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Abstract
This study investigated the effects of proteins (fishmeal and soybean), lipids (cor,

linseed, and menhaden oils), minerals (modified Bernhart-Tomerelli and Shur-Gain salt

mixes), and pigment (b tene) over a range of ions in moist-extruded
prepared diets on the somatic growth performance of juvenile green sea urchins,
Strongylocentrotus droebachiensis. in five feeding experiments (ranging in length from
159 to 300 days). The growth of juveniles (ranging in size from 1 mm to 20 mm initial
test diameter (TD)) fed prepared diets was compared to the growth of similar sized
juveniles fed Kelp, Zaminaria longicruris- Juveniles fed the diets with the different
sources and concentrations of proteins and lipids had smaller, poorly pigmented tests
with short, stubby spines compared to the juveniles fed kelp after each experiment.
Those fed kelp allocated more energy towards test production, whereas those fed the
prepared diets allocated more energy to gonad production. The dietary protein treatments
used in this study had no effect on growth and survival of the juvenile sea urchins. The
lipid source treatments, which differed in the major essential fatty acids (i.e., n-3 and/or
1-6). also had no effect on juvenile growth and survival in this study, but juveniles fed
diets with lower lipid concentrations (i.e., 1% and 3%) had larger test sizes, but similar
survival, than those fed diets with a high lipid concentration (i.e., 10%). The poor growth
and physical appearance of the juveniles fed the protein and lipid diets were attributed to
nutrient deficiencies in the prepared diets and the associated stress in the juveniles.
Juveniles fed pigmented diets grew to a larger size than those fed non-pigmented diets.

Similarly, dietary mineral concentration had a positive effect on juvenile test growth.



Juveniles (1-2 mm initial TD) fed a pigmented diet with high mineral concentration
(15%) grew to a larger size than kelp-fed juveniles. The data indicate there were no
differences in the nutritional needs of the various sizes of juvenile green sea urchins used
in this study. Hence, nutritionally balanced prepared diets can be used for a wide size
range of green sea urchins to increase juvenile test growth while maintaining health and

survival.
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Chapter 1
Introduction
1.1 Biology and ecology
The green sea urchin. §yrongylocentrotus droebachiensis, belongs to a group of
organisms called the echinoderms, Latin for “spiny-skin”, and classified into the Phylum

Echinod Class Echinoidea, Order Echinoida and Family gyl id

The outer surface of the animal is composed of a test (“shell), which is covered by an
epidermal layer. Numerous spines radiate from the test and are used for motility,
protection against predators, food gathering and manipulation (Mottet, 1976). Extending
from pores in the test are tube feet, which compose part of the water vascular system, one
of the characteristic features of the phylum. These tube feet allow attachment to the
substrate and aid in food detection and motility (Mottet, 1976). The body of a sea urchin
has a “flattened apple™ shape with the oral end facing the substrate and the aboral end
facing the water column. The feeding apparatus, located in the oral region, is called the
Aristotle’s Lantern and is composed of 5 teeth-like structures that manipulate food
particles. Regular sea urchins share a pentaradial symmetry depicted by the 5 ‘teeth’, the
5 sets of plates that form the test and the 5 gonad sacs. The diet mainly consists of
seaweeds, especially kelp when available, but also diatom and bacterial films (important
for young juveniles), detritus, dead fish, mussels, and other sea urchins (Dawson, 1868;
Bedard, 1973; Mottet, 1976). Green sea urchins have a circumpolar distribution and are
usually found on rocky/gravel, sub-tidal substrates from the low tide mark to 15 m, but

can extend down to 90 m or beyond (Mottet, 1976). Sea urchins are cannibalistic and



other predators include sea stars, Atlantic wolfish, lobsters, and humans (Bedard, 1973;
Mottet, 1976). In the past decade, humans have caused increased pressure on sea urchin

populations.

1.2 Economic importance

Sea urchin roe, or “uni”, has become a very valuable commodity within the past decade,
especially in the Japanese seafood market. There is also a market for sea urchin roe in
France and a growing interest in North America. Of the 500 species worldwide, only 18
species are commercially important based on animal size, gonad size, and the quality of
the roe (Mottet, 1976; Anonymous, 1989). The single most important species in Japan is
Strongylocentrotus intermedius (Hagen, 1996). but since wild fishery production has
peaked. market supply now relies heavily on imported sea urchins, Another important
uni marketed in Japan comes from the largest commercial sea urchin, the red sea urchin,
S franciscanus, found from Baja, California northward to the Aleutians and across to
Hokkaido, Japan’s northern most island (Mottet, 1976: Anonymous, 1989). The most
harvested sea urchin is 7 ovechinus albus, the Chilean sca urchin, while the most widely
distributed variety worldwide is the green sea urchin, . droehachiensis (Anonymous,
1989; Hagen, 1996) Other important sea urchin species include paracentrotus lividus
(the European sea urchin) and the purple sea urchin, § purpurarus (Mottet, 1976;
Anonymous, 1989)  These species have large, high quality gonads, which are desirable

in the market-place.



The gonad of the sea urchin serves two functions, nutrient storage and gamete
production. Nutrients are stored throughout the year in specialised cells called nutritive
phagocytes and during gametogenesis the stored nutrients are utilised in the production of
gametes (Mottet, 1976). High quality roe depends upon the concentration of the nutritive
phagocytes in the gonad with quality directly related to the numbers of nutritive
phagocytes (Hagen, 1996). Gonad quality depends on the colour (yellow-orange being
superior) (Havardsson et al., 1996), sweet taste and firm texture. Sea urchins are one of
the most valuable seafoods in the world and a higher quality product attains higher
market prices. Fresh Japanese roe can fetch up to $180 per kilogram, while fresh
imported roe can attain a price of $70 - $80 per kilogram (Hagen, 1996). The market
demand for high quality sea urchin roe in major markets and the associated high stable

market prices has created a global fishery for sea urchins.

1.3 Sea urchin fisheries

The Japanese catch of wild sea urchins had peaked at 27,500 tonnes per year in the late
1960’s, and by 1991, the catch dropped to 14,000 tonnes (Hagen, 1996). Similarly, in
Maine, USA, wild fishery landings of & groebachiensis peaked in 1993 at 18,600 tonnes
(US$26 million), but have declined by 40% between 1996 and 1999 (Lesser and Walker,
1998; Vadas et al., 2000). In addition, the California fishery (primarily §. franciscanus)
peaked at over 20,870 tonnes (US$20 million), which was followed by an 80% decline

from 1988 to 1991 (Morgan et al., 2000).



The demand for sea urchins in Japan greatly exceeds the supply offered by the local wild
fishery; thus markets depend heavily on imports from other regions including Chile,
France, and both coasts of North America. Problems with the wild harvest include
overfishing of the marketable sea urchins in many countries, which has caused reductions

in their natural populations. In Japan, for example, six species of sca urchins have

become over-exploited due to overfishing (7 tus depre;

S. nudas, is cr

pulcherrimus, St
and Tripneustes gratilla) (Hagen, 1996). The green sea urchin fishery in southwest New
Brunswick, Canada and in Maine, USA has become more dependent on yearly
recruitment to the wild populations rather than on the surplus of individuals from past
generations (Pers. Comm., Dr. Shawn Robinson, Biological Station, St. Andrews, NB).
These trends have resulted in a total production capacity of 60,000 tonnes per year, while
the demand still increases (Hagen, 1996). Also associated with the wild fishery is
variable roe quality and roe yield resulting in lower percentages of the harvested biomass
actually becoming processed (Keats et al., 1984; Hooper et al., 1994; Cuthbert et al..,
1995; Walker and Lesser, 1997). The removal of mature sea urchins from a population
ultimately limits the potential spawning stock of that population, thus reducing the
potential recruitment in future generations. In addition, some sea urchin species require
at least four years to reach reproductive maturity (Fugi, 1963; Mottet, 1976; Abe and
Tada, 1994), thus once an area has been fished, long-term growth is necessary for the
adult population to rebuild (Hooper et al., 1996). In addition, the wild fishery for green

sea urchins in the northwest Atlantic is limited to a few months during the winter season



when quality and size of the gonads are optimal (Walker and Lesser, 1997). It is during
this time when weather conditions are most unfavourable and the dangers associated with
harvesting are amplified, especially for scuba divers. For these reasons, alternatives to
the wild fishery must be developed to ensure sustainable supplies of quality sea urchins

remain available

1.4 Aquaculture as a solution

The growth of sea urchins has been studied since the 1920s (Swan. 1961). However, a
concentrated effort on sea urchin culture has occurred only in the past few years
coincident with the rapid decline in wild populations, the lack of suitable natural habitat
and food supply, combined with an increase in market demand (Hagen, 1996; Lesser and
Walker, 1998). Sea urchin culture also avoids the problems of the wild fishery, such as
season length, off-season harvests, roe quantity and quality, and long-term sustainability

(Vadas et al., 2000).

One approach to sea urchin culture is to simply collect adult sea urchins from the wild
and increase gonad yield by providing the animals with a constant supply of natural feed,
such as kelp (Cuthbert et al., 1995; Hooper et al., 1996). This method, however, still
relies on adults from wild populations and thus will be regulated by natural reproductive
rates. Another approach is to collect juveniles from the wild by using suitable collectors
that offer a settling substrate for the excess supply of larvae produced by broadcast

spawning. This method again relies on the adult populations to supply the settling larvae,



as well as hydrodynamics of the local water body, which transports potential settling
larvae to the collectors. A third approach would be to use a closed life-cycle system,
raising the sea urchins from fertilised eggs to mature adults, which greatly reduces
dependence on wild populations. A closed system also would allow selection of superior
strains, as well as offer the potential to inhibit sexual maturation through manipulation of
photoperiod and temperature (Hagen, 1996). Therefore, a closed system could extend the

marketable

son and improve gonad quality and yield.

Control of somatic growth is essential in culture operations since the size of the test
ultimately limits the size (amount) of the gonad that can be produced. Studies have
shown that very little energy is allocated to test growth in adult populations (de Jong-
Westman et al.. 1995; Fernandez et al., 1995; Lawrence et al., 1997; Klinger et al., 1998).
For adult sea urchins (S droebachiensis)s @t @ minimal size of approximately 20 mm test
diameter (Raymond and Scheibling, 1987), most of the food energy is channelled into
gonad production by incorporating excess nutrients into the nutritive phagocytes (Lozano
ctal., 1995). This represents the source of energy for gamete production during

gametogensis. Juvenile nutrition is important for imising growth since d

and growth are dependant on the quality of the diet consumed and not on previous

parental nutrition (Lawrence and Lane, 1982; Klinger ct al., 1983; Minor and Scheibling,
1997: Fernandez and Boudouresque, 1998; Meidel and Scheibling, 1998b; Meidel et al.,
1999; Lamare and Mladenov, 2000). Studies by Lawrence et al. (1997) with Loxechinus

albus and by Fernandez and (1998) with ¢ s lividus have




shown that approximately 46 to 50% of the available assimilated energy in juvenile sea
urchins is used for test production and somatic growth. Therefore, to maximise the
output of roe from individual adult sea urchins in culture operations, concentration must
be focused upon maximising somatic growth during the juvenile stages. Without
evidence that juvenile somatic growth can be increased to allow for sufficient roe
production. a closed life-cycle approach to sea urchin aquaculture may not be
cconomically feasible and research into hatchery development would become
unwarranted. Understanding the nutritional requirements of the juveniles is essential in

the success of the sea urchin aquaculture industry.

1.5 Manufactured diets

Over the past 20 years, much effort has been expended on achieving a comprehensive
understanding of the relationships between sea urchins and their food (Emson and Moore,
1998). Most of the nutritional research to date on sea urchins has been focused on gonad
production in adult sea urchins. However, some studies have considered the nutritional
requirements for somatic growth of juvenile sea urchins (Gonzalez et al.. 1993; Cook et
al., 1998; Fernandez and Pergent, 1998; McBride et al., 1998; Kennedy et al., 1999;
Akiyama et al., 2001; Wallace et al., 2001). Such studics have focused on feed type (i.c.,
wild and prepared diets) and feed ingredients of prepared diets. It is important to consider
the prepared diets utilised for juvenile somatic growth separately from those utilised for
adult gonad growth because dietary requirements for each process may be quite different

(Kelly et al., 1998).



I'he preferred wild diets of green sea urchins (S, droebachiensis) are the laminarian kelps
(Vadas, 1977; Hooper et al., 1997), such as [ jongicruris ad L. digitata (Larson etal.,

1980; Keats et al., 1984; Scheibling et al., 1999;

Scheibling and Hatcher, 2001), which

are sufficient for supporting sea urchin somatic growth (Himmelman and Steele, 1971;
Vadas, 1977; Himmelman, 1978; Larson et al., 1980: Thompson, 1982; Munk, 1992).
T'he use of these wild diets (i.e., seaweeds) in sea urchin aquaculture has potential
problems. The dependency on the natural environment to supply the seaweeds for
harvesting and the time required for the rejuvenation of scaweeds once an area has been
harvested are major concerns. Other problems include variable seasonal nutrient
composition (Lobban and Harrison, 1994), wild supplies are inconsistent (George et al.,
2000), harvesting seaweeds conflicts with other industries (such as the lobster industry)
(Robinson and Colborne, 1997), and they are expensive to collect and store fresh
(Lawrence et al., 1997; George et al., 2000). Furthermore, some juvenile sea urchins may
not have the digestive capabilities to digest some wild seaweeds (Vadas et al., 2000).
Morris and Campbell (1996) found that juvenile red sea urchins did not grow when fed
cel grass because they did not produce pectinase, required to breakdown the pectin within
the eel grass. In addition, protein supplements to a kelp diet have been found to enhance
sea urchin growth and improve overall food conversion (Hagen, 1996). Although kelp
has been found to provide good flavour and colouring of gonads it may not be the best

choice for sea urchin feeds in culture operations.



An alternate source of nutrients for sea urchin growth is in manufactured feeds, which
eliminate the dependency of wild food availability, variability of nutrient content, and
possible impacts of harvesting natural foods. Prepared feeds are readily digested,
absorbed, and assimilated by sea urchins (Klinger et al., 1998), are relatively inexpensive
compared to the costs associated with wild feeds, and they are easier to store (Hagen,

1996). As well, fe diets can be i to supply sea urchins with the

optimal concentrations of nutrients required for growth and survival (Lawrence et al.,
1997). Some studies in the literature (Lasker and Giese, 1954; Klinger et al., 1994;

Morris and Campbell, 1996) have examined the digestive characteristics of sea urchins.

“To ensure the utilisation of diet the digestive istics of sea urchins

must be i during diet i f feeds for sea urchins

generally consist of a carbohydrate source (corn, wheat, or potato starch), protein source
(soybean or fish), lipid source (fish oil, corn oil, cholesterol), and vitamin and mineral

mixes (Klinger et al., 1986; Klinger et al., 1988; Lawrence et al., 1989; John et al., 1990
Lawrence etal., 1991; Klinger et al., 1994; de Jong-Westman et al., 1995; Klinger et al.,
1995; Lares and Lawrence, 1995; Lawrence et al., 1995; Pearse et al., 1995; Lawrence et

al.. 1997).

The various nutritional itions available in diets should support
higher growth rates than those attained by natural foods since the optimal nutritional
requirements of juvenile sea urchins can be provided in the diet. At present, most

juvenile sea urchin growth rates using prepared diets are not greater than those from



seaweeds. A natural growth rate of 0.02 mm test diameter (TD) per day was observed for
juvenile Hemicentrotus pulcherrimus (Fugi. 1963), and s jntermedius (3 mm to 12 mm
initial TD) showed growth rates of 0.04 mm to 0.07 mm TD per day held in aquaria with

Laminaria japonica (Fugi, 1967). Ebert (1968) also observed similar growth rates (0.04

mm/day) for juvenile s purpuratus (S ™m to 20 mm initial TD) held at 11°C and fed
brown algae. As well, juvenile § grochachiensis ( 15 mm 1o 25 mm initial TD) showed
growth rates from 0.04 mm to 0.05 mm TD per day with [, jongicruris a0d Chrondrus
crispus 5 the diet (Larson et al., 1980) and 0.05 mm TD per day when fed 7, gigirata
(Swan, 1961). Growth rates of juvenile sea urchins using manufactured feeds have
ranged from 0.018 mm to 0.026 mm TD per day for payacentrotus lividus ( 20 mm to 25
mm initial TD) (Fernandez and Boudouresque, 1998) and from 0.05 mm to 0.13 mm TD
per day for 5. droebachiensis (| mm to 10 mm initial TD) (Williams and Harris, 1998).
Williams and Harris (1998) also noted that a wild diet achieved similar growth rates as
the manufactured diets. Studies to examine the impacts of specific diet components on
juvenile growth are required to develop diets that maximise sea urchin growth

production.

Some literature suggests that varying the source and concentration of protein in the diet
can affect the growth production within different species of sea urchins. Lawrence et al.
(1991) found that diets consisting of fish and soybean protein gave greater test growth in
small 7 oxechinus albus than diets containing only soybean protein. For adult g

drochachiensis, de Jong-Westman et al. (1995) found no increase in test growth among



sea urchins fed diets differing in protein concentration, but did find greater gonad
production using diets containing higher fish protein. Fugi (1967) found that the ability
of S droehachiensis 0 use protein nitrogen for growth declined in a curvilinear fashion
with increasing test diameter. These studies suggest that test production primarily occurs
in small sea urchins and may be influenced by protein source and concentration. Lowe
and Lawrence (1976) support this and suggest that growth and reproduction are more

dependent on protein content than diet energy.

1.6 Important nutrients for growth
In determining the optimal diet for juvenile sea urchin growth, it is important to study the
effects of components that have the greatest impact on juvenile test production. Proteins,
which function as the basic building blocks for cellular growth, and lipids, which
function in cell membrane development, are two major dictary components that
potentially impact juvenile growth. In addition, minerals, which are important for test
production and osmoregulation (Marsh and Watts, 2001; Wasson and Watts, 2001), and
pigments, which can act as antioxidants and precursors to certain vitamins (Matsuno and

Tsushima, 2001), can affect the production of somatic growth for juvenile sea urchins.

There are two possible protein sources for manufactured sea urchin diets, either plant or
animal proteins. The optimal concentration of proteins for sea urchin diets is unknown.
For abalone, Uki et al. (1986) tested a range of protein levels from 0% to 55% and found

the optimal protein level for growth to be 38% of the diet dry mass. Sea urchin diets in



the literature consist of 10 to 50 % protein from a variety of sources (Klinger et al., 1998;
de Jong-Westman et al., 1995), but there is no evidence of the optimal protein source and
concentration for maximal juvenile sea urchin somatic growth. In a study by Wallace et
al. (2001). 32% was suggested as the optimal concentration for juvenile 7echimus
variegatus- but only one protein source was tested and the duration of the experiment was
short (i.c., 14 weeks). Furthermore, a study by Akiyama et al. (2001), suggested that

there were no growth differences for young red sea urchins (Pseudocentrotus depres

fed prepared protein diets with 20-50% protein, but sea urchins fed 10% protein had
lower growth. Again, only one protein source was tested for a short duration of 8 weeks.
More work is required to determine the optimal protein source and concentration in a
prepared diet for maximal sea urchin somatic growth throughout the juvenile period of

culture.

The dietary lipid sources and concentrations for sea urchins are not as well reviewed in
the literature as dietary protein. The ability of juvenile green sea urchins to produce
omega-3 and/or omega-6 fatty acids (essential fatty acids in higher order animals) has not
been thoroughly examined. It is plausible that because sea urchins are lower in the food
chain, they may have the ability to produce these fatty acids from precursors. Bell et al.
(2001), showed pyammechinus miliaris converted linolenic acid (18:3n-3) to
eicosapentaenoic acid (20:5n-3), but how these fatty acids affect the somatic growth of
Jjuvenile sea urchins is unknown. In the literature, the amount of lipid ingredients added

to manufactured diets was usually low, ranging from 2% (de Jong-Westman et al., 1995)



to 6.5 % (Nagai and Kaneko, 1975). Kochi (1969) studied the fatty acid composition of
sea urchin gonads, but, like most other studies on sea urchin lipids, did not examine the

impacts on somatic growth.

Minerals and pigments are often considered minor elements in manufactured diets
because they only represent a small percentage of the diet and they may not be a
necessity for survival. In salmon culture, for example, pigments can be added towards
the end of the production cycle only for the purpose of flesh coloration to meet market
expectations (Torrissen et al., 1989). In the sea urchin industry, gonad quality also hinges
on colour (i.c., pigment) (Tsushima ct al., 1993; Matsuno and Tsushima, 2001), but the
function of pigments for the growth of sea urchin juveniles has not been investigated.
The importance of minerals in manufactured diets for juvenile somatic growth has also
been neglected in the literature. There have been studics that suggest calcium and
magnesium are the major minerals used in test structure (Fernandez, 1998; Chen et al.,
2000), but the effect of mineral concentration in the diet on test growth is unknown.

According to Klinger et al. (1998), little infc ion exists on the foods

suitable for sea urchin mariculture.

1.7 Research objectives
The research objective of this study will be to examine various manufactured diets
designed to maximise juvenile sea urchin somatic growth. The primary emphasis will be

the growth rate of juvenile sea urchins and how different nutrient sources and



affect it. By lying the nutritional i of the sea urchins in

the prepared diet, it is possible to optimise juvenile growth rate (Gonzalez et al., 1993).
Results will be collected for different sizes of juvenile sea urchins so that the effects of

juvenile size on the performance of the different diets can be determined.

‘The study will consist of four major sets of experiments (encompassed in four chapters)
that will isolate the effects of proteins (fishmeal and soybean), lipids (corn, linsced, and

menhaden oils), minerals (modified Bernhart-Tomerelli and Shur-Gain salt mixes), and

pigzment (beta-carotene) over a range of ions on juvenile green sea urchin
growth. Chapter 2 will focus on dietary protein source (either plant or plant and animal),
protein concentration in the diets, and the effect of both source and concentration on
juvenile somatic growth compared to juvenile growth when fed a preferred wild kelp diet.
Chapter 3 will examine sea urchin lipid requirements for somatic growth by comparing
the growth of juveniles fed prepared diets with different lipid sources over a range of
concentrations. Growth of juveniles fed prepared diets will also be compared to growth
of kelp-fed juveniles. Chapter 4 will determine the effect of minerals and pigment on
Jjuvenile somatic growth and suggest an optimal mineral concentration to produce
maximum juvenile test growth. Growth of juvenile sea urchins fed the best diet from the
study will be compared to growth of kelp-fed juveniles to determine if prepared diet can
be superior to wild kelp diet for test production. Hence, the objective of this study is to
develop a manufactured (prepared) diet that yields the maximum survival and body

growth for juvenile green sea urchins.



Chapter 2
The effect of protein source and concentration on the somatic growth of juvenile

green sea urchins (Strongylocentrotus droebachiensis)

2.1 Introduction

Success in rearing juvenile sea urchins to market-size animals using a prepared diet
requires extensive knowledge of sea urchins’ nutritional and energy requirements
throughout the stages of juvenile growth (Watts et al., 1998). Juvenile growth is
dependent on food quality and quantity, but food sources in natural populations differ as
the juveniles increase in size (Fugi, 1967; Williams and Harris, 1998). Therefore, the
nutritional and energy requirements of juvenile sea urchins change as body size increases.
Juvenile growth rates are a critical factor in the success of a full-cycle operation and
knowledge of these growth rates, using appropriate prepared diets at various stages of
development. will provide valuable information regarding the feasibility of sea urchin

culture and the sustainability of the industry (Williams and Harris, 1998).

An important step in formulating a diet specifically designed for optimal somatic (i.e.,

test) growth is to di ine the iti of the diet ible for major

changes in somatic growth. Proteins are one of the important nutrients for sea urchins
(Lilly, 1975: Lowe and Lawrence, 1976; de Jong-Westman et al., 1995). They are major
constituents of the body wall (Lawrence and Guille, 1982; Lawrence and Byrne, 1994;

Shimizu et al., 1994; Fernandez, 1997) and they are important in many physiological



functions. Dietary protein has been identified as a major factor affecting growth

production in echinoids (Lawrence et al., 1991; Frantzis and Gremare, 1992).

Although green sea urchins are omnivores, kelp is the preferred wild diet (Larson et al.,
1980). Since kelps are generally lower in protein than animal sources (per unit volume),
sea urchin juveniles may grow well on prepared feeds with low concentrations of plant
protein. Previous studies have shown juvenile sca urchins grow well when fed algal diets
(Morris and Campbell, 1996; Chang et al., 1999; Agatsuma, 2000), when fed prepared
dicts with plant protein (Cuthbert et al., 2000), and when fed prepared diets with both
plant and animal protein (Lawrence et al., 1991; Fernandez and Pergent, 1998). A study

by Wallace et al. (2001) also suggested that diets for 7 ysechinus

should contain at least 32% protein to maximise both growth and survival of juveniles.
In addition, it is important to consider the combined effect of protein source (either plant

or animal) and protein concentration in prepared diets on juvenile growth.

Protein is available for use in prepared feeds from both animal and plant sources. Most
protein used in aquaculture feeds, especially aquaculture salmon feeds, is animal protein
contained in fishmeal. However, it is more feasible for commercial feed producers to use
plant protein in feed production since plant protein is less expensive and more available
than animal protein (Tidwell and Allan, 2001). Hence, the culture of marine species,
which can survive and grow on plant material (such as sea urchins), will benefit the

aquaculture industry by reducing production costs, particularly feed costs.



Different sources of protein at various concentrations were incorporated into a grain-
based diet and fed to juvenile green sea urchins, § droebachiensis» to determine whether
dietary protein can significantly affect their somatic (i.c., test) growth compared to
juveniles fed akelp. 1, Jongicruris- Prepared diets consisted of two protein sources (i.c.,
plant protein and animal protein) at three different proportions. Commercially available
diets containing a low concentration of animal protein would be desirable for the sea
urchin culture industry to minimise feed costs (McBride et al., 1998), as well as lower
water pollution due to digestion products (i.c., ammonia) in the rearing environment. The
exact protein requirements for somatic growth in any species of echinoid remains
unknown (Cook et al., 1998). but since protein is such an important nutrient for growth
processes, higher concentrations of dietary protein are expected to elicit an increased

growth response in juvenile sca urchins.

This study investigated the effect of three factors (protein source, protein concentration,
and juvenile size) on the somatic growth rates of juvenile green sea urchins. The main
objective was to determine the optimal protein source and concentration in prepared diets
that maximised the somatic growth of juvenile green sea urchins (5, grochachiensis): In
addition, the somatic growth of the juvenile sea urchins fed the different prepared diets

was compared to the somatic growth of those fed kelp (1. jongicruris)-



2.2 Materials and methods

22.1 Laboratory set-up
The experiment used twenty-six out of thirty tanks (49 x 53 x 33 cm), erected in columns
standing three tanks high (Figure 2.1a). Each tank contained four black, plastic,
hydroponic baskets (22 x 22 x 22 cm) with a mesh size of 2 mm (Figure 2.1b). Thus, 104
treatment baskets, within a randomised block design. were used in the following growth
experiment. Each tank had aeration as well as a flow-through seawater system with a
separate inflow and outflow that ensured no mixing of water between tanks. Flow rates
for each tank averaged 3 - 4 L/min. All tanks were supplied with the same seawater
source at ambient temperatures, filtered to 37-;;m using a rotating drum filter. Water

temperatures were recorded routinely using either a thermograph or a glass thermometer.

2.2.2 Sea urchin source
Juvenile green sea urchins (S droehachiensis) between 4 mm and 20 mm test diameter
(TD). were collected off Tongue Shoal in Passamaquoddy Bay, New Brunswick (435°
03.747° N, 067° 00.600” W), on November 20, 1998, by SCUBA then transported to the

laboratory at the Department of Fisheries and Oceans Biological Station in St. Andrews,

New Brunswick, Canada. The sea urchins were graded into two sizes: cohort 1 =4 mm —
8 mm TD; and cohort 2 =12 mm — 20 mm TD. Thirty sea urchins were randomly

selected from each cohort and placed into each rearing basket. Each tank contained two

baskets of cohort 1 juveniles and two baskets of cohort 2 juveniles. The sea urchins were



starved for two weeks prior to the growth i to ise their

condition.

223 Diet preparation

Diets contained one of two protein sources (i.e., plant (soybean protein concentrate) and
animal (commercial grade fishmeal)) at one of three different proportions (i.c., 100%
soybean protein (SBP), 95% SBP:5% fishmeal protein (FMP), and 50% SBP:50% FMP).
These three protein source combinations were added to the diet formulation at 20%, 30%.,
40%, and 50% dry mass. All ingredients were supplied by Shur-Gain/Maple Leaf Foods
Inc. Table 2.1 summarises the composition of the different prepared diets used in the

experiment.

Diet pellet preparation involved mixing the ingredients (Table 2.1), excluding agar, using
a Hobart mixer for approximately one hour. As protein concentration increased in the
diets. it was mirrored by a decrease in starch concentration in order to keep the
percentage of the other ingredients equal among diets. After mixing the ingredients, the
binder (i.e.. agar) was dissolved in boiling water at a mass ratio of 50:50 (water : total
mass of ingredients). The dissolved agar was then added and the mixture was further
mixed for an additional 10 minutes until a doughy paste was formed. The doughy feed
was removed from the mixer and extruded through a 2 mm-extruding die using a Hobart

moist extruder to form 2 mm diameter cords approximately 300 mm in length. The cords

aid on a foil-covered mesh tray, then frozen in a —20°C freezer. The cords were



broken into pellets of approximately 5 mm in length, then bagged, and stored in a —20°C

fre

er until fed to sea urchins. The feed preparation process was repeated every 3
months to ensure diet freshness. The kelp reference diet (7. fongicruris) Was periodically
harvested from wharves and local fishing structures (e.g.. herring weir poles) in the area
and stored in a tank with running seawater to keep it fresh. Prior to feeding the sea
urchins, the stipes were removed and the blades were torn into squares measuring

approximately 50 mm?.

The digestible energy values for each of the diets were calculated by multiplying the level
of each organic constituent by its energy equivalent (Brody, 1945; Beukema and
DeBruin, 1979). The calculations used to determine the energy budgets of the sea
urchins were based on the assumptions that protein, lipid, and carbohydrate digestibilities
were 80%, 45%, and 62%, respectively (Lowe and Lawrence, 1976; Klinger et al., 1994;

Klinger, 2000).

2.2.4 Diet analyses

Each diet was analysed for water, ash, lipid, and protein. It was assumed that the weight
of ash. lipid, protein, and carbohydrate for a particular dict sample equalled 100% of the
dry weight of the sample. Based on this assumption, carbohydrate content of each diet
was estimated by subtraction. The diet samples used to determine the percentage of ash
lipid, and protein were frozen then dried in a frecze-dryer for 3 days before analysis to

climinate the effect of water on the analysis.
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2.2.4.1 Water

Three replicate samples (approximately 3 g/sample), for cach diet, were dried in a drying
oven at 85°C for 24 hours then reweighed. The initial and final sample weights were
used to calculate the percent water in the sample using the equation:

% water = [(initial weight (g) — final weight (g))/initial weight (g)] x 100
For the kelp samples, the surface water was initially dried off and the residual salt was
removed with a damp towel to eliminate inconsistencies generated by the residual sea salt
after the drying process. The percent water in each of the diet samples were averaged

together to give the average percent water of the diet.

2242 Ash
Three replicate samples of pre-dried (i.c., freeze-dried) diet, cach weighing
approximately 1 g, were combusted in a muffle furnace for 24 hours at 550°C, cooled in a

des

icator, then reweighed. The initial and final sample weights were used to calculate
the percent ash in the sample using the equation:

% ash = [(initial weight (g) - final weight (g))/initial weight (g)] x 100
The percentages of ash of the diet samples were averaged together to give the average

percent ash of the diet.
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2243 Lipid
Lipid was extracted from the freeze-dried replicate diet samples using the Folch
extraction method (Folch et al., 1957) (Appendix 1). Two replicate samples, each
weighing approximately 1 g, were homogenised in 15 ml of chloroform: methanol (2:1)
lipid solvent. The homogenate was filtered to remove the solids. The liquid (which
contained the lipid) was mixed with 3.75 ml of 0.88% potassium chioride (KCI) solution
1o separate the aqueous and lipid layers which facilitated water extraction. The top lipid
layer was pipetted off into a clean test-tube then evaporated under nitrogen gas for
approximately 30 minutes to retrieve the dietary lipid. The initial and final sample

weights were used to calculate the percent lipid in the sample using the equation:

% lipid = [(initial weight (g) — final weight (g))/initial weight (g)] x 100
The percentages of lipid of the diet samples were averaged together to give the average

percent lipid of the diet.

2.2.4.4 Protcin
The nitrogen content of the different prepared dicts, determined by the Duman method
(Ebling, 1968) using a FP-228 Nitrogen Determinator (Leco”Corp., St. Joseph,
Michigan, USA), was multiplied by the factor 6.25 to give the estimate of percent crude
protein (Jones, 1941; Schakel et al., 1997). Kelp protein values used in this experiment
were referenced from the literature (Chapman and Craigie, 1977; Chapman, 1986) and

not determined analytically.
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2.2.4.5 Carbohydrate
I'he estimated carbohydrate content for each of the diets was determined using the
equation:

% carbohydrate = 100 — (% lipid + % ash + % protein)

2.2.5 Growth trial
Each dietary treatment consisted of four replicate baskets (30 sea urchins per replicate for
a total of 120 sea urchins per treatment) up to the sixth sampling period. At this time,
two replicates for all treatments were terminated to allow room for a second growth
experiment. Individual tanks were allocated a specific dietary treatment based on a
randomised block design and all the baskets in a tank received the same diet. The sea
urchins were fed to excess daily from December 4, 1998 to September 10, 1999. Each
week the juvenile sea urchins were removed from the baskets and both the rearing
baskets and tanks were sprayed clean with hot fresh water and rinsed with cold sea water

to remove facces, uncaten food, and accumulating diatom films.

The test diameters (TD) of all sea urchins were measured monthly. All sea urchins in
each treatment basket were transferred to a gridded petri dish and videotaped individually
using silhouette imagery by placing the petri dish over a light source. This gave a clear
outline of the sea urchins’ test between the radiating spines and tube feet. Using
Optimas™ image analysis software (from Media Cybernetics, Inc., Maryland, USA),

three replicate measurements of the test (from one ambulacral plate to the opposite inter-



ambulacral plate) were recorded for each animal, from which an average TD was
caleulated. This reduced the variability of the measurements. To eliminate initial size
differences, the smallest treatment TD for each cohort was used to standardise the
average TD for all sea urchins in the other treatments, using the equation:
2= 1-([x-y}/x).
where x = average initial TD for treatment A,
y = average initial TD for the smallest treatment, and
2= standardising coefficient.

The individual juveniles for each cohort in treatment A were multiplied by the

standardising coefficient for all sample periods. This was repeated for all diet treatments

to d:

the initial test for all . In addition, average
growth rates were calculated for the juveniles in each treatment basket using the
equation:
GR = (TD;~ D)/ t
where GR = growth rate (mm TD/ day)

TD; = final test diameter (mm)

TD; = initial test diameter (mm)

t = time (days)
For each treatment, the growth rates for the juveniles in each of the treatment baskets

were averaged together to give the average growth rate of the juveniles in that treatment.
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2.2.6 Sea urchin analyses
2.2.6.1 External observations
Following the growth trial, a sample of 30 sea urchins from each treatment, as well as a
wild sample of 10 sea urchins, were compared based on physical characteristics of the
individuals (i.c.. relative spine lengths, test colour, test formation, and other
abnormalities). The wild sea urchins were collected by SCUBA on September 20, 1999
from the same location where the experimental juvenile sea urchins were collected (i.e.,

Tongue Shoal) and ranged in size from 20 mm to 24 mm TD.

2.2.6.2 Internal observations and analyses

Ten sea urchins from cohort 2 were sacrificed and the gonads were removed and
measured. Cohort 2 juveniles were used in the internal analyses because they were larger
in size with larger gonads, which facilitated gonad removal and decreased measurement
errors. Average gonad yield was calculated for the juveniles from cach diet treatment as
well as from the wild sample using the equation:

Gonad yield (%) = (Gonad weight (g) / Total sea urchin weight () x 100
The gonad yields of all the juveniles in a treatment were averaged together o give the

average gonad yield for that treatment,

2.2.7 Statistical analyses
Data were tested for homogeneity of variances using the Levene statistic (¢, = 0.05).

When variances were homogeneous, Analysis of Variance (ANOVA) using Tukey’s



multiple comparisons were used to analyse for differences among treatments. However,
when variances of the data were not homogeneous, the non-parametric Kruskal-Wallis
statistic using the Tukey-type Nemenyi test for multiple comparisons (¢, = 0.05) was used
(Sokal and Rohlf, 1995; Zar, 1999). Arcsine transformations were calculated for ratios to
normalise the data prior to statistical analysis. All statistical analyses were performed

using the SPSS statistical software package.

2.3 Results
2.3.1 Diet analyses
2.3.1.1 Protein
The soybean and fishmeal protein sources from Shur-Gain, were not pure protein sources.
The fishmeal contained 76% protein, while the soybean contained 66% protein

to the

P Thus, the protein concentration for each
diet had to be quantified to ensure it was the actual protein concentration desired. From
the analyses, all protein concentrations within the diets matched the desired protein

concentrations for all treatments (i.e., the 100% SBP at 20% diet contained 20% protein

and the 50% SBP:50% FMP at 50% diet contained 50% protein).

2.3.1.2 Lipid
For the diets containing 100% SBP and 95% SBP:5% FMP, the average lipid
concentration ranged from 5.9% to 6.4% of the diet dry mass. For the diets containing

50% SBP:50% FMP, the average lipid concentration was significantly higher (P<0.001)
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than the diets containing the other protein sources, and ranged from 10.5% to 11.6% of
the diet dry mass (Figure 2.2). The increase in dietary lipid in the prepared diets
correlated with an increase in fishmeal, indicating it had a higher lipid content than the
soybean meal per unit volume. The average lipid concentration of the kelp was 2.4% dry

mass. which was significantly less than that in the prepared diets (P<0.001).

2.3.1.3 Water
The average water content of the kelp used in this experiment was 87% and was
significantly higher than that of all the prepared diets, which ranged from 46% to 50%

water (P<0.001).

2.3.1.4 Ash
The average percent ash for the kelp (38% dry mass) was significantly higher than that of
all the prepared diets, which ranged between 4% and 8% of the diet dry mass (P<0.001)
(Figure 2.3). The average percent ash of the prepared diets increased with an increase in
protein concentration for all protein sources. Diets containing 50% protein concentration
were significantly higher in ash than the diets containing 20% and 30% protein
concentration (P<0.001). Likewise, the diets containing 40% protein concentration were
significantly higher in ash than the diets containing 20% protein concentration for all
protein sources (P<0.001). There were no significant differences in average ash content

among the different protein sources (P=0.551).

27



2.3.1.5 Carbohydrate
The percentage of carbohydrate in cach diet was estimated by difference. Those diets
that were low in protein were high in carbohydrate because carbohydrate offset the
changes in protein concentration for the diets. The estimated carbohydrate concentrations
ranged from 70% dry mass in diet 1 to 31% dry mass in diet 12. The carbohydrate level

in kelp was estimated to be 50% of the dry mass.

2.3.2 Energy budgets
The total energy per 1 g of prepared diet ranged from 11.67 kJ for diets 1 and 5 to 13.52
kI for diet 12 (Table 2.2). The energy content of the kelp reference diet (7.47 kJ/g) was

lower than the energy contents of the prepared diets due to lower protein and lipid

and a higher ion of crude, indigestible fibres in the kelp

compared to the prepared diets.

2.3.3 Growth trial
Al replicate baskets were pooled together since the growth performances of the juveniles
in the basket replicates for each treatment were not significantly different (P>0.080). The
juvenile sea urchins in cohort 1 that were fed the kelp diet had a significantly larger
average TD than those juveniles fed the prepared protein diets (P<0.05 for all diets) after
the 280 day growth experiment (Figure 2.4; Table 2.3). The initial average size of all the
Jjuveniles in cohort 1 was 6.3 mm TD. At the end of the growth experiment the juveniles

fed kelp had an average TD of 20.7 mm, whereas the average TD for those fed the
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prepared diets ranged from 13.2 mm to 16.2 mm TD (Figure 2.4; Table 2.3). The range
in the final average test diameters between the juveniles fed the prepared diets was only
3.0 mm. However, this range did not correlate with the differences in dietary protcin

(Table 2.3). The only strong observable pattern in the experiment was the significant

increase in TD for the kelp-fed juveniles especi when water

increased in early spring (Figure 2.5). After 35 days of the growth experiment (January
8, 1999), the kelp-fed juveniles had a larger average TD than diet 1 and diet 7 (P=0.012),
and after 150 days (May 3, 1999) and continuing throughout the study, the kelp-fed
Jjuveniles had significantly larger tests than all the juveniles fed the prepared diets

(P<0.05) (Figure 2.4).

T'he growth trends of the juvenile sea urchins in cohort 2, seen in Figure 2.6, resembled
those of cohort 1. All treatments of cohort 2 juveniles had an average initial size of 13.8
mm TD. After the 280 day growth experiment the average test diameter of the kelp-fed
juveniles (i.e., 24.5 mm) was significantly larger than all the average TDs for the
juveniles fed the different prepared diets, which ranged from 20.4 mm to 22.9 mm
(P<0.001) (Table 2.4). As for cohort 1, differences in TD of the juveniles fed the

prepared protein diets were not correlated to dietary protein (Table 2.4).

For both cohorts, the juveniles fed the prepared diets had significantly smaller average

growth rates than those fed kelp for both intervals observed (i.e., from December 4, 1998

to March 30, 1999; and from March 30, 1999 to September 10, 1999) (Table 2.5)
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(P<0.001 for all tests). The average growth rate in both cohorts of juveniles fed the
prepared diets up to March 30, 1999 (i.e.. 0.022 (+/- 0.001 SE) mm TD/d) was
significantly smaller than the average growth rate for the kelp-fed juveniles in both
cohorts over the same time period (i.e., 0.030 (+/- 0.002 SE) mm TD/d) (P<0.001). From
March 30, 1999 to September 10, 1999, which corresponded to an increase in water
temperature, the average growth rate of the cohort 1 juveniles fed the prepared diets

increased to 0.039 (+/- 0.002 SE) mm TD/d, but was significantly smaller than the

average growth rate for cohort 1 juveniles fed kelp over the same time period (i.¢., 0.069
(+/- 0.005 SE) mm TD/ day) (P<0.001). Similarly, the average growth rate for the cohort
2 juveniles fed the prepared dicts increased to 0.035 (+/- 0.001 SE) mm TD/d, but was

significantly smaller than the average growth rate for cohort 2 juveniles fed kelp (i.c.,

0,052 (+/- 0.003 SE) mm TD/d) (P<0.001).

In some treatments of cohort 2 juveniles, test diameter deceased between sample periods
(Figure 2.6). The decrease was only observed in the juveniles fed the prepared diets, but
it was not correlated to the dietary protein source or concentration. The juveniles
responded from a decrease in TD with an increase during the next sample period. Test
shrinkage has also been observed in other species when food supply is in short supply
(Ebert, 1967; Levitan, 1988; Levitan, 1991; Constable, 1993), or perhaps when essential

ingredients for test production are lacking in the diet.



2.3.4 Sea urchin analyses

2.3.4.1 External observations
At the end of the growth trial, the juvenile sea urchins fed kelp were larger than the
Jjuveniles fed the prepared diets. As well, all the kelp-fed juveniles had a dark green test
with long green spines (Figure 2.7a). These juveniles resembled the juveniles removed
from the wild. In contrast, many of the juveniles fed the prepared diets had a pale
coloured test, short stubby spines, and raised areas of the test around the aboral region
(Figure 2.7b). Also, there were juveniles that suffered from test necrosis where spines
would fall off leaving blackened areas of the test (Figure 2.7¢). However, there were no
significant differences in survivorship (ca. 95%) among any of the treatments resulting

from diet influence (P>0.05).

2.3.4.2 Internal observations and analyses

The gonads of the kelp-fed juveniles were small (see gonad yield below) and
yellow/orange in colour (Figure 2.7d). The gonads of the juveniles fed the prepared diets
were larger (see gonad yield below), but pale white in colour (Figure 2.7¢). The gonads

of the kelp-fed juveniles closely resembled the gonads of the wild juveniles.

The gonad yields of cohort 2 juveniles fed the prepared diets were all significantly greater
(P<0.001) than the gonad yields of juveniles fed kelp as well as those of juveniles
collected from the wild (Figure 2.8). The average gonad yield for the juveniles fed kelp

was 4.2%, which was similar to the average gonad yield of 4.0% from the wild sea
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urchins (P=0.900). The average gonad yield of the juveniles fed the prepared diets
ranged from 13.2% to 21.8% (Figure 2.8). In Figure 2.8, a trend was observed in the
100% SBP and 95% SBP:5% FMP treatments that showed the juveniles fed the diets with
30% protein had higher gonad yields (i.e.. 20.9% and 21.6%. respectively) than those fed
diets with either 40% or 50% protein concentration (i.c., gonad yield ranged from 13.2%
to 17.4%). The juveniles fed the diets with a high fishmeal source (i.e., 50% SBP:50%
FMP) did not show any significant differences in average gonad yield with differences in

dietary protein concentration (P=0.957).

2.4 Discussion

Sea urchin somatic growth (i.c., test growth) results from complex interactions among
several factors including size, feeding behaviour, physical environment, food availability,
and food quality (Hatcher and Hatcher, 1997). By varying food quality, while keeping
the other factors constant, an optimal diet for juvenile growth may be developed. The
first steps in the development of the optimal juvenile diet for sea urchins should first
involve maximising the nutrients required for sea urchin somatic growth in a stable (i.c.,
retaining form and consistency when exposed to sea water) prepared pellet, which is
readily ingested, digested, absorbed, and assimilated by juveniles (Klinger et al., 1998).
In this experiment, the prepared diets retained their shape and consistency in water, thus
diet stability did not appear to have an effect on feeding or growth. Most studies dealing
with formulated feeds have examined the effect on either gonad quantity or quality, but

studies concerning the effect on somatic growth are less numerous (Fernandez and



Pergent, 1998). Also, there are few studies on the nutriti i of

sea urchins as they grow from post-metamorphosis to market size (Cook et al., 1998;
McBride et al., 1998). Understanding the response of sea urchins to individual nutrients
in prepared diets is one way to assess the importance of feed components for growth
potential (McBride et al., 1998) since differences in somatic growth have been attributed
to differences in food quality (Lawrence and Lane, 1982; Klinger et al., 1983; Andrew
and Choat. 1985; Raymond and Scheibling, 1987; Levitan, 1988; Rowley, 1990; Lamare
and Mladenov, 2000). The determination of the optimum protein source and
concentration in a sea urchin diet is an important step for sea urchin culture because of
the importance of protein to sea urchins (Lilly, 1975; Lowe and Lawrence, 1976; de

Jong-Westman et al., 1995).

Experiments to determine the optimal diet for juvenile somatic growth occurred because
available food supply is a major factor affecting both body growth rates and upper size
limits reached by sea urchins (Ebert, 1968). The development of a growth enhancing diet
for juvenile green sea urchins is also necessary for the success of the industry due to the
relatively slow growth of the species living in the wild (Ebert, 1975; Robinson and
Maclntyre, 1997). In the growth trials, the brown kelp (aminaria longicruris) Was the
superior diet for increasing somatic growth in the juvenile sea urchins, while the juveniles
fed the prepared diets that contained the different protein sources and concentrations did
not grow as large as those fed kelp over the course of the experiment. As a result, protein

source and concentration were not the only major factors affecting juvenile growth.



Similar growth trends for all the juveniles, regardless of diet and size, suggested that
additional protein or different sources of protein did not affect growth as long as there
was a minimum concentration of dietary protein available to meet the basic requirements

for growth.

The juvenile sca urchins in cohort 1 fed diet 9 (50% SBP:50% FMP at 20%) had the
largest average TD after 10 months. However, the average TD for the juveniles fed diet 4
(100% SBP at 50%) was smaller by only 1 mm. Growth production of the juveniles fed
these two diets was similar even though the diets had different protein sources and
concentrations. In addition, juveniles in cohort 2 fed diets 12, 9, and 1 (50% SBP:50%
FMP at 50%; 50% SBP:50% FMP at 20%; and 100% SBP at 20%, respectively)
produced similar test diameters of 23 mm, but once again these diets had different protein

sources and ions. The growth performe of all these sea urchins, however,

were dwarfed by the performance of the juveniles fed kelp, which consisted of plant
protein ranging from 6.25% to 22.5% dry mass (depending on the section of the kelp
blade, the time of year, and water depth) with an average of 13.1% protein (Chapman and
Craigie, 1977; Chapman, 1986). In general, the somatic growth of juvenile sea urchins
fed prepared dicts was slow in contrast to those fed kelp. Similar results were found for

Evechinus chloroticus and I s francis (Barker et al., 1998; McBride

etal.. 1998). Inaddition, the growth rates of small sea urchins in other studies were
similar when fed prepared diets consisting of different protein sources (Klinger, 2000).

As well, small § franciscanus (Fernandez and Pergent, 1998). [yechinus variegatus



(McBride et al., 1998). and p. Jjyidys (Wallace et al., 2001), fed prepared diets with
various protein concentrations had similar growth rates. Young red sea urchins
(Paracentrotus depressus) 150 showed no difference in test diameter growth when fed
prepared diets consisting of 20% - 50% protein, but those fed 10% protein had
significantly lower growth (Akiyma et al.. 2001). Therefore, growth differences do not
seem related to protein concentration as long as there is a minimum concentration of
protein available to meet basic growth requirements. Differences in growth production
for the juveniles in this experiment seemed to be linked to other factor(s) besides dietary

protein.

It was unlikely that individual differences (e.g., genetic differences) resulted in growth

differenc

ince all the juveniles were collected from the same source population at the
same time of the year, all juveniles were randomly distributed among treatments at the
same density, and all juveniles were treated equally throughout the experiment. It also
was unlikely that differences in juvenile somatic growth were due to physical differences
among treatments (e.g.. light intensity) since the treatments were randomly assigned to

the tanks, thus theoretically eliminating tank effects between treatments.

The results suggest the prepared diets were lacking some essential ingredient(s) for
somatic growth (i.e.. test growth) that was present in the kelp. An interesting pattern in

somatic growth, especially seen for the juveniles in cohort 1, was the decrease in growth

rate for those fed the prepared diets after 116 days of the growth (March 30, 1999) and
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continuing for the duration of the experiment. This decrease in growth was not observed
for the juveniles fed kelp. A similar pattern was identified for small §. fanciscanus
(MeBride etal., 1998) and for juvenile 5. droehachiensis (Williams and Harris, 1998) fed
wild and prepared diets. In addition, the kelp-fed iuvenile; had an increase in somatic
growth that coincided with an increase in ambient sea water temperatures (Tajima and
Fukuchi, 1991; Hooper et al., 1997; Fernandez and Pergent, 1998). However, the
juveniles fed the prepared diets did not mirror this increase in somatic growth. One
explanation for this lack of somatic growth for the juveniles fed the prepared diets was
that these diets were missing or had insufficient amounts of nutrients necessary for
assimilation into, and growth of; the test (Klinger et al., 1998; Klinger, 2000) that were
being supplied by kelp. These elements may have been lost to the seawater from the
prepared diet by leaching or they may not have been incorporated in the diet formulation.
For example, in studies comparing amino acids in prepared diets and macro-algae,
arginine was found to be the limiting amino acid for pyeudocentrotus depressus
(Akiyama et al., 1997). Thus, some macro-nutrients and/or micro-nutrients necessary for
growth may have been lacking from the prepared diets. However, individual components
(i.e., amino acids, fatty acids, minerals and pigments) of the diet were not quantified in

this experiment, thus specific factors required for somatic growth could not be identified.

Other components in kelp, besides protein, may be responsible for its success in growth
production. For example, according to de Jong-Westman et al. (1995), high gonad

growth rates recorded for kelp were not due to protein, but probably to other nutrient



components like algin, a key carbohydrate store that makes up more than 20% of the
kelp’s dry mass and is readily absorbed by sea urchins (Boolootian and Lasker, 1964).
This is not surprising since §. grochachiensis have evolved to grow and survive on sea
plants. of which £, jongicruris is preferred (Latson et al., 1980). In addition, the balance
of dietary nutrients, for example dietary amino acid balance, is an important factor for
improving somatic growth of sea urchins (Akiyma et al., 2001). The kelp diet supplied
the juveniles with balanced levels of the essential ingredients required for somatic growth

the growth trial d to the i i supplied by the prepared protein

diets.

Having evolved to survive and grow on sea plants suggests that the digestive system of
sea urchins is able to effectively utilise crude indigestible plant material like cellulose.
Some studies have identified the presence of N,-fixing bacteria in the intestinal region of
sea urchins (Lasker and Giese, 1954; Fong and Mann, 1980; Guerinot and Patriquin,
1981). These bacteria are an important transformer serving to create a more stable
nutrient source for sea urchins (Lasker and Giese, 1954; Burkholder et al., 1971).
However, if the bacterial colony were reduced in the sea urchins fed the prepared diets,
due to unfavourable conditions caused by the diets, the nutrients normally supplied by the
bacteria would be unavailable to these sea urchins. On the other hand, kelp may have
been a source of the natural beneficial bacteria, and eliminating kelp from the diet would,
therefore, reduce the internal bacterial colonies. Another possibility is that the juveniles

fed kelp may have been less stressed throughout the experiment probably due to the



presence of a wild diet and/or a cleaner environment. The increased waste and lower
water quality generated from using prepared diets, caused by the disintegration and
biodegradation of the food along with sea urchin metabolic wastes, represented
conditions that could have lead to high stress and inhibition of growth (Fernandez and
Pergent, 1998; McBride et al., 1999). Kelp may also have provided refuge for the
juveniles who are naturally cryptic and inhabit the crevices and undersides of rocks
(Keats et al.. 1984: Raymond and Scheibling, 1987), and. therefore. simulated the wild

environment more closely than the prepared diets.

The decrease in test diameter near the latter stages of the growth trial for the larger
juveniles in cohort 2 may also have been an indicator of food stress (i.c., depletion of
nutrient reserves). Studies have shown that food-stressed sea urchins or those fed a low
quality diet (i.e., high concentrations of unusable material) may exhibit shrinkage in test
diameter (Ebert, 1968; Lawrence, 1975: Ebert, 1980: Black et al., 1984: Russel, 1987:
Lewis et al., 1990; Edwards and Ebert, 1991; Morris and Campbell, 1996) caused by a
possible decrease in suture width (Constable. 1993). The prepared protein diets, which
lacked ingredients for optimal test growth, may have stressed the larger juveniles thereby

facilitating test shrinkage.

Since food quality can alter the basic feeding patterns and growth rates of sea urchins
(Vadas, 1977; Fernandez and Boudouresque, 1998), dict analyses were completed on all

diet

to gain an understanding of the growth promoting qualities of kelp compared to the



prepared diets used in this experiment. The biochemical composition of kelp varied with

season and harvest location since it is a product of its environment (Chapman and

Craigie, 1977). Kelp was harvested monthly the i to

freshness and quality, but this also may have resulted in nutrient compositional
differences among the monthly samples. Even with compositional variation, average
protein and lipid concentrations in kelp were lower than those found in the prepared diets.
The nutritional components with a higher concentration in kelp than in the prepared diets
that could be identified in this experiment were ash (up to 40% dry mass of kelp),

pigment, and water.

Dietary ash (a measure of the inorganics in the diet) may be an important factor in
Jjuvenile sea urchin growth since the test is comprised mainly of inorganic compounds.
One essential mineral in physiological processes is calcium, which is indispensable in
spine and tooth regeneration as well as in the overall growth process (Ebert, 2001).
Obtaining such minerals from the seawater environment may not be adequate to promote
rapid growth (Grosjean et al., 1998), suggesting required minerals supplied to the sea
urchin through the diet may enhance test production. The ash content in the prepared
diets showed a trend of increasing value as the protein concentration increased, especially
with an increase in fishmeal concentrations. This trend reflected the minerals in the
protein sources especially the fishmeal. However, the types of minerals and the lower
concentration in the prepared diets (i.c., 3% to 6.5% dry mass) may have hindered

optimal sea urchin somatic growth. On the other hand, the type and concentration of



minerals available in kelp seemed to satisfy the requirements of increased juvenile test

growth.

The function of pigments in the growth processes of juvenile sea urchins has not been
widely studied. Juveniles obviously absorb pigment from the diet because the gonad of
the sea urchins fed the non-pigmented prepared dicts were pale white (i.c., they had no
pigment), while the gonads from the sea urchin fed the kelp (with naturally occurring
pigments) were yellowish orange (Figures 2.7d and 2.7€). Evechinus chloroticus
juveniles fed non-pigmented prepared diets also had white gonads, while those fed algal
food had coloration resembling wild sea urchins (Barker et al., 1998). Thus, sea urchin
gonad colour can be attributable to different diet ingredients (Watts et al., 1998).
Pigments also function as antioxidants and, therefore, may increase the ability of sea
urchins to utilise lipids in test production (Matsuno and Tsushima, 2001). Pigments were
incorporated by the juvenile sea urchins fed kelp in this experiment and therefore may

have been beneficial for test production.

The excess energy available to the sea urchins fed the prepared diets was apparent from
their large gonad yields compared to the gonad yields of the kelp-fed juveniles. The
gonad is both a sex organ responsible for gametogensis and the major energy storage
organ (Gonor, 1973; Walker, 1982; Tajima et al., 1986), thus it can be an indicator of the
reproductive stage as 