
from coralline flats in Hokkaido, Japan. Journal of Shellfish Research 17: 1541-47 

Agatsuma Y, Sato M, Taniguchi K. 2005. Factors causing brown-colored gonads of the sea 
urchin Strongylocentrotus nudus in northern Honshu, Japan. Aquaculture 249: 449-58 

Ahmad W, Niaz A, Kanwal S, Khalid M. 2009. Role of boron in plant growth: a review. 
Journal of agricultural research 47 

Akande B, Diei-Ouadi Y. 2010. Post-harvest losses in small-scale fisheries. Food and 
Agriculture Organization of the United Nations.  

Alloway BJ. 2008. Micronutrients and crop production: An introduction  In Micronutrient 
deficiencies in global crop production, pp. 1-39: Springer 

Álvarez E, Fernández-Sanjurjo M, Seco N, Núñez A. 2012. Use of mussel shells as a soil 
amendment: effects on bulk and rhizosphere soil and pasture production. Pedosphere 
22: 152-64 

Amarowicz R, Synowiecki J, Shahidi F. 2012. Chemical composition of shells from red 
(Strongylocentrotus franciscanus) and green (Strongylocentrotus droebachiensis) sea 
urchin. Food Chemistry 133: 822-26 

Anderson M, Gorley R, Clarke K. 2008. for PRIMER: guide to software and statistical methods. 
PRIMER-E, Plymouth, UK  

Andrew N, Byrne M. 2007. Chapter 10 Ecology of Centrostephanus  In Developments in 
Aquaculture and Fisheries Science, ed. JM Lawrence, pp. 191-204: Elsevier 

Andrew N, O'Neill A. 2000. Large-scale patterns in habitat structure on subtidal rocky reefs in 
New South Wales. Marine and Freshwater Research 51: 255-63 

Andrew NL. 1986. The interaction between diet and density in influencing reproductive output 
in the echinoid Evechinuschloroticus (Val.). Journal of Experimental Marine Biology 
and Ecology 97: 63-79 

Andrew NL. 1991. Changes in subtidal habitat following mass mortality of sea urchins in 
Botany Bay, New South Wales. Australian Journal of Ecology 16: 353-62 

Andrew NL. 1993. Spatial Heterogeneity, Sea Urchin Grazing, and Habitat Structure on Reefs 
in Temperate Australia. Ecology 74: 292-302 

Andrew NL. 1994. Survival of kelp adjacent to areas grazed by sea urchins in New South Wales, 
Australia. Australian Journal of Ecology 19: 466-72 

Andrew NL, Agatsuma Y, Ballesteros E, Bazhin AG, Creaser EP, et al. 2002. Status and 
Management of World Sea Urchin Fisheries. 343-425 pp. 

Andrew NL, Underwood AJ. 1989. Patterns of abundance of the sea urchin Centrostephanus 
rodgersii (Agassiz) on the central coast of New South Wales, Australia. Journal of 
Experimental Marine Biology and Ecology 131: 61-80 

Andrew NL, Underwood AJ. 1993. Density-dependent foraging in the sea urchin 
Centrostephanus rodgersii on shallow subtidal reefs in New South Wales, Australia. 
Marine Ecology Progress Series 99: 89-98 

Angell A, Mata L, de Nys R, Paul N. 2015. The protein content of seaweeds: a universal 
nitrogen-to-protein conversion factor of five. Journal of Applied Phycology 28 

Angioni A, Addis P. 2014. Characterization of the Lipid Fraction of Wild Sea Urchin from the 
Sardinian Sea (Western Mediterranean). Journal of Food Science 79: C155-C62 

Arafa S, Chouaibi M, Sadok S, El Abed A. 2012. The Influence of Season on the Gonad Index 
and Biochemical Composition of the Sea Urchin Paracentrotus lividus from the Golf of 
Tunis. 815935 pp. 



191 
 
 

Arafa S, Sadok S, El Abed A. 2006. Variation in nitrogenous compounds and gonad index in 
fed and starved sea urchins (Paracentrotus lividus) during live storage. Aquaculture 257: 
525-33 

Archana A, Babu KR. 2016. Nutrient composition and antioxidant activity of gonads of sea 
urchin Stomopneustes variolaris. Food chemistry 197: 597-602 

Aronson RB, Thatje S, Clarke A, Peck LS, Blake DB, et al. 2007. Climate change and 
invasibility of the Antarctic benthos. Annu. Rev. Ecol. Evol. Syst. 38: 129-54 

Arvanitoyannis IS, Kassaveti A. 2008. Fish industry waste: treatments, environmental impacts, 
current and potential uses. International Journal of Food Science & Technology 43: 
726-45 

Baião LF, Rocha F, Costa M, Sá T, Oliveira A, et al. 2019. Effect of protein and lipid levels in 
diets for adult sea urchin Paracentrotus lividus (Lamarck, 1816). Aquaculture 506: 127-
38 

Barker M. 1998. Feeding rate, absorption efficiencies, growth, and enhancement of gonad 
production in the New Zealand sea urchin Evechinus chloroticus Valenciennes 
(Echinoidea: Echinometridae) fed prepared and natural diets. J. Shellfish Res. 17: 1583-
90 

Beaman RJ, Daniell JJ, Harris PT. 2005. Geology–benthos relationships on a temperate rocky 
bank, eastern Bass Strait, Australia. Marine and Freshwater Research 56: 943-58 

Beckles D. 2012. Factors affecting the postharvest soluble solids and sugar content of tomato 
(Solanum lycopersicum L.) fruit. Postharvest Biology and Technology 63: 129–40 

Beddingfield SD, McClintock JB. 1998. Differential survivorship, reproduction, growth and 
nutrient allocation in the regular echinoid Lytechinus variegatus (Lamarck) fed natural 
diets. Journal of Experimental Marine Biology and Ecology 226: 195-215 

Bergmann W. 1992. Colour atlas nutritional disorders of plants: visual and analytical 
diagnosis;(English, French, Spanish). Fischer.  

Bernstein B, Welsford RW. 1982. An assessment of feasibility of using high-calcium quicklime 
as an experimental tool for research into kelp bed/sea urchin ecosystems in Nova Scotia. 
Resource Branch, Department of Fisheries and Oceans.  

Besford R, Maw G. 1975. Effect of potassium nutrition on tomato plant growth and fruit 
development. Plant and soil 42: 395-412 

Bhavan PS, Radhakrishnan S, Seenivasan C, Shanthi R, Poongodi R, Kannan S. 2010. 
Proximate composition and profiles of amino acids and fatty acids in the muscle of 
adult males and females of commercially viable prawn species Macrobrachium 
rosenbergii collected from natural culture environments. International Journal of 
Biology 2: 107 

Biddinger EJ, Liu C, Joly RJ, Raghothama K. 1998. Physiological and molecular responses of 
aeroponically grown tomato plants to phosphorus deficiency. Journal of the American 
Society for Horticultural Science 123: 330-33 

Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and purification. Canadian 
Journal of Biochemistry and Physiology 37: 911-17 

Blouin N, Calder BL, Perkins B, Brawley SH. 2006. Sensory and fatty acid analyses of two 
Atlantic species of Porphyra (Rhodophyta). Journal of Applied Phycology 18: 79 

Blount C, Chick RC, Worthington DG. 2017. Enhancement of an underexploited fishery – 
Improving the yield and colour of roe in the sea urchin Centrostephanus rodgersii by 
reducing density or transplanting individuals. Fisheries Research 186: 586-97 

Blount C, Worthington D. 2002. Identifying individuals of the sea urchin Centrostephanus 
rodgersii with high-quality roe in New South Wales, Australia. Fisheries Research 58: 
341-48 



192 
 
 

Blount C, Worthington D, Bell G. 2003. Japanese YEN for Australian Sea Urchin Roe. 
Research to develop and manage the sea urchin fisheries of NSW and eastern Victoria: 
142 

Bradford MM. 1976. A rapid and sensitive method for the quantitation of microgram quantities 
of protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72: 
248-54 

Breen PA, Mann KH. 1976. Destructive Grazing of Kelp by Sea Urchins in Eastern Canada. 
Journal of the Fisheries Research Board of Canada 33: 1278-83 

Burnett L, Terwilliger N, Carroll A, Jorgensen D, Scholnick D. 2002. Respiratory and acid-
base physiology of the purple sea urchin, Strongylocentrotus purpuratus, during air 
exposure: presence and function of a facultative lung. The Biological Bulletin 203: 42-
50 

Byrne M. 1990. Annual reproductive cycles of the commercial sea urchinParacentrotus lividus 
from an exposed intertidal and a sheltered subtidal habitat on the west coast of Ireland. 
Marine Biology 104: 275-89 

Byrne M, Andrew N. 2013. Centrostephanus rodgersii. Sea Urchins: Biology and Ecology: 
243-56 

Byrne M, Andrew NL, Worthington DG, Brett PA. 1998. Reproduction in the diadematoid sea 
urchin Centrostephanus rodgersii in contrasting habitats along the coast of New South 
Wales, Australia. Marine Biology 132: 305-18 

Capra S. 2006. Nutrient reference values for Australia and New Zealand: Including 
recommended dietary intakes.  

Carboni S, Hughes AD, Atack T, Tocher DR, Migaud H. 2013. Fatty acid profiles during 
gametogenesis in sea urchin (Paracentrotus lividus): Effects of dietary inputs on gonad, 
egg and embryo profiles. Comparative Biochemistry and Physiology Part A: Molecular 
& Integrative Physiology 164: 376-82 

Carboni S, Kelly MS, Hughes AD, Vignier J, Atack T, Migaud H. 2014. Evaluation of flow 
through culture technique for commercial production of sea urchin (Paracentrotus 
lividus) larvae. Aquaculture Research 45: 768-72 

Carlsson PM, Christie HC. 2019. Regrowth of kelp after removal of sea urchins 
(Strongylocentrotus droebachiensis). NIVA-rapport  

Carpenter RC. 1984. Predator and population density control of homing behavior in the 
Caribbean echinoid Diadema antillarum. Marine Biology 82: 101-08 

Carrier TJ, Eddy SD, Redmond S. 2017. Solar-dried kelp as potential feed in sea urchin 
aquaculture. Aquaculture International 25: 355-66 

Castell JD, Kennedy EJ, Robinson SM, Parsons GJ, Blair TJ, Gonzalez-Duran E. 2004. Effect 
of dietary lipids on fatty acid composition and metabolism in juvenile green sea urchins 
(Strongylocentrotus droebachiensis). Aquaculture 242: 417-35 

Catarino AI, Bauwens M, Dubois P. 2012. Acid–base balance and metabolic response of the 
sea urchin Paracentrotus lividus to different seawater pH and temperatures. 
Environmental Science and Pollution Research 19: 2344-53 

Chandravanshi N, Manisha PD, Bharti R. Nutritional quality of fish food.  
Chang YQ, Lawrence JM, Cao XB, Lawrence A. 2005. Food consumption, absorption, 

assimilation and growth of the sea urchin Strongylocentrotus intermedius fed a 
prepared feed and the alga Laminaria japonica. Journal of the World Aquaculture 
Society 36: 68-75 

Chen G, Xiang WZ, Lau CC, Peng J, Qiu JW, et al. 2010. A comparative analysis of lipid and 
carotenoid composition of the gonads of Anthocidaris crassispina, Diadema setosum 
and Salmacis sphaeroides. Food Chemistry 120: 973-77 



193 
 
 

Chen YC, Chen TY, Chiou TK, Hwang DF. 2013. Seasonal variation on general composition, 
free amino acids and fatty acids in the gonad of Taiwan's sea urchin Tripneustes gratilla. 
Journal of Marine Science and Technology (Taiwan) 21: 723-32 

Choi YM, Whang JH, Kim JM, Suh HJ. 2006. The effect of oyster shell powder on the 
extension of the shelf-life of Kimchi. Food Control 17: 695-99 

Christenson JK, O'Kane GM, Farmery AK, McManus A. 2017. The barriers and drivers of 
seafood consumption in Australia: A narrative literature review. International Journal 
of Consumer Studies 41: 299-311 

Christie WW. 1982. Lipid analysis. Pergamon press Oxford.  
Clandinin M, Cheema S, Field C, Garg M, Venkatraman J, Clandinin T. 1991. Dietary fat: 

exogenous determination of membrane structure and cell function. The FASEB journal 
5: 2761-69 

Clark RB, Baligar VC. 2000. Acidic and alkaline soil constraints on plant mineral nutrition. 
Plant-environment interactions: 133-77 

Clarke K, Gorley R. 2015. PRIMER version 7: User manual/tutorial. PRIMER-E 192 
Coates CJ, McCulloch C, Betts J, Whalley T. 2018. Echinochrome A release by red spherule 

cells is an iron-withholding strategy of sea urchin innate immunity. Journal of innate 
immunity 10: 119-30 

Collard M, Laitat K, Moulin L, Catarino AI, Grosjean P, Dubois P. 2013. Buffer capacity of 
the coelomic fluid in echinoderms. Comparative biochemistry and physiology. Part A, 
Molecular & integrative physiology 166 

Çolpan E, Zengin M, Özbahçe A. 2013. The effects of potassium on the yield and fruit quality 
components of stick tomato. Horticulture, Environment, and Biotechnology 54: 20-28 

Constable A. 1993. The role of sutures in shrinking of the test in Heliocidaris erythrogramma 
(Echinoidea: Echinometridae). Marine Biology 117: 423-30 

Cook EJ, Bell MV, Black KD, Kelly MS. 2000. Fatty acid compositions of gonadal material 
and diets of the sea urchin, Psammechinus miliaris: trophic and nutritional implications. 
Journal of Experimental Marine Biology and Ecology 255: 261-74 

Cook EJ, Hughes AD, Orr H, Kelly MS, Black KD. 2007. Influence of dietary protein on 
essential fatty acids in the gonadal tissue of the sea urchins Psammechinus miliaris and 
Paracentrotus lividus (Echinodermata). Aquaculture 273: 586-94 

Cook EJ, Kelly MS. 2007. Enhanced production of the sea urchin Paracentrotus lividus in 
integrated open-water cultivation with Atlantic salmon Salmo salar. Aquaculture 273: 
573-85 

Cook EJ, Kelly MS. 2009. Co-Culture of the Sea Urchin Paracentrotus lividus and the Edible 
Mussel Mytilus edulis L. on the West Coast of Scotland, United Kingdom. Journal of 
Shellfish Research 28: 553-59 

Côté IM, Akins L, Underwood E, Curtis-Quick J, Green SJ. 2014. Setting the record straight 
on invasive lionfish control: culling works2167-9843, PeerJ PrePrints 

Couvray S, Miard T, Bunet R, Martin Y, Grillasca J-P, et al. 2015. Experimental release of 
juvenile sea urchins (Paracentrotus lividus) in exploited sites along the French 
Mediterranean coast. Journal of Shellfish Research 34: 555-63 

Cresswell K, Keane J, Ogier E, Yamazaki S. 2019. Centrostephanus Subsidy Program: Initial 
Evaluation. Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, 
Tasmania  

Cyrus MD, Bolton JJ, De Wet L, Macey BM. 2013. The development of a formulated feed 
containing U lva (C hlorophyta) to promote rapid growth and enhanced production of 
high quality roe in the sea urchin T ripneustes gratilla (L innaeus). Aquaculture 
Research 45: 159-76 



194 
 
 

Dale T, Siikavuopio SI, AAS K. 2005. Roe enhancement in sea urchin: effects of handling 
during harvest and transport on mortality and gonad growth in Strongylocentrotus 
droebachiensis. Journal of shellfish Research 24: 1235-40 

Datta S. 2013. Fishery By-Products, pp. 93-99 
Davis JM, Sanders DC, Nelson PV, Lengnick L, Sperry WJ. 2003. Boron improves growth, 

yield, quality, and nutrient content of tomato. Journal of the American Society for 
Horticultural Science 128: 441-46 

Dawczynski C, Schubert R, Jahreis G. 2007. Amino acids, fatty acids, and dietary fibre in 
edible seaweed products. Food chemistry 103: 891-99 

De La Cruz-García C, López-Hernández J, González-Castro MJ, Rodríguez-Bernaldo De 
Quirós A, Simal-Lozano J. 2000. Protein, amino acid and fatty acid contents in raw and 
canned sea urchin (Paracentrotus lividus) harvested in Galicia (NW Spain). Journal of 
the Science of Food and Agriculture 80: 1189-92 

de Vivar MED, Zárate EV, Rubilar T, Epherra L, Avaro MG, Sewell MA. 2019. Lipid and 
fatty acid profiles of gametes and spawned gonads of Arbacia dufresnii (Echinodermata: 
Echinoidea): sexual differences in the lipids of nutritive phagocytes. Marine Biology 
166: 96 

Dempson J, Schwarz C, Shears M, Furey G. 2004. Comparative proximate body composition 
of Atlantic salmon with emphasis on parr from fluvial and lacustrine habitats. Journal 
of fish biology 64: 1257-71 

Desai AS, Brennan MA, Brennan CS. 2018. Amino acid and fatty acid profile and digestible 
indispensable amino acid score of pasta fortified with salmon (Oncorhynchus 
tshawytscha) powder. European Food Research and Technology 244: 1729-39 

Diehl WJ. 1986. Osmoregulation in echinoderms. Comparative Biochemistry and Physiology 
Part A: Physiology 84: 199-205 

Dincer T, Cakli S. 2007. Chemical Composition and Biometrical Measurements of the Turkish 
Sea Urchin (Paracentrotus Lividus, Lamarck, 1816). Critical Reviews in Food Science 
and Nutrition 47: 21-26 

Doezemcl P. 2012. Carbohydrates and carbohydrate metabolism of Echinoderms. Chemical 
Zoology V3: Echinnodermata, Nematoda, And Acanthocephala: 101 

Dorais M, Papadopoulos A, Gosselin A. 2010. Greenhouse Tomato Fruit Quality, pp. 239-319 
Drozdov AL, Sharmankina VV, Zemnukhova LA, Polyakova NV. 2016. Chemical 

composition of spines and tests of sea urchins. Biology Bulletin 43: 521-31 
Duggins DO. 1980. Kelp Beds and Sea Otters: An Experimental Approach. Ecology 61: 447-

53 
Dumas J. 1831. Procedes de I'analyse organique. Ann. Chim. Phys 47: 198-205 
Ebert TA. 1968. Growth Rates of the Sea Urchin Strongylocentrotus Purpuratus Related to 

Food Availability and Spine Abrasion. Ecology 49: 1075-91 
Ebert TA. 1982. Longevity, Life History, and Relative Body Wall Size in Sea Urchins. 

Ecological Monographs 52: 353-94 
Edgar GJ. 1997. Australian Marine Life Reed Books. Melbourne, Vic  
Edgar GJ, Barrett NS. 1999. Effects of the declaration of marine reserves on Tasmanian reef 

fishes, invertebrates and plants. Journal of Experimental Marine Biology and Ecology 
242: 107-44 

Edgar GJ, Samson CR, Barrett NS. 2005. Species Extinction in the Marine Environment: 
Tasmania as a Regional Example of Overlooked Losses in Biodiversity. Conservation 
Biology 19: 1294-300 

Edmeades DC. 2003. The long-term effects of manures and fertilisers on soil productivity and 
quality: a review. Nutrient cycling in Agroecosystems 66: 165-80 



195 
 
 

Eklöf J, Torre-Castro M, Gullström M, Uku J, Muthiga N, et al. 2008. Sea urchin overgrazing 
of seagrasses: A review of current knowledge on causes, consequences, and 
management. 569–80 pp. 

Eltez R, Tüzel Y, Gül A, Tüzel I, Duyar H. International Symposium on Techniques to Control 
Salination for Horticultural Productivity 5732000: 443-48. 

Eshu S, Rangare SB, Vandana Y, Rangare N. 2014. Physiological disorders in tomato 
(Solanum lycopersicum Mill.)-an abnormalities. Trends in Biosciences 7: 3779-85 

Estes JE, Smith NS, Palmisano JF. 1978. Sea otter predation and community organization in 
the western Aleutian Islands, Alaska. Ecology 59: 822-33 

Farmanfarmaian A. 1966. The respiratory physiology of echinoderms. Physiology of 
echinodermata 10 

Fenaux L, Malara G, Cellario C, Charra R, Palazzoli I. 1977. Evolution des constituants 
biochimiques des principaux compartiments de l'oursin Arbacia lixula (L.) au cours 
d'un cycle sexuel et effets d'un jeûne de courte durée au cours de la maturation sexuelle. 
Journal of Experimental Marine Biology and Ecology 28: 17-30 

Fernández-Boán M, Fernández L, Freire J. 2012. History and management strategies of the sea 
urchin Paracentrotus lividus fishery in Galicia (NW Spain). Ocean & coastal 
management 69: 265-72 

Fernandez C. 1997. Effect of diet on the biochemical composition of Paracentrotus lividus 
(Echinodermata: Echinoidea) under natural and rearing conditions (effect of diet on 
biochemical composition of urchins). Comparative Biochemistry and Physiology Part 
A: Physiology 118: 1377-84 

Fernandez C. 1998. Seasonal Changes in the Biochemical Composition of the Edible Sea 
Urchin Paracentrotus lividus Echinodermata: Echinoidea in a Lagoonal Environment. 
Marine Ecology 19: 1-11 

Fernandez C, Boudouresque CF. 2000. Nutrition of the sea urchin Paracentrotus lividus 
(Echinodermata: Echinoidea) fed different artificial food. Marine Ecology Progress 
Series 204: 131-41 

Filbee-Dexter K, Scheibling RE. 2014. Sea urchin barrens as alternative stable states of 
collapsed kelp ecosystems. Marine Ecology Progress Series 495: 1-25 

Fishery F, Statistics A. 2016. Food and Agriculture Organization of the United Nations. Rome, 
IT  

Fletcher WJ. 1987. Interactions Among Subtidal Australian Sea Urchins, Gastropods, and 
Algae: Effects of Experimental Removals. Ecological Monographs 57: 89-109 

Fleurence J. 1999. Seaweed proteins: biochemical, nutritional aspects and potential uses. 
Trends in food science & technology 10: 25-28 

Flukes EB, Johnson CR, Ling SD. 2012. Forming sea urchin barrens from the inside out: an 
alternative pattern of overgrazing. Marine Ecology Progress Series 464: 179-94 

Foy CD. 1992. Soil chemical factors limiting plant root growth  In Limitations to plant root 
growth, pp. 97-149: Springer 

Fujita K, Okada M, Lei K, Ito J, Ohkura K, et al. 2003. Effect of P ‐ deficiency on 
photoassimilate partitioning and rhythmic changes in fruit and stem diameter of tomato 
(Lycopersicon esculentum) during fruit growth. Journal of Experimental Botany 54: 
2519-28 

Fuke S, Konosu S. 1991. Taste-active components in some foods: a review of Japanese research. 
Physiology & Behavior 49: 863-68 

Furman B, Heck KL. 2009. Differential impacts of echinoid grazers on coral recruitment. 
Bulletin of Marine Science 85: 121-32 



196 
 
 

Garau G, Castaldi P, Deiana S, Campus P, Mazza A, et al. 2012. Assessment of the use potential 
of edible sea urchins (Paracentrotus lividus) processing waste within the agricultural 
system: Influence on soil chemical and biological properties and bean (Phaseolus 
vulgaris) and wheat (Triticum vulgare) growth in an amended acidic soil. Journal of 
Environmental Management 109: 12-18 

Gardner L, Lindsey H, Neylan K, Chang W, Herrmann K, et al. 2021. Preliminary feasibility 
assessment of purple sea urchin, Strongylocentrotus purpuratus, roe enhancement. Bull. 
Jap. Fish. Res. Edu. Agen. No 50: 47-53 

Garnick E. 1989. Lobster(Homarus americanus) population declines, sea urchins, and" barren 
grounds": A space-mediated competition hypothesis. Marine ecology progress series. 
Oldendorf 58: 23-28 

Ge G, Li Z, Fan F, Chu G, Hou Z, Liang Y. 2010. Soil biological activity and their seasonal 
variations in response to long-term application of organic and inorganic fertilizers. 
Plant and Soil 326: 31 

Gellhorn E. 1927. Vergleichend-physiologische Untersuchungen über die Pufferungspotenz 
von Blut und Körpersäften. Pflüger's Archiv für die gesamte Physiologie des Menschen 
und der Tiere 216: 253-66 

Geng Y, Cao G, Wang L, Wang S. 2019. Effects of equal chemical fertilizer substitutions with 
organic manure on yield, dry matter, and nitrogen uptake of spring maize and soil 
nitrogen distribution. PloS one 14: e0219512-e12 

Getu A, Misganaw K, Bazezew M. 2015. Post-harvesting and major related problems of fish 
production. Fisheries and Aquaculture Journal 6 

Giese A. 1966. On the biochemical constitution of some echinoderms. Physiology of 
echinodermata 822 

Gillanders B. 1995. Feeding ecology of the temperate marine fish <I>Achoerodus viridis</I> 
(Labridae): Size, seasonal and site-specific differences. Marine and Freshwater 
Research 46: 1009-20 

Goggin C. Proceedings of a meeting on the biology and management of the introduced seastar 
Asterias amurensis in Australian waters, 19 May 19981998: 53-58. Centre for Research 
on Introduced Marine Pests, Hobart, Tasmania, Australia. 

Golabi MH, Denney M, Iyekar C. 2007. Value of composted organic wastes as an alternative 
to synthetic fertilizers for soil quality improvement and increased yield. Compost 
science & utilization 15: 267-71 

González-Durán E, Castell JD, Robinson SMC, Blair TJ. 2008. Effects of dietary lipids on the 
fatty acid composition and lipid metabolism of the green sea urchin Strongylocentrotus 
droebachiensis. Aquaculture 276: 120-29 

Good AG, Beatty PH. 2011. Fertilizing Nature: A Tragedy of Excess in the Commons. PLOS 
Biology 9: e1001124 

Green SJ, Underwood EB, Akins JL. 2017. Mobilizing volunteers to sustain local suppression 
of a global marine invasion. Conservation Letters 10: 726-35 

Gressler V, Yokoya NS, Fujii MT, Colepicolo P, Mancini Filho J, et al. 2010. Lipid, fatty acid, 
protein, amino acid and ash contents in four Brazilian red algae species. Food chemistry 
120: 585-90 

Guest MA, Nichols PD, Frusher SD, Hirst AJ. 2008. Evidence of abalone (Haliotis rubra) diet 
from combined fatty acid and stable isotope analyses. Marine Biology 153: 579-88 

Guidetti P, Terlizzi A, Boero F. 2004. Effects of the edible sea urchin, Paracentrotus lividus, 
fishery along the Apulian rocky coast (SE Italy, Mediterranean Sea). Fisheries 
Research 66: 287-97 



197 
 
 

Guidi L, Lorefice G, Pardossi A, Malorgio F, Tognoni F, Soldatini G. 1997. Growth and 
photosynthesis of Lycopersicon esculentum (L.) plants as affected by nitrogen 
deficiency. Biologia Plantarum 40: 235 

Guillou M, Lumingas LJ, Michel C. 2000. The effect of feeding or starvation on resource 
allocation to body components during the reproductive cycle of the sea urchin 
Sphaerechinus granularis (Lamarck). Journal of Experimental Marine Biology and 
Ecology 245: 183-96 

Hagen NT. 1983. Destructive grazing of kelp beds by sea urchins in Vestfjorden, northern 
Norway. Sarsia 68: 177-90 

Hagen NT. 1995. Recurrent destructive grazing of successionally immature kelp forests by 
green sea urchins in Vestfjorden, Northern Norway. Marine Ecology Progress Series 
123: 95-106 

Hagen NT. 1996. Echinoculture: from fishery enhancement to closed cycle cultivation.  
Hall G. 1992. Functional properties of fish protein hydrolysates. Fish processing technology: 

249-65 
Hammed TB, Oloruntoba EO, Ana GREE. 2019. Enhancing growth and yield of crops with 

nutrient-enriched organic fertilizer at wet and dry seasons in ensuring climate-smart 
agriculture. International Journal of Recycling of Organic Waste in Agriculture 8: 81-
92 

Hammer B, Hammer H, Watts S, Desmond R, Lawrence J, Lawrence A. 2004. The effects of 
dietary protein concentration on feeding and growth of small Lytechinus variegatus 
(Echinodermata: Echinoidea). Marine Biology 145: 1143-57 

Hammer H, Hammer B, Watts S, Lawrence A, Lawrence J. 2006a. The effect of dietary protein 
and carbohydrate concentration on the biochemical composition and gametogenic 
condition of the sea urchin Lytechinus variegatus. Journal of Experimental Marine 
Biology and Ecology 334: 109-21 

Hammer H, Watts S, Lawrence A, Lawrence J, Desmond R. 2006b. The effect of dietary 
protein on consumption, survival, growth and production of the sea urchin Lytechinus 
variegatus. Aquaculture 254: 483-95 

Hammer HS, Powell ML, Jones WT, Gibbs VK, Lawrence AL, et al. 2012. Effect of feed 
protein and carbohydrate levels on feed intake, growth, and gonad production of the sea 
urchin, Lytechinus variegatus. Journal of the World Aquaculture Society 43: 145-58 

Hao X, Papadopoulos AP. 2004. Effects of calcium and magnesium on plant growth, biomass 
partitioning, and fruit yield of winter greenhouse tomato. HortScience 39: 512-15 

Harris LG, Tyrrell MC. 2001. Changing community states in the Gulf of Maine: synergism 
between invaders, overfishing and climate change. Biological Invasions 3: 9-21 

Harrold C, Pearse JS. 1987. The ecological role of echinoderms in kelp forests. Echinoderm 
studies 2: 137-233 

Heflin LE, Gibbs VK, Powell ML, Makowsky R, Lawrence JM, et al. 2012. Effect of dietary 
protein and carbohydrate levels on weight gain and gonad production in the sea urchin 
Lytechinus variegatus. Aquaculture 358: 253-61 

Heinrikson RL, Meredith SC. 1984. Amino acid analysis by reverse-phase high-performance 
liquid chromatography: precolumn derivatization with phenylisothiocyanate. 
Analytical biochemistry 136: 65-74 

Hereu B, Linares C, Sala E, Garrabou J, Garcia-Rubies A, et al. 2012. Multiple Processes 
Regulate Long-Term Population Dynamics of Sea Urchins on Mediterranean Rocky 
Reefs. PLoS ONE 7: e36901 

Hill NA, Blount C, Poore AG, Worthington D, Steinberg PD. 2003. Grazing effects of the sea 
urchin Centrostephanus rodgersii in two contrasting rocky reef habitats: effects of 



198 
 
 

urchin density and its implications for the fishery. Marine and Freshwater Research 54: 
691-700 

Hill SK, Lawrence JM. 2006. Interactive effects of temperature and nutritional condition on 
the energy budgets of the sea urchins Arbacia punctulata and Lytechinus variegatus 
(Echinodermata: Echinoidea). Journal of the Marine Biological Association of the 
United Kingdom 86: 783-90 

Holdt SL, Kraan S. 2011. Bioactive compounds in seaweed: functional food applications and 
legislation. Journal of applied phycology 23: 543-97 

Huang J-S, Snapp S. 2004. The effect of boron, calcium, and surface moisture on shoulder 
check, a quality defect in fresh-market tomato. Journal of the American Society for 
Horticultural Science 129: 599-607 

Huang J, Snapp S. 2009. Potassium and boron nutrition enhance fruit quality in Midwest fresh 
market tomatoes. Communications in soil science and plant analysis 40: 1937-52 

Hughes AD, Catarino AI, Kelly MS, Barnes DK, Black KD. 2005. Gonad fatty acids and 
trophic interactions of the echinoid Psammechinus miliaris. Marine Ecology Progress 
Series 305: 101-11 

Hughes AD, Kelly MS, Barnes DKA, Catarino AI, Black KD. 2006. The dual functions of sea 
urchin gonads are reflected in the temporal variations of their biochemistry. Marine 
Biology 148: 789-98 

Hurd CL, Harrison PJ, Bischof K, Lobban CS. 2014. Seaweed ecology and physiology. 
Cambridge University Press.  

Inomata E, Murata Y, Matsui T, Agatsuma Y. 2016. Gonadal production and quality in the sea 
urchin Mesocentrotus nudus fed a high-protein concentrated red alga Pyropia yezoensis. 
Aquaculture 454: 184-91 

James P. 2007. The effects of environmental factors and husbandry techniques on roe 
enhancement of the New Zealand sea urchin, Evechinus chloroticus.  

James P, Noble C, Hannon C, Stefansson G, Thorarinsdóttir G, et al. 2016. Sea urchin fisheries, 
management and policy review.  

James P, Siikavuopio SI, Johansson GS. 2018. A Guide to the Sea Urchin Reprodctive Cycle 
and Staging Sea Urchin Gonad Samples.  

James PJ, Heath PL. 2008. Long term roe enhancement of Evechinus chloroticus. Aquaculture 
278: 89-96 

Johnson CR. 2013. Rebuilding ecosystem resilience : assessment of management options to 
minimise formation of 'barrens' habitat by the long-spined sea urchin (Centrostephanus 
rodgersii) in Tasmania / Craig R. Johnson [and thirteen others]. [Tasmania]: Institute 
for Marine and Antarctic Studies, University of Tasmania.  

Johnson CR, Banks SC, Barrett NS, Cazassus F, Dunstan PK, et al. 2011. Climate change 
cascades: Shifts in oceanography, species' ranges and subtidal marine community 
dynamics in eastern Tasmania. Journal of Experimental Marine Biology and Ecology 
400: 17-32 

Johnson CR, Ling S, Ross D, Shepherd S, Miller K. 2005. Establishment of the long-spined 
sea urchin (Centrostephanus rodgersii) in Tasmania: first assessment of potential threats 
to fisheries.  

Jones GP, Andrew NL. 1990. Herbivory and patch dynamics on rocky reefs in temperate 
Australasia: The roles of fish and sea urchins. Australian Journal of Ecology 15: 505-
20 

Juinio-Menez MA, Bangi HG, Malay MC, Pastor D. 2008. Enhancing the recovery of depleted 
Tripneustes gratilla stocks through grow-out culture and restocking. Reviews in 
Fisheries Science 16: 35-43 



199 
 
 

Kang Y-I, Park J-M, Kim S-H, Kang N-J, Park K-S, et al. 2011. Effects of root zone pH and 
nutrient concentration on the growth and nutrient uptake of tomato seedlings. Journal 
of plant nutrition 34: 640-52 

Kaniszewski S, Rumpel K. II International Symposium on Processing Tomatoes, XXII IHC 
2001986: 195-202. 

Kawamura K. 1993. Uni Zouyoushoku to Kakou, Ryutsu. Sapporo Hokkai Suisan Company 
253 

Keane J, Mundy C, Porteus M, Johnson O. 2019. Can commercial harvest of long-spined sea 
urchins reduce the impact of urchin grazing on abalone and lobster fisheries. IMAS-FA, 
University of Tasmania, Hobart  

Kelly JR, Scheibling RE, Iverson SJ, Gagnon P. 2008. Fatty acid profiles in the gonads of the 
sea urchin Strongylocentrotus droebachiensis on natural algal diets. Marine Ecology 
Progress Series 373: 1-9 

Kelly M. 2005. Echinoderms: their culture and bioactive compounds  In Echinodermata, pp. 
139-65: Springer 

Kelly MS. 2000. The reproductive cycle of the sea urchin Psammechinus miliaris 
(Echinodermata: Echinoidea) in a Scottish sea loch. Journal of the Marine Biological 
Association of the United Kingdom 80: 909-19 

Kennedy B, Pearse JS. 1975. Lunar synchronization of the monthly reproductive rhythm in the 
sea urchin Centrostephanus coronatus Verrill. Journal of Experimental Marine Biology 
and Ecology 17: 323-31 

Khalili Tilami S, Sampels S. 2018. Nutritional value of fish: lipids, proteins, vitamins, and 
minerals. Reviews in Fisheries Science & Aquaculture 26: 243-53 

Kim YS, Choi YM, Noh DO, Cho SY, Suh HJ. 2007. The effect of oyster shell powder on the 
extension of the shelf life of tofu. Food Chemistry 103: 155-60 

King CK, Hoegh-Guldberg O, Byrne M. 1994. Reproductive cycle of Centrostephanus 
rodgersii (Echinoidea), with recommendations for the establishment of a sea urchin 
fishery in New South Wales. Marine Biology 120: 95-106 

Knuckey I, Sinclair C, Surapaneni A, Ashcroft W. 2004. Utilisation of seafood processing 
waste–challenges and opportunities  In SuperSoil2004 

Komata K. 1964. Studies on the extractives of" Uni"-IV. Taste of each component in the 
extractives. Bull. Japan Soc. Sci. Fish. 30: 749-56 

Komata Y. 1990. Umami taste of seafoods. Food Reviews International 6: 457-87 
Komata Y, Kosugi N, Ito T. 1962. Studies on the extractives of “uni”. I. Free amino acid 

composition. Bull. Jpn. Soc. Sci. Fish 28: 623-29 
Kozhina V, Terekhova T, Svetashev V. 1978. Lipid composition of gametes and embryos of 

the sea urchin Strongylocentrotus intermedius at early stages of development. 
Developmental biology 62: 512-17 

Krogdahl Å, Bakke-McKellep AM. 2005. Fasting and refeeding cause rapid changes in 
intestinal tissue mass and digestive enzyme capacities of Atlantic salmon (Salmo salar 
L.). Comparative Biochemistry and Physiology Part A: Molecular & Integrative 
Physiology 141: 450-60 

Kroh A, Mooi R. 2013. World echinoidea database. Accessed through: World Register of 
Marine Species at http://www. marinespecies. org/aphia. php  

Lanham-New SA, Hill TR, Gallagher AM, Vorster HH. 2019. Introduction to human nutrition. 
John Wiley & Sons.  

Lares M, Pomory C. 1998. Use of body components during starvation in Lytechinus variegatus 
(Lamarck)(Echinodermata: Echinoidea). Journal of Experimental Marine Biology and 
Ecology 225: 99-106 

http://www/


200 
 
 

Lawrence J, Lawrence A, Giese A. 1966. Role of the gut as a nutrient-storage organ in the 
purple sea urchin (Strongylocentrotus purpuratus). Physiological Zoology 39: 281-90 

Lawrence JM. 1975. On the relationship between marine plants and sea urchins. Oceanography 
and Marine Biology; an Annual Review. 13: 213-86 

Lawrence JM. 1976. Patterns of lipid storage in post-metamorphic marine invertebrates. 
American Zoologist 16: 747-62 

Lawrence JM. 1990. The effect of stress and disturbance on echinoderms. Zoological science 
7: 17-28 

Lawrence JM. 2001. Edible sea urchins: biology and ecology. Elsevier.  
Lawrence JM. 2007. Edible sea urchins: use and life-history strategies. Developments in 

Aquaculture and Fisheries Science 37: 1-9 
Lawrence JM. 2013a. Chapter 2 - Sea Urchin Life History Strategies  In Developments in 

Aquaculture and Fisheries Science, ed. JM Lawrence, pp. 15-23: Elsevier 
Lawrence JM. 2013b. Sea urchin life history strategies  In Developments in Aquaculture and 

Fisheries Science, pp. 15-23: Elsevier 
Lawrence JM, Lawrence AL, Watts SA. 2013. Feeding, digestion and digestibility of sea 

urchins  In Developments in aquaculture and fisheries science, pp. 135-54: Elsevier 
Lee CH, Lee DK, Ali MA, Kim PJ. 2008. Effects of oyster shell on soil chemical and biological 

properties and cabbage productivity as a liming materials. Waste Management 28: 
2702-08 

Lee Y, Haard N. 1982. Evaluation of the green sea urchin gonads as a food source. Canadian 
Institute of Food Science and Technology Journal 15: 233-35 

Leghari SJ, Wahocho NA, Laghari GM, HafeezLaghari A, MustafaBhabhan G, et al. 2016. 
Role of nitrogen for plant growth and development: A review. Advances in 
Environmental Biology 10: 209-19 

Lehmann S. 2011. Optimizing Urban Material Flows and Waste Streams in Urban 
Development through Principles of Zero Waste and Sustainable Consumption. 
Sustainability, 3 (1): 155-183, DOI: 10.3390/su3010155. DOI 

Levitan DR. 1988. Density-dependent size regulation and negative growth in the sea urchin 
Diadema antillarum Philippi. Oecologia 76: 627-29 

Li YL, Stanghellini C, Challa H. 2001. Effect of electrical conductivity and transpiration on 
production of greenhouse tomato (Lycopersicon esculentum L.). Scientia Horticulturae 
88: 11-29 

Liaaen-Jensen S. 1990. Marine carotenoids: selected topics. New journal of chemistry (1987) 
14: 747-59 

Ling S. 2008. Range expansion of a habitat-modifying species leads to loss of taxonomic 
diversity: a new and impoverished reef state. Oecologia 156: 883-94 

Ling S, Johnson C, Ridgway K, Hobday A, Haddon M. 2009a. Climate‐driven range extension 
of a sea urchin: inferring future trends by analysis of recent population dynamics. 
Global Change Biology 15: 719-31 

Ling SD, Johnson CR. 2009. Population dynamics of an ecologically important range-extender: 
kelp beds versus sea urchin barrens. Marine Ecology Progress Series 374: 113-25 

Ling SD, Johnson CR. 2012. Marine reserves reduce risk of climate-driven phase shift by 
reinstating size- and habitat-specific trophic interactions. Ecological Applications 22: 
1232-45 

Ling SD, Johnson CR, Frusher S, King CK. 2008. Reproductive potential of a marine 
ecosystem engineer at the edge of a newly expanded range. Global Change Biology 14: 
907-15 



201 
 
 

Ling SD, Johnson CR, Frusher SD, Ridgway KR. 2009b. Overfishing reduces resilience of 
kelp beds to climate-driven catastrophic phase shift. Proceedings of the National 
Academy of Sciences 106: 22341-45 

Ling SD, Keane JP. 2018. Resurvey of the longspined sea urchin (Centrostephanus rodgersii) 
and associated barren reef in Tasmania.  

Ling SD, Scheibling RE, Rassweiler A, Johnson CR, Shears N, et al. 2014. Global regime shift 
dynamics of catastrophic sea urchin overgrazing. Philosophical Transactions of the 
Royal Society B: Biological Sciences 370 

Liyana-Pathirana C, Shahidi F, Whittick A. 2002a. The effect of an artificial diet on the 
biochemical composition of the gonads of the sea urchin (Strongylocentrotus 
droebachiensis). Food Chemistry 79: 461-72 

Liyana-Pathirana C, Shahidi F, Whittick A, Hooper R. 2002b. Effect of season and artificial 
diet on amino acids and nucleic acids in gonads of green sea urchin Strongylocentrotus 
droebachiensis. Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology 133: 389-98 

Liyana-Pathirana C, Shahidi F, Whittick A, Hooper R. 2002c. Lipid and lipid soluble 
components of gonads of green sea urchin (Strongylocentrotus droebachiensis). 
Journal of Food Lipids 9: 105-26 

Lobo V, Patil A, Phatak A, Chandra N. 2010. Free radicals, antioxidants and functional foods: 
Impact on human health. Pharmacognosy reviews 4: 118 

López-Mosquera ME, Fernández-Lema E, Villares R, Corral R, Alonso B, Blanco C. 2011. 
Composting fish waste and seaweed to produce a fertilizer for use in organic agriculture. 
Procedia Environmental Sciences 9: 113-17 

Lourenço S, Valente LM, Andrade C. 2019. Meta‐analysis on nutrition studies modulating sea 
urchin roe growth, colour and taste. Reviews in Aquaculture 11: 766-81 

Luvizotto‐santos R, Lee Jt, Branco Zp, Bianchini A, Nery Lem. 2003. Lipids as energy source 
during salinity acclimation in the euryhaline crab Chasmagnathus granulata dana, 1851 
(crustacea ‐ grapsidae). Journal of Experimental Zoology Part A: Comparative 
Experimental Biology 295: 200-05 

Ma Y, Aichmayer B, Paris O, Fratzl P, Meibom A, et al. 2009. The grinding tip of the sea 
urchin tooth exhibits exquisite control over calcite crystal orientation and Mg 
distribution. Proceedings of the National Academy of Sciences of the United States of 
America 106: 6048-53 

Machiguchi Y, Takashima K, Hayashi H, Kitamura H. 2012. Effect of marine algae from the 
eastern part of Hokkaido and feeding period for gonad production of the sea urchin 
Strongylocentrotus intermedius. Aquaculture Science 60: 323-31 

MacLeod J, Kuo S, Gallant T, Grimmett M. 2006. Seafood processing wastes as nutrient 
sources for crop production. Canadian journal of soil science 86: 631-40 

Maehre H, Dalheim L, Edvinsen G, Elvevoll E, Jensen I-J. 2018. Protein Determination-
Method Matters. Foods (Basel, Switzerland) 7 

Maes P, Jangoux M. Proc Int Echinoderm Conf. Balkema, Rotterdam1985: 313-14. 
Mahmoud E, El-Kader NA, Robin P, Akkal-Corfini N, El-Rahman LA. 2009. Effects of 

different organic and inorganic fertilizers on cucumber yield and some soil properties. 
World J. Agric. Sci 5: 408-14 

Mamelona J, Pelletier E. 2010. Producing high antioxidant activity extracts from echinoderm 
by products by using pressured liquid extraction.  

Mamelona J, Saint-Louis R, Pelletier É. 2010. Proximate composition and nutritional profile 
of by-products from green urchin and Atlantic sea cucumber processing plants. 
International Journal of Food Science & Technology 45: 2119-26 



202 
 
 

Maoka T. 2011. Carotenoids in marine animals. Marine drugs 9: 278-93 
Mariotti F, Tomé D, Mirand P. 2008. Converting Nitrogen into Protein—Beyond 6.25 and 

Jones' Factors. Critical reviews in food science and nutrition 48: 177-84 
Marschner H. 2011. Marschner's mineral nutrition of higher plants. Academic press.  
Marsh A, Watts S. 2007a. Chapter 3 Biochemical and energy requirements of gonad 

development  In Developments in Aquaculture and Fisheries Science, ed. JM Lawrence, 
pp. 35-53: Elsevier 

Marsh AG, Watts SA. 2007b. Biochemical and energy requirements of gonad development  In 
Developments in aquaculture and fisheries science, pp. 35-53: Elsevier 

Martinez-Pita I, Garcia FJ, Pita M-L. 2010. The effect of seasonality on gonad fatty acids of 
the sea urchins Paracentrotus lividus and Arbacia lixula (Echinodermata: Echinoidea). 
Journal of Shellfish Research 29: 517-25 

Martínez-Pita I, García FJ, Pita M-L. 2010. Males and females gonad fatty acids of the sea 
urchins Paracentrotus lividus and Arbacia lixula (Echinodermata). Helgoland Marine 
Research 64: 135-42 

Matranga V, Pinsino A, Celi M, Natoli A, Bonaventura R, et al. 2005. Monitoring chemical 
and physical stress using sea urchin immune cells  In Echinodermata, pp. 85-110: 
Springer 

Matranga V, Toia G, Bonaventura R, Müller WE. 2000. Cellular and biochemical responses to 
environmental and experimentally induced stress in sea urchin coelomocytes. Cell 
Stress Chaperones 5: 113 

Matson PG, Yu PC, Sewell MA, Hofmann GE. 2012. Development under elevated p CO2 
conditions does not affect lipid utilization and protein content in early life-history stages 
of the purple sea urchin, Strongylocentrotus purpuratus. The Biological Bulletin 223: 
312-27 

McBride SC, Price RJ, Tom PD, Lawrence JM, Lawrence AL. 2004. Comparison of gonad 
quality factors: Color, hardness and resilience, of Strongylocentrotus franciscanus 
between sea urchins fed prepared feed or algal diets and sea urchins harvested from the 
Northern California fishery. Aquaculture 233: 405-22 

McCauley JI, Meyer BJ, Winberg PC, Ranson M, Skropeta D. 2015. Selecting Australian 
marine macroalgae based on the fatty acid composition and anti-inflammatory activity. 
Journal of Applied Phycology 27: 2111-21 

McClanahan T. 1998. Predation and the distribution and abundance of tropical sea urchin 
populations. Journal of Experimental Marine Biology and Ecology 221: 231-55 

McLaughlin RH, O'Gower AK. 1971. Life History and Underwater Studies of a Heterodont 
Shark. Ecological Monographs 41: 271-89 

McShane P, Anderson O, Gerring P, Stewart R, Naylor J. 1994. Fisheries biology of kina 
(Evechinus chloroticus)  In MAF Fisheries, New Zealand Fisheries Assessment 
Research Document 94/17 

Mebrahtu L, Pius Magoha P, Asgedom G, Kasimala M. 2015. A Review on biochemical 
composition and nutritional aspects of Seaweeds.  

Meidel S, Scheibling RE. 1998. Annual reproductive cycle of the green sea urchin, 
Strongylocentrotus droebachiensis, in differing habitats in Nova Scotia, Canada. 
Marine Biology 131: 461-78 

Mita M, Nakamura M. 1998. Energy Metabolism of Sea Urchin Spermatozoa: An Approach 
Based on Echinoid Phylogeny. Zoological Science 15: 1-10 

Miyashita K, Mikami N, Hosokawa M. 2013. Chemical and nutritional characteristics of brown 
seaweed lipids: A review. Journal of Functional Foods 5: 1507-17 



203 
 
 

Mol S, Baygar T, Varlik C, Tosun ŞY. 2008. Seasonal variations in yield, fatty acids, amino 
acids and proximate compositions of sea urchin (Paracentrotus lividus) Roe. Journal of 
Food and Drug Analysis 16: 68-74 

Monroig Ó, Tocher DR, Navarro JC. 2013. Biosynthesis of polyunsaturated fatty acids in 
marine invertebrates: recent advances in molecular mechanisms. Marine drugs 11: 
3998-4018 

Montero-Torreiro MF, Garcia-Martinez P. 2003. Seasonal changes in the biochemical 
composition of body components of the sea urchin, Paracentrotus lividus, in Lorbé 
(Galicia, north-western Spain). Journal of the Marine Biological Association of the 
United Kingdom 83: 575-81 

Mulvaney RL, Khan S, Ellsworth T. 2009. Synthetic nitrogen fertilizers deplete soil nitrogen: 
a global dilemma for sustainable cereal production. Journal of environmental quality 
38: 2295-314 

Murai T. 1992. Protein nutrition of rainbow trout. Aquaculture 100: 191-207 
Murata Y, Sata NU, Yokoyama M, Kuwahara R, Kaneniwa M, Oohara I. 2001. Determination 

of a novel bitter amino acid, pulcherrimine, in the gonad of the green sea urchin 
Hemicentrotus pulcherrimus. Fisheries science 67: 341-45 

Murata Y, Yokoyama M, Unuma T, Sata N, Kuwahara R, Kaneniwa M. 2002. Seasonal 
changes of bitterness and pulcherrimine content in gonads of green sea urchin 
Hemicentrotus pulcherrimus at Iwaki in Fukushima Prefecture. Fisheries science 68: 
184-89 

Murata Y, Yoshimura H, Unuma T. 2020. Compositions of extractive components in the testes 
and ovaries of various sea urchins: comparisons among species, sexes, and maturational 
status. Fisheries Science 86: 203-13 

Naz RMM, Muhammad S, Hamid A, Bibi F. 2012. Effect of boron on the flowering and fruiting 
of tomato. Sarhad J. Agric 28: 37-40 

Nelson BV, Vance RR. 1979. Diel foraging patterns of the sea urchin Centrostephanus 
coronatus as a predator avoidance strategy. Marine Biology 51: 251-58 

Nelson M, Phleger C, Nichols P. 2002. Seasonal lipid composition in macroalgae of the 
northeastern Pacific Ocean. Botanica Marina 45: 58-65 

NHMRC N. 2013. Australian dietary guidelines. National Health and Medical Research 
Council, National Resource Management Ministerial Council  

Ning Y, Zhang F, Tang L, Song J, Ding J, et al. 2022. Effects of dietary lipid sources on the 
growth, gonad development, nutritional and organoleptic quality, transcription of fatty 
acid synthesis related genes and antioxidant capacity during cold storage in adult sea 
urchin (Strongylocentrotus intermedius). Aquaculture 548: 737688 

O'Connor C, Riley G, Lefebvre S, Bloom D. 1978. Environmental influences on histological 
changes in the reproductive cycle of four New South Wales sea urchins. Aquaculture 
15: 1-17 

Ogden JC, Brown RA, Salesky N. 1973. Grazing by the Echinoid Diadema antillarum Philippi: 
Formation of Halos around West Indian Patch Reefs. Science 182: 715-17 

Osako K, Fujii A, Ruttanapornvareesakul Y, Nagano N, Kuwahara K, Okamoto A. 2007. 
Differences in free amino acid composition between testis and ovary of sea urchin 
Anthocidaris crassispina during gonadal development. Fisheries Science 73: 660-67 

Osako K, Kiriyama T, Ruttanapornvareesakul Y, Kuwahara K, Okamoto A, Nagano N. 2006. 
Free amino acid compositions of the gonad of the wild and cultured sea urchins 
Anthocidaris crassispina. 301-04 pp. 



204 
 
 

Ozores-Hampton M, McAvoy G. 2017. Blossom drop, reduced fruit set, and post-pollination 
disorders in tomato. Univ. Florida, Inst. Food Agr. Sci., Electronic Data Info. Source. 
HS1195 9 

Pais A, Chessa LA, Serra S, Ruiu A, Meloni G, Donno Y. 2007. The impact of commercial 
and recreational harvesting for Paracentrotus lividus on shallow rocky reef sea urchin 
communities in North-western Sardinia, Italy. Estuarine, Coastal and Shelf Science 73: 
589-97 

Pais A, Serra S, Meloni G, Saba S, Ceccherelli G. 2012. Harvesting effects on Paracentrotus 
lividus population structure: a case study from northwestern Sardinia, Italy, before and 
after the fishing season. Journal of Coastal Research 28: 570-75 

Pal J, Shukla B, Maurya AK, Verma HO, Pandey G, Amitha A. 2018. A review on role of fish 
in human nutrition with special emphasis to essential fatty acid. International Journal 
of Fisheries and Aquatic Studies 6: 427-30 

Parrish CC. 2013. Lipids in marine ecosystems. ISRN Oceanography 2013 
Pearce C, Robinson S. 2010. Recent advances in sea-urchin aquaculture and enhancement in 

Canada. Bulletin of the Aquaculture Association of Canada 108: 38-48 
Pearce CM, Daggett TL, Robinson SM. 2002a. Effect of binder type and concentration on 

prepared feed stability and gonad yield and quality of the green sea urchin, 
Strongylocentrotus droebachiensis. Aquaculture 205: 301-23 

Pearce CM, Daggett TL, Robinson SMC. 2002b. Effect of protein source ratio and protein 
concentration in prepared diets on gonad yield and quality of the green sea urchin, 
Strongylocentrotus droebachiensis. Aquaculture 214: 307-32 

Pearce CM, Daggett TL, Robinson SMC. 2002c. Optimizing Prepared Feed Ration for Gonad 
Production of the Green Sea Urchin Strongylocentrotus droebachiensis. Journal of the 
World Aquaculture Society 33: 268-77 

Pearce CM, Daggett TL, Robinson SMC. 2004. Effect of urchin size and diet on gonad yield 
and quality in the green sea urchin (Strongylocentrotus droebachiensis). Aquaculture 
233: 337-67 

Pecorino D, Lamare MD, Barker MF. 2012. Growth, morphometrics and size structure of the 
Diadematidae sea urchin Centrostephanus rodgersii in northern New Zealand. Marine 
and Freshwater Research 63: 624-34 

Pecorino D, Lamare MD, Barker MF. 2013. Reproduction of the Diadematidae sea urchin 
Centrostephanus rodgersii in a recently colonized area of northern New Zealand. 
Marine Biology Research 9: 157-68 

Pederson HG, Johnson CR. 2006. Predation of the sea urchin Heliocidaris erythrogramma by 
rock lobsters (Jasus edwardsii) in no-take marine reserves. Journal of Experimental 
Marine Biology and Ecology 336: 120-34 

Perkins NR, Hill NA, Foster SD, Barrett NS. 2015. Altered niche of an ecologically significant 
urchin species, Centrostephanus rodgersii, in its extended range revealed using an 
Autonomous Underwater Vehicle. Estuarine, Coastal and Shelf Science 155: 56-65 

Perry RI, Zhang Z, Harbo R. 2002. Development of the green sea urchin (Strongylocentrotus 
droebachiensis) fishery in British Columbia, Canada—back from the brink using a 
precautionary framework. Fisheries Research 55: 253-66 

Pert CG, Swearer SE, Dworjanyn S, Kriegisch N, Turchini GM, et al. 2018. Barrens of gold: 
gonad conditioning of an overabundant sea urchin. Aquaculture Environment 
Interactions 10: 345-61 

Phillips K, Bremer P, Silcock P, Hamid N, Delahunty C, et al. 2009. Effect of gender, diet and 
storage time on the physical properties and sensory quality of sea urchin (Evechinus 
chloroticus) gonads. Aquaculture 288: 205-15 



205 
 
 

Phillips K, Hamid N, Silcock P, Sewell MA, Barker M, et al. 2010. Effect of manufactured 
diets on the yield, biochemical composition and sensory quality of Evechinus 
chloroticus sea urchin gonads. Aquaculture 308: 49-59 

Pinsino A, Thorndyke MC, Matranga V. 2007. Coelomocytes and post-traumatic response in 
the common sea star Asterias rubens. Cell Stress Chaperones 12: 331-41 

Prajapati K, Modi H. 2012. The importance of potassium in plant growth-a review. Indian 
Journal of Plant Sciences 1: 177-86 

Prato E, Chiantore M, Kelly M, Hughes A, James P, et al. 2017. Effect of formulated diets on 
the proximate composition and fatty acid profiles of sea urchin Paracentrotus lividus 
gonad. Aquaculture International: 1-18 

Prato E, Fanelli G, Angioni A, Biandolino F, Parlapiano I, et al. 2018. Influence of a prepared 
diet and a macroalga (Ulva sp.) on the growth, nutritional and sensory qualities of 
gonads of the sea urchin Paracentrotus lividus. Aquaculture 493: 240-50 

Ravindran R, Jaiswal AK. 2016. Exploitation of Food Industry Waste for High-Value Products. 
Trends in Biotechnology 34: 58-69 

Rayment G, Higginson FR. 1992. Australian laboratory handbook of soil and water chemical 
methods. Inkata Press Pty Ltd.  

Rayment GE, Lyons DJ. 2011. Soil chemical methods: Australasia. CSIRO publishing.  
Raymond J-F, Himmelman JH, Guderley HE. 2007. Biochemical content, energy composition 

and reproductive effort in the broadcasting sea star Asterias vulgaris over the spawning 
period. Journal of Experimental Marine Biology and Ecology 341: 32-44 

Raymond WW, Lowe AT, Galloway AW. 2014. Degradation state of algal diets affects fatty 
acid composition but not size of red urchin gonads. Marine Ecology Progress Series 
509: 213-25 

Reardon CL, Wuest SB. 2016. Soil amendments yield persisting effects on the microbial 
communities—a 7-year study. Applied Soil Ecology 101: 107-16 

Reynolds JA, Wilen JE. 2000. The sea urchin fishery: Harvesting, processing and the market. 
Marine Resource Economics 15: 115-26 

Richardson AE, Lynch JP, Ryan PR, Delhaize E, Smith FA, et al. 2011. Plant and microbial 
strategies to improve the phosphorus efficiency of agriculture. Plant and soil 349: 121-
56 

Ridgway KR. 2007. Long-term trend and decadal variability of the southward penetration of 
the East Australian Current. Geophysical Research Letters 34: n/a-n/a 

Robinson SMC, Castell JD, Kennedy EJ. 2002. Developing suitable colour in the gonads of 
cultured green sea urchins (Strongylocentrotus droebachiensis). Aquaculture 206: 289-
303 

Rocha F, Baião LF, Moutinho S, Reis B, Oliveira A, et al. 2019. The effect of sex, season and 
gametogenic cycle on gonad yield, biochemical composition and quality traits of 
Paracentrotus lividus along the North Atlantic coast of Portugal. Scientific Reports 9: 
2994 

Rogers-Bennett L. 2007. Chapter 19 The ecology of Strongylocentrotus franciscanus and 
Strongylocentrotus purpuratus  In Developments in Aquaculture and Fisheries Science, 
ed. JM Lawrence, pp. 393-425: Elsevier 

Rolheiser K, Dunham A, Switzer S, Pearce C, Therriault T. 2012. Assessment of chemical 
treatments for controlling Didemnum vexillum, other biofouling, and predatory sea 
stars in Pacific oyster aquaculture. Aquaculture 364: 53-60 

Rubilar T, Epherra L, Deias-Spreng J, Vivar MEDD, Avaro M, et al. 2016. Ingestion, 
Absorption and Assimilation Efficiencies, and Production in the Sea Urchin Arbacia 
dufresnii Fed a Formulated Feed. Journal of Shellfish Research 35: 1083-93, 11 



206 
 
 

Rustad T. 2002. Utilization of marine by-product.  
Rustad T, Storrø I, Slizyte R. 2011. Possibilities for the utilisation of marine by-products. 

International Journal of Food Science & Technology 46: 2001-14 
Sainju UM, Dris R, Singh B. 2003. Mineral nutrition of tomato. Food, Agriculture & 

Environment 1: 176-83 
Sala E, Boudouresque CF, Harmelin-Vivien M. 1998. Fishing, Trophic Cascades, and the 

Structure of Algal Assemblages: Evaluation of an Old but Untested Paradigm. Oikos 
82: 425-39 

Sánchez-Machado DI, López-Cervantes J, López-Hernández J, Paseiro-Losada P. 2004. Fatty 
acids, total lipid, protein and ash contents of processed edible seaweeds. Food 
Chemistry 85: 439-44 

Sanderson JC. 1996. A pilot management program to maximise Tasmania's sea urchin 
(Heliocidaris erthrogramma) resource.  

Sanderson JC, Ling SD, Dominguez JG, Johnson CR. 2016. Limited effectiveness of divers to 
mitigate 'barrens' formation by culling sea urchins while fishing for abalone. Marine 
and Freshwater Research 67: 84-95 

Saran P, Kumar R. 2011. Boron deficiency disorders in mango (Mangifera indica): field 
screening, nutrient composition and amelioration by boron application. Indian Journal 
of Agricultural Sciences 81: 506 

Sathya S, Mani S, Mahendran P, Arulmozhiselvan K. 2010. Effect of application of boron on 
growth, quality and fruit yield of PKM 1 tomato. Indian Journal of Agricultural 
Research 44: 274-80 

Saure MC. 2001. Blossom-end rot of tomato (Lycopersicon esculentum Mill.) — a calcium- 
or a stress-related disorder? Scientia Horticulturae 90: 193-208 

Savci S. 2012. Investigation of Effect of Chemical Fertilizers on Environment. APCBEE 
Procedia, 1: 287-292.  

Schlosser SC, Lupatsch I, Lawrence JM, Lawrence AL, Shpigel M. 2005. Protein and energy 
digestibility and gonad development of the European sea urchin Paracentrotus lividus 
(Lamarck) fed algal and prepared diets during spring and fall. Aquaculture Research 
36: 972-82 

Schmid M, Kraft LG, van der Loos LM, Kraft GT, Virtue P, et al. 2018. Southern Australian 
seaweeds: a promising resource for omega-3 fatty acids. Food chemistry 265: 70-77 

Scholberg J, McNeal BL, Boote KJ, Jones JW, Locascio SJ, Olson SM. 2000. Nitrogen stress 
effects on growth and nitrogen accumulation by field ‐ grown tomato. Agronomy 
Journal 92: 159-67 

Schram JB, Kobelt JN, Dethier MN, Galloway AWE. 2018. Trophic Transfer of Macroalgal 
Fatty Acids in Two Urchin Species: Digestion, Egestion, and Tissue Building. 
Frontiers in Ecology and Evolution 6 

Schwacke R, Grallath S, Breitkreuz KE, Stransky E, Stransky H, et al. 1999. LeProT1, a 
transporter for proline, glycine betaine, and γ-amino butyric acid in tomato pollen. The 
Plant Cell 11: 377-91 

Sen A, Datta S, Mahapatra B, Sardar P. 2016. Bioactive compounds from fishery resources - A 
boon for human health.  

Senaratna M, Evans LH, Southam L, Tsvetnenko E. 2005. Effect of different feed formulations 
on feed efficiency, gonad yield and gonad quality in the purple sea urchin Heliocidaris 
erythrogramma. Aquaculture Nutrition 11: 199-207 

Serio F, Leo J, Parente A, Santamaria P. 2007. Potassium nutrition increases the lycopene 
content of tomato fruit. The Journal of Horticultural Science and Biotechnology 82: 
941-45 



207 
 
 

Sewell MA. 2005. Utilization of lipids during early development of the sea urchin Evechinus 
chloroticus. Marine Ecology Progress Series 304: 133-42 

Sherman E. 2015. Can sea urchins beat the heat? Sea urchins, thermal tolerance and climate 
change. PeerJ 3: e1006 

Shick J. 1983. Respiratory gas exchange in echinoderms. Echinoderm studies 1: 67-110 
Shpigel M, McBride SC, Marciano S, Ron S, Ben-Amotz A. 2005. Improving gonad colour 

and somatic index in the European sea urchin Paracentrotus lividus. Aquaculture 245: 
101-09 

Shpigel M, Schlosser SC, Ben-Amotz A, Lawrence AL, Lawrence JM. 2006. Effects of dietary 
carotenoid on the gut and the gonad of the sea urchin Paracentrotus lividus. Aquaculture 
261: 1269-80 

Shumway SE, Card D, Getchell R, Newell C. 1988. Effects of calcium oxide (quicklime) on 
non-target organisms in mussel beds. Bulletin of environmental contamination and 
toxicology 40: 503-09 

Siikavuopio SI. 2009. Green sea urchin (Strongylocentrotus droebachiensis, Müller) in 
aquaculture: the effects of environmental factors on gonad growth.  

Siikavuopio SI, Dale T, Carlehög M. 2007a. Sensory quality of gonads from the green sea 
urchin, Strongylocentrotus droebachiensis, fed different diets. Journal of Shellfish 
Research 26: 637-43 

Siikavuopio SI, Dale T, Mortensen A, Foss A. 2007b. Effects of hypoxia on feed intake and 
gonad growth in the green sea urchin, Strongylocentrotus droebachiensis. Aquaculture 
266: 112-16 

Sloan N. 1985. Echinoderm fisheries of the world: a review. AA Balkema, Rotterdam: 109-24 
Smit J, Combrink N. 2004. The effect of boron levels in nutrient solutions on fruit production 

and quality of greenhouse tomatoes. South African Journal of Plant and Soil 21: 188-
91 

Smith LC, Britten RJ, Davidson EH. 1992. SpCoel1: a sea urchin profilin gene expressed 
specifically in coelomocytes in response to injury. Molecular biology of the cell 3: 403-
14 

Smith LC, Rast JP, Brockton V, Terwilliger DP, Nair SV, et al. 2006. The sea urchin immune 
system. Invertebrate Survival Journal 3: 25-39 

Sonneveld C, Welles G. 1988. Yield and quality of rockwool-grown tomatoes as affected by 
variations in EC-value and climatic conditions. Plant and soil 111: 37-42 

Sonu SCONMFSLBCASR. 2003. The Japanese sea urchin market. NOAA.  
Spicer J, Taylor A, Hill A. 1988. Acid-base status in the sea urchins Psammechinus miliaris 

and Echinus esculentus (Echinodermata: Echinoidea) during emersion. Marine biology 
99: 527-34 

Stefansson G, Kristinsson H, Ziemer N, Hannon C, James P. 2017. Markets for Sea Urchins: 
A Review of Global Supply and Markets.  

Steneck RS, Graham MH, Bourque BJ, Corbett D, Erlandson JM, et al. 2003. Kelp forest 
ecosystems: biodiversity, stability, resilience and future. Environmental Conservation 
29: 436-59 

Stiger V, Bourgougnon N, Deslandes E. 2016. Carbohydrates From Seaweeds, pp. 223-74 
Strain EMA, Johnson CR. 2009. Competition between an invasive urchin and commercially 

fished abalone: effect on body condition, reproduction and survivorship. Marine 
Ecology Progress Series 377: 169-82 

Strand HK, Christie H, Fagerli CW, Mengede M, Moy F. 2020. Optimizing the use of 
quicklime (CaO) for sea urchin management—a lab and field study. Ecological 
Engineering: X: 100018 



208 
 
 

Strong DR, Frank KT. 2010. Human involvement in food webs. Annual review of environment 
and resources 35: 1-23 

Stuart-Smith RD, Barrett NS, Stevenson DG, Edgar GJ. 2010. Stability in temperate reef 
communities over a decadal time scale despite concurrent ocean warming. Global 
Change Biology 16: 122-34 

Su L, Diretto G, Purgatto E, Danoun S, Zouine M, et al. 2015. Carotenoid accumulation during 
tomato fruit ripening is modulated by the auxin-ethylene balance. BMC plant biology 
15: 114 

Suckling CC, Symonds RC, Kelly MS, Young AJ. 2011. The effect of artificial diets on gonad 
colour and biomass in the edible sea urchin Psammechinus miliaris. Aquaculture 318: 
335-42 

Sun J, Chiang FS. 2015. Use and exploitation of sea urchins. Echinoderm Aquaculture: 25-45 
Symonds RC, Kelly MS, Caris-Veyrat C, Young AJ. 2007. Carotenoids in the sea urchin 

Paracentrotus lividus: Occurrence of 9′-cis-echinenone as the dominant carotenoid in 
gonad colour determination. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology 148: 432-44 

Symonds RC, Kelly MS, Suckling CC, Young AJ. 2009. Carotenoids in the gonad and gut of 
the edible sea urchin Psammechinus miliaris. Aquaculture 288: 120-25 

Takagi S, Murata Y, Agatsuma Y. 2020. Feeding the sporophyll of Undaria pinnatifida kelp 
shortens the culture duration for the production of high-quality gonads of 
Mesocentrotus nudus sea urchins from a barren. Aquaculture: 735503 

Takagi S, Murata Y, Inomata E, Aoki MN, Agatsuma Y. 2019. Production of high quality 
gonads in the sea urchin Mesocentrotus nudus (A. Agassiz, 1864) from a barren by 
feeding on the kelp Saccharina japonica at the late sporophyte stage. Journal of Applied 
Phycology 31: 4037-48 

Takagi S, Murata Y, Inomata E, Endo H, Aoki MN, Agatsuma Y. 2017. Improvement of gonad 
quality of the sea urchin Mesocentrotus nudus fed the kelp Saccharina japonica during 
offshore cage culture. Aquaculture 477: 50-61 

Taylor AM, Heflin LE, Powell ML, Lawrence AL, Watts SA. 2017. Effects of dietary 
carbohydrate on weight gain and gonad production in small sea urchins, Lytechinus 
variegatus. Aquaculture Nutrition 23: 375-86 

Taylor MD, Locascio SJ. 2004. Blossom-End Rot: A Calcium Deficiency. Journal of Plant 
Nutrition 27: 123-39 

Tegeder M, Rentsch D. 2010. Uptake and Partitioning of Amino Acids and Peptides. Molecular 
Plant 3: 997-1011 

Tegner M, Dayton P. 1981. Population structure, recruitment and mortality of two sea urchins 
(Strongylocentrotus franciscanus and S. purpuratus) in a kelp forest. Mar Ecol Prog Ser 
5: 68 

Tegner MJ, Dayton PK. 1991. Sea urchins, El Niños, and the long term stability of Southern 
California kelp forest communities. Marine Ecology Progress Series 77: 49-63 

Tei F, Benincasa P, Guiducci M. Workshop Towards and Ecologically Sound Fertilisation in 
Field Vegetable Production 5712000: 209-16. 

Tessari P, Lante A, Mosca G. 2016. Essential amino acids: master regulators of nutrition and 
environmental footprint? Scientific Reports 6: 26074 

Thilsted SH, Thorne-Lyman A, Webb P, Bogard JR, Subasinghe R, et al. 2016. Sustaining 
healthy diets: The role of capture fisheries and aquaculture for improving nutrition in 
the post-2015 era. Food Policy 61: 126-31 

Thistle D. 2003. The deep-sea floor: an overview. Ecosystems of the World: 5-38 



209 
 
 

Tracey SR, Baulch T, Hartmann K, Ling SD, Lucieer V, et al. 2015. Systematic culling controls 
a climate driven, habitat modifying invader. Biological Invasions 17: 1885-96 

Uchida R. 2000. Essential nutrients for plant growth: nutrient functions and deficiency 
symptoms. Plant nutrient management in Hawaii’s soils: 31-55 

Unuma T, Exton P, Balkema A. 2002. Gonadal growth and its relationship to aquaculture in 
sea urchins. The sea urchin: from basic biology to aquaculture. Swets & Zeitlinger, 
Lisse: 115-27 

Unuma T, Murata Y, Hasegawa N, Sawaguchi S, Takahashi K. Improving the Food Quality of 
Sea Urchins Collected from Barren Grounds by Short-Term Aquaculture under 
Controlled Temperature2015, 40: 145. 

Unuma T, Yamamoto T, Akiyama T, Shiraishi M, Ohta H. 2003. Quantitative changes in yolk 
protein and other components in the ovary and testis of the sea urchin Pseudocentrotus 
depressus. Journal of Experimental Biology 206: 365 

Vance RR. 1979. Effects of Grazing by the Sea Urchin, Centrostephanus Coronatus, on Prey 
Community Composition. Ecology 60: 537-46 

Vásquez JA. 2007. Ecology of Loxechinus albus  In Developments in Aquaculture and 
Fisheries Science, pp. 227-41: Elsevier 

Venugopal V, Gopakumar K. 2017. Shellfish: nutritive value, health benefits, and consumer 
safety. Comprehensive Reviews in Food Science and Food Safety 16: 1219-42 

Verachia W, Lazzarino G, Niven B, Bremer PJ. 2013. The effect of holding live sea urchins 
(Evechinus chloroticus) in air prior to gonad removal on gonad adenine nucleotide 
profiles during storage at 4°C. Food Chemistry 141: 841-46 

Verachia W, Niven B, Bremer PJ. 2012a. The effect of postharvest handling and processing on 
sea urchin (Evechinus chloroticus) gonad quality. International Journal of Food 
Science and Technology 47: 2545-53 

Verachia W, Sewell MA, Niven B, Leus M, Barker MF, Bremer PJ. 2012b. Seasonal changes 
in the biochemical composition of Evechinus chloroticus gonads (Echinodermata: 
Echinoidea). New Zealand Journal of Marine and Freshwater Research 46: 399-410 

Verghese K, Lockrey S. 2019. National food Waste Baseline-Final assessment report.  
Walker AE, Wilkin JL. 1998. Optimal averaging of NOAA/NASA Pathfinder satellite sea 

surface temperature data. Journal of Geophysical Research: Oceans 103: 12869-83 
Walker C, Unuma T, Lesser M. 2007. Chapter 2 Gametogenesis and reproduction of sea 

urchins  In Developments in Aquaculture and Fisheries Science, ed. JM Lawrence, pp. 
11-33: Elsevier 

Walker CW, Böttger S, Unuma T, Watts SA, Harris LG, et al. 2015. Enhancing the commercial 
quality of edible sea urchin gonads–technologies emphasizing nutritive phagocytes. 
Echinoderm aquaculture: 263-86 

Wang AS, Angle JS, Chaney RL, Delorme TA, Reeves RD. 2006. Soil pH effects on uptake 
of Cd and Zn by Thlaspi caerulescens. Plant and soil 281: 325-37 

Wang C, Gu F, Chen J, Yang H, Jiang J, et al. 2015. Assessing the response of yield and 
comprehensive fruit quality of tomato grown in greenhouse to deficit irrigation and 
nitrogen application strategies. Agricultural Water Management 161: 9-19 

Wardlaw A. 1984. Echinochrome-A as a bactericidal substance in the coelomic fluid of 
Echinus esculentus (L.). Comparative biochemistry and physiology. B. Comparative 
biochemistry 79: 161-65 

Warren-Myers F, Swearer S, Francis D, Turchini GM, Dempster T. 2019. Harvest method does 
not affect survival and condition during gonad enhancement of an overabundant sea 
urchin. Aquaculture Environment Interactions 11 



210 
 
 

Warren EM, Pearce CM. 2020. Effect of Transport Method on Subsequent Survivorship and 
Gonad Yield/Quality in the Red Sea Urchin Mesocentrotus franciscanus. North 
American Journal of Aquaculture 82: 371-76 

Watanabe JM, Harrold C. 1991. Destructive grazing by sea urchins Strongylocentrotus spp. in 
a central California kelp forest: potential roles of recruitment, depth, and predation. 
Marine Ecology Progress Series 71: 125-41 

Watts SA, Boettger SA, McClintock JB, Lawrence JM. 1998. Gonad production in the sea 
urchin Lytechimts variegatus (Lamarck) fed prepared diets. Journal of Shellfish 
Research 17: 1591-96 

Wessels H, Karsten U, Wiencke C, Hagen W. 2012. On the potential of fatty acids as trophic 
markers in Arctic grazers: feeding experiments with sea urchins and amphipods fed 
nine diets of macroalgae. Polar biology 35: 555-65 

Whitaker R, Quinlan W, Daley C, Parsons J. 1997. Developing markets for feed lot sea urchins. 
Bulletin Aquaculture Association of Canada: 42-44 

Wilcox JR, Jeffries HP. 1976. Hydration in the sand shrimp Crangon septemspinosa: relation 
to diet. The Biological Bulletin 150: 522-30 

Williams SL. 2001. Seagrass community ecology. Marine community ecology  
Wilson KC, North WJ. 1983. A review of kelp bed management in southern California. Journal 

of the World Mariculture Society 14: 345-59 
Woods C, James P, Moss G, Wright J, Siikavuopio S. 2008. A comparison of the effect of 

urchin size and diet on gonad yield and quality in the sea urchin Evechinus chloroticus 
Valenciennes. Aquaculture International 16: 49-68 

Worthington DG, Blount C. 2003. Research to develop and manage the sea urchin fisheries of 
NSW and eastern Victoria. Cronulla Fisheries Centre.  

Wright JT, Dworjanyn SA, Rogers CN, Steinberg PD, Williamson JE, Poore AG. 2005. 
Density-dependent sea urchin grazing: differential removal of species, changes in 
community composition and alternative community states. Marine Ecology Progress 
Series 298: 143-56 

Wright RJ. 1989. Soil aluminum toxicity and plant growth. Communications in Soil Science 
and Plant Analysis 20: 1479-97 

Xu W, He P, Wang L, Zhou Z, Han J. 2009. The amino acid compositions of gonads in sea 
urchin Strongylocentrotus nudus. Journal of Dalian Fisheries University 6 

Zárate EV, de Vivar MED, Avaro MG, Epherra L, Sewell MA. 2016. Sex and reproductive 
cycle affect lipid and fatty acid profiles of gonads of Arbacia dufresnii (Echinodermata: 
Echinoidea). Marine Ecology Progress Series 551: 185-99 

Zhao J, Xu Y, Ding Q, Huang X, Zhang Y, et al. 2016. Association Mapping of Main Tomato 
Fruit Sugars and Organic Acids. Frontiers in plant science 7: 1286-86 

Zhou D-Y, Qin L, Zhu B-W, Wang X-D, Tan H, et al. 2011. Extraction and antioxidant 
property of polyhydroxylated naphthoquinone pigments from spines of purple sea 
urchin Strongylocentrotus nudus. Food Chemistry 129: 1591-97 

Zhou D, Qin L, Zhu B, Li D, Yang J, et al. 2012. Optimisation of hydrolysis of purple sea 
urchin (Strongylocentrotus nudus) gonad by response surface methodology and 
evaluation of in vitro antioxidant activity of the hydrolysate. Journal of the Science of 
Food and Agriculture 92: 1694-701 

Ziegler A, Faber C, Mueller S, Bartolomaeus T. 2008. Systematic comparison and 
reconstruction of sea urchin (Echinoidea) internal anatomy: a novel approach using 
magnetic resonance imaging. BMC biology 6: 33 

 


	Statements and declarations
	Declaration of originality
	Authority of access
	Acknowledgements
	General abstract
	1 Chapter 1 General introduction
	1.1 Sea Urchins biology and ecology
	1.1.1 General urchin biology

	1.2 Centrostephanus rodgersii
	1.2.1 Distribution
	1.2.2 Biology
	1.2.3 Feeding behaviour
	1.2.4 Predators
	1.2.5 Reproductive Cycle

	1.3 Links between habitat and urchin roe quality
	1.3.1 Kelp forest and Barrens
	1.3.2 Sea urchin barrens: problems and control methods
	1.3.3 Sea urchin fishery

	1.4 Biochemical composition
	1.4.1 Role of proteins, lipids, carbohydrates, fatty acids and amino acids in urchin roe quality.
	1.4.2 Seasonal variation

	1.5 Objectives

	2 Chapter 2 Effect of season, site, feeding habitat, and sex on the biochemical composition of Centrostephanus rodgersii gonad
	2.1 Abstract
	2.2 Introduction
	2.3 Material and Methods
	2.3.1 Biological parameters
	2.3.2 Gonad moisture and ash content.
	2.3.3 Biochemical analysis
	2.3.4 Proximal Analysis
	2.3.5  Isotope analysis
	2.3.6 Analysis of sea urchin nonpolar lipid classes via Iatroscan (TLC–FID).
	2.3.7 Fatty Acids Methyl Esters
	2.3.8 Amino Acids
	2.3.9 Statistical analysis

	2.4 Results
	2.4.1 Biometric measurements
	2.4.2  Gonad colour
	2.4.3 Proximate Composition
	2.4.4 Lipid Classes
	2.4.5 Fatty Acids
	2.4.6 Isotope analysis
	2.4.7 Amino Acids

	2.5 Discussion
	2.5.1 Habitat and Site effects on Urchin size structure
	2.5.2 Habitat effect on gonad GSI and quality.
	2.5.3 Seasonal changes in macro-composition and colour of urchin gonad
	2.5.4 Seasonal and sex effects on urchin gonad Lipid composition
	2.5.4.1 Lipids class
	2.5.4.2 Fatty acids profile

	2.5.5 Seasonal variation in urchin gonad Amino acid profiles

	2.6 Conclusions
	2.7 Appendix

	3 Chapter 3 Effect of natural and formulated diet on proximate composition, colour, amino acids, fatty acids and lipid classes of sea urchin Centrostephanus rodgersii gonad
	3.1 Abstract
	3.2 Introduction
	3.3 Material and methods
	3.3.1 Biological parameters
	3.3.2 Gonad index, moisture and ashes.
	3.3.3 Biochemical analysis
	3.3.4 Analysis of sea urchin non-polar lipids classes via Iatroscan (TLC–FID).
	3.3.5 Fatty Acids Methyl Esters
	3.3.6 Amino Acids
	3.3.7 Statistical analysis.
	3.3.7.1 Biochemical composition of diets
	3.3.7.2 Multivariate analyses of feed components and of the diet experiment
	3.3.7.3 Univariate analysis of specific feed components and effects of diet on biochemical composition


	3.4 Results
	3.4.1 Univariate comparison of feed component nutrition
	3.4.1.1 Proximate Composition of feed treatments
	3.4.1.2 Amino Acids composition of feed treatments
	3.4.1.3 Fatty acids composition of feed treatments
	3.4.1.4 Lipid class composition of feed treatments

	3.4.2 Biochemical composition of natural and formulated feed diets
	3.4.2.1 Multivariate comparison of nutritional content of feed components

	3.4.3 Univariate Examination of specific components of interest of urchin gonad fed different diet treatments.
	3.4.3.1 Somatic growth, gonad somatic index and gonad colour.
	3.4.3.2 Urchin gonad proximate composition.
	3.4.3.3 Urchin gonad Amino Acids profile.
	3.4.3.4 Urchin gonad Fatty acids methyl-esters profile.
	3.4.3.5 Proportion of lipid classes in urchin gonad

	3.4.4 Multivariate comparison of the biological and biochemical characteristics of gonad from urchins provided with specific feed treatments

	3.5 Discussion
	3.5.1 Handling and transport
	3.5.2 Gonad production
	3.5.3 Biometric measurements
	3.5.4 Proximate composition
	3.5.5 Gonad colour
	3.5.6 Effect of feeding regime on energy storage and structural lipids, FAs and AA.
	3.5.6.1 Lipid classes
	3.5.6.2 Fatty acids
	3.5.6.3 Amino acids

	3.5.7 Feeding program directions
	3.5.8 Conclusions


	4 Chapter 4 Post-harvest stress assessment on coelomic fluid parameters and gonad colour quality attributes of Centrostephanus rodgersii
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and methods
	4.3.1 Experimental design
	4.3.2 Data collection
	4.3.3 Coelomic fluid assessment
	4.3.4 Statistical analysis

	4.4 Results
	4.4.1 Biological measurements
	4.4.2 Assessment of stress induced by 4hrs air exposure on C. rodgersii coelomic fluid physical parameters.
	4.4.3 Comparative analysis of the stress post-harvest occurring over time: exposure time and storage time before processing.
	4.4.4 Effect of handling and exposure on C. rodgersii gonad colour.

	4.5  Discussion
	4.5.1 Determination of stress levels induced by handling and exposure on C. rodgersii.
	4.5.2 Changes in Coelomic fluid parameters as an indicator of stress
	4.5.3 Consequences of delay in processing on roe colour
	4.5.4 Conclusions

	4.6 Appendix

	5 Chapter 5 Tomato growth and productivity using dried powdered processing waste from sea urchin (Centrostephanus rodgersii) fishery
	5.1 Abstract
	5.2 Introduction
	5.3 Materials and methods
	5.3.1 Processing of sea urchin waste material.
	5.3.2  Pot trial establishment.
	5.3.3 Plant and soil assessments
	5.3.4 Statistical analysis

	5.4 Results
	5.4.1 Tomato growth and productivity
	5.4.1.1 Effect of urchin powder supplement on weekly plant growth

	5.4.2 Final nutrient composition of plant vegetative parts.
	5.4.2.1 Plant nutrient levels as a measure of soil-nutrient uptake.

	5.4.3 Effect of UWP on flowering and fruit production
	5.4.4 Fruit nutrition and quality
	5.4.4.1 Fruit nutrient levels as a measure of soil-nutrient uptake
	5.4.4.2 Fruit ripeness

	5.4.5 Soil nutrient content

	5.5 Discussion
	5.5.1 Tomato fruit quality
	5.5.2 Tomato nutrition
	5.5.3 Conclusion
	5.5.4 Acknowledgements


	6  Chapter 6 General discussion
	6.1 Factors influencing urchin gonad quality and biochemical composition
	6.2 Nutritional aspects and comparisons
	6.3 Effect of diet on gonad quality
	6.4 Post-harvest exposure determines urchins’ metabolic changes and impact gonad visual quality
	6.5 Fertilising effect of urchin waste mineral composition
	6.6 Future directions
	6.6.1 Maximising benefit of waste and/or alternate high-value forms of consumption
	6.6.2 Achieving a higher proportion of A-grade roe

	6.7 Conclusions


